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Edito r's Preface

The Rep ort of the American Ph ysical So ciet y Study Group on Bo ost-Phase In tercept (BPI)

Systems for National Missile Defense, app earing in this sp ecial issue of Reviews of Mo dern

Ph ysics, represen ts an e�ort of the APS that is b oth normal and extraordinary . The APS

has p erio dically pro duced rep orts on matters of public in terest that require tec hnical un-

derstanding, and for whic h an impartial and authoritativ e analysis w ould b e of particular

use to the public and to p olicy mak ers. The BPI Study , as it is informally called, represen ts

the latest in this series of tec hnical studies.

The extraordinary part of the e�ort is the extended commitmen t of time and energy that

the Study Group applied to its w ork. Considerable original researc h w as required to explore

some asp ects of the issue. Great care w as tak en to mak e the study broadly comprehensible

to an audience of non-exp erts.

In view of the pro cedures for review and appro v al of an APS Study , the rep ort has

not b een sub jected to the usual review pro cess emplo y ed for RMP . Instead the Study w as

examined b y a Review Committee c haired b y James Langer, Univ ersit y of California, San ta

Barbara (Chair), and including Thomas App elquist, Y ale Univ ersit y; Will Happ er, Prince-

ton Univ ersit y; Claire Max, La wrence Liv ermore National Lab oratory; Burton Ric h ter,

Stanford Linear Accelerator Cen ter; and James Tsang, IBM T.J. W atson Researc h Cen ter.

W e thank the mem b ers of the Review Committee for their helpful and timely critiques.

The APS released an earlier v ersion of this rep ort to the press in 2003. That v ersion

app eared on the APS w eb site and in a limited n um b er of prin ted copies. This Reviews of

Mo dern Ph ysics v ersion, supp orted �nancially b y the American Ph ysical So ciet y , con tains

corrections and revisions for clarit y with resp ect to the July 2003 v ersion. There are no

ma jor c hanges.

The ac kno wledgmen ts section con tains thanks to man y individuals and institutions that

ha v e con tributed substan tially to the rep ort and I add m y thanks to them here.

Martin Blume

Editor in Chief
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Executive Summa ry

Bo ost-phase in tercept systems for defending the United States against ballistic missile attac k

are b eing activ ely considered as a ma jor part of a national missile defense strategy . Sp ending

on suc h systems b y the U.S. Departmen t of Defense is gro wing, and there is a prosp ect

of m uc h larger exp enditures in the future. Bo ost-phase in tercept w eap ons w ould seek to

disable attac king missiles during the �rst few min utes of 
igh t, while the missiles' b o osters

are still burning and b efore they ha v e released n uclear, c hemical, or biological m unitions.

The tec hnical asp ects and feasibilit y of suc h w eap ons are the sub ject of this rep ort.

In spite of the gro wing in terest in b o ost-phase in tercept systems and the increasing resources

b eing committed to dev eloping them, little quan titativ e information ab out their tec hnical

feasibilit y , required p erformance, and p oten tial adv an tages and disadv an tages is a v ailable

to the public. Consequen tly , the American Ph ysical So ciet y (APS) con v ened a study group

of ph ysicists and engineers, including individuals with exp ertise in sensors, missiles, ro c k et

in terceptors, guidance and con trol, high-p o w ered lasers, and missile-defense-related systems,

to assess the tec hnical feasibilit y of b o ost-phase in tercept systems.

The Study Group has based its assessmen ts solely on information found in the op en liter-

ature ab out ballistic missiles and missile defense. W e ha v e supplemen ted this information

b y our exp ertise in science and engineering and ha v e con�ned the assessmen ts rep orted

here to those that can b e made with con�dence b y applying the fundamen tal principles of

ro c k et propulsion, signal detection and pro cessing, guidance and con trol, and laser b eam

propagation. In man y instances, as do cumen ted throughout this rep ort, w e ha v e p erformed

our o wn analyses to address imp ortan t issues and to assure ourselv es of the v alidit y of our

conclusions.

Our main conclusions a re the follo wing:

1. Bo ost-phase defense against intercontinental ballistic missiles (ICBMs) hinges on

the burn time of the attacking missile and the sp eed of the defending intercepto r

ro ck et. Defense of the entire United States against liquid-p rop ellant ICBMs, such as

those deplo y ed ea rly b y the Soviet Union and the P eople's Republic of China (China),

launched from countries such as the Demo cratic P eople's Republic of Ko rea (No rth

Ko rea) and Iran, ma y b e technically feasible using terrestrial (land-, sea-, o r air-

based) intercepto rs. Ho w ever, the intercepto r ro ck ets w ould have to b e substantially

faster (and therefo re necessa rily la rger) than those usually p rop osed in o rder to reach

the ICBMs in time from international w aters o r neighb o ring countries willing to host

the intercepto rs. The system w ould also require the capabilit y to cop e with at least

the simplest of countermeasures.

2. Bo ost-phase defense of the entire United States against solid-p rop ellant ICBMs,

which have sho rter burn times than liquid-p rop ellant ICBMs, is unlik ely to b e p ractical

xxi
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when all facto rs a re considered, no matter where o r ho w intercepto rs a re based.

Even with optimistic assumptions, a terrestrial-based system w ould require very la rge

intercepto rs with extremely high sp eeds and accelerations to defeat a solid-p rop ellant

ICBM launched from even a small country such as No rth Ko rea. Even such high-

p erfo rmance intercepto rs could not defend against solid-p rop ellant ICBMs launched

from Iran, b ecause they could not b e based close enough to disable the missiles

b efo re they deplo y ed their munitions.

3. If intercepto r ro ck ets w ere based in space, their coverage w ould not b e constrained

b y geography , but they w ould confront the same time constraints and engagement

uncertainties as terrestrial-based intercepto rs. Consequently , their kill vehicles (the

�nal homing stage of the intercepto rs) w ould have to b e simila r in size to those of

terrestrial-based intercepto rs. With the technology w e judge could b ecome available

within the next 15 y ea rs, defending against a single ICBM w ould require a thousand

o r mo re intercepto rs fo r a system having the lo w est p ossible mass and p roviding

realistic decision time. Deplo ying such a system w ould require at least a �ve- to

tenfold increase over current U.S. space-launch rates.

4. The Airb o rne Laser no w under development could have some capabilit y against liquid-

p rop ellant missiles, but it w ould b e ine�ective against solid-p rop ellant ICBMs, which

a re mo re heat-resistant.

5. The existing U.S. Navy Aegis system, using an intercepto r ro ck et simila r to the

Standa rd Missile 2, should b e capable of defending against sho rt- o r medium-range

missiles launched from ships, ba rges, o r other platfo rms o� U.S. coasts. Ho w ever,

intercepto r ro ck ets w ould have to b e p ositioned within a few tens of kilometers of

the launch lo cation of the attacking missile.

6. A k ey p roblem inherent in b o ost-phase defense is munitions sho rtfall: although a

successful intercept w ould p revent munitions from reaching their ta rget, it could

cause live nuclea r, chemical, o r biological munitions to fall on p opulated a reas sho rt

of the ta rget, in the United States o r other countries. Timing intercepts accurately

enough to avoid this p roblem w ould b e di�cult.

The Cha rge

Bo ost-phase missile defense systems w ould disable attac king missiles while their ro c k et mo-

tors are burning b y hitting them with an in terceptor ro c k et or a laser b eam. F or ICBMs,

this phase of 
igh t t ypically lasts 3 or 4 min utes. Bo ost-phase defense has b een prop osed

as a w a y to a v oid the problems faced b y midcourse defense systems, whic h are in tended to

disable the attac king missile's w arheads after they ha v e b een deplo y ed. The midcourse ap-

proac h is complicated b y the need to coun ter m ultiple w arheads, subm unitions (\b om blets"),

ligh t w eigh t deco ys, and other coun termeasures.

The Study Group w as ask ed to ev aluate b o ost-phase in tercept systems that w ould de-

fend the United States using land-, sea-, air-, or space-based in terceptor ro c k ets or an

airb orne laser no w b eing dev elop ed. Space-based laser systems w ere not included b ecause

the tec hnology needed for suc h systems w ould not b e ready within the 10- to 15-y ear p erio d

considered. The Study did not consider the feasibilit y of the comm unications, command,

con trol, and battle managemen t that w ould b e required. Nor did it consider p olicy issues,
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suc h as the arms con trol, strategic stabilit y , or foreign p olicy implications of testing or

deplo ying a b o ost-phase defense.

The F o cus

Dev eloping and deplo ying a reliable b o ost-phase missile defense w ould b e a ma jor under-

taking lik ely to require a decade or more to complete. W e therefore considered missiles

that migh t b e dev elop ed or acquired b y North Korea and Iran during the next 10 to 15

y ears. These coun tries w ere the fo cus of the Study b ecause the U.S. go v ernmen t has ex-

pressed concern sp eci�cally ab out them. According to U.S. in telligence estimates, neither of

them curren tly has a credible ICBM capabilit y but they are pro jected to dev elop or acquire

ICBMs within the next 10 to 15 y ears. The Study Group also considered defense against

ICBMs launc hed from Iraq. With the c hanged p olitical situation arising from the ev en ts of

the Spring of 2003, an ICBM threat from Iraq app ears unlik ely for the foreseeable future.

W e ha v e nev ertheless retained the analysis of the Iraq threat in the b o dy of our rep ort, to

illustrate the requiremen ts for defending against ICBMs from a coun try that is in termediate

in size b et w een North Korea and Iran.

W e b egan b y iden tifying b o ost-phase in tercept systems that could w ork in principle and

then determined the system p erformance that w ould b e required to defend the en tire United

States, the con tiguous 48 states, or only the largest U.S. cities. The attac king missiles w ere

assumed to b e similar to the �rst ICBMs dev elop ed 30 to 40 y ears ago b y the United States,

the So viet Union, and China. Both liquid- and solid-prop ellan t missiles w ere considered,

b ecause either t yp e migh t b e dev elop ed or acquired within 10 to 15 y ears and the Study

Group therefore concluded that it w ould b e impruden t not to consider b oth in ev aluating

the feasibilit y of b o ost-phase defense.

Key Issues

Hitting the Missile. An imp ortan t question in b o ost-phase defense is whether the kill

v ehicle carried b y the in terceptor could actually hit a long-range missile, giv en the inheren tly

unpredictable acceleration that is normal for an ICBM in p o w ered 
igh t and the p ossibilit y

of programmed tra jectory-shaping or ev asiv e maneuv ers. Assuming in terceptors can reac h

the missile during its b o ost phase, w e �nd no fundamen tal obstacle to homing on the missile

accurately enough to hit it. T o do so, ho w ev er, the kill v ehicle w ould ha v e to b e v ery agile

and w ould need to carry enough fuel to con tin ue adjusting to the missile's acceleration

un til the momen t of impact. W e determined that kill v ehicles capable of meeting these

requiremen ts w ould b e substan tially hea vier than those that some ha v e suggested for b o ost-

phase in tercept. Our analysis of this agilit y requiremen t and its implications for the w eigh t

of the in terceptor are k ey new asp ects of this study .

Time. Time is short for b o ost-phase defense b ecause ICBMs burn out quic kly: in

roughly 3 min utes for solid-prop ellan t missiles and 4 min utes for liquid-prop ellan t missiles.

But the time actually a v ailable is substan tially shorter than the duration of the burn. Ev en

systems with state-of-the-art trac king sensors w ould require 45 to 65 seconds or longer to

detect the launc h of a p oten tially threatening ro c k et and determine its direction of 
igh t

w ell enough to �re an in terceptor (that is, obtain a �ring solution).

Additional time m ust also b e allo w ed for the decision to �re. W e ha v e analyzed the

decision times that w ould b e pro vided b y v arious b o ost-phase defenses. \Decision time"

as used here also includes an y additional time required for comm unication b et w een system
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elemen ts, estimating the p erformance c haracteristics of the attac king missile and its tra jec-

tory , resolving uncertain ties in the p erformance of the defense system, and other op erational

factors.

T o b e successful, the in tercept w ould ha v e to o ccur b efore the missile giv es its m unitions

the v elo cit y needed to reac h the United States. This v elo cit y could b e attained as early as

40 seconds b efore the missile w ould normally burn out.

Due to the p oten tially similar 
igh t pro�les of ICBMs and space launc hers, in man y

cases the defense system w ould not b e able to distinguish a p eaceful space launc h from an

ICBM attac k. In these cases, the defense w ould ha v e to sho ot at ev ery ro c k et, unless it had

b een established as non threatening b efore it w as launc hed.

Extending the time for in tercept b ey ond the b o ost phase in to the ascen t phase (de�ned

here as the p erio d after the missile's �nal stage has burned out or its thrust has b een

terminated but b efore it has deplo y ed all its m unitions and deco ys) w ould not increase the

a v ailable time signi�can tly . The reason is that once the missile's thrust has b een terminated,

it could deplo y its m unitions and an y deco ys or coun termeasures quic kly , p ossibly in less

than a second.

With so little time a v ailable, in terceptors w ould need to reac h high sp eeds v ery quic kly .

T ak en together, the short time a v ailable for in tercept and the size of the kill v ehicle needed

to hit an unpredictably accelerating ICBM w ould require large in terceptors. In some cases,

they w ould ha v e to b e larger and faster than the ICBMs themselv es and w ould ha v e to

accelerate four times more quic kly . Suc h in terceptors ha v e nev er b een built and w ould push

the state of the art.

Range. The useful range of in terceptor ro c k ets is restricted b y practical limits on ro c k et

sp eeds and b y the short time a v ailable for in tercepting the attac king missile. The range of

the Airb orne Laser is also limited, b oth b y constrain ts on its p o w er and b y the distance

its b eam can propagate through the atmosphere and remain fo cused. Consequen tly , b o ost-

phase defense w ould b e p ossible using in terceptor ro c k ets only if they could b e p ositioned

close enough to the required in tercept lo cations, generally within 400 to 1000 kilometers.

Defense w ould b e p ossible using the Airb orne Laser only if it could b e stationed within

300 to 600 kilometers of the in tercept p oin ts. The required in tercept lo cations are t ypically

h undreds of kilometers do wnrange from the missile launc h site, whic h w ould further restrict

in terceptor basing options.

In general, b o ost-phase defense using terrestrial (land-, sea-, or air-based) ro c k et in ter-

ceptors or the Airb orne Laser requires that the missile's 
igh t path during its b o ost phase

b e accessible from in ternational w aters or from neigh b oring coun tries willing to host U.S.

in terceptors. The feasibilit y of b o ost-phase defense therefore dep ends not only on the p er-

formance of the attac king missile and the sp eed of the in terceptor, but also on the size of

the coun try that launc hes the missile, the direction of the missile's 
igh t, the distance to

its target, and the lo cal ph ysical and p olitical geograph y .

Sho rtfall. If a missile w ere hit during its b o ost phase b y an in terceptor, it w ould

probably lose thrust quic kly , but the missile (p erhaps in fragmen ts) and its m unitions w ould

not fall straigh t do wn. Instead they w ould con tin ue on ballistic tra jectories, falling to Earth

short of their target but p ossibly on p opulated areas. Th us, unless the missile's m unitions

w ere disabled b y the collision|whic h cannot b e assumed b ecause they are lo osely coupled to

the missile and hardened to withstand re-en try at h yp ersonic sp eeds|a successful in tercept

could cause liv e m unitions to fall on p opulated areas. These areas w ould not b e in the

attac king coun try but migh t w ell b e in coun tries friendly to the United States or in the

United States itself.
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This problem is inheren t in b o ost-phase in tercept. Our analysis indicates that it w ould

b e extremely di�cult to time in tercepts to a v oid causing liv e m unitions or debris to hit

p opulated areas. This problem w ould b e eliminated if the in terceptor could reliably destro y

the missile's m unitions, but doing so w ould b e m uc h more di�cult than simply disabling

the missile's b o oster ro c k et.

Space-Based Intercepto r Requirements. Bo ost-phase in terceptors �red from orbit-

ing satellites could in principle defend the United States against ICBMs launc hed from

an ywhere on Earth. While their co v erage w ould not b e constrained b y geograph y , space-

based in terceptors w ould ha v e the same time constrain ts and engagemen t uncertain ties as

terrestrial-based in terceptors. As a result, their kill v ehicles w ould ha v e to b e at least as

massiv e as the kill v ehicles of terrestrial-based in terceptors. Because a satellite orbiting at

lo w altitude sp ends so little time o v er a single sp ot on Earth, man y in terceptor-carrying

satellites w ould b e needed to defend against ev en a single missile. The precise n um b er of

satellites and the total mass that w ould ha v e to b e placed in to orbit w ould dep end on the

t yp e of ICBM as w ell as the sp eeds, accelerations, and masses of the in terceptors and their

kill v ehicles, whic h w ould in turn dep end on the tec hnology a v ailable. Based on the tec hnol-

ogy that could, in our judgmen t, b e dev elop ed within the next 10 to 15 y ears, w e �nd that

a thousand or more in terceptors w ould b e needed for a system ha ving the lo w est p ossible

mass and pro viding a realistic decision time. Ev en so, the total mass that w ould ha v e to

b e orbited w ould require at least a �v e- to tenfold increase o v er curren t U.S. space-launc h

rates, making suc h a system impractical.

The Airb o rne Laser's P erfo rmance. A laser w eap on no w in dev elopmen t has also

b een prop osed for b o ost-phase defense. The Airb orne Laser is b eing dev elop ed to disable

short- or medium-range ballistic missiles b y illuminating them with a p o w erful laser b eam

from distances of sev eral h undred kilometers, heating them su�cien tly to cause the struc-

ture of the missiles to fail. In principle, this w eap on could also disable long-range missiles

during their b o ost phase. Because the laser b eam could reac h an ICBM within a fraction

of a second, its sp eed is not an issue. Ho w ev er, the range of the Airb orne Laser is limited

b y the distance its b eam can propagate through the atmosphere and remain fo cused. As-

suming that it w orks as planned, its useful range w ould b e ab out 600 kilometers against

a t ypical liquid-prop ellan t ICBM. This range w ould b e su�cien t to defend the United

States against suc h ICBMs launc hed from North Korea but insu�cien t to defend against

suc h missiles launc hed from Iran, unless the laser could b e stationed o v er the Caspian Sea

or T urkmenistan. Because solid-prop ellan t ICBMs are more heat-resistan t, the Airb orne

Laser's ground range against them w ould b e only ab out 300 kilometers, to o short to defend

against solid-prop ellan t ICBMs from either Iran or North Korea.

Countermeasures. While b o ost-phase in tercept w ould not b e susceptible to some of

the coun termeasures to midcourse in tercept that ha v e b een prop osed, there is no reason

to think it w ould not face an y coun termeasures. E�ectiv e coun termeasures to b o ost-phase

in tercept b y in terceptor ro c k ets could include launc hing sev eral ICBMs at nearly the same

time or deplo ying ro c k et-prop elled deco ys and jammers. F urthermore, ICBMs could b e

programmed to 
y ev asiv e maneuv ers that migh t o v erwhelm the agilit y and guidance and

con trol capabilities of the in terceptor or exhaust its prop ellan t. Shortening the b o ost phase

w ould also b e an e�ectiv e coun termeasure: it w ould b e practically imp ossible for an y in-

terceptor ro c k et to reac h an ICBM with a b o ost phase of 2 min utes or less, ev en if it w ere

launc hed from a v ery small coun try . Coun termeasures against the Airb orne Laser could

include applying ablativ e coatings or rotating the ICBM to reduce the amoun t of heat the

missile absorbs, launc hing m ultiple missiles to o v erwhelm the Airb orne Laser's capabilities,
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or attac king the aircraft carrying the laser.

Defending the United States

W e considered the e�ectiv eness of b o ost-phase in tercept for defending the United States

against ICBMs from the t w o sp eci�c coun tries of concern, North Korea and Iran, using

appropriate ph ysical la ws and engineering principles to compute the feasibilit y of particular

in tercepts. The results summarized here are based on a series of generally optimistic, sp eci�c

assumptions. F or example, w e ha v e made optimistic assumptions ab out the missile detection

and trac king capabilities a v ailable to the defense. Moreo v er, w e did not accoun t for man y

of the real w orld factors that w ould ha v e to b e considered to mak e a realistic assessmen t

of the capabilit y of suc h a system. This includes uncertain ties ab out the p erformance of

the attac king missile and its tra jectory , ignorance of the missile's target, the unpredictable

nature of v ariations in an y missile's 
igh t, and uncertain ties in ho w quic kly an in tercept

w ould terminate an ICBM's thrust. Nor did w e accoun t for p ossible op erational dela ys

in pro cessing and transmitting information. All of these factors w ould mak e b o ost-phase

in tercept more di�cult than our sim ulations suggest. Consequen tly , our results re
ect the

theoretical p ossibilit y of an in tercept, but this cannot b e equated with certain t y .

W e found that terrestrial-based in terceptors that burn out in 40 to 50 seconds and reac h

sp eeds of 6.5 to 10 km/s w ould generally b e required to defend against ICBMs launc hed

from North Korea or Iran dep ending on the t yp e of ICBM. In man y cases, in terceptors with

signi�can tly longer burn times are lik ely to b e ine�ectiv e. As noted ab o v e, suc h in terceptors

w ould ha v e to b e substan tially larger and capable of higher p erformance than an y that ha v e

y et b een built or deplo y ed. In a few situations, a 5-km/s in terceptor w ould w ork against

slo w-burning liquid-prop ellan t ICBMs. The time a v ailable w ould b e signi�can tly greater

for v ery slo wly burning liquid-prop ellan t ICBMs ha ving burn times of 5 min utes or longer,

but a defense that w ould w ork only against suc h missiles, whic h w ould b e as slo w as the

slo w est-burning missiles ev er built, w ould risk b eing ine�ectiv e.

No rth Ko rea. Defense of all 50 states against t ypical liquid-prop ellan t ICBMs launc hed

from North Korea w ould require in terceptors with sp eeds of 6.5 km/s (almost as fast as

ICBMs) based in Russia or the Sea of Japan and �red within ab out 40 seconds of obtaining

a �ring solution. The in tercept lo cations for most ICBM tra jectories from North Korea

w ould b e o v er China, h undreds of kilometers inside its b order. Suc h in terceptors w ould

ha v e ranges as long as ICBMs. Consequen tly , �ring them to w ard China to in tercept a

North Korean missile could b e mistak en for an attac k on China, Russia, or other coun tries.

The Airb orne Laser migh t pro vide an alternativ e defense against liquid-prop ellan t ICBMs.

T o defend against t ypical solid-prop ellan t ICBMs and pro vide more than a few seconds

of decision time w ould require in terceptors that could reac h sp eeds of ab out 10 km/s,

50 p ercen t faster than a t ypical ICBM, in one-quarter of the time it w ould tak e an ICBM

to reac h its maxim um sp eed. Suc h in terceptors w ould push the limits of what w ould b e

practical and should b e considered a b ounding case. The in terceptors w ould ha v e to b e

based in Russia or the Sea of Japan and �red within 30 to 40 seconds after a �ring solution

w as obtained. Suc h in terceptors could b e mistak en for o�ensiv e w eap ons.

Iran. T o defend the en tire United States against liquid-prop ellan t ICBMs launc hed

from Iran using in terceptors based in con v en tional lo cations w ould require basing 10-km/s

in terceptors in the P ersian Gulf, and ev en this deplo ymen t w ould pro vide only ab out 15 sec-

onds of decision time. More decision time w ould b e p ossible only if in terceptors could b e

based in uncon v en tional lo cations, suc h as T urkmenistan or the land-lo c k ed Caspian Sea. A
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system with 6.5-km/s in terceptors based in either of these lo cations could pro vide a decision

time of ab out 30 seconds.

Defense of the en tire United States against solid-prop ellan t ICBMs launc hed from Iran

app ears impractical; ev en a system with 10-km/s in terceptors based b oth in the Caspian

Sea and in T urkmenistan or Afghanistan w ould pro vide less than 10 seconds of decision

time, whic h is unlik ely to b e adequate for an op erational system.

Defending Only a P o rtion of the United States. W e also considered the feasibilit y

of defending only the con tiguous 48 states or only the largest U.S. cities against ICBMs

launc hed from North Korea or Iran. In most cases, this w ould b e no easier than defending

all 50 states. If, ho w ev er, a b o ost-phase defense w ere not solely resp onsible for in tercepting

all missiles from these coun tries, the required system p erformance w ould b e less demanding.

In terceptors could hit liquid- or solid-prop ellan t missiles launc hed from these coun tries

to w ard some U.S. targets. Suc h a system could pro vide a partial defense; for instance, for

one U.S. coast but not the other. Coupled with an e�ectiv e midcourse system, a partially

e�ectiv e b o ost-phase defense could impro v e protection of some targets b y hitting missiles

b efore they deplo y deco ys that could o v erwhelm the midcourse la y er. This p ossibilit y ,

ho w ev er, dep ends on the midcourse system's b eing able to handle the unpredictable debris

generated b y a b o ost-phase in tercept while engaging the w arheads, whic h most lik ely w ould

surviv e the in tercept. Suc h a capabilit y w ould b e di�cult to ac hiev e.

Defending Against Sho rt- o r Medium-Range Missiles Launched from O�sho re. Mis-

siles that could b e used for a sea-based attac k probably are already a v ailable to nations of

concern to the United States. The Aegis radar system is adequate for trac king suc h missiles

pro vided it is within a few tens of kilometers of the missile launc h lo cation, and a mis-

sile similar to the Na vy's Standard Missile 2 is adequate for suc h an engagemen t without

signi�can t mo di�cation.





Findings

The Study Group analyzed b o ost-phase defense against liquid-prop ellan t ICBMs, whic h

the United States ma y face initially , and against solid-prop ellan t ICBMs, whic h the nation

ma y face later. The basic parameters of systems that could coun ter these threats in a

v ariet y of geographical situations w ere iden ti�ed. In the course of analyzing these systems,

the Study Group iden ti�ed man y signi�can t limitations to b o ost-phase in tercept, esp ecially

when confron ting solid-prop ellan t ICBMs. Ho w ev er, it made no judgmen t as to whether

an y or all of these limitations w ould rule out deplo ymen t of suc h systems on op erational,

p olitical, or economic grounds. The analysis in the main b o dy of this rep ort supp orts the

follo wing �ndings. A n um b er (or letter) in paren theses indicates the relev an t c hapter (or

app endix), section, or subsection of the supp orting material.

1. Intercepting missiles during their b o ost phase p resents majo r challenges not faced

b y midcourse-intercept systems.

� Midcourse systems ha v e 20 to 25 min utes to observ e and in tercept threatening

w arheads (A.2); b o ost-phase in tercept systems could ha v e 4 min utes or less to

detect, trac k, and in tercept p oten tially threatening missiles (4.4, 5.4{5.6, 10.4, 15).

� In midcourse 
igh t, the tra jectory of a w arhead is ballistic and highly predictable

(B); in p o w ered 
igh t, the tra jectory of a missile is inheren tly unpredictable. This

unpredictabilit y results from uncertain t y ab out the in tended target, the e�ects of the

missile's maneuv ers to manage its energy , shap e its tra jectory , or ev ade in tercept,

and its unpredictable thrust v ariations (4, 12.4, 15.2).

2. The e�ective ranges of b o ost-phase hit-to-kill intercepto rs, whether land-, sea-, air-,

o r space-based, a re limited b y the sho rt duration of ICBM b o ost phases and p ractical

limits on intercepto r 
y-out velo cities. The range of the Airb o rne Laser is limited

p rima rily b y the distance its b eam can p ropagate through the atmosphere while

remaining fo cused, and to a lesser extent on its p o w er.

These limitations ha v e the follo wing consequences:

� In a hit-to-kill b o ost-phase defense, the time remaining after an in terceptor is �red

is so short|less than 170 seconds for a liquid-prop ellan t threat missile and less than

120 seconds for a solid-prop ellan t threat missile|that the defense could �re only

once, either a single in terceptor or a salv o of in terceptors �red virtually sim ulta-

neously . There w ould b e no opp ortunit y to reco v er from a mis�re or failure of an

in tercept attempt (5.4{5.6).

� Bo ost-phase defense with in terceptor ro c k ets w ould b e p ossible only if the ro c k ets

could b e p ositioned close to the in tended in tercept p oin t. The in tercept p oin t is

xxix
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t ypically 400 to 500 kilometers from the missile launc h p oin t. The in terceptors

t ypically m ust tra v el at least 500 kilometers from the in terceptor base to reac h the

in tercept p oin t (5.4{5.6).

� T errestrial-based b o ost-phase defense|b oth b y in terceptors and airb orne lasers|

also dep ends on the size of the coun try that launc hes the missile, the direction of

the missile's 
igh t, the distance to its target, and access to areas adjacen t to that

coun try , determined b y lo cal ph ysical and p olitical geograph y (5).

� Bo ost-phase defense using terrestrial-based in terceptors could not defend the United

States against acciden tal or unauthorized launc hes of ICBMs from the in teriors of

large coun tries suc h as Russia or China (5).

3. The la rge and unp redictable va riations of ICBM b o ost-phase trajecto ries and the

sho rt time available fo r engaging them drive the requirements fo r any b o ost-phase

kinetic kill intercepto r.

F actors con tributing to uncertain ties in the in tercept p oin t include:

� Random and systematic errors in the defense detection and trac king system's mea-

suremen t of p osition and v elo cit y and estimate of acceleration of the attac king

missile (10.1.4, 12.3.1).

� Lac k of kno wledge of the missile's target (15.2).

� Normal or induced thrust-time v ariations of the threat b o oster (15.2).

� In ten tional tra jectory shaping, including lofting or depressing the tra jectory and

maneuv ering to manage energy (15.2).

� In ten tional ev asiv e maneuv ers, suc h as dog-legs or other maneuv ers (12.4).

� Lac k of kno wledge of the p oten tial t yp e or c haracteristics of the threat (3.3).

� Uncertain ties in the metho d and times at whic h the missiles' w arheads or subm u-

nitions w ould b e deplo y ed (15.2, A.2.2).

These uncertain ties reduce the time a v ailable for the engagemen t and require kill-v ehicle

maneuv er v elo cit y and acceleration substan tially greater than is generally recognized.

These e�ects are discussed in Chapters 5 and 12.

4. The only w a y a b o ost-phase defense can assure that lethal w a rheads will not strik e

a defended a rea is to disable the attacking missile b efo re the ea rliest time it can

achieve the velo cit y needed to ca rry its munitions to that a rea, b ecause the defense

do es not kno w the pa rticula r ta rget. This time is uncertain b ecause the missile ma y


y va rious trajecto ries and execute a va riet y of maneuvers to manage its energy o r

evade the defense (4.1, 5.1.3, 5.2.1, A.2).

5. A robust b o ost-phase defense against ICBMs w ould require mo dern space-based

senso rs to detect launches and p rovide initial tracking info rmation needed to launch

intercepto rs. Even so, it w ould tak e at least 45 to 65 seconds to detect the launch of

an ICBM and establish a track of its trajecto ry accurate enough to launch an inter-

cepto r. Such senso rs w ould also b e needed to p rovide continually up dated tracking

info rmation to the intercepto rs as they 
y to the ta rget. A system such as the

high-altitude Space-Based Infra red System (SBIRS-High) no w under development
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could p erfo rm these functions if the b o ost-phase defense requirement is included in

its design (10.4).

� While radars with su�cien t sensitivit y exist, for early detection and initial trac k-

ing, horizon limitations, clutter problems, and geographic constrain ts that require

stand-o� distances greater than 300 km w ould preclude their use. Consequen tly ,

a mo dern space-based missile w arning and trac king system, suc h as the planned

SBIRS-High system, w ould b e needed in order to ac hiev e the earliest detection and

initial trac king (10.4). The existing Defense Supp ort Program (DSP) system could

pro vide launc h detection and initial trac king, but it w ould tak e 30 seconds longer

to obtain a �ring solution than a system suc h as SBIRS-High (10.4). Consequen tly

DSP w ould b e useful only against slo w missiles, and only if the fastest in terceptors

w ere used (5.9.2).

� Additional time margin w ould b e required to allo w for the decision to �re and an y

other in ten tional or system dela ys. W e use the term \decision time" to encompass

an y time required b ey ond the zero decision time case (5.1.3).

6. While b o ost-phase defense against slo w-burning liquid-p rop ellant ICBMs not em-

plo ying countermeasures app ea rs technically feasible in p rinciple fo r some geographic

scena rios, the much sho rter burn times t ypical of solid-p rop ellant ICBMs using even

40-y ea r-old technology call into question the fundamental feasibilit y of b o ost-phase

intercept of such threats at useful ranges|no matter where o r ho w the intercepto rs

a re based|even with very optimistic assumptions ab out detection and track times

(5.3, 6.11).

� While liquid-prop ellan t ICBMs t ypically ha v e p o w ered 
igh t times of 4 min utes or

more, solid-prop ellan t missiles t ypically ha v e three b o ost stages that burn a total

of 3 min utes or less (3.4). This di�erence is crucial.

� No matter where or ho w they are based, in terceptors w ould t ypically ha v e to tra v el

500 kilometers or more in ab out t w o min utes to reac h solid-prop ellan t ICBMs b e-

fore they ha v e ac hiev ed the v elo cit y required to deliv er their pa yloads to the United

States (5.3{5.6). This w ould require in terceptors with extremely high 
y out v elo c-

ities (in excess of orbital v elo cities and as high as 10 km/s) and v ery high acceler-

ations. Suc h in terceptors w ould push the state of the art and ma y not b e feasible.

� By comparison, against liquid-prop ellan t ICBMs, small t w o-stage terrestrial-based

in terceptors ha ving mo dest burnout v elo cities of only ab out 5 km/s, suc h as the

largest-sized in terceptor that could meet the constrain ts of the Aegis cruiser v ertical

launc hers or deplo ymen t b y b om b ers, could marginally engage threats at ab out 500

kilometers (5.3). In terceptors ha ving v elo cities similar to those of ICBMs w ould

pro vide greater decision time and range for this case but still could not engage

solid-prop ellan t ICBMs.

7. Based on unclassi�ed summa ries of U.S. intelligence estimates, the Study Group

concluded that countries of concern might acquire o r develop solid-p rop ellant ICBMs

within the next 10{15 y ea rs and that it w ould b e imp rudent not to consider them in

evaluating the feasibilit y of b o ost-phase defense systems (3.4).

� Proliferation of solid-prop ellan t tec hnology has b een rapid (3.3).
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� A b o ost-phase defense w ould create incen tiv es to dev elop or acquire solid-prop ellan t

ICBMs (3.4).

� Bo ost-phase defenses not able to defend against solid-prop ellan t ICBMs risk b eing

obsolete when deplo y ed.

8. The time constraints imp osed on any b o ost-phase defense system b y the sho rt du-

ration of ICBM b o ost phases w ould p ose signi�cant real-time decision issues.

� In most situations, in terceptors w ould ha v e to b e �red within a few seconds after

con�rmation of the launc h of a large ro c k et to in tercept it in time to defend the

United States (5.3). The decision to �re in terceptors w ould ha v e to b e almost

automatic (5.3{5.6).

� Because of the p oten tially similar 
igh t pro�les of ICBMs and space launc hers, in

man y cases the defense system w ould ha v e di�cult y distinguishing a space launc h

from an ICBM attac k. In these cases, the defense w ould ha v e to sho ot at ev ery

ro c k et, unless it had b een iden ti�ed as non-threatening b efore it w as launc hed (10.4).

9. Despite the va riations and uncertainties inherent in the b o ost-phase trajecto ries of

ICBMs, our analysis indicates that a kill vehicle inco rp o rating current senso r and

guidance technology could home on ICBMs in p o w ered 
ight with a p recision com-

patible with direct hit-to-kill requirements, assuming the kill vehicle's b o oster could

place it on a trajecto ry that w ould tak e it within homing range of the ICBM. The

kill vehicle w ould also have to meet certain critical p erfo rmance requirements.

Critical kill-v ehicle p erformance requiremen ts include:

� Capacit y to shift from guiding on the ro c k et's exhaust plume to guiding on the

ro c k et b o dy . The Study Group b eliev es this requiremen t in particular requires

more in v estigation (10.4).

� Abilit y to acquire and trac k the ro c k et b o dy within the plume at ranges of at least

200 kilometers and with su�cien t precision, using sensors on b oard the kill v ehicle

(12.3).

� Su�cien t kill-v ehicle acceleration (7{8 g initially and 15 g in the end game), v elo cit y

for maneuv ering (2 km/s for terrestrial-based and 2.5 km/s for space-based kill

v ehicles), and guidance system resp onse (0.1 second or less) (12.5).

These requiremen ts w ould result in kill v ehicles with masses substan tially greater than

is generally appreciated. In our judgmen t, kill v ehicles using tec hnology that w ould

b e a v ailable in the next few y ears w ould ha v e masses on the order of 90 kilograms to

140 kilograms: 90 kilograms for the total div ert v elo cities of 2 km/s that w ould b e

required for most ground- and air-based in terceptors and roughly 140 kilograms for 2.5-

km/s div ert v elo cities that w ould b e appropriate for space-based in terceptors and the

fastest ground-based in terceptors (14.4).

10. Although a successful intercept w ould p revent munitions from reaching their ta rget,

live nuclea r, chemical, o r biological munitions could fall on p opulated a reas sho rt

of the ta rget, in the United States o r other countries. This p roblem of sho rtfall is

inherent in b o ost-phase missile defense.
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� W arheads and subm unitions are lo osely coupled to the �nal stage of the ICBM and

cannot b e assumed to b e destro y ed b y an in tercept that destro ys or disables the

ICBM b o oster, as b orne out b y n umerous destruct ev en ts during 
igh t tests (13.1).

� After an in tercept, the m unitions and debris will con tin ue on a ballistic tra jectory ,

alb eit one that is shorter than in tended b y the attac k er (5.8).

� The w arheads or m unitions and debris of an in tercepted missile will not fall on the

coun try that launc hed it (5.8).

� Prev en ting w arheads or subm unitions and debris of in tercepted missiles from hitting

the territory of U.S. friends and allies w ould sometimes require the defense to in ter-

cept missiles within a time windo w as small as 5 to 10 seconds, greatly complicating

the already daun ting in tercept managemen t problem (5.8.1).

� Giv en the unpredictable v ariations in tra jectories and thrust that c haracterize

ICBMs in p o w ered 
igh t, it is not clear that the in tercept can b e timed to o ccur

within the narro w windo w required (5.8.2).

The problem of con trolling shortfall could b e a v oided if the b o ost-phase defense system

could destro y the missile's w arheads or subm unitions during b o ost, rather than simply

disabling the b o oster. This is a m uc h more di�cult task, and it has not b een established

that it can b e accomplished (13).

11. Airb o rne intercepto rs o�er some unique advantages fo r b o ost-phase defense, but

they also have signi�cant limitations in defending against ICBMs. They could b e de-

plo y ed mo re quickly than land- o r sea-based intercepto rs in resp onse to new threats,

but several backup aircraft equipp ed with intercepto rs, as w ell as refueling aircraft

and defensive air cover, w ould b e required fo r every airb o rne-intercepto r aircraft on

station (16.5.3).

� An in terceptor of an y giv en size has a sligh tly greater range if launc hed from a high-

altitude platform, b ecause it uses less energy to o v ercome gra vit y and aero dynamic

drag as it 
ies out to w ard its target. Ho w ev er, the constrain ts on the size and w eigh t

of missiles that an aircraft can carry limit the 
y out v elo cit y of high-acceleration

airb orne in terceptors to ab out 5 km/s (16.5.3).

� Because of their limited 
y out v elo cit y , airb orne in terceptors could engage ICBMs

only in situations comparable to the situations in whic h a 5 km/s surface-based

in terceptor could engage them. Consequen tly , using airb orne in terceptors to defend

the United States against long-burning liquid-prop ellan t ICBMs w ould b e p ossi-

ble only if the required in tercept lo cations are within ab out 500 kilometers of the

in terceptor-carrying aircraft (5.5.1).

12. A constellation of space-based intercepto rs (SBIs) could, in p rinciple, overcome the

geographic limitations of terrestrial-based intercepto rs and intercept ICBMs launched

from much of the Ea rth's surface. Ho w ever, they w ould b e subject to range and time

constraints simila r to those that constrain terrestrial-based systems. Consequently

achieving reasonable coverage b et w een latitudes 30 degrees and 45 degrees No rth

w ould come at a very high cost.

� Because a satellite in lo w-Earth orbit sp ends so little time o v er a single sp ot on

Earth, a system ha ving the minim um mass-in-orbit and pro viding a realistic time
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to construct a �ring solution w ould require a thousand or more in terceptors to

in tercept ev en a single liquid-prop ellan t ICBM 5 seconds b efore it burns out (6.6).

1

� The SBI kill v ehicles w ould b e similar to those of terrestrial-based in terceptors.

Because of the high closing v elo cities of SBI engagemen ts, space-based kill v ehicles

w ould require div ert v elo cities of ab out 2.5 km/s (14.1). Suc h a kill v ehicle w ould

ha v e a mass of roughly 140 kilograms (6.11, 14.4). W e estimate that an in terceptor

that com bined the kill v ehicle with a t w o-stage b o oster to impart the required 
y out

v elo cit y of 4 km/s in 30 to 40 seconds w ould ha v e a mass, including its on-orbit

supp ort systems, of ab out 1200 kilograms (6.11).

� T o in tercept a solid-prop ellan t ICBM launc hed from North Korea or Iran 5 seconds

b efore burnout, at least 1600 in terceptors w ould b e required for a system ha ving

the lo w est p ossible on-orbit mass and pro viding an optimistically short time to

construct a �ring solution (6.11). Suc h a system w ould ha v e a mass in orbit of at

least 2000 tonnes. T o deplo y it w ould require at least a �v e- to ten-fold increase in

the curren t ann ual U.S. launc h capacit y .

� In practice, more in terceptors and mass w ould b e required in orbit b ecause solid-

prop ellan t ICBMs launc hed from North Korea or Iran w ould usually ha v e to b e

in tercepted b efore 5 seconds prior to their burnout. The n um b er of in terceptors

w ould also increase if the system w ere designed to assure that t w o in terceptors could

b e �red against eac h ICBM, pro vide more decision time, or ha v e the capabilit y to

defend against ICBMs launc hed nearly sim ultaneously from closely spaced launc h

sites (6.6, 6.11).

� Defending against a liquid-prop ellan t ICBM w ould cut the n um b er of in terceptors

required to ab out 700, with a corresp onding reduction in the mass of the system,

b ecause suc h missiles burn m uc h longer (15.2.1). Ho w ev er, a system designed to

coun ter only liquid-prop ellan t ICBMs could b ecome obsolete quic kly , giv en the time

that w ould b e required to dev elop and deplo y an SBI system (Finding 15), the

incen tiv es it w ould create for emerging missile states to build or pro cure solid-

prop ellan t missiles, and the rate at whic h solid-prop ellan t tec hnology is proliferating

(3.4.2).

13. Although b o ost-phase missile defense systems using hit-to-kill intercepto rs could

avoid some of the countermeasures to midcourse intercept that have b een p rop osed,

there a re e�ective countermeasures to such b o ost-phase systems. Many of them

have b een demonstrated in past U.S. p rograms fo r other purp oses (5, 9, 12, 15).

� Shortening the b o ost phase of ICBMs. Switc hing from liquid-prop ellan t to t ypical

solid-prop ellan t ICBMs w ould cut the b o ost phase b y a min ute or more (Finding 6).

Bo ost phases as short as 130 seconds are certainly p ossible; suc h missiles w ould b e

practically imp ossible to in tercept (5.1.1).

� Maneuv ering the ICBM (15.2).

� F ractionating the pa yload during �nal-stage b o ost (9.1.2, 9.1.5).

1

In terceptors in lo w-Earth orbits rev olv e around Earth at high sp eeds while the Earth rotates b eneath

them. As a result, at an y instan t almost all the in terceptors in a space-based system w ould b e to o far a w a y

to engage a ro c k et from an y particular launc h site. A constellation of a thousand or more in terceptors w ould

therefore b e required to ensure that at least one w ould alw a ys b e within range of a hostile launc h.
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� Deplo ying small, ro c k et-prop elled deco ys from the missile designed to mask or mimic

the radar and electro-optical c haracteristics of the b o oster (9.1.3).

� Launc hing m ultiple missiles within a short time. Launc hing tactical ballistic missiles

b efore launc hing ICBMs could exhaust the defense's supply of in terceptors (9.1.6).

14. The Airb o rne Laser (ABL) has b een designed to intercept theater ballistic missiles

and is scheduled to achieve initial op erational capabilit y in ab out 10 y ea rs. It could

o�er some capabilit y fo r intercepting ICBMs, but w ould have less range than la rge

ground-based hit-to-kill intercepto rs. ABL aircraft could b e rapidly deplo y ed, but

several ABL aircraft, as w ell as tank er supp o rt aircraft and defensive air cover, w ould

b e required to maintain one ABL aircraft continuously on station. While the ABL

has some self-defense capabilit y , without supp o rting tactical air cover ABL aircraft

w ould b e vulnerable to attack b y enemy aircraft o r surface-to-air missiles.

� P erformance requiremen ts for the ABL are driv en largely b y the construction ma-

terials of the missile and the distance to the target missile|engagemen t time and

uncertain t y ab out the target's tra jectory are not issues (21).

� The laser 
uence needed to disable ICBMs is curren tly rather uncertain, making it

di�cult to estimate accurately the ABL's range if used against ICBMs. The ABL's

range is exp ected to b e roughly similar to that of the mo dest-sized in terceptors

that could b e carried b y aircraft (21.5). If so, it could engage only long-burning

liquid-prop ellan t ICBMs launc hed from geographically small, accessible coun tries

(8.3{8.5).

� Defense w ould b e p ossible using the ABL only if it can b e stationed within 600 kilo-

meters of the in tercept p oin t of a liquid-prop ellan t missile or within 300 kilometers

of the in tercept p oin t of a solid-prop ellan t missile. The ABL's laser b eam w ould

ha v e to heat an ICBM for sev eral seconds to disable it; hence ABL engagemen ts

w ould ha v e to b e timed to a v oid the brief p erio ds during whic h one stage burns out

and is discarded as the next ignites (8.7).

� The ABL w ould ha v e substan tial abilit y to defend the U.S. against liquid-prop ellan t

ICBMs launc hed from North Korea; ho w ev er, it w ould ha v e no utilit y in defending

the U.S. against these missiles launc hed from geographically large, less-vulnerable

coun tries suc h as Iran. Because of the greater heat resistance of solid-prop ellan t

missiles, the ABL could not defend against these missiles launc hed from either North

Korea or Iran. (8.3{8.5).

� The ABL could not disable n uclear w arheads or biological or c hemical subm unitions

that ha v e b een hardened to surviv e re-en try at ICBM sp eeds (20.1).

15. F ew of the comp onents that w ould b e required fo r ea rly deplo yment (i.e., within

5 y ea rs) of a b o ost-phase defense currently exist. Mo reover, w e see no means fo r

deplo ying an e�ective b o ost-phase defense against ICBMs within 10 y ea rs. Several

k ey comp onents a re lacking and a re unlik ely to b e develop ed in much less than a

decade.

� Large, high-acceleration in terceptors (5, 16) ha ving the ph ysical c haracteristics and

p erformance that w ould b e needed for a surface-based b o ost-phase in tercept system

ha v e nev er b een built. T o coun ter short- or medium-range missiles launc hed from
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platforms o� U.S. coasts a missile similar to the U.S. Na vy's Standard Missile 2 could

b e used (5.7.1). W e kno w of no other b o oster in existence or under dev elopmen t

that o�ers an y utilit y for b o ost-phase in tercept of ICBMs.

� No kill v ehicle curren tly under dev elopmen t has the acceleration and maneuv erabil-

it y required for ICBM b o ost-phase in tercept (11.6, 12.5).

� While radars with su�cien t sensitivit y exist, suc h as the THAAD ground-based

radar and the Aegis AN/SPY-1 radar, their horizon limitations and geographi-

cal constrain ts w ould require space-based infrared sensors for detection and initial

trac king of threatening missiles (10.2). If SBIRS-High w ere a v ailable and had suf-

�cien t capabilit y , it could p erform this function (10.4); ho w ev er, recen t rep orts

indicate that SBIRS-High is unlik ely to b e deplo y ed b efore 2010 (10.1.2).

� The ABL is curren tly not exp ected to b e ready for deplo ymen t against theater

ballistic missiles b efore 2012 (18.3). T esting and ev aluation of the ABL against

ICBMs probably w ould not o ccur un til after it has b een tested for its in tended

mission, in tercepting theater ballistic missiles.

� Giv en the U.S. space launc h capabilit y and the high cost of putting mass in orbit,

space-based in tercept is not practical b ecause small, ligh t w eigh t sensors, in tercep-

tors, and kill v ehicles are not curren tly a v ailable (6.11).

16. Much of the public discussion of missile defense has fo cused on ICBM attacks,

but the threat p osed b y existing sho rt- o r medium-range tactical ballistic missiles

launched from ships o r other platfo rms p ositioned o� U.S. coasts is mo re immediate.

It app ea rs that a missile simila r to the existing U.S. Navy Aegis Standa rd Missile 2

could engage sho rt- o r medium-range ballistic missiles launched from sea platfo rms

without signi�cant mo di�cation, p rovided that the Aegis ship is within a few tens of

kilometers of the launch platfo rm (5.7.1).

� According to the U.S. in telligence comm unit y , launc hing short- or medium-range

ballistic missiles from platforms a few h undred kilometers o� U.S. coasts w ould

b e m uc h less demanding tec hnologically than launc hing ICBMs. The missiles that

w ould b e needed for suc h an attac k are already a v ailable (A.1).

� Man y of the c hallenges that mak e ICBM defense di�cult|suc h as geographic con-

strain ts that prev en t the defense from p ositioning in terceptors close to the missile's

b o ost tra jectory , dela ys in detecting and trac king the target missile, uncertain ties

ab out the exact target, and the problem of con trolling shortfall|are absen t when

the threatening missile is launc hed from a ship near the United States.

� The Airb orne Laser migh t also b e able to coun ter this threat, but the Study Group

did not analyze this p ossibilit y .

17. In our view, there a re many issues fo r a b o ost-phase intercept system that require

further study b efo re the true capabilities and deplo yment timelines of b o ost-phase

missile defense can b e determined.

These issues include:

� The comm unications, command, and con trol net w orks and systems that w ould b e

required for a b o ost-phase in tercept system to function with the reliabilit y required
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under the extreme time pressures that a defense system w ould face, particularly

one using space-based in terceptors.

� The capabilit y for transferring the in terceptor's guidance from trac king the mis-

sile's luminous plume to trac king the missile itself (\plume-to-hardb o dy hando v er")

(10.4). This task is tec hnically c hallenging and not w ell understo o d. More realistic

mo deling, testing, and ev aluation w ould b e required to demonstrate that it can b e

done reliably under all engagemen t conditions.

� The e�ects on liquid- and solid-prop ellan t b o osters of a b o dy-to-b o dy collision with

a kill v ehicle need more extensiv e mo deling and realistic testing (13).

� The realistic capabilities that w ould b e needed to deplo y , main tain, and con trol a

space-based system m ust b e understo o d b efore an informed decision can b e made

ab out the feasibilit y of suc h a concept. Giv en the extreme sensitivit y of system

costs to c hanges in the mass of space-based in terceptors, a careful assessmen t of the

e�ects of coun termeasures should b e included (6).

� The lethalit y of the ABL when used against ICBMs, esp ecially solid-prop ellan t

ICBMs. F urther mo deling and realistic testing are needed under the wide range

of conditions that w ould b e encoun tered in in tercepting ICBMs during their b o ost

phase (20).

Concluding rema rks

In assessing the feasibilit y of b o ost-phase missile defense using hit-to-kill in terceptors or

the ABL, w e attempted to mak e optimistic assumptions to b ound the p erformance of suc h

systems. In some cases w e made assumptions that app ear tec hnically p ossible but ma y

not b e realistic on other grounds. An imp ortan t example is the assumption in some of our

analyses that in terceptors could b e �red as so on as a target trac k has b een constructed,

without allo wing additional time for decision or assessmen t. In other cases w e simply

examined the p erformance that w ould b e required to mak e the system w ork able, without

making an y judgmen t ab out whether suc h comp onen ts could realistically b e deplo y ed. An

example of this kind is our consideration of an in terceptor capable of reac hing a 
y out

v elo cit y 40 p ercen t higher than an ICBM's v elo cit y in only 45 seconds. Consequen tly ,

with those optimistic assumptions our results re
ect the theoretical p ossibilit y , rather than

the certain t y , of an in tercept. Real-w orld factors w ould mak e b o ost-phase in tercept more

di�cult than our results suggest. Moreo v er, the c hoices made in this study w ere used to

obtain upp er b ounds on p erformance; their use do es not necessarily imply that the Study

Group judged these c hoices to b e realistic.

Giv en the results that follo w from our assumptions, w e conclude that while the b o ost

phase tec hnologies w e studied are p oten tially capable of defending the United States against

liquid-prop ellan t ICBMs in certain geographic scenarios, at least in the absence of coun ter-

measures, when all factors are considered none of the b o ost-phase defense concepts studied

is lik ely to b e viable for the foreseeable future to defend the 50 states against ev en �rst-

generation solid-prop ellan t ICBMs (5, 6.11, 8.6).
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1.1 Bo ost-Phase Intercept

Bo ost-phase in tercept systems for defending the United States against ballistic missile attac k

are the fo cus of increasing public discussion [1 , 2 , 3 , 4, 5], and Departmen t of Defense

sp ending on suc h systems is gro wing, with the prosp ect of m uc h larger exp enditures in the

future.

1

Bo ost-phase w eap ons w ould seek to destro y attac king missiles while their b o osters

are still burning and b efore they ha v e released n uclear, c hemical, or biological m unitions.

The tec hnical asp ects and feasibilit y of suc h w eap ons are the sub ject of this rep ort.

F or more than four decades, the United States has in v ested substan tial resources in

dev eloping an ti-ballistic missile systems [7 ]. During most of this p erio d, the fo cus of the

e�ort w as on dev eloping w eap ons and systems that could defend against the thousands

of in tercon tinen tal ballistic missiles (ICBMs) �elded b y the So viet Union. In resp onse to

the end of the Cold W ar and other c hanges in the in ternational situation, the emphasis of

the U.S. program to defend against long-range missiles shifted �rst to systems that could

coun ter acciden tal or unauthorized launc hes of a few ballistic missiles against the United

States and, more recen tly , to systems that could coun ter missiles that migh t b e deplo y ed

b y coun tries that ha v e missile dev elopmen t programs and with whic h the nation do es not

curren tly ha v e friendly relations.

The U.S. in telligence comm unit y has iden ti�ed sev eral coun tries of concern that are

dev eloping long-range missiles [8, 9 ]. Although the in telligence comm unit y judges that U.S.

territory is curren tly more lik ely to b e attac k ed b y n uclear, c hemical, and biological w eap ons

1

The budget request for b o ost-phase in tercept systems for FY 04{FY 05 is $12.6 billion [6].

S1
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deliv ered b y means other than missiles, it is the assessmen t of most of the in telligence

comm unit y that the United States is lik ely to face ICBM threats from some of the coun tries

of concern during the next 15 y ears [8 , 9 ]. The gro wing sale and transfer of ballistic-missile-

related tec hnologies, materials, and exp ertise has generated concern that some unfriendly

coun tries migh t b e able to deplo y full-range ICBMs, including solid-prop ellan t ICBMs, with

little w arning [10 , 11 ]. The U.S. in telligence comm unit y has judged that sev eral coun tries of

concern are tec hnically capable of dev eloping within the next decade the abilit y to launc h

short- or medium-range ballistic missiles against coastal regions of the United States from

ships or other platforms p ositioned h undreds of kilometers o�shore [12 , 13 , 14 ]. T o coun ter

these p oten tial threats, the United States is activ ely pursuing a v ariet y of missile defense

options.

The principal fo cus of the nation's curren t national missile defense program is on

w eap ons that w ould destro y w arheads after they ha v e b een launc hed b y ICBMs but b e-

fore they re-en ter the atmosphere.

2

During this so-called midcourse phase of 
igh t, whic h

lasts appro ximately 25 min utes, w arheads follo w predictable ballistic tra jectories outside

Earth's atmosphere. Using ground-based in terceptors lo cated at only a few sites, a mid-

course in tercept system p oten tially could defend the United States from missiles launc hed

from almost an ywhere on Earth.

Midcourse-in tercept systems, ho w ev er, m ust con tend with t w o c hallenges. A single mis-

sile could launc h m ultiple w arheads or ev en dozens of c hemical or biological subm unitions,

thereb y o v erwhelming the defense. In addition, man y argue that the system could b e

defeated b y coun termeasures and p enetration aids, including large n um b ers of ligh t w eigh t

deco ys that w ould b e di�cult to discern from real w arheads outside the atmosphere [15 , 16].

F or a con trary view, see [17 ].

The di�cult y of meeting these c hallenges has led to gro wing adv o cacy of b o ost-phase

in tercept as a p ossible alternativ e [18 , 19 , 20 ]. Bo ost-phase systems p oten tially o�er three

imp ortan t adv an tages: the p ossibilit y of destro ying missiles b efore they can deplo y m ultiple

w arheads or subm unitions, the presumed di�cult y of dev eloping coun termeasures, and the

ease of trac king the brigh t exhaust plumes of ICBMs in p o w ered 
igh t. A b o ost-phase

defense that used surface- or air-based in terceptors or the Airb orne Laser (ABL) w ould

also b e attractiv e, some argue, b ecause their limited ranges w ould not threaten Russian or

Chinese land-based n uclear missile forces. Space-based b o ost-phase w eap ons ha v e also b een

prop osed as the �rst la y er in a la y ered defense system [21 , 22 , 23 ].

The b o ost phase of an ICBM t ypically lasts no more than 3 or 4 min utes. Consequen tly ,

ev en fast in terceptor missiles w ould ha v e to b e �red from bases close to an ticipated ICBM

in tercept p oin ts [24 ]. Therefore, surface- and air-based in terceptors w ould b e capable of

coun tering only those missiles launc hed from coun tries that are su�cien tly small geograph-

ically , and on b o ost-phase 
igh t paths that are within range of in terceptors stationed in

in ternational w aters or in neigh b oring coun tries willing to host them. The Airb orne Laser

is similarly constrained b ecause of its o wn engagemen t range limitations.

2

W e use the phrase \national missile defense" to indicate a defense system in tended to defend the national

territory of the United States rather than, for example, U.S. allies or tro ops based outside the United States,

b ecause it describ es the goal of suc h a defense concisely . W e note, ho w ev er, that the presen t administration

no longer uses this terminology .
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1.2 The American Physical So ciet y Call fo r the Study

In spite of the go v ernmen t's gro wing in terest in b o ost-phase in tercept systems and the

resources b eing committed to dev eloping them, little quan titativ e information on the tec h-

nical feasibilit y , required p erformance, and p oten tial adv an tages and disadv an tages of suc h

systems is a v ailable to the public. T o increase public understanding of these matters, the

American Ph ysical So ciet y con v ened a study group of ph ysicists and engineers, including

individuals with exp ertise in sensors, missiles, ro c k et in terceptors, guidance and con trol,

high-p o w ered lasers, and missile-defense-related systems, to assess the tec hnical feasibilit y

of b o ost-phase in tercept systems.

Man y of the k ey questions concerning the tec hnical feasibilit y and required p erformance

of b o ost-phase in tercept systems can b e answ ered b y considering basic ph ysics and engi-

neering principles. The American Ph ysical So ciet y therefore ask ed the Study Group to

pro duce an unclassi�ed rep ort based on publicly a v ailable information. The in ten tion w as

to pro vide the mem b ership of the So ciet y , other scien tists and engineers, p olicy mak ers, and

the public with basic information ab out the science and tec hnology of b o ost-phase in ter-

cept systems. The American Ph ysical So ciet y hop es that this rep ort, whic h describ es the

tec hnologies and tec hnical requiremen ts of these systems, their adv an tages and limitations,

and the tec hnological c hallenges in dev eloping and deplo ying them, will help in ev aluating

prop osals to build suc h systems.

1.3 Scop e of the Study

The Study Group w as ask ed to consider primarily b o ost-phase in tercept systems that could

defend the United States from attac k b y ballistic missiles of in tercon tinen tal range. In

particular, the Study Group w as ask ed to ev aluate the p oten tial of systems using terrestrial-

based or space-based hit-to-kill ro c k et in terceptors, or the ABL, for this purp ose. Space-

based laser systems w ere not considered b ecause the tec hnology that w ould b e required

for suc h systems is at a m uc h earlier stage of dev elopmen t. W e also considered brie
y the

feasibilit y of defending against attac ks b y ship-based ballistic missiles launc hed o� U.S.

coasts using short-range in terceptor ro c k ets. The Study fo cused on tec hnology that could,

in principle, b egin to b e deplo y ed in ab out 10 y ears.

1.4 Issues Not Addressed

A n um b er of imp ortan t tec hnical issues w ere iden ti�ed but not analyzed in detail, either

b ecause the necessary information w as not a v ailable to us or b ecause they la y outside the

scop e of the Study . These include the feasibilit y of building and deplo ying long-range,

high-acceleration in terceptors; the b eam qualit y and certain other p erformance c haracter-

istics of the ABL; the e�ectiv eness of kinetic-energy w eap ons or laser b eams in disabling

b o osters, w arheads, and subm unitions; comm unications, command, con trol and battle man-

agemen t; surviv abilit y; and system complexit y . Nor did the Study consider n uclear-tipp ed

in terceptors for b o ost-phase defense, or midcourse or terminal in tercept systems.

Finally , the Study did not consider p olicy issues, suc h as the economic, arms con trol,

strategic stabilit y , or foreign p olicy implications of dev eloping, testing, or deplo ying b o ost-

phase in tercept w eap ons [25 , 26 , 27 , 28 ].
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1.5 The V a rieties of Bo ost-Phase Intercept Systems

The Study examined systems that w ould use in terceptor missiles based either on land, on

ships at sea, on aircraft, or on satellites in space. Small in terceptors could b e carried b y

satellites in lo w-Earth orbits. Somewhat larger in terceptors could b e carried b y large aircraft

or b om b ers. Still larger in terceptors could b e based on ships or on land. The range of an

in terceptor is limited b y the highest sp eed that is tec hnically feasible and the time a v ailable

to complete the in tercept. Systems that utilize surface- or air-based in terceptors could

p oten tially defend against missiles launc hed from limited geographical areas. In con trast,

a space-based system could in principle defend against missiles launc hed from an ywhere on

Earth. Ho w ev er, due to Earth's rotation and the motions of orbiting satellites, a system of

thousands of satellites armed with in terceptors w ould b e required to defend against missiles

launc hed from a single launc h site.

The Study also considered the Airb orne Laser, whic h w as originally planned as a w eap on

for theater missile defense but is no w also b eing considered for national missile defense. It

uses a high-p o w ered c hemical laser b eam. Mirrors direct the b eam to w ard the target missile.

The b eam tra v els at the sp eed of ligh t and w ould therefore reac h the target in a fraction of

a second. Suc h a b eam could p oten tially disable a missile in p o w ered 
igh t b y heating its

b o dy long enough (at least sev eral seconds) to cause structural failure. The e�ectiv eness

of the ABL against ICBMs w ould dep end on the p o w er and qualit y of its b eam and the

degree to whic h the b eam could b e fo cused on the target in the presence of the atmospheric

turbulence at the altitudes at whic h it w ould op erate.

1.6 Requirements fo r Success

In a b o ost-phase in tercept, the largest and most fragile targets are the ICBM's b o ost stages.

Moreo v er, a b o ost stage that is burning pro duces a brigh t exhaust plume that is easily

sp otted b y sensors in orbit or on the in terceptor, although the in terceptor m ust ev en tually

home on the b o dy of the b o oster and not its plume. If a burning b o ost stage w ere hit b y

an in terceptor, it w ould quic kly lose thrust, but the collision w ould not necessarily disable

all the missile's m unitions, and the missile (p erhaps in fragmen ts) and its m unitions w ould

not fall straigh t do wn. Instead, they w ould con tin ue on ballistic tra jectories, falling to

Earth short of the in tended target. Consequen tly , to ensure that a missile's m unitions do

not strik e the United States, a b o ost-phase defense m ust disable the missile b efore it has

reac hed a sp eed su�cien t to carry its m unitions to the United States. Later in terception

ma y b e to o late, b ecause the m unitions ma y ha v e already separated from the missile. The

system w ould then ha v e to con tend with the problems of a midcourse in tercept.

Unless the b o ost-phase in tercept system is able to destro y the missile's m unitions, they

will strik e somewhere outside the b oundaries of the coun try that launc hed the missile. Con-

sequen tly , an in tercept could cause liv e n uclear w arheads or biological or c hemical m unitions

to fall on p opulated areas of the United States or other coun tries. This risk is inheren t in

b o ost-phase defense.

1.7 Challenges

The greatest c hallenge for a b o ost-phase defense system is the v ery short time within whic h

the in tercept m ust b e completed. The b o ost-phase of a liquid-prop ellan t ICBM t ypically

lasts ab out 4 min utes. (Fiv e-min ute burn time missiles are also considered, though these



1.8. A Guide to the Rep o rt S5

are regarded as a less lik ely threat.) The shorter duration of the b o ost phases of solid-

prop ellan t ICBMs|t ypically ab out 3 min utes|is ev en more daun ting. The narro w time

windo w dominates ev ery asp ect of b o ost-phase in tercept, driving the required p erformance

of the detection and trac king systems, the in terceptors, and the kill v ehicle. Ab out 1 min ute

is required to con�rm the launc h of a p oten tially threatening ro c k et, lea ving sligh tly less

than 3 min utes to decide whether it is an attac king ICBM and if so, to �re an in terceptor

and disable or destro y the ICBM. The in terceptor m ust giv e its kill v ehicle a v elo cit y that

will carry it su�cien tly close to the exp ected in tercept p oin t, and the kill v ehicle m ust then

b e able to home on the missile and maneuv er to collide with it. The missile w ould b e

destro y ed or disabled b y the kinetic energy of the collision. (The kinetic energy released in

the collision of an in terceptor with an ICBM is greater than the c hemical energy that could

b e released b y explosiv es carried b y the in terceptor.)

While it deliv ers energy at the sp eed of ligh t and is therefore not constrained b y 
y out

time, the ABL has engagemen t range limitations caused b y atmospheric e�ects and the

durabilit y of the target. The c hallenges are to preserv e the fo cus of the high-energy b eam

on the target after propagation through the atmosphere and to main tain the b eam on the

target long enough to disable the missile. The time required v aries greatly dep ending on

the structural material used in the target missile.

1.8 A Guide to the Rep o rt

P art A of the Rep ort pro vides an o v erview of b o ost-phase missile defense and compares

it with other approac hes to missile defense in the con text of the an ticipated threat. It

�rst describ es the analytical approac h and k ey assumptions made in our analysis of b o ost-

phase in tercept systems that w ould use terrestrial-based or space-based in terceptor ro c k ets

emplo ying the kinetic energy of a collision to disable or destro y the target missile. It then

describ es the analytical approac h and k ey assumptions made in our analysis of p oten tial

utilit y of the Airb orne Laser for b o ost-phase in tercept of ICBMs. P art A analyzes the

p erformance eac h of these three t yp es of systems w ould require to defend the United States

against missiles launc hed from three geographical lo cales and ends with a discussion of

p ossible coun termeasures to these approac hes to b o ost-phase missile defense.

Chapters 2 and 3 frame the b o ost-phase defense problem in relation to alternativ e ap-

proac hes to missile defense and describ e the rationale for the missile mo dels used in the

Study . Chapters 4 and 5 analyze the basic requiremen ts for engaging a missile in time to

defend the United States and then examine the relationship b et w een target missile c harac-

teristics, in terceptor p erformance, and allo w able basing areas for surface-based in terceptors.

Chapter 4 describ es the engagemen t assumptions and analytical metho ds w e adopted and

dev elops the approac h w e used to sim ulate engagemen ts. Chapter 5 uses these results to de-

termine where the di�eren t in terceptors w ould ha v e to b e based to defend the United States

against ICBMs launc hed from North Korea, Iran, or Iraq.

3

This c hapter also discusses

whether it is p ossible to a v oid causing p ossibly liv e m unitions to strik e other coun tries.

In Chapter 6, the metho ds dev elop ed and some of the previous results are applied to

analyze the feasibilit y of a global missile defense system emplo ying space-based b o ost-phase

in terceptors. Here, the metho dology previously used in analyzing terrestrial-based in tercept

3

As explained in the Executiv e Summary , although Iraq is not considered lik ely to p ose an ICBM threat

to the United States in the foreseeable future, the Study Group has retained the analysis of defense against

ICBMs from Iraq to illustrate the requiremen ts for defending against a coun try that is in termediate in size

b et w een North Korea and Iran.
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systems is applied to analyze the required p erformance and size of a system of space-based

in terceptors in tended to defend the United States against ICBMs. This analysis sho ws

ho w the total mass that m ust b e launc hed in to orbit dep ends on the n um b er and size of

in terceptors required for co v erage, whic h in turn dep ends on the burn time of the attac king

missiles, the 
y out capabilit y of the in terceptors, and the mass of the kill v ehicle.

In these analyses, w e assumed that if the kill v ehicle could reac h the target missile in

time, the in tercept attempt w ould succeed, deferring to P art B of the Rep ort the question

of the capabilities the kill v ehicle w ould require to home on the in terceptor and hit it,

and resulting size and mass of the kill v ehicle. This \b est case" approac h allo w ed us to

determine the minim um requiremen ts for in tercepting di�eren t t yp es of missiles and to

establish the trac king geometric and measuremen t uncertain ties and geographic constrain ts

on engagemen ts, including p ossible in terceptor basing lo cations for sp eci�c scenarios.

Chapter 7 in tro duces the metho dology for analyzing b o ost-phase engagemen ts of liquid-

and solid-prop ellan t ICBMs b y the ABL. The p erformance parameters and their relation-

ship to the engagemen t are discussed. Chapter 8 analyzes the missile-defense capabilities of

the ABL in actual geographical scenarios comparable with the approac h used for surface-

based in tercepts in Chapter 5.

P art A concludes with Chapter 9, a discussion of coun termeasures to b o ost-phase in ter-

cept lik ely to b e encoun tered b y kinetic-kill in tercept systems and the ABL.

P art B addresses what it w ould tak e for a kinetic-kill b o ost-phase defense|regardless of

its basing mo de|to acquire, trac k, hit, and destro y a target missile. Chapters 10 through 14

summarize the sensor and kill-v ehicle 
y out and homing p erformance that w ould b e required

for terrestrial- and space-based in terceptors to ha v e a high probabilit y of hitting an ICBM

during its b o ost phase. Chapter 10 analyzes the p oten tial p erformance of missile acquisition

and trac king sensors. W e estimated the uncertain ties in determining the tra jectory of an

attac king ICBM caused b y trac king system limitations and v ariations in the tra jectory of

the ICBM|b oth in tended and unin tended|when the kill v ehicle relies on data from o�-

b oard and on-b oard sensors to maneuv er to hit the target. W e then analyzed the kill-v ehicle

p erformance|including div ert v elo cit y , acceleration, and guidance-and-con trol system re-

sp onse time|that w ould b e required to hit a maneuv ering ICBM. The issues asso ciated

with con�den tly disabling an ICBM are examined in Chapter 13. Based on these results,

w e w ere able to estimate the mass of a kill v ehicle with the required p erformance. The mass

of the kill v ehicle ultimately determines the total mass of an y hit-to-kill in terceptor system.

In P art C, w e describ e our mo deling of illustrativ e threat missiles in Chapter 15 and

in terceptors to defend against them in Chapter 16. These mo dels w ere used in the analyses

presen ted throughout the Rep ort.

P art D of the Rep ort explores the ph ysics and tec hnology requiremen ts for successfully

utilizing the ABL to disable ICBMs during their b o ost phase. The analysis of the ABL

describ ed there relies on some of the assumptions and p ortions of the analysis in P art A.

P art D analyzes propagation of high-p o w er laser b eams through the atmosphere, laser-

targeting issues, and the e�ectiv e range of the ABL when used against v arious t yp es of

ICBMs, assuming that the planned p erformance of the ABL is ac hiev ed. An o v erview to

the analysis of the ABL for b o ost-phase defense is presen ted in Chapter 17. Chapter 18

describ es the op eration of the laser itself, and Chapter 19 discusses the propagation of

the laser b eam through the atmosphere. The factors in v olv ed in disabling a missile using

the ABL are describ ed in Chapter 20, and ABL engagemen ts are discussed in Chapter 21.

Deplo ymen t issues are describ ed in Chapters 22.

App endices pro vide supp orting information on the categories and c haracteristics of bal-
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listic missiles, ho w the missile and in terceptor tra jectories used in the Study w ere computed,

the trac king of missiles during b o ost-phase engagemen ts, and the propagation of the ABL's

b eam through the atmosphere. Glossaries of acron yms and tec hnical terms are pro vided at

the end of the Rep ort.
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This c hapter pro vides an o v erview of the b o ost-phase in tercept problem and outlines the

metho ds that the Study Group emplo y ed to analyze b o ost-phase in tercept systems. This

c hapter also summarizes the assumptions made b y the Study Group in its analysis, to

facilitate comparisons with other studies that migh t arriv e at di�eren t conclusions based

up on di�eren t assumptions.

2.1 Bo ost-Phase Intercept Compa red to Alternative App roaches

An ICBM is a m ulti-stage ro c k et ha ving a pa yload that includes the missile's w eap ons and

ma y also include devices in tended to help the w eap ons p enetrate an y defenses. The w eap ons

ma y consist of one or more n uclear w arheads or dozens of subm unitions (\b om blets") �lled

S11
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with c hemical or biological w arfare agen ts. The ICBM accelerates its m unitions un til they

are mo ving in the prop er direction with the sp eed required to reac h the target. The total

duration of an ICBM's b o ost phase is t ypically 3 or 4 min utes.

When the �nal stage of a full-range ICBM sh uts do wn or burns out, its altitude is

t ypically 150 to 200 km. A t this altitude the missile is w ell outside the atmosphere, and

aero dynamic forces are negligible. If it has only a single w arhead, the w arhead is usually

deplo y ed when the �nal stage sh uts do wn or burns out, but it could b e deplo y ed b efore the

missile's b o ost phase ends. If the ICBM carries m ultiple w arheads, these could b e deplo y ed

when the �nal stage sh uts do wn or burns out, or b y a p ost-b o ost v ehicle that separates

from the �nal stage and then maneuv ers using small, on-b oard thrusters. Single or m ultiple

w arheads or m unitions could also b e deplo y ed while the �nal stage is still in p o w ered 
igh t.

1

F rom the time an ICBM's m unitions are deplo y ed un til they re-en ter the atmosphere,

the only force acting on them is gra vit y , and th us they tra v el through space on ballistic

tra jectories. During this so-called midcourse phase, whic h t ypically lasts ab out 25 min utes,

they can b e trac k ed and their future p ositions predicted accurately . The terminal phase of

their 
igh t b egins when the m unitions re-en ter the atmosphere at an altitude of roughly

100 km. The terminal phase lasts only a min ute or t w o.

Eac h of the three phases of missile 
igh t|b o ost, midcourse, and terminal|is b est ad-

dressed b y di�eren t t yp es of missile defense systems, eac h of whic h has adv an tages and dis-

adv an tages. In recen t y ears the fo cus of the U.S. program has b een on midcourse in tercept.

The ma jor adv an tages of midcourse in tercept are that the midcourse lasts a relativ ely long

time, and the midcourse tra jectory of the w arhead or other m unitions can b e determined

and predicted accurately . In addition, the long time a v ailable to midcourse in terceptors to

engage their targets allo ws them to 
y long distances. Consequen tly midcourse in terceptors

sited at just a few lo cations could defend the en tire nation. Ho w ev er, midcourse-in tercept

systems face sev eral serious c hallenges. An attac king missile could deplo y dozens of sep-

arate subm unitions carrying c hemical or biological w eap ons capable of surviving re-en try ,

whic h w ould o v erwhelm the defense. An attac king missile could also deplo y deco ys and

other coun termeasures to confound the defense.

In tercepting w arheads or other m unitions during the terminal phase of their 
igh t has

the adv an tage that aero dynamic forces quic kly separate ligh t deco ys from hea vy m unitions.

A terminal defense system could defend a v ery small area against m unitions launc hed from

an ywhere in the w orld, but ev ery defended area w ould require its o wn system of radars and

in terceptors. And, as with midcourse in tercept, deplo ymen t of m ultiple w arheads b y the at-

tac king missile w ould complicate the task of the defense, while deplo ymen t of subm unitions

w ould require an unacceptably large n um b er of in terceptors.

The ma jor attraction of b o ost-phase in tercept is that it could in principle a v oid the

problems p osed b y m ultiple w arheads, subm unitions, and deco ys b y in tercepting the missile

b efore it deplo ys them. In con trast to a terminal defense, a b o ost-phase defense could

defend the en tire United States against attac k from eac h missile launc h area co v ered b y the

defense.

2.1.1 Bo ost-phase defense using hit-to-kill intercepto rs

Because of the short time b et w een detection of the launc h of a p oten tially threatening ro c k et

and the end of its p o w ered 
igh t, the in terceptors of a hit-to-kill b o ost-phase defense sys-

1

The w arheads of one of the earliest U.S. long-range missiles, the P olaris A3, w ere deplo y ed during

p o w ered 
igh t.
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tem w ould ha v e to b e based close to the p o w ered 
igh t p ortion of the missile's tra jectory .

Consequen tly , unless they w ere space-based, in terceptor ro c k ets could in tercept only those

missiles launc hed from relativ ely small coun tries that b order in ternational w aters or ha v e

neigh b ors willing to host in terceptor bases. Some view this requiremen t as a signi�can t ad-

v an tage of systems that use terrestrial-based in terceptors, b ecause these w ould not threaten

the land-based n uclear missile forces of Russia and China. On the other hand, suc h systems

could not defend against acciden tal or unauthorized launc hes of Russian or Chinese ICBMs.

2.1.2 Bo ost-phase defense using the Airb o rne Laser

The Airb orne Laser w as originally designed for defense against theater ballistic missiles, but

it is no w b eing considered for use in defense against ICBMs. Because it deliv ers its energy

at the sp eed of ligh t, the short time a v ailable to in tercept a missile during its b o ost phase|

whic h is a serious c hallenge for ro c k et in terceptors|is not an issue. Instead, the c hallenge

is to deliv er su�cien t energy to disable the missile. Whether this is p ossible dep ends on

the laser's p erformance and the abilit y of the b eam to propagate through the atmosphere.

The ABL's abilit y to �re at a missile so on after it has b een launc hed pro vides options for

defense not a v ailable to hit-to-kill systems. Ho w ev er, the relativ ely mo dest range of the

ABL limits its e�ectiv eness against ICBMs.

2.1.3 Criteria fo r success

The primary criterion for success of a b o ost-phase in tercept system is whether it can prev en t

liv e m unitions from falling on the area to b e defended. A second criterion, whether the

defense can a v oid causing liv e m unitions to strik e other areas of the United States or on

U.S. friends and neigh b ors, ma y also b e imp ortan t. Th us, the criteria for success dep end

on what areas the system is supp osed to defend. W e considered four p ossible ob jectiv es for

a U.S. b o ost-phase defense system, and the p erformance required to ac hiev e eac h ob jectiv e:

� Defense of all 50 states.

� Defense of the con tiguous 48 states.

� Defense of ma jor cities within the con tiguous 48 states.

� Defense of Ha w aii.

W e turn no w to a description of the analytical pro cess w e used to ev aluate b oth hit-to-kill

systems and the ABL for b o ost-phase in tercept of ICBMs.

2.2 Overview of the Analysis of Hit-to-Kill Systems

W e describ e here the elemen ts of a hit-to-kill b o ost-phase defense system and the metho ds

b y whic h w e analyzed its essen tial elemen ts. T o pro vide a con text for the description, w e

start with a w alk-through of a hit-to-kill b o ost-phase engagemen t.

2.2.1 W alk-through of a hit-to-kill b o ost-phase engagement

The elemen ts of a b o ost-phase in tercept system can b e describ ed b y considering a h yp o-

thetical engagemen t b y a defense system that utilizes hit-to-kill in terceptor ro c k ets. In the
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follo wing accoun t, a single in terceptor hits a single target missile. In realit y , an attac k er

w ould probably launc h sev eral missiles at once. T o increase the c hance of success, the

defense w ould probably �re t w o or more in terceptors at eac h missile.

Standb y mo de The b o ost-phase defense system w ould normally b e in a standb y mo de in

whic h the system is \co c k ed", but the in terceptor is not \aimed". Earth w ould b e under

con tin ual surv eillance b y infrared sensors on early-w arning satellites. These sensors w ould

con tin uously searc h for a brigh t sp ot that migh t indicate the exhaust plume of a large ro c k et

rising through the upp er atmosphere.

Detection of a ro ck et launch Curren t space-based missile-w arning sensors monitor Earth

in sp eci�c infrared w a v elength bands, where infrared radiation is strongly absorb ed b y w ater

v ap or in the atmosphere. This absorption prev en ts the sensors from \seeing" the heat of

�res on land, glin ts of sunligh t o� o cean w a v es, and sunligh t that is re
ected from most cloud

tops. Consequen tly , curren t early w arning satellites usually do not detect the radiation from

the exhaust of a ro c k et rising through the atmosphere un til it has reac hed an altitude of

ab out 10 km. F uture space-based early-w arning sensors ma y monitor Earth in w a v ebands

where they could see to the ground on a clear da y . Ho w ev er, the cloud co v er o v er mid-

latitude launc h sites is su�cien tly frequen t and hea vy that suc h sensors w ould not see the

exhaust of a large ro c k et with high probabilit y un til it had reac hed an altitude of ab out 7 km.

Liquid-prop ellan t ICBMs attain this altitude ab out 40 to 50 s after launc h; solid-prop ellan t

ICBMs, whic h rise more quic kly , attain this altitude ab out 30 s after launc h.

A brigh t sp ot is not necessarily the signature of a missile; it migh t, for instance, come

from the afterburner of a jet airplane. The unique signature of a ro c k et is its high sp eed.

By analyzing for ab out 15 to 20 s the data on the motion of the brigh t sp ot that could b e

pro vided b y a mo dern space-based infrared missile-trac king system, the existence of a large

ro c k et in p o w ered 
igh t could b e con�rmed and the ro c k et's direction of motion could b e

roughly estimated. Ho w ev er, in some situations it w ould not b e p ossible to determine from

the trac king data b efore an in terceptor w ould ha v e to b e �red whether the ro c k et indicated

b y the brigh t sp ot w as an inno cuous space launc h or w as instead an attac king missile.

Deadline fo r the intercept The last momen t for in tercepting an ICBM aimed at the

United States during its b o ost phase dep ends on the c haracteristics of the ICBM, its target,

and its tra jectory . In terceptors m ust b e based close enough to the missile's exp ected 
igh t

path to reac h the missile b efore its m unitions ha v e su�cien t v elo cit y to reac h the area

to b e defended, regardless of the tra jectory the missile follo ws. The p ossible lo cations

for in terceptor bases are determined b y this constrain t, the kno wn p erformance of the

in terceptors, and the earliest time after the missile has b een launc hed that an in terceptor

could con�den tly b e �red.

F rom the momen t the signature of a p oten tially threatening ro c k et w as detected, data

from space-based sensors and p ossibly from ground- or air-based radars w ould b e accum u-

lated. The ro c k et's tra jectory up to its curren t p osition and v elo cit y w ould b e rep eatedly

up dated with increasing re�nemen t as new data w ere receiv ed. Before in terceptors could

b e �red, su�cien t trac king information w ould ha v e to b e collected to construct a �ring

solution.

A �ring solution tells the in terceptor ho w to 
y from its base to reac h the p oten tially

threatening ro c k et at the desired time b y estimating the future b eha vior of the ro c k et during
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the remainder of its p o w ered 
igh t and the uncertain t y in this estimate. The in terceptor

m ust b e �red at a time and in a direction that will p ermit it to reac h the target ro c k et no

matter what path the ro c k et follo ws. F or a large ro c k et, the earliest a �ring solution ma y

b e a v ailable is 15 to 20 s after the ro c k et has b een detected.

Firing the intercepto r Firing an in terceptor the instan t a �ring solution is obtained is the

fastest resp onse p ossible. In most situations, in terceptors are unlik ely to b e �red un til the

situation has b een assessed for some additional time, whic h w e refer to as the decision time.

As the required decision time increases, the p ossible in terceptor basing lo cations rapidly

decrease, but the defensiv e system's kno wledge of the nature of the threat impro v es. In

determining p ossible in terceptor basing lo cations for a giv en b o ost-phase defense system, w e

considered the limiting case of �ring in terceptors with zero decision time and, alternativ ely ,

�ring them with a decision time of 30 s. F rom the results for zero and 30-s decision times,

w e w ere able to estimate the decision time that w ould actually b e a v ailable in v arious

geographical scenarios.

Intercepto r b o ost The in terceptor is a m ulti-stage ro c k et that �rst accelerates and then

deplo ys its kill v ehicle, whic h 
ies on w ard to in tercept the target ro c k et. As the in terceptor


ies out to w ard the predicted in tercept p oin t, it is guided b y its inertial guidance system

and p ossibly also b y an on-b oard Global P ositioning System (GPS) receiv er. In addition, it

receiv es regular up dates from remote sensors that trac k its p osition and that of the target

ro c k et. Using these up dates, the in terceptor con tin ually revises the predicted in tercept

p oin t, taking in to accoun t the c hanges in the tra jectory of the target missile, and adjusts

its course accordingly , un til its �nal stage burns out.

Flight of the kill vehicle The kill v ehicle is a small, highly maneuv erable ro c k et-prop elled

stage that w ould ha v e a sophisticated guidance system and sensors that w ould enable it

to home on a target ro c k et. The sensors migh t include infrared and ultra violet detectors,

whic h w ould detect and trac k radiation from the target's plume, and LID AR, a radar-lik e

system that w ould emplo y a laser b eam to enable the kill v ehicle to home on the b o dy of

the target ro c k et. A t the altitude at whic h surface-based b o ost-phase in terceptors t ypically

burn out, the atmosphere is still to o dense for a kill v ehicle to b egin op erating. As they

coast up w ard, the in terceptor and its kill v ehicle w ould con tin ue to receiv e up dates from

remote sensors on the p osition of the target, including c hanges in its tra jectory . Ho w ev er,

the kill v ehicle cannot adjust its tra jectory un til it has reac hed a su�cien tly high altitude

(t ypically 80 to 100 km) to b egin to op erate autonomously . A t this p oin t, it w ould separate

from the �nal stage of the in terceptor and b egin maneuv ering to try to collide with the

target ro c k et.

The kill v ehicle w ould use the information pro vided b y its homing sensors to re�ne its

estimate of the p osition of the target ro c k et and determine what maneuv ers w ould b e needed

to in tercept it. By the time it has closed to within sev eral h undred kilometers of the target

ro c k et, the kill v ehicle m ust detect the ro c k et's b o dy (as distinguished from its m uc h larger

plume) and b egin to home on it. A missile in p o w ered 
igh t is not easy to hit b ecause its

acceleration c hanges abruptly as eac h stage burns out and the next ignites. F urthermore, the

acceleration and v elo cit y of a missile can v ary greatly as it p erforms tra jectory-shaping or

energy-managemen t maneuv ers. A missile can also maneuv er as a coun termeasure, c hanging

its acceleration in the �nal seconds b efore collision w ould ha v e o ccurred. T o assure a high
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probabilit y of success, the kill v ehicle m ust b e able to accelerate at 15 g or more in the �nal

momen ts. The required p erformance of the kill v ehicle determines its size and mass, whic h

in turn determines the size and total mass of the en tire in terceptor.

2.2.2 Analytical p ro cess: Hit-to-kill systems

T o gain insigh ts in to the dynamic relationships in v olv ed in hit-to-kill b o ost-phase engage-

men ts and their implications for system requiremen ts, w e conducted an end-to-end analysis

of represen tativ e engagemen ts, from the launc h of a threatening ICBM un til the kill v ehicle

either hit the ICBM or missed it. The analysis b egan with the selection of illustrativ e sce-

narios based on recen t National In telligence Estimates (see Chapter 3), namely , the launc h

of an ICBM from one of the three coun tries considered: either North Korea, Iraq, or Iran.

F rom these scenarios, w e deriv ed top-lev el assumptions ab out the ob jectiv es and tactics of

o�ense and defense to the exten t they w ould in
uence the engagemen ts. These are discussed

later in this c hapter.

Using the illustrativ e scenarios and related assumptions, w e dev elop ed a global geograph-

ical picture that re
ected p ossible ICBM launc h areas and the lo cations of their p oten tial

targets. Next, w e established the ranges and �ring azim uths asso ciated with ballistic mis-

sile threats for eac h scenario. Figure 2.1 illustrates p ossible tra jectories from North Korea

and the Middle East to cities in the United States. In b oth cases, the launc h azim uths of

tra jectories to ma jor U.S. cities span ab out 40 degrees of arc.

Mo deling of rep resentative threat missiles Represen tativ e missiles with ranges great

enough to reac h the United States and similar to those that migh t b e deplo y ed in the fu-

ture b y coun tries of concern w ere mo deled and their 
igh t sim ulated in su�cien t detail

to establish realistic spatial and temp oral tra jectory c haracteristics under v arying condi-

tions during their b o ost phases and ballistic 
igh t. The rationale for the selection and

mo deling of these missiles is discussed in detail in Chapters 3 and 15. The target missiles

that w ere mo deled ha v e the c haracteristics that missiles based on 30- or 40-y ear-old tec h-

nology w ould ha v e. W e included missiles utilizing liquid prop ellan ts, whic h are lik ely to

b e used in the �rst long-range missiles deplo y ed b y the coun tries of concern. Because it

w ould tak e appro ximately 10 y ears to deplo y b o ost-phase in tercept systems, and the U.S.

in telligence comm unit y has concluded that North Korea and Iran could dev elop or acquire

solid-prop ellan t ICBMs within the next 10 to 15 y ears, w e also included solid-prop ellan t

missiles. Most of our analysis considered defense against long-range missiles, but w e also

mo deled short-range ballistic missiles, whic h ha v e also b een judged to b e a p oten tial threat

to the United States if launc hed from an o�-shore ship.

Synthesis of p relimina ry defense a rchitectures With these mo dels of notional threat

missiles in hand, w e syn thesized sev eral preliminary conceptual arc hitectures of b o ost-phase

defense systems utilizing terrestrial-based in terceptors. A similar approac h w as used to

form ulate the space-based arc hitectures studied in Chapter 6. The system arc hitectures

w e studied generally re
ect concepts that ha v e b een prop osed b y adv o cates of b o ost-phase

in tercept. In analyzing the p erformance of these systems, w e assumed they w ould ha v e

acquisition and trac king sensors similar to those kno wn to exist or that are in the pro cess

of b eing dev elop ed.

W e created computer mo dels of in terceptors ha ving a v ariet y of sp eeds and sizes to

in v estigate di�eren t scenarios. These ranged in size from an in terceptor judged to b e ha v e



2.2. Overview of the Analysis of Hit-to-Kill Systems S17

Figure 2.1. Great circles from North Korea (top) and Iraq or Iran (b ottom) to Boston,

W ashington, D.C. , Dallas, San F rancisco, F airbanks, and Honolulu.
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the highest p erformance that could b e deplo y ed in an existing ship-based launc hing system

or in an air-based launc her, to one larger than an ICBM with a 
y out v elo cit y of 10 km/s,

greater than the v elo cit y required to ac hiev e orbit (see Chapter 16). The 10-km/s in terceptor

w as included to explore the upp er b ound on the feasible p erformance of b o ost-phase systems

using in terceptors.

In addition to these in terceptors, w e considered an in terceptor similar to the U.S. Na vy's

existing Standard Missile 2 as a p ossible coun ter to medium- or short-range ballistic missiles

launc hed from ships or other platforms o� U.S. coasts.

Using these threat ob jectiv es, tra jectories, and �rst-order ph ysical constrain ts on sen-

sors, suc h as radar horizons and cloud co v er, w e studied the kinematic requiremen ts for an

in terceptor to engage the notional threat missiles at v arious times during their b o ost phase.

T o establish when an in tercept should o ccur during the b o ost tra jectory of the threat mis-

sile, the impact range as a function of cuto� time w as determined for eac h of the threat

tra jectories mo deled. The earliest and latest desired in tercept times w ere determined for

eac h scenario and threat missile, based on assumptions ab out areas to b e defended and

areas where m unitions and debris from the in tercepted missile should not fall (Chapter 5).

F rom this preliminary analysis, w e w ere able to c ho ose a range of in terceptor 
y out

capabilities based on our initial estimates of the p erformance required to meet the geo-

graphical constrain ts of eac h scenario, as w ell as the p erformance requiremen ts that ha v e

b een suggested b y adv o cates of sp eci�c b o ost-phase in tercept concepts. W e then considered

a v ariet y of engagemen t scenarios for the target missiles and in terceptors launc hed from ge-

ographically reasonable launc h sites that re
ected the ranges and viewing capabilities of the

detection and trac king sensors. The outputs of this initial analysis w ere (1) nominal time-

lines for engaging the v arious threats, (2) engagemen t geometry v ariations, and (3) exp ected

closing v elo cities. This analysis is discussed in Chapter 4.

Up to this p oin t the engagemen t analysis assumed a p erfect endgame|the kill v ehicle

had su�cien t sensor and maneuv er capabilit y to ac hiev e an in tercept when placed on a

ballistic path to the predicted in tercept p oin t. It also initially assumed that p erfect threat

acquisition and trac king sensors w ould acquire the threat after ph ysical viewing constrain ts,

suc h as those imp osed b y radar horizons and cloud co v er, w ere met. The in terceptors w ere

giv en a nominal kill v ehicle size and mass at this p oin t to allo w a c haracteristic area for

drag calculations to b e established for sim ulating realistic constrain ts on in terceptor 
y out

tra jectories. The in terceptor p erformance capabilities w ere later adjusted if necessary as the

engagemen t analysis pro ceeded. The in terceptor sizes w ere also adjusted later to re
ect the

results of the kill v ehicle analysis summarized in the next section and detailed in Chapter 12.

Using the results of this initial in v estigation as input, w e divided the further analysis

in to three parallel trac ks to estimate the basic requiremen ts for eac h elemen t of the system:

1. The o�-b oard sensor p erformance required for acquisition and trac king.

2. The in terceptor reac h and basing required to meet the geographic constrain ts imp osed

b y eac h scenario.

3. The on-b oard sensor, guidance, con trol, and maneuv er capabilit y required for the kill

v ehicle to deal with trac king and threat uncertain ties and successfully in tercept the

target.

Acquisition and tracking analysis The sp eed with whic h missiles can b e iden ti�ed and

the precision with whic h they can b e trac k ed are critical to the e�ectiv eness of an y b o ost-
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phase in tercept system. Th us, detecting and trac king sensors pla y essen tial roles at ev ery

stage of the in tercept. The acquisition and trac king analysis, therefore, pro vided k ey inputs

for the other t w o parts of the analysis. F rom the initial analysis, w e could mo del the

ev olution of the engagemen t geometry in time, and kno wing this, w e could ev aluate the

systematic and random measuremen t uncertain ties exp ected from represen tativ e sensors.

W e determined the minim um in terceptor �ring time that is required for the geographic

analysis b y examining detection thresholds for the notional space-based infrared sensors

and the minim um time needed to establish an acceptable trac k for eac h ICBM t yp e.

Based on initial estimates of the engagemen t geometry and p ostulated sensor c haracter-

istics for eac h scenario, w e made estimates of a n um b er of k ey parameters, including trac king

precision and uncertain ties for threat state-v ectors.

2

The resulting measuremen t uncertain-

ties for the tra jectory w ere then used in the third p ortion of the analysis|examining the

kill v ehicle midcourse and endgame requiremen ts, whic h dep end on the com bined e�ects of

measuremen t uncertain ties and actual threat tra jectory v ariations.

Constan t surv eillance of all p oten tial launc h areas is essen tial for detecting the launc h

as early as p ossible. W e considered t w o t yp es of surv eillance sensors for detecting missile

launc hes: short-w a v elength infrared sensors based high in space and on aircraft, and radars

based on the ground and on aircraft. W e analyzed the capabilities of curren t and p ossible

future space-based sensors for detecting and trac king ICBM exhaust plumes (Chapter 10).

W e also considered the missile-trac king capabilities of a v ariet y of land-based, ship-based,

and airb orne radars and analyzed the lik ely near-term p erformance of passiv e infrared and

activ e LID AR seek ers on the kill v ehicle. F or the ranges lik ely to b e required for b o ost-

phase in terceptors to defend the United States against long-range missiles, w e concluded

that space-based sensors are the only viable option for detecting the launc h quic kly; the

horizon w ould blo c k the view of the other three sensor options un til to o late in the threat

missile's 
igh t.

The existing DSP (Defense Supp ort Program) surv eillance system w as examined. Ho w-

ev er, the lo w scan rate, once ev ery 10 seconds, discourages its use in a b o ost-phase in tercept

system. A replacemen t for DSP is planned, the SBIRS-High system. Because the prop er-

ties of SBIRS-High are not in the public domain, w e constructed a notional space-based

sensor system based on tec hnology that is curren tly a v ailable or that seems plausible for

deplo ymen t within a few y ears. The analysis is based on this system, whic h w as found to

pro vide ab out the same accuracy as a radar once the threat w as ab o v e the horizon.

A critical part of the trac king problem is the �nal stage of the engagemen t when the

kill v ehicle has separated from its b o oster. In addition to the trac king data pro vided b y

o�-b oard sensors, the capabilities of the kill v ehicle's o wn sensors, whic h ma y include in-

frared detectors, optical-imaging systems, and LID AR-ranging systems, are imp ortan t in

analyzing the kill-v ehicle guidance and con trol problem. Sev eral p ossible kill-v ehicle homing

sensors w ere considered (Chapter 10) and their capabilities used in analyzing kill-v ehicle

p erformance requiremen ts (Chapter 12).

Geographic analysis fo r these scena rios W e used the results of our analysis of engage-

men ts (Chapter 4) to examine the geographical constrain ts in our illustrativ e scenarios.

Engagemen ts of ICBMs launc hed from North Korea, Iraq, and Iran w ere analyzed to de-

termine the geographical areas within whic h in terceptors w ould ha v e to b e based to disable

a missile b efore it could giv e its m unitions su�cien t sp eed to reac h the United States. W e

2

The state is sp eci�ed b y the v ector comp onen ts of the missile's p osition, v elo cit y , and acceleration.
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considered p oten tial ICBM launc h sites and examined the e�ects of sp eci�c geographic con-

strain ts on the feasibilit y of using eac h of the mo del in terceptors in eac h scenario. As part

of this analysis, w e examined the e�ects of k ey assumptions, suc h as the time dela y b efore

�ring the in terceptor, areas to b e defended, and in tercept debris impact constrain ts. W e

also v aried these k ey assumptions to explore the sensitivit y of our results to c hanges in our

baseline assumptions ab out all phases of the engagemen t and to assist in understanding

the e�ects of p oten tial coun termeasures. Chapter 5 deriv es and summarizes the conclusions

of the Study concerning the feasibilit y of b o ost-phase in tercept utilizing terrestrial-based

in terceptors.

Kill-vehicle requirements fo r b o ost-phase engagements The kill-v ehicle analysis exam-

ined what w ould b e required of the kill v ehicle to handle the t w o primary uncertain ties:

measuremen t errors from the o�-b oard and on-b oard sensors and unexp ected v ariations in

the tra jectory of the target missile. T ogether, these uncertain ties establish the maneuv er-

abilit y the kill v ehicle w ould require during the div ert and endgame phases of an engagemen t

to in tercept the target missile. The k ey parameters are the kill v ehicle's v elo cit y c hange

capabilit y , acceleration, and resp onse time.

Estimates of closing geometries and v elo cities deriv ed from the engagemen t analysis

pro vided the initial conditions for the kill-v ehicle p erformance analysis. This part of the

Study explored parametrically the relationship b et w een the v elo cit y c hange and acceleration

capabilities of the kill v ehicle and the resulting miss distance, for di�eren t guidance sc hemes.

W e analyzed the p erformance requiremen ts for the kill v ehicle and the o�-b oard and on-

b oard sensors b y �rst mo deling the errors exp ected in trac king large ro c k ets using space-

based infrared sensors, surface- and air-based radars, and passiv e infrared and activ e LID AR

sensors on the kill v ehicle, based on the analyses of these sensors (Chapter 10). Using these

error mo dels, w e n umerically sim ulated a v ariet y of engagemen ts to explore the dep endence

of the required total kill-v ehicle v elo cit y c hange on the precision of the o�-b oard missile-

trac king sensors, and the dep endence of the miss distance (relativ e to the aim p oin t) on

the precision of the on-b oard homing sensors, the closing v elo cit y , and the kill v ehicle's

agilit y . The mo del of the kill v ehicle incorp orated the guidance algorithm, the latency in

the kill v ehicle's information ab out the target missile, the dela y in its dynamical resp onse to

the accelerations commanded b y the guidance system, and its maxim um acceleration. W e

studied the e�ects of t ypical tra jectory-shaping and ev asiv e maneuv ers b y the target missile.

P erformance requiremen ts for the o�-b oard sensors and the kill v ehicle w ere estimated b y

requiring the miss distance to b e small enough to ensure a collision of the kill v ehicle with

the ro c k et b o dy . This analysis is describ ed in Chapter 12 and App endix C.

Size of the kill vehicle The size of the kill v ehicle is driv en b y t w o sets of parameters:

�rst b y the total v elo cit y c hange capabilit y required during the homing phase and the accel-

eration required during the endgame, and second b y the tec hnology that can b e con�den tly

brough t to b ear in the on-b oard sensors and a vionics. W e determined the size of the kill

v ehicle that w ould b e required b y utilizing our analysis of kill-v ehicle p erformance require-

men ts (Chapter 12), estimating the mass of eac h required comp onen t, and com bining them.

This analysis is describ ed in Chapter 14.
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2.3 Overview of the Analysis of the Airb o rne Laser

The Airb orne Laser is a directed-energy w eap on that deliv ers its energy at the sp eed of ligh t.

In analyzing the p ossibilities for b o ost-phase defense against ICBMs using the ABL, w e used

man y of the same elemen ts emplo y ed in the analysis of hit-to-kill in terceptors, including the

suite of mo del ICBMs and the times b y whic h their acceleration w ould ha v e to b e terminated

to protect the United States. Ho w ev er, the crucial issue of whether an in terceptor could

reac h the missile within the required time is not relev an t to an ABL defense. Instead, the

k ey issue is whether the ABL can deliv er enough energy to the target missile to disable

it. A target ICBM could b e engaged an y time after it has risen su�cien tly high in the

atmosphere un til the latest time to in tercept. The success of an ABL engagemen t dep ends

on the p o w er of the laser, the prop erties of the laser b eam, the distance to the target, the

energy required to disable the target, and the abilit y of the ABL to fo cus its energy on the

target for the required time in the presence of atmospheric 
uctuations. An o v erview of the

analysis of the ABL is presen ted in Chapter 17.

2.3.1 W alk-through of an Airb o rne Laser b o ost-phase engagement

The scenario for detecting a ro c k et's launc h and establishing its tra jectory with su�cien t

accuracy to supp ort an ABL engagemen t is similar to that of a hit-to-kill engagemen t. One

di�erence is that the ABL could either acquire this information itself or receiv e it from

external sources. The ABL's sensors ma y b e able to acquire trac king information earlier

than the space-based surv eillance system, but doing so w ould not a�ect the engagemen t

time, b ecause the ICBMs considered in the Study could b e engaged only when the missile

has risen to an altitude of at least 30 km.

The ABL uses three lasers|the trac king illuminator laser (TILL), the b eacon illumi-

nator laser (BILL), and the high energy laser (HEL). Once a missile is detected, the TILL

w ould b e directed to the nose of the missile to establish a geometric reference p oin t. The

images pro duced b y the TILL and the BILL w ould b e used for adaptiv e optics corrections

to the HEL b eam. The HEL b eam is fo cused on to the target and dw ells on the designated

aim p oin t for sev eral seconds, un til the energy densit y (the energy p er unit area or 
uence)

that has b een dep osited on the missile b o dy is great enough to cause structural failure.

2.3.2 Analytical p ro cess: Airb o rne Laser defense

Airb o rne Laser p rop erties In analyzing the ABL, w e adopted ABL p erformance c harac-

teristics based on the b est publicly a v ailable information. Ho w ev er, b ecause some of the

tec hnical sp eci�cations of the ABL are classi�ed, a n um b er of imp ortan t parameters w ere

unkno wn. These include the laser's p o w er and the amoun t of energy required to disable a

missile. Consequen tly , w e made what w e consider to b e reasonable estimates and sho w the

sensitivit y of our results to c hanges in these estimates. In cases of doubt, w e adopted the

b est-case scenario. The prop erties of the ABL are describ ed in Chapter 18.

Airb o rne Laser engagement analysis As noted ab o v e, the p erformance of the ABL for

b o ost-phase in tercept of an ICBM w ould b e insensitiv e to the time required to detect the

missile and determine its direction of 
igh t. T o analyze the p ossibilities for b o ost-phase

in tercept b y an ABL aircraft stationed at a giv en lo cation, w e computed the range from

the ABL to the missile at whic h the ABL could b e e�ectiv e against b oth liquid- and solid-

prop ellan t missiles. Basic issues related to ABL engagemen ts are describ ed in Chapter 7.
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Airb o rne Laser energy delivery Our assessmen t of energy deliv ery b y the Airb orne Laser

rests on theoretical analyses of b eam propagation through the atmosphere and of the p er-

formance of adaptiv e optics. These issues are closely coupled to the problem of trac king

the missile so that the laser b eam could fo cus con tin uously on one sp ot. As the missile

gains altitude early in its 
igh t, the densit y of the air through whic h the b eam m ust pass

decreases, and atmospheric e�ects b ecome less imp ortan t. As the distance to the missile

increases, the energy deliv ery is limited b y the fallo� of b eam p o w er densit y on the target.

A t large distances, the �nite propagation time m ust b e tak en in to accoun t and can limit

the capabilit y of the adaptiv e optics system. Beam propagation is analyzed in Chapter 19,

the requiremen ts for disabling the missile are describ ed in Chapter 20, and the in terpla y of

missile p osition and energy deliv ery is analyzed in Chapter 21.

Airb o rne Laser engagements Analyzing a real ABL engagemen t in v olv es �rst calculat-

ing the energy densit y deliv ered to the target b y the laser as the missile accelerates along

its tra jectory . With this information, the maxim um slan t range from the ABL aircraft to

the target missile can b e determined throughout the engagemen t. F rom the slan t range,

the distance on the ground b et w een the ABL and the missile, whic h is imp ortan t for geo-

graphical considerations, can b e computed. F or the ABL p erformance w e assume, the time

the ABL b eam m ust dw ell on an ICBM to disable it is estimated to v ary b et w een 5 and

20 s, dep ending on the missile's t yp e and the distance from the ABL to the missile. The

dw ell time m ust b e tak en in to accoun t, b ecause the target w ould mo v e a signi�can t distance

during the engagemen t.

Geographic analysis of an ABL defense The area within whic h the ABL m ust b e 
ying

throughout the engagemen t is called the ABL 
ying area and is analogous to the in terceptor

basing area for a hit-to-kill engagemen t. Because an ICBM could b e engaged an y time after

it has risen to an altitude greater than 30 km and the laser's range w ould v ary with the

altitude of the ICBM, the allo w ed 
ying areas w ould b e oblong in shap e ev en for a single

ICBM tra jectory , in con trast to the circular shap e of the allo w ed in terceptor basing area of a

ro c k et in terceptor for a single ICBM tra jectory . ABL 
ying areas for ICBMs launc hed from

North Korea, Iraq, and Iran are displa y ed in Chapter 8. Based on these 
ying areas, the

p ossibilities for defending the United States against ICBMs launc hed from these coun tries

are describ ed.

2.4 Key Issues

2.4.1 Hit-to-kill engagement timeline

The pressure of time is the o v erriding consideration for an y b o ost-phase in tercept system

that utilizes ro c k et in terceptors. The time a v ailable for the in terceptor to reac h the target

is determined on the fron t end b y ho w quic kly a �ring solution can b e generated. It is

determined on the bac k end b y the latest time at whic h the in terceptor m ust hit the missile

to ensure that its m unitions cannot strik e an y p oin t in the defended area, no matter whic h

of its man y p oten tial tra jectories the missile follo ws.

Based on our trac king analysis, w e concluded that an adequate �ring solution for the

in terceptors could b e constructed once the direction of the v elo cit y v ector of the target

ro c k et is kno wn to within 7 degrees, pro vided in-
igh t up dates w ere con tin ued during the

in terceptor's b o ost phase. Using estimates of the p ossible capabilities of the next generation
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Figure 2.2. T op: Timelines for engaging liquid-prop ellan t ICBM mo del L and solid-prop ellan t ICBM

mo del S1 when launc hed from Iran against cities on the East Coast of the United States. Bottom:

Maxim um times a v ailable to complete the in tercept. All times are rounded to �v e seconds.

of missile w arning and trac king satellites, w e calculated the time that w ould b e needed after

the infrared signal of a ro c k et had b een detected to determine that the signal indeed came

from a large ro c k et that could b e a long-range missile, and to estimate the ro c k et's direction

of 
igh t with this precision, i.e., within 7 degrees. These times are 20 s for the liquid- and

15 s for the solid-prop ellan t missiles under consideration. W e to ok the sum of the detection

time and the additional time needed to construct a �ring solution as the earliest p ossible

time that an in terceptor could b e �red. This time w ould b e 65 s after the liquid-prop ellan t

ICBM w as launc hed or 45 s after launc h of either solid-prop ellan t ICBM.

In most circumstances the defense is lik ely to w an t additional time to assess the situation

b efore �ring. (A t the minim um �ring time, the defense migh t not b e able to determine

whether the ro c k et that had b een launc hed w as an ICBM, a space launc h, or a theater

ballistic missile, or ev en whether it w as a liquid- or a solid-prop ellan t ro c k et, di�erences

that w ould strongly a�ect the predicted in tercept p oin t.) T o in v estigate the e�ects of

dela ying the decision to �re an in terceptor, w e also analyzed system p erformance for a 30-

second decision time that w ould, for example, allo w the defense to see the burnout of the

�rst b o ost stage of most solid ICBMs and w ould therefore help in t yping the target missile.

Within the a v ailable time, the in terceptor w ould ha v e to 
y to w ard the pro jected in-

tercept p oin t and deplo y the kill v ehicle, whic h w ould then ha v e to 
y on w ard to w ard the

pro jected in tercept p oin t, home on the b o dy of the missile using its on-b oard sensors, and

hit the missile. During its 
y out, the in terceptor and then the kill v ehicle w ould ha v e to

resp ond to maneuv ers of the target missile using data from o�- and on-b oard sensors. Fig-

ure 2.2 sho ws the timelines for defending the United States against a notional liquid- and a

notional solid-prop ellan t ICBM launc hed from Iran against cities on the East Coast of the
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United States. The en tire East Coast is within range of the three mo del missiles, whic h all

ha v e ranges of 12,000 km, and, as discussed in Chapter 5, is a lik ely target. Timelines are

sho wn for b oth zero and a 30-second decision time.

2.4.2 Airb o rne Laser energy delivery

A k ey issue for the ABL is the energy p er unit area that m ust b e deliv ered to the target

ICBM to cause structural failure. The energy densit y required to disable a solid-prop ellan t

ICBM is considerably greater than that required for a liquid-prop ellan t ICBM, b ecause of

their di�eren t mec hanical construction. A second k ey issue is whether the ABL can deliv er

su�cien t p o w er, fo cus it on the target, and main tain fo cus on the aim p oin t long enough

to induce failure. The actual laser p o w er the ABL can pro duce is classi�ed, but w e ha v e

made a reasonable estimate of it. The abilit y of the ABL to fo cus the b eam dep ends on

ho w close the b eam is to its di�raction limit and the abilit y of the ABL to correct the b eam

for distortions induced b y atmospheric inhomogeneities. W e ha v e estimated the dw ell time

that is p ossible, whic h is set b y practical considerations.

W e analyzed the sensitivit y of our results to v ariations of these parameters and �nd our

results to b e robust.

2.4.3 Sho rtfall

With resp ect to defending the United States, it mak es no di�erence whether in tercept merely

causes the target missile to lose propulsion or also disables its m unitions: in neither case will

m unitions strik e the United States. Ho w ev er, if the missile's m unitions are not destro y ed,

the in tercept w ould ha v e to b e carefully timed to a v oid causing p oten tially liv e m unitions

to strik e other nations. This problem is discussed in Chapter 5. T o a v oid causing m unitions

to strik e other coun tries, in tercepts ma y ha v e to b e timed to o ccur with in a time windo w

as narro w as 10 to 20 s, and in some cases ev en less. It is unclear whether this is p ossible,

giv en the di�cult y of predicting the exact future p osition of an ICBM as a function of time

during its b o ost phase, ev en if the ICBM do es not execute an y tra jectory-shaping or ev asiv e

maneuv ers.

Giving the kill v ehicle the capabilit y to c hange its 
y out sp eed enough to dela y or hasten

an in tercept w ould impro v e the abilit y of the defense to time an in tercept but could signif-

ican tly increase the kill v ehicle's size, and th us the size of the en tire in terceptor. Without

a detailed analysis of the uncertain ties in generating a �ring solution and predicting the

target missile's tra jectory , there is no w a y of determining whether there is a solution to

this problem. W e are not a w are of an y systematic analysis of this problem in the publicly

a v ailable literature.

Bo ost-phase in tercept using the ABL has the same problem, but for a di�eren t reason.

The dw ell time of the laser on an ICBM that w ould b e required to disable it is long|

seconds|and it is di�cult to kno w exactly when during the dw ell the missile w ould lose

thrust.

2.4.4 Disabling the b o oster o r the w a rhead

As explained ab o v e, ha ving the abilit y to disable an attac king missile's w arheads or subm u-

nitions w ould b e crucial if a goal of the b o ost-phase in tercept system is to a v oiding causing

p ossibly liv e m unitions to strik e coun tries other than the United States. Ha ving the abilit y
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to disable an attac king missile's m unitions w ould also b e desirable if the b o ost-phase in ter-

cept system is the �rst segmen t of a la y ered missile defense system, pro vided this can b e

done in a w a y that decreases the burden on the succeeding la y ers of the system.

It is m uc h more di�cult for hit-to-kill in terceptors to destro y a missile's w arheads or

subm unitions than to disable its b o oster. Lac king access to an y data on tests that migh t

ha v e b een carried out on collisions b et w een kill v ehicles and missiles in space at the high

closing sp eed|t ypically 10 km/s|of an in tercept, the Study Group w as unable to analyze

the lik eliho o d that suc h a collision w ould destro y a missile's w arheads or subm unitions.

Ho w ev er, a missile's w arhead is m uc h more durable than its b o oster, to whic h it is usually

coupled only lo osely , and there is ample evidence from in ten tional and acciden tal destruction

of missiles during testing to supp ort the view that the w arheads will surviv e catastrophic

b o oster destruction. The Airb orne Laser w ould ha v e no abilit y to destro y w arheads or

subm unitions.

If causing liv e w arheads to strik e other coun tries is a concern, the defense has three

c hoices: design the b o ost-phase in tercept system to destro y the w arhead with high con�-

dence, build a midcourse defense to in tercept w arheads and subm unitions that w ould b e

capable of handling the p ossibly unpredictable nature of the debris cloud pro duced b y a

b o ost-phase in tercept, or time the b o ost-phase in tercept carefully so that the debris lands

in the o cean, a problem that is discussed in Chapter 5.

2.4.5 Countermeasures

As with ev ery defense system, coun termeasures to a b o ost-phase in tercept system could b e

dev elop ed. In the course of its analysis, the Study Group iden ti�ed sev eral sensitivities of

b o ost-phase in tercept systems that could p oten tially b e exploited to degrade the e�ectiv e-

ness of suc h a defense. In addition, the Study Group iden ti�ed sev eral coun termeasures

that could b e adapted from existing tec hnologies and m ust b e seriously considered. These

are discussed in Chapter 9.

2.5 Summa ry of Assumptions

The conclusions of the Study follo w from assumptions made b y the Study Group. Because

these are scattered throughout di�eren t sections of the Rep ort, w e summarize here those

assumptions w e judge to b e most crucial to our �ndings. In the course of the Study , our k ey

assumptions w ere revisited to in v estigate the sensitivit y of our results to c hanges in them.

Our principal assumptions are discussed b elo w.

Defense p osture The defense is on full alert and its missile w arning sensors are op erating

in their surv eillance mo de, with the DSP early w arning system or a mo dern space-based

infrared sensor system task ed to detect launc hes from the geographical areas of concern.

Objective of the adversa ry The ob jectiv e of the adv ersary is to use his w eap ons to deter

the United States from taking some actions against his in terests or to retaliate if the United

States is not deterred. Consequen tly the adv ersary's targeting ob jectiv e is to in
ict large

n um b ers of casualties without particular regard to where in the United States the casualties

o ccur. Implied is the use of n uclear, c hemical, or biological w eap ons without requiring that

the deliv ery system strik e a particular target with high accuracy . The defense therefore
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cannot presume to kno w a missile's target b ey ond what can b e inferred from trac king data

obtained during the early part of its b o ost phase.

Defense kno wledge The defense's kno wledge is not p erfect. Other than general in telli-

gence information it ma y ha v e, it kno ws only what its sensors tell it ab out the nature of

the attac k and the attac king missiles. Because the attac k er's ob jectiv e ma y b e to strik e

an ywhere within the United States, the defense cannot presume to kno w a missile's target,

b ey ond what can b e inferred from trac king it during the early part of its b o ost phase. If

the attac king missiles ha v e b een tested man y times, as U.S. and Russian missiles ha v e, the

defense ma y kno w some of their p erformance c haracteristics, suc h as their a v erage thrust

pro�les, but not the sp eci�c details of the attac k.

Criteria fo r success Success requires that the defense prev en t an y m unitions from striking

the defended area. If the additional goal of a v oiding causing m unitions to strik e other

nations is adopted, the c hallenges for the defense w ould increase signi�can tly .

Scena rios analyzed Guided b y recen t assessmen ts b y the U.S. in telligence comm unit y and

other exp erts, the Study Group selected four geographic scenarios to frame the Study:

� A small coun try situated near in ternational w aters, using North Korea as the mo del.

� Tw o mid-size coun tries, using Iran and Iraq as the mo dels.

� An attac k b y a short- or medium-range ballistic missile launc hed from a ship o� a

U.S. coast.

Area to b e defended W e examined the requiremen ts for defending four areas: (1) all 50

states, (2) only the con tiguous 48 states, (3) only ma jor cities within the con tiguous 48

states, and (4) only Ha w aii.

Launch detection times Geographical areas of concern are con tin ually monitored b y mo d-

ern, space-based see-to-the ground sensors. Giv en the cloud co v er o v er mid-latitude launc h

sites, these sensors w ould ha v e a high probabilit y of detecting the exhaust of a large ro c k et

only after it reac hes an altitude of ab out 7 km. W e assume that an y p oten tially threat-

ening ro c k et is detected as so on as it reac hes this altitude. The liquid-prop ellan t ICBM

reac hes this altitude 45 s after launc h; 20 more seconds are required to determine that the

signal detected is b eing pro duced b y a large ro c k et and estimate its direction of 
igh t. The

solid-prop ellan t ICBMs, whic h accelerate more quic kly , reac h 7 km 30 s after launc h; only

15 more seconds are required to determine that the signal detected is b eing pro duced b y a

large ro c k et and estimate its direction of 
igh t.

Intercepto r �ring time The earliest time an in terceptor can b e �red (zero decision time) is

65 s after the liquid-prop ellan t ICBM has b een launc hed and 45 s after the solid-prop ellan t

ICBMs ha v e b een launc hed. These are the b ounding cases. If the defense requires 30 more

seconds to decide whether to �re, the earliest time an in terceptor can b e �red is 95 s after the

liquid-prop ellan t ICBM has b een launc hed and 75 s after the solid-prop ellan t ICBMs ha v e

b een launc hed. No appro v al from the National Command Authorit y (with its asso ciated

time dela y) w ould b e p ossible in either case.
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Airb o rne Laser p erfo rmance Critical p erformance parameters of the ABL are classi�ed,

but w e ha v e made assumptions|based on unclassi�ed descriptions|that w e b eliev e are

credible, although p ossibly optimistic. In particular, w e ha v e assumed a b eam p o w er of

3 MW, and that the adaptiv e optics system will p erform as w ell as in the lab oratory tests

of scale mo dels. W e considered laser dw ell times ranging from 5 to 20 s. T o determine the

energy p er unit area the ABL w ould ha v e to deliv er to the target missile to disable it, w e

ha v e made simple estimates.

Criterion fo r disabling a ta rget missile A b o dy-to-b o dy hit on a b o oster is assumed to

disable the missile but not its w arheads or subm unitions. The ABL is assumed to b e capable

of disabling the b o oster of a missile, but not its w arheads or subm unitions, b y supplying a

su�cien tly large amoun t of radian t energy to the missile's b o dy .
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This c hapter summarizes assessmen ts b y the U.S. in telligence comm unit y of the ballistic

missile threat that the United States could face within the next 10 to 15 y ears and explains

ho w these assessmen ts w ere used b y the Study Group in its analyses. Section 3.1 summa-

rizes brie
y the ballistic missile programs of North Korea, Iran, and Iraq. More detailed

discussions of the status of these programs and those of other coun tries of concern ma y b e

found in the unclassi�ed summaries of recen t National In telligence Estimates [29 , 30 ] and

in o�cial statemen ts to the U.S. Congress [31 , 32 ] and priv ate organizations [33 , 34 ]. The

historical ev olution of the p erformance c haracteristics of the �rst long-range ballistic mis-

siles deplo y ed b y the coun tries that ha v e deplo y ed suc h missiles is describ ed in Section 3.2.

The c hanged con text within whic h coun tries of concern are curren tly dev eloping long-range

S29
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ballistic missiles is discussed in Section 3.3. Section 3.4 explains ho w this information w as

used b y the Study Group in its analysis of b o ost-phase missile defense systems.

Russia and China are the only p oten tial adv ersaries of the United States that p ossess

long-range ballistic missiles capable of striking the United States. The U.S. in telligence

comm unit y judges [34 ] that an unauthorized or acciden tal launc h of a Russian or Chinese

strategic missile is highly unlik ely , as long as curren t securit y pro cedures and systems are

in place. (Russia emplo ys an extensiv e arra y of tec hnical and pro cedural safeguards, and

China k eeps its missiles unfueled and without w arheads mated [34 ], although this ma y

c hange as it deplo ys solid-prop ellan t ICBMs.)

Among the coun tries that ha v e programs to dev elop long-range missiles, the U.S. in-

telligence comm unit y has expressed sp ecial concern ab out North Korea and Iran [30 ].

1

The Study's emphasis on these coun tries re
ects this concern; the Study Group itself has

made no judgmen t ab out whic h coun tries or missile programs p ose a risk to the United

States. None of these three coun tries presen tly ha v e an o v ert, credible, ICBM capabilit y .

Ho w ev er, as their missile programs adv ance, they ma y dev elop or acquire long-range bal-

listic missiles that could threaten the United States with n uclear, biological, or c hemical

w eap ons [30 , 35 ]. According to the most recen t U.S. National In telligence Estimate of the

ballistic missile threat to the United States [30 ], most U.S. in telligence agencies pro jected

that b efore 2015, the United States most lik ely will face ICBM threats from North Korea and

Iran, and p ossibly from Iraq|barring signi�can t c hanges in their p olitical orien tations|in

addition to the longstanding missile forces of Russia and China.

A fundamen tal di�erence b et w een the approac h that emerging missile states are cur-

ren tly using to �eld ballistic missiles and the approac h tak en b y the So viet Union and the

United States during the Cold W ar is that the new comers are not as lik ely to place a high

priorit y on accuracy , safet y , reliabilit y , surviv abilit y , and n um b ers [29 ]. Consequen tly , coun-

tries of concern ma y not conduct a series of tests b efore deplo ying a missile, but ma y instead

deplo y after as little as one 
igh t test, as North Korea did with its No Dong missile [31 ].

Deplo ymen t times are b eing shortened substan tially b y foreign assistance and tec hnology

transfer. Evidence suggests that Russia, China, and North Korea are pro viding assistance

to states of concern. F oreign assistance can pla y a piv otal role in the dev elopmen t of

ballistic missiles [30 , 35 , 36 , 37 ]. Ballistic missile systems could also b e acquired b y purc hase

and launc hed with little or no w arning, according to the in telligence comm unit y and the

Rumsfeld Commission [30 , 36, 37 ]. The p oten tial for signi�can tly shortened dev elopmen t

times and the p ossibilit y of little or no w arning means that to b e e�ectiv e, a defense m ust

b e robust when confron ted with missiles that ha v e c haracteristics that di�er signi�can tly

from the c haracteristics of previous missiles tested or deplo y ed b y a particular coun try .

This study fo cuses on the feasibilit y of b o ost-phase defenses against ICBMs that migh t

b e deplo y ed b y coun tries that ha v e relativ ely new missile dev elopmen t programs and do not

presen tly ha v e friendly relations with the United States. As explained in Chapters 2 and 15,

an y analysis of the feasibilit y of suc h a defense m ust consider the p erformance c haracteristics

of the missiles it is exp ected to confron t. The Study Group used the information summarized

in Sections 3.2 and 3.3 to guide its analysis of p ossible ballistic missile threats, the e�ects

of uncertain ties, and the e�ects of p ossible coun termeasures to b o ost-phase defenses. The

1

As stated in the Executiv e Summary , the Study Group also considered defense against ICBMs launc hed

from Iraq. With the c hanged p olitical situation arising from the ev en ts of the spring of 2003, an ICBM

threat from Iraq seems unlik ely for the foreseeable future. Nev ertheless, w e ha v e retained the analysis of

the history of Iraq's ballistic missile programs to illustrate the path to ballistic missiles it had tak en and the

t yp es of threats that could emerge from other coun tries.
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basis for the c hoices made b y the Study Group is explained in detail in Section 3.4. Here

w e summarize these c hoices and the reasons for them.

Dev elopmen t and deplo ymen t of a b o ost-phase missile defense system w ould b e a ma jor

in v estmen t and w ould probably tak e a decade or more to complete. The Study Group there-

fore considered long-range missiles and coun termeasures that migh t b e �elded b y coun tries

of concern during the next 10 to 15 y ears, including missiles that migh t b e acquired in re-

sp onse to prosp ectiv e or actual deplo ymen t of a b o ost-phase missile defense b y the United

States.

Guided b y the assessmen ts summarized in Sections 3.2 and 3.3, the Study Group c hose

a liquid-prop ellan t mo del ICBM ha ving a 240-second b o ost phase as its baseline liquid-

prop ellan t threat missile. This computer mo del is similar to the �rst liquid-prop ellan t

ICBMs deplo y ed b y the So viet Union and China. The Group also considered a liquid-

prop ellan t ICBM ha ving a 300-second b o ost phase to facilitate comparison with the results

of previous studies.

The Study Group concluded from the assessmen ts summarized in Sections 3.2 and 3.3

that solid-prop ellan t ICBMs ma y b e deplo y ed b y coun tries of concern within the next

10 to 15 y ears, partly as a resp onse to U.S. missile defense programs, and that solid-

prop ellan t ICBMs should therefore b e considered in the analysis of b o ost-phase defense

systems presen ted in this rep ort. The Study Group constructed detailed computer mo dels

of t w o solid-prop ellan t ICBMs, eac h with a b o ost phase of 170 s. These computer mo dels

are based on 1960s missile tec hnology and are similar to the �rst solid-prop ellan t ICBMs

deplo y ed b y the United States and the So viet Union. The Study Group also considered

brie
y a solid-prop ellan t ICBM ha ving a burn time of 130 s, to explore the implications for

b o ost-phase defense systems of faster-burning ICBMs.

As discussed in Section 3.3, the U.S. in telligence comm unit y estimates that man y coun-

tries of p oten tial concern ha v e considered ballistic missile defense coun termeasures and

that some of these coun tries will dev elop coun termeasures to U.S. national missile defense

o v er the next 15 y ears. Therefore, the Study Group explored p ossible coun termeasures to

b o ost-phase defense in addition to deplo ymen t of solid-prop ellan t ICBMs, whic h is a natu-

ral coun termeasure. The Group iden ti�ed sev eral coun termeasures that could b e dev elop ed

and deplo y ed using tec hnologies or tec hniques that ha v e already b een used.

The U.S. in telligence comm unit y has judged that coun tries of concern ma y arm the

long-range missiles they are dev eloping with biological or c hemical m unitions, including

subm unitions (\b om blets"), as w ell as n uclear w eap ons (Section 3.3). The Study Group

therefore considered missiles armed with c hemical, biological, and n uclear w arheads, in-

cluding subm unitions.

The U.S. in telligence comm unit y has expressed concern that it is b ecoming increasingly

di�cult for the United States to gather detailed information ab out the ph ysical c haracteris-

tics and p erformance of missiles that ma y threaten the nation, as summarized in Section 3.3.

The Study Group therefore considered the e�ects on the p erformance of b o ost-phase de-

fenses of uncertain ties ab out the ph ysical c haracteristics and p erformance of the attac king

missile as w ell as its in tended target and tra jectory .

The U.S. in telligence comm unit y has judged that sev eral coun tries of concern are tec hni-

cally capable of dev eloping within the next decade the abilit y to launc h short- or medium-

range ballistic missiles against coastal regions of the United States from ships or other

platforms p ositioned h undreds of kilometers o�shore. The Study Group therefore consid-

ered brie
y the feasibilit y of coun tering this p oten tial threat using shorter-range, ship-based

in terceptor ro c k ets.
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3.1 Ballistic Missile Capabilities of Selected States

This section reviews publicly a v ailable information ab out the ballistic missile programs of

North Korea, Iran, and Iraq.

2

These coun tries are not the only ones that could dev elop

and deplo y ballistic missiles that threaten the United States. As noted earlier, the Study

Group has made no judgmen t ab out whic h coun tries or missile programs p ose a risk to the

United States. The Study's emphasis on these coun tries simply re
ects the concerns that

ha v e b een expressed b y the U.S. go v ernmen t.

North Korea and Iran ha v e tested or deplo y ed short- and medium-range ballistic mis-

siles [29 , 30 ]; Iraq had deplo y ed short-range ballistic missiles [29 , 30] and had retained some

despite disarmamen t e�orts b y the United Nations [30 , 38]. These missiles could b e adapted

to attac k the United States from ships or other platforms p ositioned o�-shore [29 , 30 ]. Fligh t

testing from ships of suc h missiles could b e di�cult to detect, making it harder for the

United States to kno w whether a state had dev elop ed a sea-launc h capabilit y [39 ]. North

Korea and Iran also ha v e activ e programs to dev elop long-range ballistic missiles [29 , 30].

F or these reasons, their missile programs ha v e attracted atten tion and concern (see, for

example, Refs. [29 , 30 , 36 ]). The missiles discussed in this section, their basic ph ysical

c haracteristics, and some sources of information ab out them are listed in T able 3.1.

T able 3.1. Ballistic Missiles of Selected States of Concern

State Missile

a

Range

b

F uel Bo oster P a yload

d

Burn Status

e

(km) T yp e

c

Stages (kg) Time (s)

North No Dong [40 ] 1,300 L 1 1200 110 [41 ] D

Korea T aep o [42 ] 2,000{2,200 L 2 750{1,000 266[43 ] T

Dong-1 [44 ] (2,500{3,000) (S) (3) (290{500) (293)

T aep o [45 , 34 ] 4,000{6,000 L 2 700{1,000 < 230[46 ] R&D

Dong-2

Iran Shahab-3 [47 ] 1,300 L 1 1,200 110 [48 ] T

Shahab-4

f

[47 ] 2,000{3,000 L 1 < 1,500 266?[46 ] R&D

Iraq Al Hussein [38 ] 630 L 1 500 | |

g

a

Primary reference for eac h missile; supplemen tal references are listed in other columns.

b

Num b er in paren theses is the estimated range for the three-stage v arian t of the missile.

c

L: liquid; S: solid. P aren thetical fuel t yp e refers to the third stage of the missile.

d

Num b er in paren theses is the estimated pa yload for the three-stage v arian t of the missile.

e

R&D: researc h and dev elopmen t; D: deplo y ed; T: 
igh t tested.

f

Some rep orts discuss dev elopmen t of Shahab-5 [49 ] and Shahab-6 [50 ] missiles, but little information is

a v ailable to con�rm the existence of these programs.

g

Some rep orts suggest that 15 to 50 Al Hussein missiles ma y not ha v e b een rep orted to U.N. insp ection

teams; Iraq ma y ha v e co v ertly retained these missiles [30 , 38 ].

2

As men tioned ab o v e, Iraq is included for what it rev eals ab out ho w coun tries in the dev eloping w orld

ha v e moun ted ballistic-missile programs.
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3.1.1 No rth Ko rea

North Korea probably has the most adv anced ballistic missile program of the coun tries

the United States considers to b e of concern [51 , 34 ]. North Korea is b eliev ed to ha v e

b ene�ted|p erhaps substan tially|from foreign assistance b y Russia and p ossibly China [52 ,

53 ]. Ho w ev er, since 1999, it has observ ed a v olun tary moratorium on missile 
igh t tests,

although it has con tin ued to w ork on its T aep o Dong-2 ICBM (see b elo w) [30 , 32 ]. North

Korea extended the moratorium in Septem b er 2002 [54 ].

North Korea's No Dong, whic h is a medium-range ballistic missile ha ving a range of

1,300 km, is an extensiv e redesign of Scud missile tec hnology [36 ]. It is the longest-range

ballistic missile that North Korea has so far deplo y ed. The Rumsfeld Commission [36 ]

judged that \. . . the No Dong w as op erationally deplo y ed long b efore the U.S. go v ernmen t

recognized that fact. There is ample evidence that North Korea has created a sizable missile

pro duction infrastructure, and therefore it is highly lik ely that considerable n um b ers of

No Dongs ha v e b een pro duced." A k ey reason North Korea's No Dong capabilit y w as not

recognized earlier b y the United States w as its limited 
igh t testing. North Korea conducted

only one 
igh t test b efore the missile w as considered op erational; the missile has also b een

tested b y P akistan and Iran. [41 , 31 ].

In August of 1998, North Korea launc hed a T aep o Dong-1 missile with a solid-prop ellan t

third stage con�gured as a space-launc h v ehicle (SL V) [29 , 33, 34 ]. Although the third

stage failed, a three-stage v ersion of the missile could h yp othetically reac h parts of the

United States with a v ery small pa yload. The p ossibilit y that North Korea migh t add a

third stage w as not appreciated b y the United States un til the August 1998 space launc h

o ccurred [29 , 31 , 32 ].

North Korea's T aep o Dong-2, curren tly under dev elopmen t, is a m ultiple-stage ICBM

that in some con�gurations w ould b e capable of reac hing parts of the United States [30 ]. It

is estimated that in its basic t w o-stage con�guration, the missile could deliv er a pa yload of

700{1000 kilograms to a range of 4,000{6,000 km, su�cien t to strik e Alask a and Ha w aii [45 ].

With a smaller pa yload, the missile could ha v e a range as long as 10,000 km, according to

the in telligence comm unit y , allo wing it to reac h some of the con tiguous 48 states [30 , 32].

With a third stage similar to the one used on the T aep o Dong-1 for the 1998 space-launc h

attempt in a ballistic missile con�guration, it could deliv er a smaller pa yload of at most a

few h undred kilograms up to 15,000 km, su�cien t to strik e all of North America [30 , 32].

The T aep o Dong-2 has not y et b een 
igh t tested; a 
igh t test w ould probably b e conducted

with it con�gured as an SL V [30 , 32 ].

One of the most detrimen tal asp ects of North Korea's missile program has b een its e�ect

on attempts to limit the spread of ballistic missiles and missile tec hnologies [36 ]. North

Korea has b ecome the missile and man ufacturing tec hnology source for the ballistic missile

programs of man y other coun tries, esp ecially Iran and P akistan [30 , 32]. The willingness

of North Korea to sell complete systems and comp onen ts has enabled other coun tries to

acquire longer-range capabilities so oner than they otherwise w ould ha v e [30 ].

3.1.2 Iran

Iran's ballistic missile program has relied extensiv ely on foreign assistance, particularly

from Russia, China, and North Korea [30 , 32 ]. Iran has dep ended particularly on tec hnical

exp ertise from Russia to adv ance its missile programs [30 , 37 , 50 ]. The most adv anced

ballistic missile tested b y Iran is the Shahab-3, a medium-range ballistic missile based on
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the North Korean No Dong [30 , 32 ]. It w as �rst 
igh t tested in July 1998 [47 ] and w as

declared ready for service in July 2003 [55 ].

Some rep orts indicate that Iran is also pursuing dev elopmen t of the Shahab-4 and p os-

sibly the Shahab-5 [47 , 56 , 49 ]. Little is kno wn ab out these missiles. According to one

source, the Shahab ma y b e based on the North Korean T aep o Dong [56 , 49 ], although that

connection is not a widely held view [47 ]. In addition to North Korean assistance to the

Shahab program, Iran ma y ha v e b ene�ted from tec hnical information pro vided b y Russia

ab out the So viet SS-4 [47 ], particularly its mobile launc her [56 ]. Iran is also kno wn to ha v e

receiv ed solid-prop ellan t tec hnology from other coun tries [36 ].

3.1.3 Iraq

Iraq w ork ed for decades to establish an indigenous capabilit y to pro duce ballistic missiles.

In 1974, Iraq imp orted the Scud B from the So viet Union. In 1987, Iraq b egan to rev erse-

engineer the Scud B to create a longer-range missile, although it is still not clear ho w

successful they w ere. The results of these e�orts w ere the Al Hussein and Al Abbas [38 ].

The Al Hussein had a range of 600 km and w as used extensiv ely during the 1991 P ersian Gulf

W ar. The Al Abbas w as an attempt to extend the range of the Al Hussein to 950 km [57 ],

but this program is b eliev ed to ha v e b een terminated to concen trate e�orts on impro ving

the Al Hussein [38 ]. Iraq also b egan dev elopmen t of the Al Aab ed SL V, but it w as nev er

tested [58 ].

Since the Gulf W ar, Iraq's ballistic missile dev elopmen t program had b een hindered b y

U.N. resolutions and monitoring. Ho w ev er, Iraq con tin ued attempts to gain comp onen ts,

suc h as gyroscop es from disman tled Russian missiles [59 ]. It also con tin ued w orking on

missiles suc h as the Scud and the Al Samoud, whic h w ere claimed to ha v e ranges less than

150 km and w ere th us allo w ed under U.N. resolutions, to main tain the tec hnical exp ertise

and infrastructure for missile pro duction [57 ]. Presumably , Iraq's ballistic missile program

ended with the fall of the Hussein regime.

3.2 Histo rical P atterns of ICBM Development

Historical patterns of ICBM dev elopmen t and deplo ymen t ma y b e useful in estimating the

lik ely c haracteristics of the �rst long-range missiles that w ould b e deplo y ed b y North Korea

or Iran if they con tin ue their programs to dev elop suc h missiles.

Coun tries b eginning dev elopmen t of ICBMs ha v e all used liquid prop ellan ts initially ,

b ecause liquid-prop ellan t ro c k et tec hnology is easier to master than solid-prop ellan t tec h-

nology . There has b een a steady decrease in the total burn time of the �rst liquid-prop ellan t

ICBM deplo y ed b y a giv en coun try during the past 45 y ears; eac h new coun try that �elded

a liquid-prop ellan t ICBM deplo y ed a missile with a shorter burn time for the same pa y-

load mass and range than the �rst missile deplo y ed b y the coun try that preceded it (see

T able 3.2).

The United States w as �rst to �eld an ICBM, deplo ying the A tlas D in 1958. It had a

pa yload of roughly 1.5 to 2 tonnes and a total burn time of 309 s [60 ], longer than an y of

the missiles in its class that came after it. The m uc h larger Titan I I, whic h w as deplo y ed b y

the U.S. in 1962, had a pa yload of 3.5 tonnes and a total burn time of 331 s [61 , pp. 456{

458], longer than an y other missile in its pa yload class and the longest of an y �rst- or

second-generation ICBM.
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T able 3.2. Characteristics of Early ICBMs

ICBM Deplo y ed Coun try Range P a yload Bo ost

(y ear) (km) (tonnes) Phase (s)

A tlas D [60 , 62 ] 1958 US 12,000 � 1.5{2 309 [60 ]

Titan I I [61 , 63 ] 1962 US 10,000 � 3.5{4 331 [61 ]

SS-6 (R-7) [60 , 64 , 65 ] 1960 USSR 8,000(10,000+

a

) 5.4 (3

a

) 286 [60 ]

SS-7 (R-16) [66 , 65 ] 1961 USSR 11,000 1.5{2.2 {

SS-8 (R-9A) [65 ] 1965 USSR 12,000 1.7{2.1 {

SS-9 (R-36) [67 , 65 ] 1967 USSR 10, 000{15,000 4{5.8 280 [60 ]

SS-11 (UR-100) [65 ] 1966 USSR 11, 000{12,000 0.8{1.5 267 [68 ]

DF-5 [69 ] 1981 China 12,000 3 231 [61 ]

a

Range and pa yload for a longer-range missile.

The So viet Union w as the second coun try to �eld long-range missiles. Its �rst ICBMs had

total burn times 20 to 50 s shorter than the �rst U.S. ICBMs, for missiles with comparable

ranges and pa yloads. The long-range v ersion of the So viet SS-6 w as deplo y ed in 1960, had a

pa yload of roughly 3 tonnes, and burned out in 286 s, more than 20 s faster than the A tlas D,

ev en though the SS-6 carried a larger pa yload. The SS-11, whic h w as �elded in 1966 and

carried a 0.8- to 1.5-tonne pa yload, had a 267-second b o ost phase, a full 40 s shorter than

the b o ost phase of the A tlas D. Larger So viet missiles follo w ed the same trend. The So viet

SS-9 had a pa yload and range comparable to those of the Titan I I, but completed its b o ost

phase in 280 s, 50 s faster than the U.S. Titan I I. After the Titan I I, the United States

deplo y ed only solid-prop ellan t ICBMs, whereas the So viet Union con tin ued to dev elop and

deplo y liquid-prop ellan t ICBMs.

China w as the third coun try to deplo y an ICBM. Its DF-5 (CSS-4) w as tested in 1971,

but w as not �elded un til 1981, roughly 20 y ears after the So viet Union deplo y ed its �rst

ICBM [70 ]. The DF-5 had the same range (12,000 km) and t wice the pa yload (3 tonnes)

of the SS-11 but completed its b o ost phase in only 231 s, 36 s faster than the So viet SS-11

and nearly 100 s faster than the U.S. Titan I I.

T o date, no other coun try has deplo y ed an ICBM. Sev eral ha v e tested or deplo y ed SL Vs

that carry only small pa yloads to ICBM ranges, to o small to b e considered militarily useful.

The closest that an y of the three coun tries considered in this study has come to testing an

ICBM w as when North Korea attempted to launc h a satellite using its T aep o Dong 1 in

1998. The core t w o-stage liquid-prop ellan t missile used in this space-launc h attempt had a

range of only ab out 2,000 km, but it carried a small solid-prop ellan t third stage to place a

small satellite in to orbit. The attempt failed. The total burn time of this cobbled-together

ro c k et w as 293 s, including substan tial time b et w een stages 1 and 2, when the missile w as

coasting [44 ].

3.3 The Changing Context of Missile Development Programs

The con text in whic h coun tries of concern are curren tly dev eloping ballistic missiles di�ers

signi�can tly from the con text in whic h they w ere dev elop ed b y the United States, the So-

viet Union, and China. The coun tries of concern enjo y a m uc h wider access to tec hnology ,
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information, and exp ertise that can b e and is b eing used to sp eed the dev elopmen t and

deplo ymen t of n uclear, c hemical, and biological m unitions, as w ell as long-range ballistic

missiles capable of deliv ering them to targets at in tercon tinen tal distances [30 ]. This access

is also b eing used to dev elop denial and deception tec hniques that could imp ede U.S. in tel-

ligence gathering ab out the dev elopmen t and deplo ymen t programs of these coun tries [36 ].

The c hange in con text increases the imp ortance of sev eral factors related to b o ost-phase

defense, whic h w e summarize here.

3.3.1 Di�erences in p ossible goals

The motiv es that North Korea and Iran ma y ha v e for dev eloping and p ossibly using ICBMs

and the goals they ma y hop e to ac hiev e could b e signi�can tly di�eren t from the motiv es and

goals the United States, the So viet Union, and China had when they dev elop ed and deplo y ed

suc h missiles [39 ]. F or example, what is required tec hnically for a crude terror w eap on is v ery

di�eren t from what is required for a w eap on that is militarily useful. Accuracy requiremen ts

w ould b e m uc h less, as w ould the n um b ers needed. Safet y and reliabilit y migh t b e less

imp ortan t. Consequen tly there is a p ossibilit y that North Korea or Iran migh t deplo y or

ev en, in some circumstances, launc h long-range ballistic missiles against the United States

that had b een tested v ery little, if at all [30 , 39 , 36 ].

3.3.2 T ransfer of ballistic missile technology and systems

The increased transfer of missile tec hnology to and among states that are curren tly b egin-

ning to dev elop long-range missiles has sev eral imp ortan t consequences:

� Coun tries that are just b eginning to dev elop long-range missiles no w ha v e easier

access to the tec hnologies that w ere used in early generations of U.S. and So viet

missiles [36 ].

� Proliferation of ballistic missile-related tec hnologies, materials, and exp ertise has

enabled emerging missile states to accelerate the dev elopmen t timelines for their

existing programs, deplo y missiles with little, if an y , 
igh t testing, acquire turnk ey

systems to gain previously non-existen t capabilities, and la y the groundw ork for the

expansion of domestic infrastructures to p oten tially accommo date ev en more capable

and longer-range future systems [30 , 37 ].

� Commerce in ballistic missile and w arhead tec hnology and hardw are has b een gro w-

ing, whic h ma y mak e proliferation self-sustaining among coun tries of concern to the

United States [36 ]. North Korea has b ecome the man ufacturing and tec hnology

source for man y missile programs [30 ]. North Korea has help ed coun tries acquire

tec hnologies to serv e as the basis for domestic dev elopmen t e�orts [30 ]. Iran is ex-

panding its e�orts to sell missile tec hnology [30 ].

� North Korea has b een willing to sell complete systems as w ell as comp onen ts and

has receiv ed help from Russia and probably China [30 , 53 ]. Iran has receiv ed crucial

assistance from Russia and China, as w ell as North Korea [30 ]. Some exp erts b eliev e

there is a p ossibilit y that complete, long-range ballistic missile systems could b e

transferred from one nation to another and that suc h missiles could b e equipp ed

with n uclear, c hemical, or biological w arheads [36 ].
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3.3.3 Sp read of solid-p rop ellant technology

Since the 1960s, the trend in ballistic missile programs has b een to w ard dev elopmen t and

deplo ymen t of solid-prop ellan t systems b ecause of their reduced logistical requiremen ts and

simplicit y of op eration. The spread of ballistic missile-related tec hnologies, materials, and

exp ertise has led to increasingly widespread dev elopmen t of solid-prop ellan t missiles:

� Beginning in the mid-1960s, China fo cused its missile programs on large solid-

prop ellan t missiles [37 ]. It is curren tly dev eloping three solid-prop ellan t ICBMs: the

CSS-X-10 (also called the DF-31), whic h is no w b eing 
igh t tested; a longer-range v er-

sion of the DF-31; and the JL-2 submarine-launc hed ballistic missile [30 , 32 ]. In 2003,

China also 
igh t tested a 4-stage v ersion of its solid-prop ellan t ICBM [71 ]. According

to the U.S. in telligence comm unit y , China has carried out extensiv e proliferation of

liquid and solid SRBM and MRBS ballistic missiles tec hnology and has pro vided com-

plete missile systems to coun tries of concern, including Iran and P akistan [72 ]. Some

b eliev e China has sough t to comp ete with Russia, whic h has dominated commerce in

liquid-prop ellan t missiles and tec hnology , b y mark eting solid-prop ellan t tec hnology

and missiles [37 ].

� Iran, with China's assistance, has dev elop ed a solid-prop ellan t ro c k et infrastructure

for building short-range missiles. It is able to pro duce short-range ro c k ets on its o wn

and is seeking long-range solid-prop ellan t missile tec hnology from outside sources [36 ].

� P akistan has dev elop ed a t w o-stage, solid-prop ellan t medium-range ballistic missile,

the Shaheen I I, whic h rep ortedly could carry a 1,000-kilogram pa yload to a range

of ab out 2,500 km [30 , 32 ]. (The v arious t yp es of ballistic missiles are describ ed in

App endix A.) Some exp erts argue that missiles with signi�can tly increased p erfor-

mance could b e based on the more mo dern, all-solid design of the Shaheen I I, or on

older liquid-prop ellan t tec hnologies [37 , p. 8].

� There has b een considerable commerce in medium- and short-range solid-ro c k et tec h-

nology from supplier nations particularly Russia, China, and North Korea to Iran,

Iraq, P akistan, and p ossibly others [30 , 72]. According to the in telligence comm u-

nit y , the Chinese, who ha v e dev elop ed or acquired this tec hnology and are using it

in their space and military ro c k et programs, are pro viding it to sev eral coun tries

of concern [72 , 36 , 37 ]. It is p ossible that the sev eral decades that it to ok Russia

and China to dev elop reliable ICBM-class solid ro c k ets could b e shortened for those

coun tries if they receiv e tec hnical assistance.

� The North Korean T aep o Dong 1 w as launc hed with a solid-prop ellan t third stage

in 1998, although it failed [30 ].

Based on these dev elopmen ts and in telligence estimates, the Study Group concluded that

coun tries of concern migh t deplo y solid-prop ellan t ICBMs within 10 to 15 y ears, if they w ere

able to purc hase or otherwise acquire solid-prop ellan t missiles or tec hnology from coun tries

with more adv anced missile programs.

3.3.4 Munitions

Coun tries that are dev eloping long-range ballistic missiles could arm them with biological

or c hemical w eap ons [52 ]. These w eap ons could tak e the form of a single, large w arhead or
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dozens or h undreds of b om blets [36 ]. The kno wledge needed to design and build a n uclear

w eap on is no w widespread [73 ], and emerging ballistic missile p o w ers ma y gain access to

the needed �ssile material through domestic e�orts and foreign c hannels [36 ].

The U.S. in telligence comm unit y judged in the mid-1990s that North Korea had pro-

duced enough plutonium for one or p ossibly t w o n uclear w eap ons [73 ]. The status of North

Korea's n uclear program remains an op en question. North Korea also has c hemical and

biological w eap ons programs [30 ].

The U.S. in telligence comm unit y judges that Iran do es not y et ha v e a n uclear w eap on [30 ].

Most agencies assess that it could ha v e one b y the end of the decade; the time required could

b e reduced b y sev eral y ears with foreign assistance [30 ]. Iran has biological and c hemical

w eap ons programs [30 ].

Prior to 1990, Iraq had a crash program to dev elop a n uclear w eap on for deliv ery b y

ballistic missiles, but b om bing b y coalition forces during the 1991 Gulf W ar and subsequen t

disarmamen t activities b y the In ternational A tomic Energy Agency (IAEA) and the United

Nations Sp ecial Commission (UNSCOM) set bac k the e�ort signi�can tly [30 ]. In 2001, the

U.S. in telligence comm unit y estimated that, if unrestrained, Iraq w ould ha v e b een able to

pro duce within a few y ears enough �ssile material to mak e a n uclear w eap on [30 ]. Iraq

admitted to ha ving biological and c hemical w eap ons programs b efore the 1991 Gulf W ar

and w as though t to ha v e main tained those programs [30 ]. Ho w ev er, all of Iraq's n uclear,

c hemical, and biological w eap on programs presumably ended in 2003 with the second Gulf

W ar and the fall of the Hussein regime.

3.3.5 Countermeasures

The U.S. in telligence comm unit y judges that man y coun tries with ballistic-missile programs,

including North Korea, P akistan, Iran, India, and China, probably ha v e considered ballistic-

missile-defense coun termeasures [29 ]. Historically , the dev elopmen t and deplo ymen t of

missile-defense systems has b een accompanied b y the dev elopmen t of coun termeasures and

p enetration aids b y p oten tial adv ersaries, either in reaction to the threat or in an ticipation

of it [29 ]. The Russians and Chinese ha v e had coun termeasures programs for decades and

ma y b e willing to transfer some related tec hnology to others [29 ]. The U.S. in telligence

comm unit y exp ects that coun tries of concern that are dev eloping long-range ballistic mis-

siles will resp ond to the U.S. national missile defense program b y deplo ying p enetration

aids and coun termeasures [29 ].

3.3.6 Uncertainties

According to recen t rep orts [29 , 30 , 36 ], the U.S. in telligence comm unit y's abilit y to pro vide

timely and accurate estimates of ballistic missile threats to the U.S. is ero ding. As a result,

the prosp ects that the U.S. will ha v e adv ance kno wledge of the detailed c haracteristics and

p erformance of newly deplo y ed threatening ballistic missiles are b eing reduced. This erosion

of w arning time has sev eral implications.

� Deception and denial e�orts are in tense, and U.S. collection and analysis assets are

limited. These factors create a high risk of con tin ued surprise [36 ]. There are plausible

scenarios that could result in an increased missile threat to the United States for

whic h there w ould b e little or no w arning [34 ].
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� In particular, the U.S. in telligence comm unit y judges that it ma y not b e able to

pro vide m uc h w arning if a coun try purc hases an ICBM or already has a space-launc h

capabilit y [29 , 34 ]. In some scenarios|including re-basing or transfer of op erational

missiles, sea- and air-launc h options, shortened dev elopmen t programs that migh t

include testing in a third coun try , or some com bination of these|the U.S. migh t

ha v e little or no w arning of an op erational deplo ymen t [36 ]. The U.S. in telligence

comm unit y ma y not b e able to pro vide m uc h, if an y , w arning of a forw ard-based

ballistic-missile threat to the United States, suc h as w ould b e p osed b y forw ard sea-

basing of short-range ballistic missiles or medium-range ballistic missiles [29 ].

� The U.S. in telligence comm unit y has more con�dence in its abilit y to w arn of e�orts

b y coun tries to dev elop ICBMs than to describ e accurately the missile con�gurations

that will comprise the threat [29 ]. F or example, North Korea test �red the T aep o

Dong-1 missile roughly on the timetable pro jected b y the U.S. in telligence comm u-

nit y , but with a completely unan ticipated v ehicle con�guration that included a third

stage [29 ].

3.3.7 F o rw a rd-based sea-launch of Sho rt-Range Ballistic Missiles (SRBMs) o r

Medium-Range Ballistic Missiles (MRBMs)

According to the U.S. in telligence comm unit y , sev eral coun tries of concern ha v e the tec hnical

exp ertise required to dev elop ballistic missiles launc hable from a forw ard-based platform,

suc h as a surface ship p ositioned o� a U.S. coast [29 , 30 , 34 ]. F orw ard-basing on dedicated

v essels or freigh ters could p ose a new threat to the United States in the near term|w ell

b efore 2010 [34 ].

An SRBM or MRBM could b e launc hed against the United States from a forw ard-based

sea platform p ositioned in in ternational w aters within a few h undred kilometers of U.S.

coastal regions. According to the U.S. in telligence comm unit y [29 , 30 , 32 ], using suc h a sea

platform w ould not p ose ma jor tec hnical problems and w ould b e m uc h less tec hnologically

demanding than launc hing an ICBM attac k. Although the accuracy of the missile probably

w ould b e reduced signi�can tly b ecause of the mo v emen t of the o cean's surface, it w ould

probably still b e b etter than that of some early ICBMs [29 , 30 ]. Adapting missiles for

launc h from a commercial ship could b e accomplished co v ertly , and probably with little or

no w arning [34 ]. Muc h of the p opulation, commerce, and infrastructure of the United States

is lo cated within 100 km of its East and W est coasts and w ould therefore b e vulnerable to

suc h an attac k.

Sea launc h of shorter-range ballistic missiles could enable a coun try to p ose a direct

territorial threat to the United States so oner than it could b y dev eloping an ICBM for

launc h from its o wn territory [36 ]. Sea-launc hing could also allo w a coun try to target a

larger area of the United States than it could with a missile �red from its home territory [36 ].

3.4 Implications fo r the Study

The Study Group used the information summarized in Sections 3.2 and 3.3 to de�ne (1) the

c haracteristics of the ballistic missiles considered in the Study , (2) p ossible coun termeasures

that migh t b e emplo y ed b y states of concern, and (3) the uncertain ties a missile defense

w ould lik ely encoun ter. This section summarizes these decisions and the basis for them.

The Study Group decided to mo del a sp ectrum of ICBMs that migh t b e dev elop ed

or acquired b y coun tries of concern during the next 10{15 y ears, including solid-prop ellan t
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ICBMs that migh t b e deplo y ed in resp onse to prosp ectiv e or actual �elding of a b o ost-phase

in tercept missile defense system b y the United States.

3.4.1 Liquid-p rop ellant ICBMs

The �rst ICBMs that migh t b e deplo y ed b y coun tries of concern are lik ely to use liquid

prop ellan ts, b ecause this tec hnology is easier to master. The Group c hose a liquid-prop ellan t

mo del ICBM with a 240-second b o ost phase as its baseline liquid-prop ellan t long-range

threat missile. This mo del is similar to the �rst liquid-prop ellan t ICBMs deplo y ed b y the

So viet Union and China 20 to 40 y ears ago.

T o facilitate comparisons with previous studies, the Study Group also considered a

liquid-prop ellan t ICBM with a 300-second b o ost phase.

These c hoices w ere made for the follo wing reasons:

� Eac h new coun try that has �elded a liquid-prop ellan t ICBM has deplo y ed a missile

with a shorter burn time for the same pa yload mass and range than the coun try that

preceded it (Section 3.2).

� The b o ost phases of the �rst liquid-prop ellan t ICBMs deplo y ed (in the mid-1960s)

b y the So viet Union lasted 265 to 285 s (Section 3.2). The b o ost phase of the �rst

liquid-prop ellan t ICBM tested (in 1971) and deplo y ed (in 1981) b y China lasted only

ab out 230 s (Section 3.2).

� The transfer of ballistic-missile tec hnology from Russia and China is pla ying an

imp ortan t role in the dev elopmen t of missiles b y states of concern (Section 3.3).

� The historical trend to w ard faster-burning liquid-prop ellan t ICBMs com bined with

the ongoing transfer of ballistic-missile tec hnology from Russia and China to coun tries

of concern suggests that the next new ICBM is lik ely to ha v e a b o ost phase no longer

than the �rst ICBMs deplo y ed b y Russia and China.

� The studies of b o ost-phase in tercept that ha v e b een published in the op en liter-

ature [74 , 75 , 76 ] considered liquid-prop ellan t ICBMs and examined missiles with

b o ost phases as long as the 330-second b o ost phase of the U.S. Titan I I.

� The b o ost phase of the Titan I I is substan tially longer than that of an y other �rst- or

second-generation liquid-prop ellan t ICBM (Section 3.2). Suc h a long b o ost phase re-

duces signi�can tly the p erformance requiremen ts for an y b o ost-phase missile defense

system (Chapter 5). It therefore seemed impruden t to base the Study's analysis of

liquid-prop ellan t ICBMs on suc h an extreme example.

� Comparing results with previous studies is useful. Consequen tly , the Study Group

considered|but did not analyze in detail|a liquid-prop ellan t mo del ICBM with a

300-second b o ost phase, ev en though the Group judged that deplo ymen t of a new

liquid-prop ellan t ICBM with suc h a long b o ost phase is unlik ely .

3.4.2 Solid-p rop ellant ICBMs

Based on unclassi�ed in telligence comm unit y statemen ts, the Study Group concluded that

coun tries of concern migh t dev elop or acquire solid-prop ellan t ICBMs within 10 to 15 y ears
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and that it w ould therefore b e impruden t not to consider suc h ICBMs in ev aluating the feasi-

bilit y of the b o ost-phase defense systems. The Study Group constructed detailed computer

mo dels of t w o solid-prop ellan t ICBMs ha ving 170-second b o ost phases. These computer

mo dels are based on 1960s solid-prop ellan t missile tec hnology and are similar to the �rst

solid-prop ellan t ICBMs deplo y ed b y the United States and the So viet Union.

The Study Group also considered|but did not analyze in detail|a solid-prop ellan t

ICBM with a burn time of 130 s, to explore the implications of faster-burning ICBMs for

b o ost-phase defense systems.

These c hoices w ere made for the follo wing reasons:

� Although they are somewhat more tec hnically c hallenging than liquid-prop ellan t mis-

siles, solid-prop ellan t missiles are inheren tly attractiv e b ecause of their reduced lo-

gistical requiremen ts and simplicit y of op eration.

� The short durations of solid-prop ellan t missiles' b o ost phases increase the p erfor-

mance required of a b o ost-phase defense system (Chapter 5).

� Solid-prop ellan t ICBMs ha v e shorter b o ost phases than liquid-prop ellan t ICBMs

for the same pa yload mass and range. Hence acquisition and deplo ymen t of solid-

prop ellan t ICBMs is an e�ectiv e coun termeasure to b o ost-phase defenses.

� Coun tries of concern ma y seek to deplo y solid-prop ellan t ICBMs in resp onse to

prosp ectiv e or actual deplo ymen t of a b o ost-phase in tercept missile defense system

b y the United States, just as all previous coun tries with ICBMs ha v e dev elop ed

coun termeasures when facing the p ossible deplo ymen t of a ballistic-missile defense.

� China has for more than 30 y ears concen trated its long-range missile dev elopmen t

e�orts on solid-prop ellan t ballistic missiles, has tested suc h ICBMs, and has b een

a pro vider of solid-ro c k et tec hnology to coun tries of concern (Section 3.3). It is

no w 
igh t testing the CSS-X-10 ICBM (also called the DF-31) and has recen tly


igh t tested a four-stage solid-prop ellan t ro c k et capable of orbiting a 100-kg pa yload

(Section 3.3).

� The transfer of ballistic-missile-related tec hnologies, materials, and exp ertise has led

to the spread of solid-prop ellan t missile tec hnology (Section 3.3).

� North Korea, Iran, and Iraq ha v e receiv ed solid-prop ellan t missile tec hnology for

short-range missiles from supplier nations (Section 3.3). North Korea and Iran ha v e

dev elop ed and tested suc h ro c k ets (Section 3.3).

� P akistan has dev elop ed a t w o-stage, solid-prop ellan t medium-range ballistic missile,

the Shaheen I I, whic h rep ortedly could carry a 1,000-kilogram pa yload to a range of

ab out 2,500 km (Section 3.3).

� P akistan has receiv ed solid-prop ellan t ballistic missile tec hnology from supplier coun-

tries and has an extensiv e short- and medium-range solid-prop ellan t ballistic missile

program(Section 3.3).

� Coun tries of concern could deplo y solid-prop ellan t ICBMs within the next 10{15

y ears if they w ere able to purc hase or otherwise acquire solid-prop ellan t missiles or

tec hnology from coun tries with more adv anced missile programs (Section 3.3). It
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is p ossible that a complete, long-range ballistic missile system could b e transferred

from one nation to another (Section 3.3).

� The accelerations of the upp er stages of solid-prop ellan t ICBMs ma y v ary signi�-

can tly (Chapter 15). It therefore seemed pruden t to analyze the implications for

b o ost-phase defenses of t w o di�eren t upp er-stage designs.

3.4.3 Countermeasures

In addition to deplo ymen t of solid-prop ellan t ICBMs, whic h is a natural coun termeasure

to an y b o ost-phase defense, the Study Group iden ti�ed sev eral other coun termeasures that

could b e dev elop ed and deplo y ed using tec hnologies or tec hniques that ha v e b een already

implemen ted for one reason or another (Chapter 9).

Illustrativ e coun termeasures w ere iden ti�ed for the follo wing reasons:

� It has b een claimed that there are no coun termeasures to a b o ost-phase defense. The

coun termeasures iden ti�ed b y the Study Group sho w that this statemen t is incorrect.

� The U.S. in telligence comm unit y estimates that man y coun tries of p oten tial con-

cern ha v e considered ballistic-missile-defense coun termeasures and that some of these

coun tries will dev elop coun termeasures to national missile defense o v er the next 15

y ears (Section 3.3).

3.4.4 Munitions

The Study Group considered missiles armed with c hemical and biological w arheads, includ-

ing subm unitions (\b om blets"), as w ell as missiles with n uclear w arheads.

These di�eren t t yp es of m unitions w ere considered for the follo wing reason:

� The U.S. in telligence comm unit y judges that coun tries of concern that are dev eloping

long-range missiles ma y arm them with biological or c hemical m unitions, including

b om blets, as w ell as n uclear w eap ons (Section 3.3).

3.4.5 Uncertainties

The Study Group considered the e�ects on the p erformance of b o ost-phase defenses of

uncertain ties ab out the ph ysical c haracteristics and p erformance of the attac king missile,

as w ell as its in tended target and tra jectory .

The e�ects of suc h uncertain ties w ere considered for the follo wing reasons:

� Suc h uncertain ties can signi�can tly degrade the p erformance of a b o ost-phase in ter-

cept system (Chs. 4 and 5).

� Some coun tries of concern app ear willing to deplo y a missile after just a single test


igh t, whic h mak es it more di�cult for the United States to gather detailed informa-

tion ab out the ph ysical c haracteristics and p erformance of the missile and its p ossible

coun termeasures (Section 3.3).

� The U.S. in telligence comm unit y has expressed concern that testing ma y o ccur in

a third coun try , that op erational missiles ma y b e transferred, and that the United

States migh t therefore not kno w of a deplo ymen t m uc h b efore a missile is launc hed

(Section 3.3).
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3.4.6 F o rw a rd-based sea-launch of SRBMs o r MRBMs

Motiv ated b y the assessmen t of the U.S. in telligence comm unit y that an attac k on U.S.

territory b y sea-based SRBMs or MRBMs is more lik ely than an attac k b y ICBMs (3.3),

the Study Group examined the p ossible role of shorter-range b o ost-phase in tercept systems

in coun tering this threat (Chapters 15 and 5).
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In tercepting a ballistic missile during its b o ost phase requires, �rst, an in terceptor that

can deliv er a kill v ehicle close to the target quic kly enough, and with a v elo cit y that is

adequate in b oth sp eed and direction, to p ermit the kill v ehicle to maneuv er to hit the

target. Second, it requires a kill v ehicle that can home on and hit the target, disabling or

destro ying it, ev en as the target accelerates unpredictably .

This c hapter explains ho w the in terceptor p erformance and basing required to accom-

plish the �rst task|getting to the target in time|can b e determined. W e do this b y ana-

lyzing engagemen ts of the mo del ICBMs (Chapter 15) with the mo del in terceptors (Chap-

ter 16), and using the results from the analysis of missile w arning and trac king systems

(Chapter 10). The tra jectories of the missiles and in terceptors w ere computed as describ ed

in App endix B. The sensor and kill-v ehicle p erformance, kill-v ehicle sizes and masses, and

in terceptor masses needed to accomplish the second task|homing on and disabling the

target|are in v estigated in Chapters 11, 12, and 14. The metho ds describ ed here are used

in the next c hapter (Chapter 5) to explore the p ossibilities for terrestrial-based in terceptors

to protect the United States in v arious geographical scenarios, and to analyze the problem

of debris from an in tercept harming other coun tries. Chapter 6 examines the unique re-

quiremen ts and trade-o�s b et w een system p erformance and requiremen ts for space basing

of b o ost-phase in terceptors.

The purp ose of the engagemen t analysis presen ted here is to determine the spatial

and kinematic relationships b et w een the threat tra jectories with their v ariations, in tercep-

tor launc h-time constrain ts imp osed b y threat detection and trac king, in terceptor 
y-out

S47
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p erformance, and threat impact constrain ts that determine when during threat burn the

in tercept m ust o ccur to protect the defended area. This analysis pro vides a metho d for

determining the in terceptor \reac h"|the distance that the in terceptor can tra v el within

the time a v ailable|needed for an y com bination of in terceptor, ICBM, impact constrain t,

�ring time, and geograph y . In terceptor ground range|the pro jection of in terceptor reac h

on Earth|can then b e used to calculate basing areas, i.e., the area in whic h an in terceptor

m ust b e lo cated to in tercept an ICBM in time to prev en t it from hitting a defended area.

The engagemen t analysis starts with the mo dels of tra jectories for the p ostulated ICBMs

(Chapter 15) and sho ws ho w the impact ranges of those missiles are a�ected when thrust

is terminated early . Next it in tro duces a simpli�ed geometric mo del of an engagemen t

where the ICBM and terrestrial-based in terceptor are in the same plane to demonstrate

ho w in terceptor ground range (the distance from the in terceptor launc h p oin t to a p oin t on

Earth directly b eneath the in tercept p oin t) and target ground range (the distance from the

threat missile launc h p oin t to that p oin t on Earth directly b eneath the in tercept p oin t) are

dev elop ed for an y engagemen t. Applying this mo del, the c hapter then illustrates, for an y

set of geographical constrain ts, ho w to calculate the ground ranges of the in terceptor and

the target for di�eren t in tercept times with sev eral engagemen ts, using the mo del ICBM

tra jectories and the in terceptor 
y out en v elop es or \fans" dev elop ed in Chapter 16. Then,

a more generalized mo del is dev elop ed for calculating in terceptor ground ranges and basing

areas for non-planar engagemen ts, whic h is applied to p ostulated geographic scenarios in

the next c hapter.

Man y of the engagemen t issues are common to all in terceptors, but space basing requires

a separate discussion of the engagemen t issues unique to that basing mo de. This c hapter

concludes with a discussion of the metho ds used to analyze those space-basing issues.

The engagemen ts in this c hapter assume that the time dela y from threat launc h un til

in terceptor launc h pro vides exact information ab out the threat missile tra jectory and that

constrain ts on the lo cation of in terceptors relativ e to the threat are parametric rather than

geograph y-sp eci�c. The parametrics m ust ev en tually tak e in to accoun t the geographic sce-

narios used later. In Chapter 5, the pro cedures dev elop ed here are applied to real situations

and those assumptions are dropp ed. Other simpli�cations used in this c hapter, including

the assumption that the in tercept is successful if the in terceptor reac hes the target mis-

sile, are v alid for these analyses, as long as the in terceptor kill v ehicle has the capabilities

describ ed in Chapter 12.

4.1 ICBM Cha racteristics Key to This Analysis

In carrying out this analysis, w e used three di�eren t mo dels of o�ensiv e missiles (Chap-

ter 15). These include a t w o-stage liquid-prop ellan t ICBM that burns for 240 s maxim um,

and t w o solid-prop ellan t three-stage ICBMs that burn for a maxim um of 170 s. The b o ost

tra jectory pro�les for these three missiles are sho wn in Figs. 4.1, 4.2, and 4.3.

4.1.1 T rajecto ry va riation

Bo ost-phase defense systems are sometimes analyzed assuming that attac king ICBMs 
y

their maxim um-range tra jectories. Figures 4.1, 4.2, and 4.3 sho w the b o ost-phase tra jec-

tories to burnout. Ho w ev er, a giv en ICBM mo del launc hed from a particular launc h site

against a target at less than its maxim um range generally could terminate its thrust early

or 
y an y of a broad range of b o ost-phase tra jectories. The latter could include tra jectories
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Figure 4.1. Liquid-prop ellan t ICBM mo del L maxim um-range b o ost-phase tra jectory in the altitude-

range plane. The �rst- and second-stage b o ost-phase tra jectories are sho wn resp ectiv ely b y the hea vy

and ligh t lines. Inset: Acceleration pro�les of the t w o stages. The acceleration of the second stage

reac hes 12 g b efore it burns out.

that are lofted or depressed relativ e to the maxim um-range tra jectory and tra jectories that

ha v e in-plane or out-of-plane dog-legs. Suc h tra jectories ma y b e 
o wn to exp end excess

energy to hit a particular target.

1

Ev asiv e maneuv ers ma y b e emplo y ed to ac hiev e either or b oth of t w o basic goals: (1) to

force the defensiv e system's in terceptors to tra v el farther in essen tially the same time,

restricting the areas where in terceptors could b e based and/or (2) to cause the in terceptors'

kill v ehicles to exhaust their prop ellan t without ac hieving in tercept. The e�ect of ev asiv e

maneuv ers on the reac h of in terceptors is considered in this c hapter; the e�ect of suc h

maneuv ers on the abilit y of the kill v ehicle to hit the target ro c k et is analyzed in Chapter 12.

As sho wn in Fig. 4.4, an attac k er could program the ICBM to maneuv er after it is out of

the atmosphere to 
y an y tra jectory within a fairly large conical v olume in space cen tered

on the maxim um-range tra jectory , with only a mo dest reduction in the missile's range. F or

example, an y of the mo del ICBMs considered here could easily c hange its azim uth b y � 10

degrees without c hanging the range to defended area targets dramatically . Consequen tly ,

there can b e a total uncertain t y of 20 degrees in the azim uth of the in tended target.

F rom North Korea, Iran, or Iraq, the azim uth spread for tra jectories to the U.S, East

and W est Coasts is appro ximately 40 degrees. This means that missiles apparen tly aimed at

the eastern half of the United States could div ert to U.S. and Canadian p opulation cen ters

an ywhere within that 20 degrees. Similarly a missile aimed at the w estern half of the nation

could div ert to within that 20 degree uncertain t y to an ywhere in the w estern United States

and in addition could div ert ev en more to threaten most of Alask a.

1

Solid-prop ellan t ro c k et motors normally burn un til the prop ellan t is exhausted but to hit a target closer

than its maxim um range, the thrust of a solid-prop ellan t missile w ould ha v e to b e terminated while its

prop ellan t con tin ues to burn. Alternativ ely , it could 
y dog-legs or execute other maneuv ers designed to

exp end excess energy during its b o ost phase (see Chapter 15), to obfuscate a missile's in tended target or


igh t path, or to ev ade in terceptors.
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Figure 4.2. Solid-prop ellan t ICBM mo del S1 maxim um-range and lofted b o ost-phase tra jectories in

the altitude-range plane. The tra jectories during �rst-, second-, and third-stage b o ost are indicated

b y the hea vy , ligh t, and dotted lines, resp ectiv ely . The 
igh t-path angle at the time of burn-out

measured from the horizon at launc h is 19

�

for the maxim um-range tra jectory and 27

�

for the lofted

tra jectory . Inset: Acceleration pro�les of the three stages.
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Figure 4.3. Solid-prop ellan t ICBM mo del S2 maxim um-range and lofted b o ost-phase tra jectories in

the altitude-range plane. The tra jectories during �rst-, second-, and third-stage b o ost are indicated

b y the hea vy , ligh t, and dotted lines, resp ectiv ely . The 
igh t-path angle at the time of burn-out

measured from the horizon at launc h is 19

�

for the maxim um-range tra jectory and 27

�

for the lofted

tra jectory . Inset: Acceleration pro�les of the three stages.
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Figure 4.4. Examples of the v ariet y of planar tra jectories that are p ossible for solid-prop ellan t ICBM

mo del S1 b y lofting it sligh tly at launc h or b y c hanging its 
igh t path angle after the aero dynamic

shield that protects the w arhead is ejected. (The n um b ers for the tra jectory are k eys for the text in

Chapter15.) The large-scale tra jectory v ariations sho wn reduce the range of the missile b y at most

12 p ercen t of its maxim um range. Out-of-plane deviations b y similar distances reduce the range b y

a similar amoun t. T ra jectory v ariations lik e these are also p ossible for the liquid-prop ellan t ICBM

mo del L and solid-prop ellan t ICBM mo del S2, with similar range p enalties. The v olume in space

that these tra jectories span represen ts the v olume that in terceptors m ust b e able to co v er to ensure

that a b o ost-phase in tercept is p ossible.

The p oin t to b e made here is that this uncertain t y m ust b e considered in the required

time of in tercept. (A 50 p ercen t reduction w ould still allo w an y of the mo del ICBMs used in

the Study to attac k targets an ywhere in Alask a from launc h sites in North Korea.) Dog-legs,

lik e an y unpredicted maneuv ers, m ust b e dealt with b y the kill v ehicle's o wn capabilit y to

c hange its v elo cit y (see Chapter 12).

4.1.2 P a yload deplo yment

An ICBM's m unitions and devices to aid in p enetrating an y defenses (\p enetration aids")

can b e deplo y ed in a v ariet y of w a ys (see Chapters 15 and 9 and App endix A). The simplest

is to release the pa yload after the prop ellan t of the missile's �nal b o ost stage has b een

exhausted or its thrust has b een terminated, but while its attitude is still under con trol.

Ho w ev er, it is also p ossible to deplo y m ultiple w arheads and p enetration aids while the

ro c k et motor of the �nal stage is still burning. Historically this has b een done b y ejecting

w arheads from the accelerating �nal b o ost stage. Consequen tly , when determining the latest

time a giv en missile can b e in tercepted, w e assume its w arheads could b e deplo y ed at an y

time during �nal-stage b o ost, as w ell as at burnout.

No matter ho w a missile's m unitions are deplo y ed, the only w a y to b e certain of pro-

tecting the defended area is to in tercept the missile b efore it has ac hiev ed a v elo cit y that

w ould carry its m unitions to that area.
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4.2 E�ect on Impact Range of T erminating Missile Thrust

The fundamen tal principle of b o ost-phase defense is that missiles in tercepted b efore they

ac hiev e their in tended �nal v elo cit y will fall short of their in tended targets. The degree to

whic h a missile's range will b e shortened dep ends on the sp eci�c design of the missile and

ho w so on b efore burnout it is in tercepted. F or hit-to-kill in terceptors, longer threat missile

burn times translate in to greater in terceptor reac h and more 
exibilit y in where they can

b e based.

Figure 4.5 sho ws the e�ect on range for our three mo del missile t yp es as a function of

the time when the thrust is cut o�, expressed as the time b efore normal burnout. The range

of liquid-prop ellan t ICBM L is m uc h more sensitiv e to terminating thrust than either of the

solids, whic h is a direct result of the large acceleration that it receiv es near the end of the

second-stage burn, as sho wn in Chapter 15. F or example, terminating the thrust of ICBM

L only 20 s b efore burnout cuts the range of the missile b y 70 p ercen t. In con trast, the

range of solid-prop ellan t ICBM S1 is reduced b y less than 50 p ercen t.

The curv es in Fig. 4.5 are used for the analysis in this c hapter and the next to determine

when a sp eci�c t yp e of missile m ust b e in tercepted b efore it can reac h the defended area.

The upp ermost shaded areas on the righ t sho ws when the missiles m ust b e disabled to defend

the eastern or w estern p ortions of the United States from missiles launc hed b y North Korea

or the Middle East. Other shaded areas sho w when the missile m ust b e disabled to a v oid

falling on other coun tries. The dark est areas on the righ t-hand side of the �gure indicate

\safe" impact zones where disabled missiles w ould fall in the op en o cean. These safe impact

zones can b e easily related to in tercept times for eac h threat missile t yp e on the left p ortion

of the �gure.
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Figure 4.5. P a yload range of the missiles mo deled in this study as a function of the n um b er of

seconds b efore burnout that their thrust is terminated. The full burn range is 12,000 km. The

full burn range for lofted tra jectories is 11,000 km (sho wn for the solid-prop ellan t missiles). F ull

burn for ICBM L is 240 s; full burn for ICBMs S1 and S2 is 170 s. Geographic impact constrain ts

for launc hes from North Korea, Iraq, and Iran against the w estern and eastern con tinen tal United

States are also sho wn. The dark est shaded regions are safe zones where in tercepts will cause the

threat missile debris to fall in to op en o cean.
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T able 4.1. Mo del In terceptors

a

Mo del V

b o

t

b

Length Diameter Mass

(km/s) (s) (m) (m) (tn

b

)

I-1 1.7 47 7.9 0.34 1.6

I-2 5.0 47 6.4 0.53 2.3

I-3 6.7 75 16.5 1.25 14.6

I-4 6.5 40 15.5 1.6 16.9

I-5 10 45 20 3 65.6

a

t

b

is the total duration of the b o ost phase. V

b o

is

the burnout v elo cit y if the missile w ere �red v ertically ,

taking in to accoun t the e�ects of gra vitational and

aero dynamic drag forces (see App endix B). F or further

details, see Chapter 16.

b

tn= metric tonne = 1.1 ton.

It should b e noted that the �gure assumes defense kno wledge of the acceleration pro�les

and staging of the attac king missile. In realit y , there is uncertain t y in that kno wledge. F or

example, the t w o solid-prop ellan t ICBMs mo deled in the �gure, S1 and S2, ha v e the same

maxim um range (12,000 km) and total burn times (170 s), y et their impact ranges di�er

signi�can tly for the same cuto� time b efore burnout. The reason for this di�erence is that

the missiles ha v e di�eren t staging ratios, particularly for the third stage, from whic h S2 gets

more of its acceleration. Secondly , normal v ariations in prop ellan t burn rates can easily b e

� 10 p ercen t. The defense m ust pro vide margin in reac h to accommo date suc h v ariations.

These constrain ts are considered in detail in Chapter 5 for terrestrial-based engagemen ts

and m ust also b e considered for space-based engagemen ts.

4.3 Surface-Based Intercepto rs

Fiv e di�eren t computer mo dels of in terceptor missiles w ere dev elop ed b y the Study Group

(see Chapter 16). The basic ph ysical and p erformance c haracteristics of the in terceptors

are listed in T able 4.1. The mo dels w ere constructed to explore the range of capabilities

required in sev eral prop osed system arc hitectures. The ph ysical sizes of these in terceptors

are illustrated in Fig. 4.6. Figure 4.7 sho ws a 
y out fan of planar tra jectories and the

acceleration pro�le calculated using the computer mo del of the 6.5-km/s in terceptor I-4.

The engagemen ts w e analyzed w ere selected to illustrate the sensitivit y of the outcome

to the p erformance of the ICBMs and in terceptors, as w ell as the �ring do ctrine adopted.

W e also in v estigated engagemen ts of shorter-range ballistic missile mo dels M-1 and M-2

b y in terceptor I-1 to understand the p oten tial of an existing air-defense in terceptor against

medium-range missiles launc hed o� U.S. coasts (Chapter 5).

In this c hapter, w e illustrate our analytical approac h with t w o engagemen ts: in tercep-

tor mo del I-4 against liquid-prop ellan t ICBM mo del L, and in terceptor I-5 against solid-

prop ellan t ICBM mo del S1.
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4.4 Engagement Timelines

Our analysis assumes that the missile launc h is detected b y space-based infrared sensors

after the missile ac hiev es an altitude of 7 km whic h is ab o v e almost all of the w ater v ap or

in the atmosphere (see Chapter 10). The liquid-prop ellan t ICBM mo deled in this study

reac hes that altitude 45 s after launc h. The solid-prop ellan t missiles S1 and S2 rise faster,

reac hing 7 km in ab out 30 s. After ab out 15 s of trac king the solid-prop ellan t missile,

the defense is assumed to ha v e the minim um amoun t of information to determine the �rst

predicted engagemen t p oin t and launc h an in terceptor. (This assumes that the United

States has deplo y ed a system similar to the SBIRS-High, as discussed in Chapter 10.) The

liquid-prop ellan t ICBM requires 20 s of trac king, longer than the solid-prop ellan t ICBM,

b ecause at an altitude of 7 km, it is mo ving more slo wly and on a more v ertical tra jectory .

F or the most optimistic case, w e assume that the in terceptors are �red as so on as the

missile detection and trac king system has enough information to con�rm that a p oten tially

threatening ro c k et is in 
igh t and to construct a �ring solution. W e refer to this as the

\zero decision time" case. Under this optimistic scenario, the �ring time for an in terceptor

is 65 s after launc h for the liquid-prop ellan t missile (45 s to detect and 20 s to establish

a preliminary trac k) and 45 s after launc h for the solid-prop ellan t missiles (30 s to detect

and 15 s to trac k). This �ring do ctrine w ould giv e the in terceptors the greatest p ossible

opp ortunit y of ac hieving an in tercept, but pro vides no margin, or \battlespace," that w ould

allo w replacing in terceptor failures. In the next c hapter w e consider b oth the zero-decision-

time case, as w ell as the e�ect of dela ying the decision to �re b y 30 s.

6.7 km/s

I-3I-2
5 km/s 6.5 km/s 10 km/s

I-4 I-5

Figure 4.6. In terceptor mo dels used in the Study . The basic ph ysical and p erformance c haracteristics

of these in terceptors are listed in T able 4.1. F urther details are giv en in Chapter 16.
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Figure 4.7. Fly out fan of tra jectories and the acceleration pro�le for the 6.5-km/s in terceptor I-4.

4.5 T errestrial Plana r Engagements

T o in tercept an ICBM during b o ost, the in terceptor and the ICBM m ust arriv e at the same

p oin t in space at the same time, and that p oin t m ust b e on the threat b o ost tra jectory

b efore the ICBM ac hiev es the v elo cit y necessary to hit a defended area. Mo deling this

engagemen t requires solving the complex sim ultaneous tra jectory equations for missile and

in terceptor in the same reference frame.

The easiest w a y to b oth mo del and visualize the abilit y of our mo del in terceptors to reac h

the accelerating target is b y sim ulating a series of planar engagemen ts in the con�guration

illustrated in Fig. 4.8. These planar engagemen ts allo w understanding the engagemen t

space as a function of the distance of the in terceptor launc h platform and the lo cation of

sensors relativ e to the target missile launc h sites, as w ell as the detection and trac king times

required for an initial in terceptor �ring solution, assuming p erfect kill-v ehicles p erformance.

In Fig. 4.8, the threat missile is launc hed from p oin t M. The in terceptor is subsequen tly

�red from the in terceptor-basing p oin t, F. If the in tercept is successful, the in terceptor and

the threat missile arriv e sim ultaneously at the in tercept p oin t IP. The ground in tercept

p oin t P is the p oin t on Earth's surface directly b elo w IP. The threat missile's ground range

(TGR) is the distance it mo v es o v er the surface of the Earth to the in tercept p oin t, and the
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MF

IP

P TGRIGR

M     target missile launch point
F    interceptor firing point
IP    intercept point
P    ground intercept point
TGR target ground range
IGR  interceptor ground range

Figure 4.8. Geometry of a planar engagemen t.

in terceptor ground range (IGR) is the corresp onding distance for the in terceptor.

The engagemen t analysis pro vides input v alues for the trac king sensor analysis presen ted

in Chapter 10. It also pro vides the maxim um closing v elo cit y and range to the predicted

in tercept p oin t as a function of time essen tial for establishing the requiremen ts for the kill

v ehicle p erformance, as discussed later in Chapter 12. In this c hapter, ho w ev er, w e are

in terested only in whether the in terceptor is capable of reac hing the predicted in tercept

p oin t in the required in tercept time.

Tw o examples of the engagemen t sim ulation output are sho wn in Fig. 4.9. W e used the

in terceptor and ICBM 
y out tra jectories describ ed ab o v e to mo del planar engagemen ts.

Those planar engagemen ts displa y the 
y out fan (range and altitude as a function of time)

of candidate in terceptors generated with the sim ulation mo dels. Eac h is plotted on the

same displa y with an opp osing threat tra jectory p ositioned at an y stando� range desired.

(The stando� range is the distance b et w een the threat missile launc h p oin t and the basing

lo cation of the in terceptor. In the planar case it is simply IGR + TGR.) By adjusting

this stand-o� range, w e can ev aluate the abilit y of an y candidate in terceptor to in tercept a

threat at an y sp eci�c time on the threat tra jectory b y comparing the 5-second time tic ks

on the threat tra jectory with the time con tours of the in terceptor 
y out, allo wing for the

dela y in in terceptor launc h from threat launc h.

In Fig. 4.9, the tra jectories of the target missile start from their launc h p oin t at the

righ t-hand side of the �gure and curv e up w ard to the left. The ICBM launc h p oin t is at an

arbitrarily c hosen in terceptor stando� distance of 1,000 km. The in terceptor is �red from

the origin. \F ans" of p ossible 
y out tra jectories for the in terceptor are sho wn rising from

the lo w er left-hand corners of the �gure. The arcs that tra v erse the in terceptor tra jectories

are con tours of constan t elapsed time from the momen t the in terceptor is �red.

In the particular example sho wn in Fig. 4.9, top, a 6.5-km/s in terceptor (I-4) is launc hed

against a 240-second, liquid-prop ellan t ICBM mo del L from a stando� distance of 1000 km.

The in terceptor is �red 65 s after the missile is launc hed, consisten t with the zero-decision-

time case for liquid-prop ellan t ICBM L, as describ ed in the previous section. The 
y out fan

is sho wn ha ving 10-second con tours. Figure 4.9 can b e used to determine graphically the

earliest in tercept that is p ossible b y matc hing target missile time tic ks to in terceptor time

con tours for the desired reac h to the in tercept p oin t, accoun ting for the time dela y from

target missile launc h to in terceptor launc h.

This pro cess can b e demonstrated b y calculating the earliest in tercept p oin t for the set
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Figure 4.9. Engagemen t diagrams for planar engagemen ts, 1000-km stando� distance. T op:

liquid-prop ellan t ICBM mo del L engaged b y the 6.5 km/s in terceptor I-4 �red 65 s after

missile launc h. The ICBMs are launc hed from 1000 km, and the in terceptors are �red from

0 km. A series of p ossible in terceptor tra jectories is sho wn. The tic k marks on the ICBM

tra jectory are at 5-second in terv als. The earliest p ossible in tercept p oin t is encircled. The

curv es sho w the in terceptor p ositions at the times indicated, measured from the time the

in terceptor is �red. The shaded regions along eac h tra jectory corresp ond to \safe" zones

depicted for the North Korean launc hes sho wn in Fig. 4.5 Bottom: solid-prop ellan t ICBM

mo dels S1 and S2 engaged b y the 10-km/s in terceptor I-5 �red 45 s after missile launc h.

of parameters in the �gure. This p oin t is where the time con tour of the in terceptor plus

the �ring dela y time crosses the equiv alen t time tic k on the ICBM tra jectory . In Fig. 4.9

(top), they are roughly equiv alen t 210 s in to the ICBM's p o w ered 
igh t and 145 s after

in terceptor launc h (210 s min us the 65-s �ring dela y). The earliest in tercept p oin t for eac h

ICBM tra jectory is encircled and o ccurs ab out 30 s b efore the prop ellan t of the ICBM's
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second stage w ould b e depleted. According to the �gure, the earliest in tercept w ould b e

at an in terceptor ground range (IGR) of ab out 620 km. The corresp onding target ground

range at in tercept w ould b e ab out 380 km.

If in tercepting the ICBM 30 s b efore burnout is not so on enough to prev en t debris and

w arheads from striking the defended area, the in terceptor m ust b e lo cated closer to the

ICBM launc h p oin t. Graphically , the ICBM launc h p oin t w ould b e mo v ed to the left un til

the equiv alen t time con tours and tic ks corresp ond to the in tercept time required to protect

the defended area. Con v ersely , the in terceptor could b e mo v ed farther a w a y (the ICBM

launc h p oin t slid to the righ t in the �gure) if the in tercept could o ccur later and still drop

the missile debris short of the defended area.

In short, Fig. 4.9 graphically solv es the t w o complex sets of sim ultaneous equations for

the in tercept time for a planar engagemen t. Using this basic approac h, a straigh tforw ard

metho d for determining the e�ect of c hanging the time b et w een target missile launc h and

in terceptor launc h will b e sho wn in Chapter 5. Suc h a c hange could re
ect either an earlier

or later detection of the target missile, or a longer decision time. Moreo v er, b y sliding the

in terceptor 
y out fan to greater or lesser distance, appro ximate in terceptor ground range

required to in tercept this target missile at an earlier or later time can b e determined. Note

that Fig. 4.9 sho ws the ICBM tra jectory to burnout. In most cases, ho w ev er, a missile

w ould ha v e to b e in tercepted b efore burnout to assure that debris from the collision do es

not strik e the United States. With a suitable map or glob e, the coun try and lo cation from

whic h an ICBM is launc hed, the missile's azim uth, and tra jectory pro�le and the area to

b e defended, one can determine when in tercept m ust o ccur to protect a defended area, and

from this one can determine b oth the TGR and the IGR. By examining the tra jectory in

detail, one can also determine what in tercept times should b e a v oided to prev en t a disabled

missile from striking other territory . (These times can b e found graphically from the shaded

zones in Fig. 4.5).

In general, and in terceptor tra jectory will not lie in the same plane as the missile tra-

jectory , so that the co-planar geometry is a sp ecial case. Ho w ev er, from an analysis of

co-planar engagemen ts, it is a straigh tforw ard matter to analyze non-planar engagemen ts.

Kno wing the required ground ranges, w e can use the planar engagemen t sim ulation to

determine what size in terceptor can meet the requiremen t for candidate defense-basing lo-

cations at sea, ashore, or in the air. While in terceptor reac h is t w o-dimensional in range and

altitude, it is con v enien t to use IGR and TGR as k ey engagemen t measures of in terceptor

reac h and threat p osition, as illustrated in Fig. 4.8, b ecause ground range can b e directly

related to basing areas constrained b y actual geograph y in an y scenario. A lo ok at an y

of the in terceptor 
y outs sho ws that at the altitudes where b o ost-phase in tercepts o ccur,

the in terceptor 
y out time con tours c hange v ery little with altitude, making IGR a v alid

measure of reac h.

4.6 Non-plana r Engagements and Intercepto r Basing Areas

Up to this p oin t w e ha v e considered only planar engagemen ts; that is, engagemen ts in whic h

the planes of the target missile and in terceptor tra jectories coincide. In most cases, ho w ev er,

the tra jectories of the target missile and in terceptor will lie in di�eren t planes.

F ortunately , the planar case can b e easily generalized to the non-planar case b ecause

the IGRs are the same, de�ned only b y the c haracteristics of the in terceptor and the time

a v ailable to in tercept the missile and indep enden t of the relationship b et w een the tra jectory

planes of the in terceptor and the target. In other w ords, the in terceptor could b e rotated
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M    target missile launch point
F      interceptor firing point
IP    intercept point
P    ground intercept point
TGR target missile ground range
IGR  interceptor ground range
D    standoff distance

F

IP

P

D

MTGR
IGR

Figure 4.10. Geometry of a non-planar engagemen t. The stando� distance has its maxim um v alue

D

max

when the tra jectories are in the same plane. The circle cen tered on P and passing through F

de�nes the in terceptor basing area.

around the in tercept p oin t and still reac h the missile at the same time, as long as it remains

within the IGR of the ground in tercept p oin t. Figure 4.10 sho ws this basic geometry of suc h

a non-planar engagemen t. This construction sho ws that an in terceptor based an ywhere on

or within the circle cen tered on the ground in tercept p oin t, whose radius is the in terceptor

ground range, can in tercept the missile within the required time. This area is called the

in terceptor basing area. Figure 4.11 sho ws this same geometry pro jected on to Earth. Both

the threat missile TGR and the IGR dep end on the time within whic h the missile m ust b e

in tercepted to prev en t it from striking the United States. This time dep ends on the missile

t yp e and its in tended target. The non-planar mo del dev elop ed here is used extensiv ely in

Chapter 5.

Figures 4.10 and 4.11 illustrate the case for whic h the IGR is greater than the TGR,

since in terceptors are generally faster than ICBMs in early 
igh t. The rev erse could o ccur

if there w ere a signi�can t dela y in the in terceptor launc h or if the in terceptor w ere slo w. In

suc h cases, the missile launc h p oin t w ould lie outside of the in terceptor basing area.

The situation describ ed here is highly idealized. In realit y , uncertain ties in the missile

t yp e and tra jectory , normal v ariations in missile p erformance, the p ossible need to defend

P

M

IGR

TGR

Figure 4.11. Pro jection of the tra jectories of the non-planar engagemen t sho wn in Fig. 4.10 on to

the Earth's surface. The target missile is launc hed from M, TGR is the target missile ground range,

and IGR is the in terceptor ground range. The p ermitted in terceptor basing area for this engagemen t

is the shaded area cen tered on the ground in tercept p oin t P .
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Figure 4.12. Co v erage pro vided b y a single space-based in terceptor. The heigh t of the in tercept is

determined b y the altitude at whic h the in terceptor is based and the distance it can 
y out in the

time that is a v ailable to in tercept the target.

targets on sev eral azim uths from a single in terceptor base, and other factors all serv e to

reduce the area a v ailable for e�ectiv e in terceptor basing. These issues are addressed in

Chapter 5.

4.7 Space-Based Engagement of ICBMs

Space-based hit-to-kill in terceptors share man y of the same tec hnical issues as terrestrial

engagemen ts. Ho w ev er, while the basing of land-, sea-, and air-based in terceptors is de-

termined b y the geograph y near the threat ICBM launc h p oin ts, space-based in terceptors

(SBIs) are free of this constrain t. Instead, space basing is go v erned b y orbital mec hanics

and the mass of the constellation of in terceptors that m ust b e placed in orbit. Space-based

in terceptors are still sub ject to t w o constrain ts that dep end up on the geograph y|the last

time to in tercept a missile b efore it can reac h the United States and the time windo w for a

safe impact of the missile's m unitions with resp ect to other coun tries. The n um b er of SBIs

and the reac h of eac h SBI in the time a v ailable determine the co v erage o v er the latitudes

of in terest. A large n um b er of SBI satellites w ould b e needed to ensure that at least one

satellite w ould alw a ys b e close enough to ev ery p oten tial b o ost-phase ICBM tra jectory to

in tercept ICBMs during the 100 or so seconds a v ailable.

W e approac hed the SBI engagemen t analysis b y creating a \baseline" system that could

in tercept a single, solid-prop ellan t ICBM 5 s b efore burnout with zero decision time. Lik e

terrestrial-based in terceptors, the co v erage of an SBI is determined b y the distance it can


y from the time t

0

when it is �red to the time when it m ust in tercept the target missile.

The c hange in the distance of a space-based in terceptor from the cen ter of Earth during

an engagemen t is generally v ery small compared to the radius of its orbit. In this limit,

the p osition at time t

n

of an SBI �red at an earlier time t

0

is displaced from the p osition

it w ould ha v e o ccupied had it not b een �red b y the distance r


y out

it has 
o wn in the time

in terv al t

n

� t

0

. Consequen tly , the v olume it could co v er at t

n

is appro ximately a sphere

cen tered on the p osition it w ould ha v e o ccupied at t

n

, with its radius equal to r


y out

. This

is illustrated in Fig. 4.12. Assuming that the altitude of the satellite's orbit is h

orbit

and

that the in tercept o ccurs at altitude h

in tercept

, a giv en SBI could in tercept a ro c k et that

rises through this altitude an ywhere within the circular area of radius

a =

q

r

2


y out

� ( h

orbit

� h

in tercept

)

2

(4.1)
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sho wn in Fig. 4.12.

The 
y out distance dep ends on the acceleration pro�le and the terminal v elo cit y of the

in terceptor. Both are imp ortan t for 
y out times in the range 100 s to 150 s, whic h are

t ypical for this application, and b oth are k ey factors in the size of the SBI. In addition, the

in terceptor w ould need to use some of its range in diving do wn from its parking altitude to

the in tercept altitude, and this requiremen t m ust b e considered in co v erage calculations. In

an y case, the range w ould b e measured in h undreds rather than thousands of kilometers,

so a large n um b er of in terceptors w ould b e needed.

F or a giv en p erformance, SBIs can b e smaller than their terrestrial-based relativ es b e-

cause they are already at high altitude and are not sub ject to aero dynamic drag or gra vit y

drop as they 
y out to their targets. The p enalt y for o v ercoming drag and gra vit y has

already b een paid b y the ro c k et that put them in orbit. F urthermore, the ro c k et nozzle on

the in terceptor can b e tuned for a single external pressure (i.e., zero), and no aero dynamic

structure, suc h as a shroud, is needed. On the other hand, a SBI w ould need life-supp ort

(i.e., system supp ort) and station-k eeping systems during its m ultiy ear lifetime on orbit

that terrestrial-based in terceptors do not. These issues are discussed in Chapter6.

Once the in terceptor has b een b o osted to w ard the in tended target missile, the kill v ehicle

requiremen ts are virtually the same for SBIs and terrestrial-based in terceptors, and the same

kill-v ehicle sizing metho dology is used.

4.8 Summa ry

The time at whic h a giv en threat missile m ust b e in tercepted to prev en t it from hitting

the United States can b e found b y calculating ho w its range v aries with in tercept time.

Giv en this in tercept time plus an estimate of the time required to con�rm the missile's

launc h, the remaining time a v ailable for an in tercept can b e determined. The area where

an in terceptor w ould ha v e to b e based to in tercept an ICBM is de�ned b y the in terceptor

ground range, whic h is the distance o v er the ground that an in terceptor can tra v el in the

a v ailable time. The analytical metho ds deriv ed here pro vide the essen tial to ols needed to

analyze engagemen ts in geographic scenarios of in terest, whic h is the sub ject of Chapter 5.

The unique asp ects of space-based engagemen t issues and the metho ds used to examine

them summarized here are discussed in depth in Chapter 6.
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This c hapter analyzes the feasibilit y of prev en ting m unitions launc hed b y attac king missiles

from landing on U.S. territory b y in tercepting the missiles during their b o ost phase using

terrestrial (land-, sea-, or air-based) in terceptors. In accordance with the stated p olicy of

the curren t U.S. administration, w e tak e as our baseline goal the defense of all 50 states.

1

W e also consider the e�ects on in terceptor p erformance and basing requiremen ts if only

the con tiguous 48 states or, alternativ ely , only a few ma jor U.S. cities w ere defended. The

defense of Ha w aii is treated as a sp ecial case. Finally , w e discuss the problem of managing

in tercepts so that m unitions do not fall on p opulated areas short of the target.

W e in v estigate the in terceptor p erformance and basing that w ould b e needed to defend

the United States against ICBMs launc hed from North Korea, Iraq, and Iran. The U.S.

in telligence comm unit y has judged these coun tries to b e of concern and to b e capable of

dev eloping or acquiring ICBMs within the next 10 to 15 y ears (see Chapter 3). These

three coun tries also ha v e dimensions and geographies that illustrate the range of problems

a b o ost-phase defense system migh t ha v e to o v ercome.

T o w ard the end of this c hapter, w e discuss brie
y b o ost-phase defense of the United

States against short- or medium-range ballistic missiles launc hed from ships or other sea-

based platforms p ositioned o� U.S. coasts. It is the judgmen t of the U.S. in telligence

comm unit y that some coun tries of concern are lik ely to dev elop and deplo y suc h systems

b efore 2015 (see Chapter 3). Sp eci�cally , w e examine the b o ost-phase in tercept capabilit y

of the existing Aegis air-defense system in this role.

The follo wing material underlies the discussion in this c hapter: the threat missiles and

the rationales for their c hoice that are describ ed in Chapter 15, the sp eeds and 
y out

prop erties of the in terceptors that are describ ed in Chapter 16, and the times for detecting

a ro c k et launc h and generating a �ring solution that are describ ed in Section 10.1.

Also underlying this discussion is the assumption that if the in terceptor can reac h the

threat missile, it can destro y the missile. The analysis that supp orts this assumption forms

P art B of the Rep ort. Its impact on this c hapter is indirect: giv en the assumed in terceptor


y out pro�le and trac king capabilit y , the mass of the kill v ehicle is established (Chapter 14),

and the kill-v ehicle mass then determines the total mass of the in terceptor. The in terceptor

masses listed in Chapter 16 w ere determined b y this pro cedure. Ho w ev er, in terceptor masses

are not of primary imp ortance in this c hapter, only their 
y out prop erties.

1

\Our missile defense m ust b e designed to protect all 50 states|and our friends and allies and deplo y ed

forces o v erseas|from missile attac ks b y rogue nations, or acciden tal launc hes", G. W. Bush, sp eec h at

the National Press Club, W ashington, D.C., Ma y 23, 2000; see also Presiden t G. W. Bush's sp eec h at the

National Defense Univ ersit y , W ashington, D.C., Ma y 1, 2001.
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T able 5.1. Mo del ICBMs Considered

a

Mo del t

b

(s) V

b o

(km/s) P a yload (kg)

L 240 7.2 2545

S1 170 7.2 918

S2 170 7.2 1040

a

All these mo dels ha v e nominal ranges of 12,000 km. F or

further details, see Chapter 15. W e also discuss, but do not

consider in detail, a liquid-prop ellan t missile with a 300 s

b o ost phase (ICBM L2) and a fast-burn solid-prop ellan t

missile with a 130-second b o ost phase (ICBM S3). The

duration of the b o ost phase is t

b

, and V

b o

is the burnout

v elo cit y

5.1 Key Assumptions fo r the Basing Analysis

This section discusses v arious k ey assumptions whic h are part of the analysis. The e�ect of

relaxing these assumptions is discussed in Section 5.9.

5.1.1 ICBM mo dels, basing, and 
ight

ICBM mo dels Since the three states considered in this study do not curren tly ha v e in-

tercon tinen tal ballistic missiles, our analysis fo cused on the three illustrativ e ICBM mo dels

dev elop ed in Chapter 15: liquid-prop ellan t mo del L, whic h has a total b o ost time of 240 s,

and solid-prop ellan t mo dels S1 and S2, b oth of whic h ha v e total b o ost times of 170 s (see

T able 5.1).

2

All three ha v e nominal non-rotating-Earth maxim um ranges of 12,000 km.

Their di�erences illustrate the di�eren t p erformance c haracteristics that are p ossible ev en

for ICBMs ha ving iden tical maxim um ranges.

W e consider only brie
y liquid-prop ellan t ICBMs with the v ery long burn times (300 s

or more) used in some previous studies. Ob viously an additional 60 s of burn time w ould

allo w a m uc h more optimistic view of b o ost-phase in tercept. W e note, ho w ev er, that all

the ICBMs that ha v e b een dev elop ed during the past three decades, including the �rst

liquid-prop ellan t ICBM dev elop ed b y China more than 30 y ears ago, ha v e had b o ost phases

signi�can tly shorter than 300 s (see Chapter 3). A t the other extreme, w e discuss only

brie
y defense against \fast-burn" solid-prop ellan t ICBMs, suc h as mo del S3, whic h has a

130-second b o ost phase. No terrestrial-based in terceptor ro c k ets could reac h suc h an ICBM,

ev en if it w ere launc hed from a v ery small coun try , whic h w ould allo w closer basing of the

in terceptors to the launc h p oin t.

ICBM launch sites T o reduce the n um b er of cases analyzed, w e fo cus on the launc h sites

in eac h coun try that w ould b e most adv an tageous for an attac k er, but without considering

ease of access or the lo cal top ograph y . W e generally place launc h sites at least 100 km inside

a coun try's b order, to mak e them less vulnerable to preemptiv e attac k. The exception is

North Korea, where w e consider a launc h site closer to its b order with China, b ecause of

2

The reasons for our fo cus on these three mo dels are explained in more detail in Chs. 2 and 15.
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China's historical supp ort of North Korea's missile program and the adv an tage suc h a site

w ould ha v e for ev ading in tercept b y a b o ost-phase defense system.

Lo cation of intercepto r bases W e assume that in terceptor bases and aircraft m ust b e at

least 100 km from the b orders of p oten tially hostile coun tries, or, in the case of sea-based

in terceptors, at least 100 km from the coasts of p oten tially hostile coun tries, so that ships

are b ey ond the horizons of land-based radars and ha v e adequate ro om for maneuv ering.

Basing in terceptor batteries at a single site or at m ultiple sites are b oth considered.

ICBM trajecto ries ICBMs launc hed from a giv en site in North Korea or the Middle East

could attac k a v ariet y of targets in the United States. Missiles 
ying to di�eren t targets

w ould 
y out w ard from their launc h site along di�eren t azim uths, as illustrated b y Figure 5.1

for missiles launc hed from North Korea and Iraq or Iran. The ground trac ks sho wn are great

circles from the launc h sites to the targets and neglect the e�ect of the Earth's rotation

on the missile's 
igh t path.

3

T able 5.2 lists the great-circle distances from launc h sites in

North Korea, Iraq, and Iran to v arious cities in the United States and the azim uths of these

great circles at the launc h sites. The spread of p ossible initial azim uths is ab out 40 degrees

for ICBMs 
ying from an y of these coun tries to targets in the 48 con tiguous states.

It is imp ortan t to recall that all of these ICBMs can easily c hange their azim uths during

late b o ost (after in terceptor b o oster burn-out) b y 10 degrees with little degradation in

range. Th us, a North Korean missile initially on an azim uth to Los Angeles could easily

div ert to Seattle, or from Dallas to Seattle.

The tra jectory

4

that an ICBM w ould follo w from a giv en launc h site to a sp eci�c tar-

get dep ends on the missile's t yp e and p erformance c haracteristics. In particular, solid-

prop ellan t ICBMs t ypically accelerate m uc h faster and burn out m uc h so oner than liquid-

prop ellan t ICBMs, ev en if their maxim um ranges are the same (see Chapter 15). F or

example, the b o ost phase of the solid-prop ellan t ICBM mo del S2 is 70 s shorter than the

b o ost phase of the liquid-prop ellan t ICBM mo del L. Moreo v er, when b oth are 
ying their

maxim um-range tra jectories, ICBM S2 burns out 100 km closer to the launc h site but 50 km

higher than ICBM L. Their tra jectories are so di�eren t that a b o ost-phase defense migh t

ha v e to �re t w o or more in terceptors at eac h p oten tially threatening ro c k et, unless the de-

fense kno ws in adv ance or can determine within a few seconds after the ro c k et has b een

detected whether it is p o w ered b y a liquid- or a solid-prop ellan t motor. Ev en t w o ICBMs

with the same t yp e of propulsion and the same maxim um range can ha v e signi�can tly di�er-

en t 
igh t pro�les. As an example, solid-prop ellan t ICBM mo del S1 burns out 50 km further

do wnrange than mo del S2, when b oth are 
ying their maxim um-range tra jectories. Conse-

quen tly , in analyzing in terceptor basing areas, launc h engagemen t areas, and the feasibilit y

3

The most imp ortan t e�ects of the Earth's rotation on a missile's 
igh t are the east w ard v elo cit y at launc h

con tributed b y the motion of the launc h site and the motion of the target relativ e to the p oin t from whic h

the missile w as launc hed during the missile's 
igh t. W e ha v e included the Earth's rotation when computing

the initial azim uths of tra jectories from North Korea to targets in North America and from Iraq and Iran

to Ha w aii, b ecause Earth's rotation has a signi�can t impact on the feasibilit y of b o ost-phase in tercept of

ICBMs 
ying these tra jectories. W e ha v e neglected Earth's rotation when computing other tra jectories,

b ecause the rotation do es not ha v e a signi�can t impact on the feasibilit y of b o ost-phase in tercept in those

cases.

4

The term \tra jectory" is sometimes used to denote the path follo w ed b y a missile. Here w e use it to

denote the path of the missile as a function of time. Time is imp ortan t, b ecause missiles ma y follo w similar

paths but arriv e at the same p osition at di�eren t times after they ha v e b een launc hed. The time dimension

is critical for in tercepting them.
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Figure 5.1. Great circles from North Korea (top) and Iraq or Iran (b ottom) to Boston,

W ashington, D.C. , Dallas, San F rancisco, F airbanks, and Honolulu.
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T able 5.2. Great-Circle Ranges and Azim uths to V arious U.S. Cities

a

F rom North Korea F rom Iraq F rom Iran

Range Azim uth Range Azim uth Range Azim uth

Cit y (km) (deg) (km) (deg) (km) (deg)

P ortland, Maine 10,500 11 9,000 319 10,000 324

Boston 10,700 13 9,400 319 10,200 324

W ashington, D.C. 10,900 18 10,300 319 10,800 325

Dallas 10,800 36 12,000 328 12,300 336

F airbanks, Alask a 5,900 32 9,300 6 9,000 10

Seattle 8,000 42 11,000 345 11,300 360

San F rancisco 8,900 49 12,100 351 12,300 360

Los Angeles 9,400 51 12,400 340 12,900 355

Honolulu 7,300 82 13,700 27 13,050 36

Spread of azim uths

b

� 40 � 40 � 40

a

Ranges are appro ximate great-circle distances from the coun try listed to the U.S. cit y . Azim uths

are relativ e to lo cal north at the launc h site. The precise distances and azim uths w ould dep end on

the assumed lo cation of the launc h site.

b

Not including Alask a or Ha w aii.

of in tercept, w e consider b oth ICBM mo dels S1 and S2, as w ell as mo del L.

Threat missile range control W e assume for this part of the analysis that all ICBM

mo dels w ould attac k targets closer than their maxim um range b y one or a com bination of

three alternativ es: (A) b y sh utting do wn the �nal stage early; (B) b y tra jectory-shaping,

suc h as dog legs or lofting; and (C) b y ejecting the pa yload on the 
y during b o ost. In

later c hapters where the kill-v ehicle requiremen ts are discussed, w e also consider that solid-

prop ellan t missiles could also reduce range b y executing energy-managemen t maneuv ers. In

the latter case, the �nal stage w ould con tin ue burning un til burnout (i.e., for 170 s).

5.1.2 Intercepto r mo dels, �ring, and 
ight

Intercepto r mo dels F or this analysis w e emplo y ed the mo del in terceptors constructed in

Chapter 16, fo cusing on the three in terceptors listed in T able 5.3. In terceptor I-2 is small

enough to b e �red either from the existing V ertical Launc h System of Aegis-class ships or

from a large aircraft, but it has a relativ ely lo w burnout v elo cit y . In terceptor I-4 has a

higher burnout v elo cit y , but it is also m uc h larger and hea vier. Comparable in size to the

Spartan in terceptor deplo y ed in North Dak ota in the early- to mid-1970s, it is to o large to b e

�red from an aircraft but could b e �red from a ship. In terceptor I-5 has a high acceleration

and a v ery high burnout v elo cit y , but it is larger and hea vier than most ICBMs (its launc h

w eigh t is more than t wice that of the U.S. Min uteman I I I, and it is 25 p ercen t longer). It is

to o large to b e launc hed from an aircraft or existing ships. W e did not analyze the basing

options for an 8-km/s in terceptor. Suc h an in terceptor w ould b e more manageable than

the 10-km/s in terceptor, though still massiv e. In situations where the 10-km/s in terceptor
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T able 5.3. In terceptors Considered

a

V

bo

Burn time Mass

(km/s) (seconds) (kg)

I-2 5 47 2,300

I-4 6.5 40 16,900

I-5 10 45 65,600

a

F or further details, see Chapter 16.

w ould pro vide more than adequate battlespace,

5

using a smaller in terceptor could naturally

b e considered.

F or simplicit y , w e analyze one-on-one engagemen ts: a single p oten tially threatening

ro c k et b y a single in terceptor.

In this c hapter w e assume that if an in terceptor is able to reac h the target missile, its

kill v ehicle will home on and disable or destro y the missile. The kill-v ehicle p erformance

that w ould b e needed is considered in Chapters 11 to 14.

In analyzing the e�ectiv e range of an in terceptor when �red against a sp eci�c ICBM, w e

assume the defense has kno wledge of the tra jectory that will b e 
o wn b y the ICBM. This

sidesteps the problems in v olv ed in trac king, homing on, and hitting the target b o oster.

The sensor and kill-v ehicle p erformance needed to carry out these tasks is analyzed in

Chapters 10 and 12 and in App endix C. This assumption is v alid as long as su�cien tly

frequen t and precise data on the p osition of the target are a v ailable to the in terceptor during

its 
y out and as long as the kill v ehicle is sized to handle the large uncertain t y remaining

after in terceptor b o ost.

5.1.3 Ma rgins fo r uncertainties

In realit y , the United States cannot kno w in adv ance the in tended target of eac h missile or

the precise tra jectory eac h has b een programmed to 
y . It also ma y not kno w the precise

launc her lo cations.

These uncertain ties, together with trac king uncertain ties, the v ariabilit y of b o ost tra-

jectories, and maneuv ers during 
igh t mak e it more di�cult for the defense to predict the

in tercept p oin t for a particular missile. Therefore, when estimating the basing requiremen t,

the defense m ust include a margin of safet y large enough to ensure that its in terceptors can

get to the attac king missile at the desired time, despite these uncertain ties. The uncertain-

ties also mak e it more di�cult for in terceptors to home on and hit attac king missiles; this

problem is analyzed in Chapter 12 and App endix C.

Firing solution The defense is able to predict only roughly where and when in tercept migh t

b e ac hiev ed at the time it m ust launc h an in terceptor. Therefore, the in terceptor m ust b e

capable of receiving con tin ued trac king data while it is in its o wn b o ost phase. It m ust

also b e capable of altering its tra jectory during 
y out as additional information ab out the

b eha vior of the target b ecomes a v ailable. The b o ost burn time for our candidate in terceptors

5

As used here, battlespace is the v olume in space and time within whic h a defense system can engage the

target successfully .
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is optimized at 40 to 45 s after the in terceptor is committed. After in terceptor b o oster burn

out, the kill v ehicle m ust b e capable of o v ercoming the remaining uncertain ties.

Decision time W e refer to the time in terv al b et w een the momen t an acceptable �ring

solution is �rst obtained and the momen t an in terceptor is �red as the de cision time . A t

b est, the decision time could b e essen tially zero, with the system �ring an in terceptor the

momen t a �ring solution is a v ailable. Ho w ev er, more time is lik ely to b e required, giv en the

complexit y of a b o ost-phase in tercept system and the consequences of �ring an in terceptor.

If the decision time is increased, the 
y out time a v ailable for the in terceptor is decreased,

with a corresp onding decrease in the reac h of a giv en in terceptor and the size of the area

where in terceptors could b e based. On the other hand, w aiting another 30 s, for example,

b efore committing the in terceptor w ould allo w observing a staging ev en t from most solid-

prop ellan t ICBMs. This dela y in turn could help in t yping the missile and p oten tially

a v oiding ha ving to �re t w o in terceptors to brac k et the large di�erences b et w een liquid- and

solid-prop ellan t threats. Therefore, in our geographic analysis, w e presen t t w o cases|a

decision time of zero and a decision time of 30 s|to sho w the sensitivit y of the engagemen t

to this parameter.

Available decision time An y robust defense system seeks to ha v e su�cien t time margin or

battlespace to p ermit replacemen t in case of an in terceptor launc h failure, pro vide additional

decision time, or ev en a second-shot opp ortunit y . W e refer to the time in terv al b et w een

the momen t an acceptable �ring solution has �rst b een obtained and the last momen t an

in terceptor can b e �red and still ac hiev e in tercept so on enough to protect the defended area

as the available de cision time . W e use the a v ailable decision time as a �gure of merit for

b o ost-phase in tercept systems in tended to defend against ICBMs launc hed from the three

coun tries of concern, estimating it for the liquid- and solid-prop ellan t ICBM mo dels and

the three in terceptor mo dels w e consider.

5.2 Analysis of Options fo r Basing Intercepto rs

As noted earlier, the missile m ust b e in tercepted b efore it has ac hiev ed the v elo cit y needed

to carry its m unitions to the defended area. Here w e sho w ho w to apply the metho dology

dev elop ed in Chapter 4 to actual geographic situations. W e �rst sho w ho w to determine the

last safe in tercept time for a giv en ICBM tra jectory and then use this time to determine

the in terceptor ground range|the maxim um distance an in terceptor can tra v el to reac h

the missile in time for a successful engagemen t. W e then sho w ho w the results for a single

tra jectory can b e com bined to determine the basing area to co v er a range of launc h sites,

targets, and tra jectories.

5.2.1 Determining the latest time to intercept safely

The acceleration of an ICBM's �nal stage increases as it approac hes burnout, causing the

pa yload impact range to lengthen rapidly but idiosyncratically for the di�eren t mo dels of

ICBM. This phenomenon is illustrated b y Figure 5.2, whic h sho ws the pa yload impact range

for the three mo del ICBMs as a function of the time b efore burnout at whic h the thrust is

terminated. In this plot, the liquid-prop ellan t ICBM mo del L is on the b o ost segmen t of its

maxim um-range tra jectory , while the solid-prop ellan t ICBM mo dels S1 and S2 are either

on the b o ost segmen ts of their maxim um-range tra jectories or on lofted tra jectories ha ving
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Figure 5.2. P a yload range of the missiles mo deled in this study as a function of the n um b er of

seconds b efore burnout that their thrust is terminated. The full burn range is 12,000 km. The full

burn range for lofted tra jectories is 11,000 km (sho wn for the solid-prop ellan t missiles). F ull burn

for ICBM L is 240 s; full burn for ICBMs S1 and S2 is 170 s.

T able 5.4. Range and V elo cit y for Early Thrust T ermination

a

ICBM S1, Solid ICBM S2, Solid ICBM L, Liquid

� t Range V

f

V

d

Range V

f

V

d

Range V

f

V

d

(s) (km) (km/s) (km/s) (km) (km/s) (km/s) (km) (km/s) (km/s)

0 12,000 7.20 0 12,000 7.20 0 12,000 7.25 0

5 9,980 6.98 0.22 8,780 6.72 0.48 7,740 6.71 0.54

10 8,450 6.73 0.47 6,800 6.31 0.89 6,982 6.26 0.99

15 7,310 6.51 0.59 5,400 5.94 1.26 4,500 5.87 1.38

20 6,430 6.30 0.90 4,580 5.62 1.58 3,730 5.53 1.72

25 5,730 6.12 1.08 3,900 5.32 1.88

30 5,160 5.94 1.26

40 4,290 5.63 1.67

a

� t is the time b efore normal burnout, when the thrust of the �nal stage is terminated b y

sh utting do wn its ro c k et motor (ICBM L), blo wing thrust-termination p orts (ICBMs S1 and S2),

or collision with a kill v ehicle. The ICBMs are assumed to b e 
ying their maxim um-range

tra jectories. ICBMs S1 and S2 w ould normally burn out after 170 s, whereas ICBM L w ould

normally burn out after 240 s. V

f

is the v elo cit y of the �nal stage at thrust termination; V

d

�

V

bo

� V

f

is the v elo cit y decremen t relativ e to the normal burnout v elo cit y V

bo

caused b y early

thrust termination.
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a normal impact range of 11,000 km. T able 5.4 lists the pa yload ranges for the ICBMs as

a function of the time b efore burnout � t , at whic h the thrust is terminated. Also listed

are the v elo cit y V

f

when the thrust is terminated and the v elo cit y decremen t V

d

relativ e to

the normal burnout v elo cit y V

bo

of the �nal stage. This v elo cit y decremen t is p oten tially

a v ailable for executing a dog-leg or other maneuv er, as describ ed in Section 9.1.4. Note that

the last 10 s of �nal-stage burn increase the impact range of the pa yloads of ICBMs L, S1,

and S2 b y 6,000 km, 3,500 km and 5,000 km, resp ectiv ely .

Using results presen ted in Figure 5.2 and T able 5.4, w e computed the impact range

con tours corresp onding to in tercepts at 5-second in terv als for eac h mo del ICBM. These

con tours are sho wn for ICBMs �red from North Korea to w ard the United States in Figure 5.3

and later in the c hapter for missiles launc hed from Iran and Iraq.

5.2.2 Determining required intercepto r p erfo rmance

Figure 5.4 sho ws that the maxim um feasible stando� distance D b et w een the in terceptor

base and the missile launc h site is greatest for the planar case. The feasible in terceptor

basing area for a particular target missile, target-missile tra jectory , and in terceptor under

consideration is the shaded circular area cen tered on the ground pro jection P of the in tercept

p oin t IP; its radius is equal to the in terceptor ground range for the engagemen t.

It is helpful to plot in terceptor ground range (IGR) and threat or target ground range

(TGR) vs. time after target launc h as sho wn in Figure 5.5. The 1000-km stando� range

used in this example is a nominal v alue that happ ens to b e ab out the righ t v alue to get

the desired IGR for solid-prop ellan t missile launc hes from North Korea to the U.S. East

Coast, where a minim um IGR of ab out 550 km is needed. The plot can b e adjusted for an y

scenario or candidate in terceptor-threat com bination to get the IGR desired for the selected

in tercept time along the threat tra jectory . In this displa y , it is easier to see the consequences

of c hanging the decision time or in terceptor 
y out c haracteristics. By shifting the threat

curv e to the left, the maxim um p ossible in terceptor ground range can b e estimated if the

in tercept is constrained to o ccur at an y earlier time.

These plots can b e used to determine whic h in terceptor can b e used in v arious situations.

F or example, consider the engagemen t of the liquid-prop ellan t ICBM mo del L b y the 10-

km/s in terceptor sho wn in the top panel of Figure 5.5. The dark solid con tin uous curv e

rising from the righ t at a ground range of 1,000 km is the ICBM time history , (1,000 km-

TGR). The ligh t dotted curv e rising from the left is the IGR time history of the 10-km/s

in terceptor when �red with zero decision time. It in tersects the ICBM tra jectory at 171 s,

when the in terceptor's ground range is 775 km. F or this engagemen t, the target missile's

ground range at the in tercept p oin t is (1 ; 000 � 775) km, or 225 km.

No w supp ose the defense requires 30 s after a �ring solution is �rst obtained to decide

to �re at the missile. W e can mak e a go o d estimate of the in tercept p oin t for a 30-second

decision time b y shifting the in terceptor curv es for zero decision time (the ligh t dotted curv e

in the top panel of Fig. 5.5) up w ard b y 30 s. The result for the 10-km/sec in terceptor is

the dark dotted curv e rising from the left, whic h b egins at 95 s and in tersects the ICBM

tra jectory at 196 s, when the in terceptor's ground range is 690 km. The target missile's

ground range at the in tercept p oin t is 310 km.

In tercept times and in terceptor and target missile ground ranges can b e estimated for

other �ring times in the same w a y . As another example, note that the 6.5-km/s in terceptor

w ould in tercept the liquid-prop ellan t ICBM mo del at a ground range of ab out 550 km, at

225 s, or 130 s [(225 � 30) s decision time � 65 s �ring-solution time] after the in terceptor w as
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Figure 5.3. Ground trac ks of illustrativ e tra jectories of the liquid-prop ellan t ICBM mo del L (top)

and the solid-prop ellan t ICBM mo dels S1 (middle) and S2 (b ottom) from North Korea to four cities

in North America. These tra jectories w ere computed neglecting Earth's rotation, the mid-section of

the actual tra jectories w ould b e shifted somewhat farther north. The con tours that cross the ground

trac ks sho w where the m unitions of the missiles w ould fall if their �nal stages burned normally un til

the time in seconds after launc h that their thrust w as terminated, as indicated b y the n um b ers. F or

comparison, the full burn times of the liquid- and solid-prop ellan t ICBMs w ould b e 240 and 170 s,

resp ectiv ely .
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M    target missile launch point
F      interceptor firing point
IP    intercept point
P    ground intercept point
TGR target missile ground range
IGR  interceptor ground range
D    standoff distance

F

IP

P

D

MTGR
IGR

Figure 5.4. Planar missile and in terceptor tra jectories and the feasible in terceptor basing area for

an idealized b o ost-phase engagemen t.

�red. This in tercept w ould o ccur 15 s b efore the missile's �nal stage burnout. Ho w ev er,

with this decision time, the 6.5-km/s in terceptor w ould b e unable to reac h either of the

solid-prop ellan t ICBM mo dels b efore their �nal stages burned out (see the b ottom panel

of Fig. 5.5), making it unable to defend the United States. If �red with zero decision time,

the 6.5-km/s in terceptor could in tercept ICBM S1 at a ground range of ab out 550 km a few

seconds b efore burnout but w ould b e unable to reac h ICBM S2 b efore burnout and could

not reac h ICBM S1 if it w ere on a sligh tly lofted tra jectory .

T o in tercept a solid-prop ellan t ICBM and allo w 30 s of decision time, the 6.5-km/s

in terceptor w ould ha v e to b e based closer to the threat tra jectory plane and �red on a

di�eren t tra jectory .

5.2.3 Determining intercepto r basing a reas

F or eac h geographical situation considered in this c hapter, w e determined the last safe

in tercept time for a giv en ICBM, tra jectory , and defended area. W e then computed the

corresp onding IGR and TGR for an in tercept at that time with an algorithm equiv alen t to

the graphical metho d describ ed ab o v e. These results w ere then used to determine feasible

basing areas b y the metho d w e no w describ e.

The in terceptor basing area is the area within whic h in terceptors of a particular t yp e can

b e launc hed to in tercept in the required time an ICBM 
ying out on a sp eci�c tra jectory .

This circular area has a radius equal to the in terceptor's ground range at the in tercept p oin t

and cen tered on the p oin t on the ground directly b eneath the in tercept p oin t, sho wn as the

circular shaded area in Figures 5.4 and 5.6-a.

Defending against missiles launched on di�erent azimuths Defending against missiles on

either of t w o azim uths b y in terceptors at a single lo cation results in the almond-shap ed area

sho wn in Figure 5.6-b.

6

If lo cating in terceptors within that area is precluded b y geographic

or op erational considerations, that range of azim uths can b e co v ered only b y in terceptors

lo cated in t w o di�eren t places, one an ywhere in the left-hand circle in Figure 5.6-b, and the

other an ywhere in the righ t-hand circle. Suc h p ositioning is p ossible in some geographic

lo cations, but not others.

6

The shaded area is symmetric in the �gure b ecause the IGRs for tra jectories on the t w o azim uths are

assumed to b e iden tical. Ho w ev er, this w ould not generally b e the case. If additional azim uths b et w een the

t w o extremes are to b e defended, the b ottom of the almond w ould b e rounded o� or p ossibly inden ted.
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Figure 5.5. Plots of ground range vs. time for the liquid-prop ellan t ICBM mo del with candidate
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dark curv es: 30-second decision time. The results can b e generalized to other stando� distances and

in tercept times.
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Figure 5.6. a) Ideal in terceptor basing geometry; b) area for defending against missiles launc hed on

t w o azim uths with a single in terceptor base; c) reduction in area due to uncertain t y r in lo cation of

missile base; d) reduction in area due to normal uncertain ties in missile 
y outs and p ossible trac king

uncertain t y .

Reductions to intercepto r basing a reas The actual in terceptor basing areas w ould b e

smaller than those w e sho w in this c hapter for zero decision time, whic h assume kno wledge

of the ICBM tra jectories. As noted earlier, the defense ma y not kno w the lo cations of all

ICBM launc h sites or the p erformance c haracteristics of the ICBMs that could b e launc hed

from eac h site, and almost certainly w ould not kno w the in tended target of eac h missile or

the exact tra jectory it had b een programmed to 
y . T o ensure that its b o ost-phase defense

system w ould b e e�ectiv e, the defender w ould ha v e to comp ensate for lac k of kno wledge

and uncertain t y b y placing the system's in terceptors close enough to all p ossible in tercept

p oin ts to b e certain that the system could in tercept ICBMs of an y plausible t yp e launc hed

from an y p ossible launc h site 
ying out on an y p ossible threatening tra jectory b efore their

m unitions could reac h the United States. Figure 5.6-c and -d illustrate ho w the defense

w ould b e a�ected b y those uncertain ties. If the launc h p oin t is uncertain b y distance r ,

the radius of the in terceptor basing area is also reduced b y r (Fig. 5.6-c). In addition to

target launc her lo cation, uncertain ties in the in tercept p oin t caused b y normal v ariations

in missile 
y outs and p ossible trac king uncertain t y result in a total uncertain t y of R . Th us

the radius of the in terceptor basing area m ust b e reduced b y R (Fig. 5.6-d).

5.2.4 Determining the available decision time

F or eac h geographic scenario w e considered, w e �rst determined the b oundaries of the

feasible in terceptor basing area for zero decision time and for a 30-s decision time. In general,

the p ossible lo cations for in terceptor bases do not lie on either of these b oundaries. If a

lo cation la y b et w een the b oundaries, then the a v ailable decision time w ould b e somewhere

b et w een zero and 30 s. If the lo cation la y inside the 30-s b oundary , the a v ailable decision

time w ould b e greater than 30 s. Using the basing area map for the geographic scenario

of in terest, the a v ailable decision time for eac h in terceptor basing lo cation of in terest w as

estimated from its p osition with resp ect to the zero and 30-s decision-time b oundaries, using

linear in terp olation. In doing this, w e rounded the a v ailable decision time to the nearest

5 s.
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5.3 Basing Analysis Conclusions

Defending the entire United States W e �nd in Sections 5.4, 5.5, and 5.6 follo wing this

summary that defending the United States against liquid-prop ellan t ICBMs launc hed from

coun tries suc h as North Korea, Iraq, and Iran to b e tec hnically feasible. Defending against

the liquid-prop ellan t missiles with more than 30 s of decision time app ears practical against

launc hes from North Korea and Iraq although not from Iran. F urthermore, defending the

United States against solid-prop ellan t ICBMs launc hed from Iran is unlik ely to b e practical,

when all factors are considered. Ev en defense against solid-prop ellan t ICBMs launc hed from

North Korea w ould require in terceptors ha ving 
y-out v elo cit y in excess of 8 km/s. T o

ac hiev e a decision time of 30 s w ould require using 10-km/s in terceptors, whic h w e judge to

b e a limiting and p erhaps impractical case in ac hiev able sp eed and acceleration. All things

considered, w e conclude that defending against t ypical solid-prop ellan t ICBMs with burn

times of 170{180 s is unlik ely to b e practical.

The analysis of b o ost-phase engagemen t fundamen tals in Chapter 4 sho ws that the

short duration of ICBM b o ost phases limits the maxim um in terceptor stando� distance

(the distance from the ICBM launc h site to the in terceptor base) to less than appro xi-

mately 1,000 km, for t ypical ICBMs and in terceptor sp eeds. Consequen tly , a b o ost-phase

in tercept defense system that emplo ys terrestrial-based in terceptors generally w ould not b e

e�ectiv e against ICBMs launc hed from the in teriors of coun tries ha ving dimensions greater

than 1,000 km. Unless violation of the adv ersary's so v ereign airspace b y airplanes carry-

ing in terceptors w ere to b e con templated, airb orne in terceptors also w ould not b e e�ectiv e

against missiles launc hed from suc h coun tries, whic h include Russia and China.

7

A system

using terrestrial-based in terceptor ro c k ets w ould b e most e�ectiv e against missiles launc hed

from small coun tries that b order in ternational w aters or that ha v e neigh b ors willing to host

in terceptors.

The a v ailable decision times for in tercepting missiles from North Korea, Iraq, and Iran to

defend all 50 states are summarized in T able 5.5, based on the results of analyses presen ted

in Sections 5.4, 5.5 and 5.6. Whether an in tercept is feasible requires making a judgmen t

as to whether the decision time is adequate.

Defending only the 48 contiguous states Defense of only the 48 con tiguous states, or of

only the ma jor cities, is not signi�can tly easier than defending the en tire United States.

Sho rtfall Unless the w arhead can b e con�den tly destro y ed in a b o ost phase in tercept,

whic h seems improbable, w e kno w of no w a y to adequately con trol where the w arheads or

m unitions of an in tercepted threat missile w ould land, other than short of the defended

area.

W a rhead kill The abilit y to destro y the w arhead or m unitions w ould not extend the time

in whic h the defense m ust ac hiev e an in tercept, though it w ould eliminate concerns ab out

liv e m unitions falling to Earth.

Defense against sea-launched medium-range ballistic missiles Theater ballistic missiles

�red from ships at sea presen t a p oten tial threat to the United States. A b o ost-phase

7

In con trast to terrestrial-based in terceptors, space-based in terceptors could, in principle, pro vide global

co v erage. The adv an tages and disadv an tages of space-based in terceptors are analyzed in Chapter 6.
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T able 5.5. Av ailable Decision Times for Defending All 50 States

a

ICBM

b

In terceptor Time (s)

c

Commen ts

N. Korea

d

Liquid I-2 (5-km/s) 0 F or in terceptors in the Sea of Japan

" I-4 (6.5-km/s) 40 "

" " 50 F or in terceptors near Vladiv ostok

" I-5 (10-km/s) > 100 In terceptors this fast are not required

Solid I-2 (5-km/s) | In tercept not p ossible

" I-4 (6.5-km/s) � 0 F or in terceptors in the Sea of Japan

" I-5 (10-km/s) 30 F or thrust termination or w arhead deplo ymen t at 137 s

e

Iraq

f

Liquid I-2 (5-km/s) | In tercept not p ossible

" I-4 (6.5-km/s) 40 Pro vides some 
exibilit y in basing

" I-5 (10-km/s) 100 In terceptors this fast are not required

Solid I-2 (5-km/s) | In tercept not p ossible

" I-4 (6.5-km/s) | In tercept not p ossible

" I-5 (10-km/s) 30 F or in terceptors in extreme southeastern T urk ey

" " 10 F or in terceptors in the P ersian Gulf

Iran

g

Liquid I-2 (5-km/s) | In tercept not p ossible

I-4 (6.5-km/s) | P ossible only from uncon v en tional bases

I-5 (10-km/s) 15 F or in terceptors in the P ersian Gulf

Solid I-2 (5-km/s) | In tercept not p ossible

I-4 (6.5-km/s) | In tercept not p ossible

I-5 (10-km/s) | In tercept not p ossible

a

Assumes that missiles are launc hed from the lo cation that w ould b e most c hallenging for the

defense and that in terceptors are stationed in or o v er accessible in ternational w aters or the territory

of traditional allies and at least 100 km from the b orders of p oten tially hostile coun tries. Defense of

the United States b y systems with in terceptors based in other, uncon v en tional lo cations and options

for partial defense of the United States are discussed in Sections 5.4, 5.5, and 5.6.

b

The liquid-prop ellan t ICBM is mo del L; the solid-prop ellan t ICBM is mo del S1.

c

This is the time in terv al b et w een the momen t a �ring solution has �rst b een obtained and the

last momen t an in terceptor can b e �red and still in tercept the ICBM early enough to defend all 50

states. Uncertain ties in ICBM launc h times, p erformance c haracteristics, and tra jectories ha v e b een

ignored; they w ould reduce the a v ailable decision time.

d

F or details, see Section 5.4.

e

Based on impact on F airbanks, Alask a.

f

F or details see Section 5.5. P oten tial basing sites considered here are in T urk ey and the P ersian

Gulf.

g

F or details, see Section 5.6. P oten tial basing sites considered here are in T urk ey and the P ersian

Gulf. F or a discussion of b o ost-phase defense options using in terceptors stationed in uncon v en tional

lo cations, suc h as in or o v er the Caspian Sea, T urkmenistan, and other coun tries to the east and

north of Iran, see Section 5.6.
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Figure 5.7. (left) North Korea and adjacen t coun tries. (righ t) Azim uths for missiles launc hed from

North Korea to targets in the United States. These di�er from great circle azim uths b ecause of the

e�ect of the Earth's rotation. The great circle azim uth for Boston is sho wn dashed to illustrate the

magnitude of this e�ect.

defense app ears readily ac hiev able b y an in terceptor similar to a Standard Missile 2, �red

from a ship within a distance of ab out 40 km of the threat launc h platform.

In the follo wing three sections, w e estimate the decision time a v ailable to b o ost-phase

defense systems that use the three mo del in terceptors w e consider to in tercept ICBMs

launc hed b y the three coun tries of concern.

5.4 Defending Against ICBMs Launched from No rth Ko rea

Defending against ICBMs launc hed from North Korea w ould b e easier than defending

against ICBMs launc hed from other coun tries of curren t concern, b ecause North Korea

is relativ ely small and b orders seas that could b e accessible to ship-based in terceptors.

Figure 5.7 illustrates the Korean p eninsula and its immediate surroundings and also the

azim uths of ICBM tra jectories to targets spanning the United States. Figure 5.3 sho ws the

ground trac ks (the pro jection on the ground v ertically b elo w the p osition of the missile)

of tra jectories of liquid-prop ellan t ICBM mo del L and solid-prop ellan t ICBM mo dels S1

and S2 from North Korea to Boston, W ashington, D.C., Dallas, and San F rancisco.

8

The

defense of Ha w aii is a sp ecial case that will b e examined separately in Section 5.4.1.

The U.S. cit y closest to North Korea is F airbanks, Alask a (T able 5.2). In general,

the closer the target the more di�cult the in tercept, a close target p ermits a relativ ely

8

These maps, and the similar maps b elo w that sho w the ground trac ks of ICBM tra jectories from Iraq

to North America, are in the orthophanic or Robinson pro jection. The scale is uniform with longitude

but v aries with latitude; it is true along the 38

�

parallels. This pro jection is not equal-area, conformal, or

equidistan t, but is considered to \lo ok righ t" for w orld maps and is used b y Rand McNally , the National

Geographic So ciet y , and others. The tra jectories are great circles; taking Earth's rotation in to accoun t w ould

shift the cen tral regions of the trac ks sligh tly to the North.
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Timelines for intercepting ICBMs launched from North Korea to Alaska

rocket
launch

detect
rocket

fire interceptor immediately
after obtaining firing solution

fire interceptor
30 s later

fire immediately

fire after 30 s

fire immediately

fire after 30 s

last chance
to intercept (burnout)

0 45 65 95 227 240

162 s
132 s

92 s
62 s

0 30 45 75 137 170

Figure 5.8. Timelines for engaging liquid-prop ellan t ICBM mo del L and solid-prop ellan t ICBM

mo del S1 when launc hed from North Korea to w ard the middle of the United States on a tra jectory

o v er Alask a.

short burn time, th us limiting the 
y out distance of the in terceptor. Ho w ev er, the ease

or di�cult y of an y particular in tercept also dep ends on lo cal geograph y . In the case of

missiles launc hed from North Korea, it will b e sho wn that missiles to the East Coast of

the United States, whic h require almost the maxim um burn time, can b e more di�cult to

defend than the Alask a tra jectory , b ecause their b o ost-phase tra jectories lie far to the w est

of the Sea of Japan and require relativ ely long IGRs. F or the same reason, the north w est of

the United States is relativ ely easy to defend, in spite of the relativ ely short range, b ecause

the b o ost-phase tra jectories of these missiles lie close to the Sea of Japan. Consequen tly ,

w e shall consider t w o baseline cases: defense against missiles headed to w ard F airbanks (or

the cen ter of the United States) on a tra jectory to w ard Alask a, and missiles headed to the

East Coast, on a tra jectory to w ard Boston.

F rom Figure 5.3, w e tak e the latest time to safely in tercept a missile on the Alask a

tra jectory to b e 227 s for the liquid-prop ellan t missile ICBM L, and 137 s for the solid-

prop ellan t ICBM S1. (Requiremen ts for defense against ICBM mo del S2 are less stringen t

than S1 and will not b e analyzed separately .) The timelines for the Alask a tra jectory are

illustrated in Figure 5.8. The timelines for the Boston tra jectory with zero and 30-second

dela ys are illustrated in Figure 5.3|239 s for the liquid-prop ellan t ICBMs and 167 s for the

solid-prop ellan t ICBMs.

The in tercept times and the corresp onding TGRs are sho wn in T able 5.6. The TGRs

w ere obtained from the tra jectory calculations for the missiles (App endix B). F or eac h of

the in tercept times determined ab o v e, w e calculated in terceptor ground ranges (IGRs) for

in terceptors I-2, I-4, and I-5 for zero decision time and 30-second decision time, using the

metho ds describ ed in Section 5.2. These IGRs are listed in T able 5.7.

Using the v alues of target missile and in terceptor ground ranges from T ables 5.6 and 5.7,
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T able 5.6. In tercept Times

a

and ICBM Ground Ranges from North

Korea

F airbanks Boston Seattle

ICBM mo del L

b

in tercept time(s) 227 239 235

TGR (km) 460 539 500

ICBM mo del S1

b

in tercept time(s) 137 167 158

TGR (km) 320 492 430

a

Times are latest time for safe in tercept to target sho wn.

b

Prop erties of the missiles are describ ed in Chapter 15.

w e constructed in terceptor basing areas for defense against the liquid- and solid-prop ellan t

ICBMs and plotted them for the t w o baseline tra jectories (F airbanks and Boston). The

results are sho wn in Figures 5.9 and 5.10. These �gures pro vide the k ey information for

understanding the options for defending the con tinen tal United States from ICBMs launc hed

from North Korea. The ground trac ks for eac h tra jectory are sho wn in the �gures; the last

c hance to in tercept the missile is indicated b y an \x" on eac h ground trac k. The in terceptor

m ust b e based inside the shaded circle for it to reac h the missile with at least 30 s of decision

time. It m ust b e based on the dashed circle to reac h the missile in the limiting case of zero

T able 5.7. Ground Ranges of In terceptors Fired Against ICBMs

Launc hed from North Korea to the United States

a

ICBM Decision In terceptor Nominal Range IGR

c

(km)

Mo del Time (s) Mo del

b

F airbanks Boston Seattle

Liquid

b

0 I-2 530 570 570

0 I-4 740 800 750

0 I-5 1,220 1,330 1250

30 I-2 410 460 450

30 I-4 570 640 600

30 I-5 950 1,060 1000

Solid 1

b

0 I-2 260 380 350

0 I-4 350 530 470

0 I-5 590 880 800

30 I-2 140 270 230

30 I-4 190 370 300

30 I-5 310 600 530

a

The latest times to in tercept safely and the corresp onding TGRs are

listed in T able 5.6

b

The basic c haracteristics of these mo del in terceptors are listed in

T able 5.3.

c

V alues obtained from Fig. 16.5 for I2, and Fig. 4.9 for I4 and I5. The

minim um required ground range can b e seen in Figs. 5.9 and 5.10.
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decision time.

Defense against liquid-p rop ellant ICBM mo del L

Figure 5.9 (b ottom) rev eals that the most di�cult tra jectory to defend against for ICBM L

is the tra jectory to the northeastern United States|the Boston tra jectory . T o defend this

tra jectory , the 5-km/s in terceptor w ould ha v e to b e �red with zero decision time. Ho w ev er,

this in terceptor could defend the Alask a tra jectory with ab out 40 s of decision time and

still remain based 100 km o� the coast. The 5-km/s in terceptor could b e deplo y ed b y the

Na vy's Aegis system, based on ships near the coast. A 5-km/s in terceptor could also b e

launc hed from aircraft, but its op erational area w ould b e sub ject to essen tially the same

restrictions as the surface-based 5-km/s in terceptor.

The 6.5-km/s in terceptor could pro vide ab out 40 s of decision time, if based at sea. If

it w ere ground-based at Vladiv ostok, the decision time w ould b e ab out 60 s.

Defense against solid-p rop ellant ICBM mo del S1

Defense against the solid-prop ellan t missile ICBM mo del S1 is considerably more c hallenging

than for the liquid-prop ellan t missile. Figure 5.10 rev eals that, for the solid-prop ellan t

missile, the most c hallenging tra jectory is to Boston. The 5-km/s in terceptor (not sho wn)

could not b e used. The lo w er-left panel of Figure 5.10 rev eals that ev en the 6.5-km/s

in terceptor could b e used to defend Boston only if it w ere �red v ery close to the coast with

zero decision time. The gian t 10-km/s in terceptor (Fig. 5.10, lo w er righ t) could b e used

with ab out 30 s of decision time. Deplo ying suc h a large missile at sea could presen t a

c hallenge, but it migh t b e p ossible to land-base it in Vladiv ostok, whic h w ould p ermit the

decision time to b e increased b y ab out �v e seconds.

5.4.1 Defending Ha w aii

Ha w aii lies 7300 km from North Korea at an azim uth of 82

�

. F or the solid-prop ellan t missile

S1, the TGR at latest in tercept is 435 km, putting the in tercept p oin t w ell o� the coast.

The in tercept p oin t w ould lie in the Sea of Japan at a lo cation that is w ell suited for a

b o ost-phase defense. Figure 5.11 sho ws that ev en for the most stressing case|attac k b y a

solid-prop ellan t missile|a defense w ould b e p ossible with the 5-km/s in terceptor �red from

a ship or plane.

5.4.2 Defending against missiles from No rth Ko rea with multiple ground sites

F or the liquid-prop ellan t missile, a single 6.5-km/s in terceptor could defend b oth the con ti-

nen tal United States and Ha w aii (See Figs. 5.9 and 5.11). F or the solid-prop ellan t missile,

defense of the con tinen tal states w ould require the capabilit y of the 10-km/s in terceptor.

This same in terceptor easily defends the Ha w aii tra jectory , though a smaller missile migh t

pro vide op erational adv an tages. Nev ertheless, emplo ying a second basing site w ould not

o�er an y essen tial adv an tage for a b o ost-phase defense system to defend against missiles

from North Korea.
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Figure 5.9. In terceptor basing areas for defending the con tiguous United States against the liquid-

prop ellan t missile ICBM mo del L launc hed from North Korea. The p osition of the missile at the

last c hance it can b e in tercepted successfully is indicated b y the \x" on the tra jectory line. The

dashed outer circles are the areas within whic h the in terceptors m ust b e based for the limiting case

in whic h they are �red the instan t a �ring solution is constructed. The shaded inner circles are

the areas within whic h the in terceptors m ust b e based if they are �red with a 30-second decision

time. T op: tra jectory to w ard F airbanks, Alask a. (left) The mo del 5-km/s in terceptor. (righ t) The

6.5-km/s in terceptor. Bottom: same, but for a tra jectory to Boston.
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Figure 5.10. In terceptor basing areas for defending the con tiguous United States against the solid-

prop ellan t missile ICBM mo del S1 launc hed from North Korea. The p osition of the missile at the

last c hance it can b e in tercepted is indicated b y the \x" on the tra jectory line. The dashed outer

circles are the areas within whic h the in terceptors m ust b e based for the limiting case in whic h

they are �red the instan t a �ring solution is constructed. The shaded inner circles are the areas

within whic h the in terceptors m ust b e based if they are �red with a 30-second decision time. T op:

tra jectory to w ard F airbanks, Alask a. (left) The mo del 5-km/s in terceptor. (righ t) The 6.5-km/s

in terceptor. Bottom: same as ab o v e but for a tra jectory to Boston.
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Figure 5.11. Basing areas for defending Ha w aii from the solid-prop ellan t missile mo del S1 launc hed

b y North Korea. (left) 5 km/s in terceptor. (righ t) 6.5 km/s in terceptor.

5.4.3 P ossibilit y of an intercepto r b eing mistak en as a threat

In terceptors ha ving a v elo cit y of 5 km/s or more w ould ha v e su�cien t sp eed and range to

b e mistak en for a threat. The in terceptor tra jectories from North Korea are generally to

the north w est and head across China to Russia. Th us, an in terceptor �red in defense runs

the risk of triggering retaliatory action b y China or Russia.

5.5 Defending Against ICBMs Launched from Iraq

W e turn no w to the defense of ICBMs launc hed from Iraq and Iran. These nations are m uc h

larger than North Korea, and the considerations for siting ha v e little in common with those

for North Korea. Figure 5.12 sho ws ho w Iraq and Iran are situated with resp ect to nearb y

coun tries and b o dies of w ater.

5.5.1 Defending the contiguous states

The latest time that the defense could safely in tercept missiles from Iraq to the con tiguous

states can b e found from Figure 5.13, whic h sho ws the ground trac ks of tra jectories of ICBM

mo dels L, S1, and S2 from Iraq to W ashington, D.C., Dallas, and San F rancisco.

As b efore, the n um b ered con tours that cross the ground trac ks sho w where the missiles'

m unitions w ould fall if their �nal stages terminated at the time indicated after launc h. The

liquid-prop ellan t ICBM L w ould ha v e to b e in tercepted no later than 237 s after launc h,

3 s b efore �nal stage burnout, at whic h p oin t its ground range w ould b e 520 km. The

solid-prop ellan t ICBM S1 w ould ha v e to b e in tercepted no later than 161 s after launc h,

8 s b efore burnout, at whic h p oin t its ground range w ould b e 460 km. The IGRs for these

in tercept times are displa y ed in T able 5.8. F or a 30-second decision time, the IGRs for
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Figure 5.12. Map sho wing Iraq and Iran and nearb y coun tries and b o dies of w ater.

in tercepting ICBM mo del L v ary from ab out 450 km to ab out 1050 km; for in tercepting

ICBM mo del S1, they v ary from ab out 250 km to ab out 550 km.

The p ossibilities for defending the con tinen tal United States are sho wn in Figure 5.14,

whic h displa ys the initial p ortions of planar tra jectories from southeastern Iraq to W ashing-

ton, D.C. (or Boston) and San F rancisco; the last safe in tercept p oin ts on the W ashington,

D.C. and San F rancisco tra jectories; and the feasible basing areas for four ICBM-in terceptor

com binations and t w o decision times. The ICBM launc h site c hosen is one of the most c hal-

lenging for a b o ost-phase defense. The in terceptor basing areas are almond-shap ed, b ecause

they indicate where a single in terceptor base m ust b e lo cated to co v er all p ossible tra jecto-

ries. Defending with in terceptors based at more than one lo cation is discussed b elo w.

Defense against liquid-p rop ellant ICBM L

The top left-hand panel of Figure 5.14 sho ws that a b o ost-phase in tercept system based in

southeastern T urk ey emplo ying 5-km/s in terceptors could defend the con tiguous 48 states

from attac k b y Iraq with a liquid-prop ellan t ICBM lik e mo del L, with a decision time of

30 s. Ho w ev er, the in terceptors w ould ha v e to b e based closer than 100 km from the Iraqi

b order. The top righ t-hand panel sho ws that the 6.5-km/s in terceptors w ould pro vide up to

60 s of decision time and w ould allo w the in terceptors to b e based comfortably a w a y from

Iraq.
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Figure 5.13. Ground trac ks of illustrativ e tra jectories of the liquid-prop ellan t ICBM mo del L (top)

and the solid-prop ellan t ICBM mo dels S1 (middle) and S2 (b ottom) from Iraq to San F rancisco,

Dallas, and W ashington, D.C. These tra jectories w ere computed neglecting Earth's rotation. The

e�ect of Earth rotation w ould shift their mid sections sligh tly further south. The con tours that cross

the ground trac ks sho w where the m unitions of the missiles w ould fall if their �nal stages burned

normally un til the time in seconds after launc h that their thrust w as terminated, as indicated b y

the n um b ers. F or comparison, the full burn times of the liquid- and solid-prop ellan t ICBMs w ould

b e 240 and 170 s, resp ectiv ely .
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T able 5.8. Ground Ranges of In terceptors Fired

Against ICBMs Launc hed from Iraq or Iran to the

United States

ICBM Decision In terceptor Nominal

Mo del Time (s) Mo del

a

Range

d

(km)

Liquid

b

0 I-2 570

0 I-4 790

0 I-5 1,310

30 I-2 450

30 I-4 630

30 I-5 1,040

Solid 1

c

0 I-2 350

0 I-4 490

0 I-5 800

30 I-2 230

30 I-4 310

30 I-5 530

a

The basic c haracteristics of these mo del in terceptors

are listed in T able 5.3.

b

The latest time to in tercept safely liquid-prop ellan t

ICBM mo del L is 237 s after launc h.

c

The latest time to in tercept safely solid-prop ellan t

ICBM mo del S1 is 161 s after launc h.

d

The required ground ranges can b e seen in Figs. 5.14

and 5.15.

Defense against solid-p rop ellant ICBM S1

The lo w er left panel of Figure 5.14 sho ws that defending the United States from attac k

b y solid-prop ellan t ICBMs lik e mo del S1 launc hed from Iraq with the 6.5-km/s in terceptor

w ould ha v e a decision time of zero. The v ery large 10-km/s in terceptor, based in the

southeastern corner of T urk ey near the Iraqi b order, could co v er all p oten tial launc h sites

with a decision time of ab out 30 s.

5.5.2 Defending Alask a and Ha w aii

The range from Iraq to F airbanks is ab out the same as its range to Boston, and the target

ground ranges w ould b e similar. The F airbanks azim uth is east of the azim uth to San

F rancisco. Ha w aii's azim uth is ev en further to the east. Th us, if Ha w aii can b e defended,

so can Alask a. Consequen tly , w e turn our atten tion to the defense of Ha w aii.

The range to Ha w aii|13,700 km|is larger than the range of the ICBMs w e ha v e studied,

and so w e can only roughly estimate what migh t b e p ossible. Ha w aii's great circle azim uth

is 27

�

, or 36

�

east of the San F rancisco azim uth. The stress of defending this tra jectory

is somewhat reduced b y the e�ect of the Earth's rotation on the tra jectory . W e ha v e

determined the rotating Earth azim uth to b e appro ximately 15

�

w est of the great circle

azim uth of 27

�

, or 12

�

.
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Figure 5.14. In terceptor basing areas for defending the con tiguous United States against ICBMs

launc hed from Iraq. The liquid-prop ellan t ICBM is mo del L (ab o v e); the solid-prop ellan t is mo del S1

(b elo w). Sho wn are the ground trac ks of planar tra jectories to W ashington, D.C., Dallas, and San

F rancisco. The last c hance to in tercept missiles to W ashington, D.C. and San F rancisco is sho wn

b y an \x" on their tra jectories. (The tra jectories neglect Earth's rotation, whic h w ould rotate them

sligh tly coun terclo c kwise.) F easible basing areas for 30-second decision time are shaded, and for zero

decision time are outlined b y dashed curv es. In the b ottom panels, the ICBM launc h site has b een

tak en to b e further south than in the top panels, where it is more c hallenging for the defense. The

dotted curv es sho w the w estern b oundaries of the reduced basing areas if Alask a and Ha w aii are

included in the defense.
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By insp ecting the basing areas whose w estern b orders are limited b y the dotted curv es

in Figure 5.14, it can b e seen that, for a liquid-prop ellan t missile, b oth Alask a and Ha w aii

migh t b e defended b y a 5-km/s in terceptor sited in extreme southeast T urk ey . Ho w ev er,

for sites at least 100 km from the b order with Iraq, the decision time w ould b e no more

than ab out 20 s. The 6.5-km/s in terceptor could pro vide ab out 45 s of decision time. F or

the solid-prop ellan t missile, the 10-km/s in terceptor, based in southeast T urk ey , w ould b e

required and could pro vide ab out 30 s of decision time.

5.5.3 Defending against missiles from Iraq with multiple intercepto r sites

The discussion of defending against missiles from Iraq has b een limited un til no w to in ter-

ceptors based at a single site. W e no w examine ho w the results migh t c hange if a second

site w ere emplo y ed.

The defense of the en tire United States against the liquid-prop ellan t missile b y a single

5-km/s in terceptor in T urk ey w ould require a site v ery close to the b orders of Iraq and

Iran. A second site could p oten tially ease the tigh t time constrain ts and vulnerabilit y of

the defense b y p ermitting the in terceptor base to b e mo v ed further from these b orders.

The p ossibilities are sho wn in Figure 5.15 (left), whic h displa ys the extreme azim uths for

defending all of the United States: from W ashington, D.C. to Honolulu (whic h also co v ers

Alask a). It is eviden t that the second site m ust b e in the Caspian Sea close to the coast of

Iran, a less attractiv e alternativ e than carrying out the defense with a 6.5-km/s in terceptor

at a single site.

Figure 5.15 (righ t) sho ws the p ossibilities for defending against the solid-prop ellan t

ICBM S1 from Iraq using 6.5-km/s in terceptors based at t w o sites. Ho w ev er, the only

sites to the east w ould b e in Iran, and could not b e emplo y ed. Th us, there w ould b e no

alternativ e to using a faster in terceptor, for instance the 10-km/s in terceptor I-5, and there

w ould b e no adv an tage to emplo ying a second site.

5.6 Defending Against ICBMs Launched from Iran

The large size of Iran p oses a serious c hallenge for a b o ost-phase defense system. P oten tial

basing sites for defending against ICBMs launc hed b y Iran that are easily accessible include

the P ersian Gulf and T urk ey . W e describ e suc h lo cations as \con v en tional", for they are

in accessible in ternational w aters or within the b orders of traditional allies. F or purp oses

of completeness, ho w ev er, w e ha v e also considered sites that are attractiv e geographically

but problematic b ecause of op erational or p olitical concerns. These include the land-lo c k ed

Caspian Sea. Other sites w ould b e in T urkmenistan, Kazakhstan, Uzb ekistan, Afghanistan,

or Azerbaijan. W e describ e suc h sites as \uncon v en tional".

The tra jectories from Iran to U.S. targets are similar to those from Iraq, and the ranges

and in tercept times from Iran are tak en to b e the same as for Iraq (see T able 5.8).

5.6.1 Defending the contiguous states

Figure 5.16 sho ws the initial p ortions of planar tra jectories from cen tral Iran to W ashington,

D.C. and San F rancisco; the last safe in tercept p oin ts for defense on the W ashington, D.C.,

and San F rancisco tra jectories; and the feasible basing areas for four ICBM-in terceptor

com binations and t w o decision times.

The most desirable lo cations for a defense are in the Caspian Sea or T urkmenistan.

Because the Caspian is land-lo c k ed, it is questionable whether suc h a site is practical. F or
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Figure 5.15. Defending all of the United States against missiles launc hed from Iraq, using in tercep-

tors based at t w o sites.

p olitical reasons, it is questionable whether basing in terceptors within T urkmenistan w ould

b e practical. Because of the problematic nature of these lo cations, w e shall include them

in our basing analysis only in paren thetical commen ts.

Defense against liquid-p rop ellant ICBM L The top left-hand panel of Figure 5.16 sho ws

that, for 6.5-km/s in terceptors and 30-second decision times, the only options for defending

the con tiguous United States from attac k b y a liquid-prop ellan t ICBM lik e mo del L w ould

b e the uncon v en tional lo cations of the Caspian Sea or T urkmenistan. The top righ t-hand

panel sho ws that the v ery large 10-km/s in terceptor could b e based in the P ersian Gulf with

a 30-second decision time. Ho w ev er, this lo cation w ould b e vulnerable b ecause it could b e

defeated b y ICBMs launc hed from areas further to the east. Basing in southeast T urk ey

w ould pro vide ab out 15 s of decision time with the 10-km/s in terceptors. The in terceptors

could also b e lo cated in the Caspian Sea or T urkmenistan, or other uncon v en tional lo cations

suc h as Afghanistan or Azerbaijan. Armenia is a p ossibilit y for the in terceptor launc h

lo cation, but it w ould b e ine�ectiv e if the ICBM launc h site w ere mo v ed sligh tly to the

east. Basing in the southern tip of the Russian Caucasus w ould b e similarly vulnerable.

Defense against solid-p rop ellant ICBM S1 The b ottom panels of Figure 5.16 sho w

that the 6.5-km/s in terceptor could not defend the United States from attac k b y a solid-

prop ellan t ICBM lik e mo del S1 launc hed from southern Iran. F or the 10-km/s in terceptor,

the only basing options w ould b e in uncon v en tional lo cations: the southern end of the

Caspian Sea or T urkmenistan. These basing areas w ould p ermit a decision time of up to

30 s, though this could b e reduced if Iran lo cated its launc h site further to the south.



S92 Chapter 5. Defending the United States Using Surface-Based Intercepto rs

solid ICBM, 10 km/s interceptorsolid ICBM, 10 km/s interceptorsolid ICBM, 6.5 km/s interceptorsolid ICBM, 6.5 km/s interceptor

liquid ICBM, 10 km/s interceptorliquid ICBM, 10 km/s interceptor

W
ashington, D.C.

W
ashington, D.C.

W
ashington, D.C.

W
ashington, D.C.

S
an Francisco

S
an Francisco

S
an Francisco

S
an Francisco

W
ashington, D.C.

W
ashington, D.C.

S
an Francisco

S
an Francisco

W
ashington, D.C.

W
ashington, D.C.

S
an Francisco

S
an Francisco

liquid ICBM, 6.5 km/s interceptorliquid ICBM, 6.5 km/s interceptor 500 km500 km

Figure 5.16. In terceptor basing areas for defending the con tiguous United States against ICBMs

launc hed from Iran. The liquid-prop ellan t ICBM is mo del L (ab o v e); the solid-prop ellan t is mo del S1

(b elo w). Sho wn are the ground trac ks of planar tra jectories to W ashington, D.C., Dallas, and San

F rancisco. The last c hance to in tercept missiles to W ashington, D.C. and San F rancisco is sho wn

b y an \x" on their tra jectories. (The tra jectories neglect Earth's rotation, whic h w ould rotate them

sligh tly coun terclo c kwise.) F easible basing areas for 30-second decision time are shaded, and for zero

decision time are outlined b y dashed curv es. In the b ottom panels the ICBM launc h site has b een

tak en to b e further south than in the top panels, where it is more c hallenging for the defense. The

dotted curv es sho w the w estern b oundaries of the reduced basing areas when Alask a and Ha w aii are

included in the defense.
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Figure 5.17. Defending all of the United States against missiles launc hed from Iran, using in tercep-

tors based at t w o sites.

5.6.2 Defending Alask a and Ha w aii

The considerations for defending Alask a and Ha w aii from Iran are similar to those discussed

ab o v e for defense against Iraq. The great-circle range and azim uth from Iran to Ha w aii are

13,050 km and 36

�

. W e ha v e tak en the rotating Earth azim uth to b e 21

�

.

By insp ecting the basing areas whose w estern b orders are limited b y the dotted curv es

in Figure 5.16, it can b e seen that basing in the P ersian Gulf or southeast T urk ey w ould

no longer b e options for the liquid-prop ellan t missile. Defense against the solid-prop ellan t

missile app ears not to b e feasible.
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5.6.3 Defending against missiles from Iran with multiple intercepto r sites

The preceding discussion has fo cused on �nding a single site that could defend the en tire

United States. Using a second lo cation could increase 
exibilit y but w ould still require

in terceptors to b e based in uncon v en tional lo cations. Figure 5.17 sho ws the p ossibilities for

defending all of the United States against the liquid- and solid-prop ellan t missiles from Iran

using t w o in terceptor sites.

Defending against the liquid-prop ellan t missile b y the 6.5-km/s in terceptor with a single

site w ould require the site to b e lo cated in the Caspian Sea or T urkmenistan (Fig. 5.16,

upp er left). As Figure 5.17 (upp er left) sho ws, the only new opp ortunit y that w ould b e

o�ered b y emplo ying a second site w ould b e the p ossibilit y of lo cating one site in Azerbaijan

and a second site in Afghanistan. Ho w ev er, a single site lo cated in Azerbaijan could pro vide

a comparable defense

Figure 5.17 (upp er righ t) rev eals that emplo ying a second site for the 10-km/s in terceptor

w ould p ermit one in terceptor to b e based in T urk ey or the P ersian Gulf, pro vided that the

second could b e based in P akistan or one of the other coun tries to the east of Iran. Ho w ev er,

a single in terceptor base lo cated in Afghanistan, T urkmenistan, Uzb ekistan, Kazakhstan,

or the Caspian Sea, w ould su�ce.

Figure 5.17 (lo w er left) sho ws that for defense against a solid-prop ellan t missile from

Iran, a second site w ould not mak e it p ossible to emplo y the 6.5-km/s in terceptor. In

Figure 5.17 (lo w er righ t), it app ears that b y basing a 10-km/s in terceptor in the Caspian

Sea and a second one in Afghanistan or T urkmenistan, all 50 states could b e defended.

Ho w ev er, if the launc hing site for solid-prop ellan t missiles destined for the East Coast (the

W ashington, D.C. tra jectory) w ere mo v ed ab out 200 km to the southeast, this defense w ould

b e precluded.

In summary , emplo ying a second base w ould not p ermit defense of all 50 states from a

solid-prop ellan t missile launc hed from Iran.

5.6.4 P ossibilit y of an intercepto r b eing mistak en as a threat

In terceptors ha ving a v elo cit y of 5 km/s or more w ould ha v e su�cien t sp eed and range to

b e mistak en for a threat. The in terceptor tra jectories from Iran could b e to the north, o v er

Russia, or to the southeast, to w ards P akistan and India. An in terceptor �red in defense

runs the risk of inadv erten tly triggering a retaliatory action b y these coun tries.

5.7 Other Engagements Considered

5.7.1 Defending against sea-based medium-range ballistic missiles

So far w e ha v e b een concerned with the feasibilit y of defending the United States from

attac k b y ICBMs. Ho w ev er, as discussed in Chapter 3, the U.S. in telligence comm unit y

judges that an attac k on the United States b y medium-range ballistic missiles (MRBMs)

launc hed from platforms suc h as ships, barges, or submarines p ositioned o� the coasts of the

United States is a more serious threat. Consequen tly , the Study Group also analyzed the

requiremen ts for a b o ost-phase in tercept system that could defend the United States against

suc h an attac k using ship-based in terceptors. In this particular scenario, the detection and

trac king time is only a few seconds since the Aegis radar can see a tactical ballistic missile

practically at launc h. W e b eliev e the total trac k and engagemen t decision time could b e as

little as 10 s, since an y missile launc h could b e presumed to b e hostile.
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T able 5.9. Mo del Medium-Range Ballistic

Missiles

a

Mo del t

b

(s) V

b o

(km/s) Range (km)

M1 65 2.2 600

M2 95 3.2 1300

a

t

b

is the total duration of the b o ost phase and

V

b o

is the burnout v elo cit y . F or further details,

see Chapter 15.

The Chinese M-9 missile, whic h is estimated to ha v e a total burn time of ab out 65 s

and a range of 600 km, and the Shahab or No Dong missiles, whic h are estimated to ha v e

burn times of ab out 95 s and a range of 1,300 km, w ere c hosen as represen tativ e examples

of missiles that could b e launc hed against the United States from a sea-based platform.

Their c haracteristics are summarized in T able 5.9. Mo dels of these t w o missiles, denoted

M1 and M2 resp ectiv ely , w ere constructed as describ ed in Chapter 15. As an example of

a ship-based missile that could b e used as an in terceptor, w e c hose in terceptor mo del I-1,

whic h is similar to the U.S. Na vy's existing Standard Missile 2 and is small enough to �t

in the existing V ertical Launc h System of Aegis-class destro y ers and cruisers.

Figure 5.18 sho ws illustrativ e engagemen ts of these MRBM mo dels b y in terceptor I-1

lo cated 40 km do wn range from the missile launc h p oin t. (W e assume that the Aegis ship is

trailing the susp ected hostile ship and is close enough to detect the MRBM with its radar.)

This in terceptor uses aero dynamic forces to maneuv er and consequen tly m ust in tercept the

target missile while it is still in the atmosphere. The t w o mo del MRBMs w ould ha v e to b e

in tercepted within ab out 45 s after they w ere launc hed, or they w ould b e ab o v e the altitude

where the in terceptor could maneuv er e�ectiv ely . A detailed analysis of suc h engagemen ts

is outside of the scop e of this study .

5.7.2 Defending against a 300-second burn-time missile

The p ossibilities for a b o ost-phase defense are ob viously sensitiv e to missile burn time. F or

the reasons discussed in Chapter 3 and Chapter 15, w e ha v e c hosen to base our analysis

on a 240-second burn time liquid-prop ellan t missile. Ho w ev er, since some prior w ork w as

based on a 300-second liquid-prop ellan t missile it ma y b e of in terest to note appro ximately

ho w the results w ould c hange for defense against suc h an ICBM.

As migh t b e exp ected, the increased burn time of a 300-second missile w ould mak e the

defense m uc h easier. F or an y giv en basing area, the decision time w ould b e increased b y

60 s. Or, for a giv en decision time, the basing area w ould b e signi�can tly increased. T o

a go o d appro ximation, the additional incremen t in ground range for the extra burn time

can b e estimated b y taking the pro duct of the increased time and the ground sp eed of the

missile, whic h is somewhat less than its 
y out sp eed b ecause of its angle of inclination.

T able 5.10 giv es v alues for three in terceptors.

F or the 5-km/s in terceptor, it can b e seen from the lo w er left panel of Figure 5.9 that

an increased range of 230 km w ould extend the basing area for North Korea far out to sea.

F or the other missiles, the decision time could b e further increased.
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Figure 5.18. Illustrativ e planar engagemen ts of medium-range ballistic missiles b y in terceptor I-1,

whic h is similar to the U.S. Na vy's Standard Missile 2, sho wn in the altitude-range plane. The

in terceptor stando� distance is 40 km. The dark con tin uous curv es rising from the righ t at a range

of 40 km are the tra jectories of MRBM mo dels M1 and M2, whic h ha v e total burn times of 65

and 95 s, resp ectiv ely . The dots along their tra jectories sho w the missiles' p ositions at the time

in seconds after launc h as indicated b y the n um b er in the adjacen t gra y b o x. A fan of in terceptor


y out tra jectories rises from zero range. The in terceptor w as assumed to b e �red 10 s after the

missile w as �red. The n um b ered con tours that cross the in terceptor tra jectories sho w the p ositions

of the in terceptor at the indicated time in seconds after the MRBM w as launc hed. The in terceptor

uses aero dynamic forces to maneuv er; the dashed horizon tal line sho ws the altitude ab o v e whic h it

w ould b e unable to do so.

5.8 Avoiding Ha rming Other Countries

The discussion in this c hapter has so far fo cused on defending the United States against

ICBMs launc hed b y North Korea, Iraq, and Iran. W e turn no w to the question of what

further steps w ould b e needed to prev en t p ossibly liv e m unitions|n uclear, biological, or

c hemical|that surviv e an in tercept from harming other coun tries. This is the problem of

con trolling shortfall. There w ould b e no shortfall problem if the m unitions could b e reliably

destro y ed in the in tercept. Ho w ev er, destro ying the m unitions is m uc h more di�cult than

hitting the b o oster (see Chapter 13), and in this section w e assume that the m unitions ha v e

a go o d c hance of surviving the in tercept.

In general, con trolling shortfall requires in tercepting a missile within a narro w windo w

in time: not to o late for the m unitions to fall on the United States (or on Canada, whic h w e

ha v e not considered so far), and not so early that they fall on other coun tries. Ideally , the

m unitions w ould fall in to the sea. Note that the m unitions w ould almost nev er fall within

the threat coun try itself.

All tra jectories to the con tiguous states from North Korea pass o v er Canada and Russia,

so that these nations are p oten tially at risk. T ra jectories from Iraq and Iran pass o v er

Europ e and Canada, putting man y nations at risk. T ra jectories from Iran and Iraq to

Alask a and Ha w aii pass o v er cen tral Asia and Russia.

W e discuss here the problem of timing an in tercept so that it o ccurs within a giv en
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T able 5.10. Ground Sp eed and Incremen t in Range

In terceptor V


y out

(km/s) V

ground

(km/s)

a

Incremen t in Range (km)

b

I-2 5.0 3.8 230

I-4 6.5 5.5 350

I-5 10 9.1 560

a

The ground sp eed dep ends on the angle of inclination, whic h dep ends in turn

on the range and altitude of the in tercept. The ground sp eeds are for in tercepts

analyzed in this c hapter.

b

Increase in range for a b o oster with 300 s of burn time, whic h w ould pro vide an

additional 60 s relativ e to the 240-s liquid-prop ellan t missile.

windo w and do es not cause harm to other nations. W e conclude that con trolling shortfall

to a v oid damage to other coun tries w ould b e di�cult and p erhaps ev en imp ossible.

5.8.1 Controlling sho rtfall fo r No rth Ko rea and Iraq o r Iran

Assuming for the momen t that the in tercept could b e timed precisely , let us examine what

w ould b e required to con trol shortfall in defending against missiles launc hed b y North Korea

and Iraq or Iran. Figures 5.3 and 5.13 pro vide a helpful orien tation for this discussion. Of

the three scenarios studied for defending the United States, North Korean launc hes p ose

the most di�cult shortfall problem.

No rth Ko rea Managing shortfall for a missile from North Korea w ould require timing the

in tercept so that m unitions do not fall on Canada or Russia. The situation v aries with

azim uth, and so w e will discuss tra jectories to the W est Coast, in terior, and East Coast of

the United States.

U.S. West Co ast Shortfall for these tra jectories w ould generally cause the m unitions to fall

in the o cean, and so these need no further consideration.

Interior of the Unite d States These tra jectories generally pass o v er Alask a. W e assume that

the latest in tercept time w ould prev en t m unitions from reac hing Alask a. F or suc h tra jec-

tories, Russia is highly vulnerable to shortfall. T o a v oid m unitions from falling in Russia,

they w ould ha v e to b e dropp ed in to the sea. Figure 5.13 sho ws that the windo w for this

scenario is extremely short, 10 s or less. Ac hieving suc h con trol w ould b e problematic. It

should b e noted, ho w ev er, that these tra jectories cross o v er a great deal of wilderness area,

and the windo w could b e expanded somewhat if it w ere deemed acceptable.

U.S. East Co ast Because the �rst landfall for East Coast tra jectories is northern Canada, the

ma jor problem in con trolling shortfall is to a v oid hitting Canada. F or the liquid-prop ellan t

missile on a tra jectory to W ashington, DC, the �rst landfall w ould o ccur at a burn time of

ab out 233 s. The basing areas describ ed in Section 5.4 are for a burn time of 239 s. Suc h a

decrease in the in tercept time w ould not alter the basing area enough to require abandoning

the 6.5-km/s in terceptor for defense.

The earliest in tercept time is set b y the requiremen t that the m unitions not fall on



S98 Chapter 5. Defending the United States Using Surface-Based Intercepto rs

Russia. The liquid-prop ellan t missile lea v es Russia territory after a burn time of ab out

220 s, and accelerates for 10 to 15 s more b efore ac hieving a v elo cit y that w ould carry it to

Canada. Th us, the timing windo w for the liquid-prop ellan t ICBM is ab out 10 to 15 s.

The solid-prop ellan t ICBM on the tra jectory to W ashington, D.C. w ould ha v e to b e

in tercepted at a burn time of 155 s to a v oid hitting Canada. The in tercept time used in

Section 5.4 w as 167 s. The di�erence made b y this 14-second decrease in the radius of the

basing area in Figure 5.10 (lo w er righ t) w ould b e ab out 125 km, th us making defense b y

the 10-km/s in terceptor ev en more di�cult.

Iraq and Iran The situation for these coun tries is straigh tforw ard. The decrease in in ter-

cept times to a v oid hitting Canada is ab out 5 s for the liquid-prop ellan t ICBM and 10 s

for the solid-prop ellan t ICBM. Suc h in tercepts w ould signi�can tly reduce the in terceptor

basing areas. Av oiding Greenland and Iceland w ould b e di�cult. Man y of the tra jectories

pass o v er w estern Europ e. The windo w for an in tercept that a v oids w estern Europ e is ab out

10 s for the liquid-prop ellan t ICBM, and 20 s for the solid-prop ellan t ICBM.

In summary , the in tercept time windo ws for safely con trolling shortfall are only 10 to 20 s

in duration|only sligh tly more than the uncertain ties surrounding the threat tra jectories.

Con trolling the time of in tercept in the face of these uncertain ties w ould b e di�cult.

5.8.2 The p roblem of timing an intercept

In an idealized situation, the ro c k et is kno wn to b e a threat missile and its prop erties and

launc hing time are precisely kno wn. Initially , ho w ev er, there is some uncertain t y in the

missile's tra jectory . The �ring solution m ust allo w for the p ossibilit y of in tercepting the

missile on a tra jectory to an y of the p oten tial targets in the defended area, and it will

generally call for launc hing the in terceptor early enough to in tercept the missile if it is on

the most stressing tra jectory .

As the in terceptor 
ies out and the missile's tra jectory b ecomes b etter kno wn, it ma y

turn out that the missile is not on the most stressing tra jectory . Alternativ ely , the missile

ma y undertak e a maneuv er, suc h as a dog-leg, that puts it on a new tra jectory . T o a v oid

shortfall, the in tercept time m ust no w b e dela y ed. It migh t seem that dela ying the in tercept

w ould mak e it easier, but that turns out not to b e the case.

The b est w a y to time an in tercept precisely w ould b e to c ho ose the correct �ring time

and in tercept p oin t, but b ecause of the uncertain ties in the missile's tra jectory , that is

not p ossible; a second-b est approac h w ould b e to comp ensate for the error in the �ring

time b y con trolling the in terceptor's tra jectory during its b o ost phase. (The acceleration

of a solid-prop ellan t in terceptor cannot b e con trolled but it can b e e�ectiv ely reduced b y

tra jectory maneuv ers.) Ho w ev er, that con trol is p ossible only un til the in terceptor's b o ost

it terminated, some 40 to 45 s after its launc h. Because the threat missile con tin ues to

accelerate and maneuv er after the in terceptor b o ost has ended, a signi�can t burden for

con trolling the exact time of in tercept will b e placed on the kill v ehicle's guidance and

div ert systems.

Dela ying the in tercept time requires �nding a guidance strategy for timing the in ter-

cept. Guidance algorithms, suc h as Prop ortional Na vigation or Augmen ted Prop ortional

Na vigation (describ ed in Chapter 12), are designed to assure that an in tercept will o ccur,

but the actual time of the in tercept is not con trolled. W e ha v e not examined this issue in

detail, but our preliminary analysis suggests that the guidance la ws generally used in the

homing phase of a kill v ehicle, whic h k eep the line-of-sigh t to the missile constan t, will in
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the b est geometry generally comp ensate for ab out half of the v ariation and migh t in some

cases actually worsen the problem of con trolling shortfall. W e conclude that a strategy for

timing an in tercept precisely is m uc h more demanding than a strategy for merely assuring

that it o ccurs. Signi�can t analysis w ould b e needed to understand this issue.

5.9 Sensitivit y to Other Assumptions

So far in this c hapter, w e ha v e examined the e�ect of v arying ICBM t yp es, in terceptor

t yp es, and decision time on our results. W e discuss here the implications of c hanging

other assumptions: defending less than all 50 states, relying on existing early-w arning

systems, accoun ting for dog-leg maneuv ers, hitting the w arheads and not the b o osters, and

in tercepting during the missile's ascen t phase.

5.9.1 Reducing the defended a rea

As describ ed at the b eginning of this c hapter, the stated p olicy of the curren t U.S. adminis-

tration is the protection of all 50 states. Ho w ev er, the short time for b o ost-phase in tercepts

stresses ev ery asp ect of a b o ost-phase defense system, and reducing the goals of the defense

could mak e it easier to deplo y a system. Suc h a system migh t constitute the initial phase of

a more extensiv e b o ost-phase system or an incomplete �rst la y er of a la y ered defense. W e

discuss here whether a b o ost-phase system designed to defend only a p ortion of the United

States, or some of the ma jor cities, w ould b e easier to deplo y than a system that could

defend the en tire United States.

Defense of the contiguous states only F or North Korea, an in terceptor that could defend

the 48 con tiguous states against the liquid-prop ellan t ICBM L could defend also Alask a and

Ha w aii. F or the solid-prop ellan t ICBM S1, Alask a is sligh tly more di�cult to defend than

the con tiguous states b ecause of the shorter burn time. Ho w ev er, the 10 km/s in terceptor

w ould b e needed in an y case, and it could defend either tra jectory . Th us, for missiles

launc hed from North Korea, limiting the defense to the con tiguous states w ould not o�er

an adv an tage.

F or Iraq, Figure 5.14 sho ws that if the con tiguous states can b e defended, so can Alask a

and Ha w aii, though the in terceptor site w ould ha v e to b e in extreme southeast T urk ey . F or

Iran, ho w ev er, Figure 5.16 sho ws that, although the con tiguous states could b e defended

against the liquid-prop ellan t missile b y the large 10 km/s in terceptor lo cated in the P ersian

Gulf (or p ossibly in southeast T urk ey), the Ha w aii tra jectory could not b e defended unless

an uncon v en tional site to the east of Iran w ere emplo y ed. Because the distance from Iran to

Ha w aii is longer than to an y of the other states, Ha w aii is an unlik ely target. Consequen tly ,

defending the con tiguous states cannot b e regarded as signi�can tly easier than defending

the en tire United States.

Defending only some majo r cities The ma jor cities in the United States tend to b e near

the nation's b orders. F urthermore, the in tercept times for cities across the United States

di�er b y only a few seconds. Th us, defending an y of the ma jor cities is equiv alen t to

defending the con tiguous states, as Figures 5.3 and 5.13 rev eal.

P a rtial defense of the contiguous United States Finally , defending only those parts of

the con tiguous United States that w ere easiest to ac hiev e migh t b e considered. This could b e
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done b y attempting to in tercept only those missiles with tra jectories that tak e them within

reac h of in terceptors, or b y in tercepting missiles to o late to defend the closest targets but

so on enough to defend targets farther a w a y . A defense could use b oth approac hes. An

example of the �rst w ould b e a defense only against North Korean ICBMs headed to the

W est Coast. Suc h an approac h w ould b e p ossible, but w ould lea v e the in terior and the

East Coast undefended. The second approac h|arriving to o late to defend the targets on

the closest coast|could, in principle b e useful against launc hes from the Middle East. In

practice, ho w ev er, no more than ab out 5 s of burn time w ould separate the closest targets

from the farthest. Giv en that the uncertain ties in the missile tra jectories are lik ely to b e

larger than 5 s, it w ould b e di�cult to plan on defending only a p ortion of the con tiguous

states b y arriving late.

5.9.2 Using the existing ea rly-w a rning satellite system

The timelines used in this c hapter presume the abilit y to con�rm a ro c k et launc h b y a system

with the capabilit y of the notional space-based system (NSBS) describ ed in Chapter 10.

The NSBS is in tended to illustrate the capabilities that a mo dern, space-based missile

early-w arning and trac king system, suc h as the high-altitude Space-Based Infrared System

(SBIRS-High) could ha v e. The SBIRS-High, whic h is curren tly under dev elopmen t, is

in tended to replace the existing Defense Supp ort Program (DSP) system.

W e note here that if a system lik e SBIRS-High is not a v ailable and the early-w arning

system do es not ha v e the capabilities assumed for the NSBS, then an y b o ost-phase in ter-

cept system w ould ha v e to rely on the DSP for early w arning and trac king of p oten tially

threatening ro c k ets. According to the analysis in Section 10.1.2, ho w ev er, this system w ould

need to b e supplemen ted b y a higher-sample-rate, o�-b oard sensor, suc h as radar. Lac king

suc h a sensor, the time required to construct a �ring solution w ould b e extended b y a few

tens of seconds, and the system's p erformance w ould b e corresp ondingly diminished. The

e�ect w ould b e to require a faster in terceptor for a giv en ground range. Ho w ev er, suc h an

in terceptor could b e suited only for use against long-burning liquid-prop ellan t ICBMs.

5.9.3 E�ect of dog-leg trajecto ries on basing

In principle, a dog-leg maneuv er migh t stress the defense b y mo ving the last p oin t where the

missile could b e successfully in tercepted a w a y from the in terceptor's base or station. F or

instance, the liquid-prop ellan t ICBM could execute a 10

�

out-of-plane dog-leg on the North-

Korea-to-Boston tra jectory that w ould shift the last p oin t where it could b e successfully

in tercepted 60 km to the w est, a w a y from the Sea of Japan. Ho w ev er, the additional time

required to execute this dog-leg maneuv er w ould allo w the in terceptor to 
y farther. The

net additional distance the 5-km/s in terceptor I-2 w ould ha v e to tra v el w ould b e only ab out

35 km. The net additional distance for I-4 w ould b e only ab out 25 km, and for I-5, only

ab out 6 km.

F or the solid-prop ellan t missile S1, whic h has a lo w er-acceleration �nal stage than the

liquid-prop ellan t ICBM, a dog-leg w ould actually b e coun terpro ductiv e: the in terceptor

w ould b e able to 
y farther during the dog-leg than the in tercept p oin t w ould b e displaced.

5.9.4 Achieving w a rhead kill

Our analysis assumes that the in terceptor aims for and hits the �nal stage of the ICBM,

not its w arheads. Ha ving the abilit y to home on and hit the missile's m unitions while they
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are attac hed w ould ha v e no e�ect on where a giv en in terceptor could b e based. It could,

ho w ev er, reduce the risk of a successful in tercept causing liv e m unitions to strik e other

coun tries.

T o defend the United States, the �nal stage of the attac king missile m ust b e disabled

b efore its m unitions ha v e ac hiev ed the v elo cit y needed to carry them to an y part of the

coun try . If the in terceptor can disable the missile b efore this happ ens, ha ving the abilit y

to home on and hit the missile's m unitions w ould pro vide no additional protection of the

United States. If the in terceptor cannot disable the missile b efore this happ ens, b eing

able to destro y later an y m unitions that are still attac hed to the missile w ould not reliably

defend the United States, b ecause some m unitions could already b e separated from the

missile. Once the missile's m unitions ha v e b een deplo y ed, destro ying them w ould require

the capabilities of a midcourse defense system, whic h are v ery di�eren t from those of a

b o ost-phase defense system.

There w ould, ho w ev er, b e one real adv an tage to ha ving the abilit y to destro y a missile's

m unitions while they are still attac hed: it w ould prev en t an in tercept that successfully

protects the United States from causing p ossibly liv e m unitions to strik e other coun tries,

including U.S. friends and neigh b ors. The di�cult y of a v oiding this with an in terceptor

that is not able to destro y the target missile's m unitions is discussed in Section 5.8. The

c hallenge of w arhead kill is discussed in Chapter 13.

5.9.5 Intercepting the missile during its ascent phase

During a missile's ascen t phase|the p erio d shortly after the motor of the missile's �nal

stage has burned out, or its thrust has b een terminated|it migh t b e p ossible to home on

and hit the b o dy of the �nal stage using activ e homing tec hniques, suc h as LID AR (see

Chapter 10). Although this w ould extend the time a v ailable to hit the missile's b o dy , it

w ould not b e useful for the follo wing reason.

As has b een noted, a missile can deplo y its m unitions at an y momen t after it has

ac hiev ed the v elo cit y needed to carry them to the target area. The missile's m unitions

could b e deplo y ed while the missile is still in p o w ered 
igh t but w ould lik ely b e deplo y ed no

later than immediately after the �nal stage has burned out or its thrust has b een terminated.

Homing on and hitting the b o dy of the missile after it has deplo y ed its m unitions w ould

not help the defense. Consequen tly , an in terceptor's abilit y to home on a missile b o dy after

its b o ost phase has ended w ould b e of no use.

5.9.6 Defending b y slo w er intercepto rs

Others ha v e suggested a p ossible role in b o ost-phase defense against ICBMs for slo w er

in terceptors suc h as in terceptor mo del I-1, whic h is similar to the 1.7-km/s Standard Mis-

sile SM-2, or a 3-km/s in terceptor similar to the Standard Missile SM-3 that is curren tly

under dev elopmen t b y the Na vy . Ho w ev er, b ecause w e found the 5-km/s in terceptor I-2 to

b e only marginally useful in the most fa v orable engagemen t w e considered|defending the

United States against the liquid-prop ellan t ICBM mo del L launc hed from North Korea|w e

judge that slo w er in terceptors w ould not b e useful in defending against ICBMs ev en if they

ha v e the abilit y to home on and hit a missile outside the atmosphere.
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Basing in terceptors or lasers in space is sometimes suggested as a w a y to circum v en t the

geographic constrain ts that limit the applications of b o ost-phase defense systems that utilize

terrestrial-based in terceptors. The freedom to op erate around the glob e in space means

that coun tries cannot use their size or inaccessibilit y to shield themselv es from b o ost-phase

defenses. This w as one of the original concepts b ehind the Strategic Defense Initiativ e

(SDI) program that Presiden t Reagan initiated in 1983, and the Brillian t P ebbles space-

based in terceptor program of the early 1990s. A further attraction of a space-based system

is that it w ould b e on station con tin uously .

Space-based hit-to-kill in terceptors (SBIs) raise man y of the same tec hnical issues as the

terrestrial-based in terceptors that ha v e b een discussed in preceding c hapters. But op erating
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in space also presen ts some unique c hallenges. In particular, b ecause of the rotation of

Earth and the orbital motion of the satellites, a large n um b er of satellites (h undreds or

thousands) w ould b e needed to ensure that at least one satellite w ere alw a ys close enough

to ev ery p oten tial b o ost-phase tra jectory to in tercept missiles during this phase of their


igh t. Also, the limited capacit y of launc hers and the high cost of placing mass in orbit

(on the order of $10,000 p er p ound to lo w-Earth orbit) puts a p enalt y on size and w eigh t,

pushing designers to mak e the in terceptors as small and ligh t as p ossible.

Space-based in terceptors w ere not the cen tral fo cus of this study , but giv en the renew ed

atten tion they are receiving, the Study Group applied the metho dology and relev an t results

from its analysis of surface-based hit-to-kill b o ost-phase in terceptors to illuminate some

of the tec hnical issues that w ould b e in v olv ed in a space-based system. Sp eci�cally , w e

examined the p erformance that SBIs w ould require to defend the United States against the

suite of target missiles that are presen ted in Chapter 15. W e also examined the required

sizes of kill v ehicles and in terceptors based on the analysis in Chapter 14, as w ell as lik ely

engagemen t timelines based on the geographic co v erage analysis presen ted in Chapter 5.

Our approac h w as to illustrate the issues asso ciated with SBIs b y conducting a parametric

analysis that highligh ted the trade-o�s that a system designer w ould face.

W e approac hed the analysis b y creating a \baseline" system that could in tercept a single,

solid-prop ellan t ICBM 5 s b efore burnout with zero decision time. This baseline approac h

made for easy comparisons across parameters, but neglected some of the scenario-sp eci�c

requiremen ts that w e applied to the ground-based in terceptors in Chapter 5, sp eci�cally

that the in tercept had to o ccur earlier than 5 s b efore burnout to defend the United States

and that some decision time migh t b e required to pro vide op erational margin. As a result,

the baseline case is optimistic, underestimating p erhaps b y a factor of t w o or more the

n um b er of satellites that could b e required for the more stressing scenarios.

F or the baseline case, our analysis suggests that the 
y out v elo cit y of the in terceptors

should b e ab out 4 km/s, and the 
y out acceleration should b e ab out 10 g to minimize the

o v erall system mass. A t that v elo cit y , roughly 1,600 in terceptor satellites at an altitude of

300 km w ould b e required for a minim um of one (and an a v erage of t w o) to b e in p osition

to in tercept a single, solid-prop ellan t ICBM launc hed from North Korea, Iraq, or Iran 5 s

b efore burnout. The analysis presen ted in Chapter 12 indicates that, for the high closing

v elo cities that o ccur when in tercepting ICBMs from space, the kill v ehicles should ha v e a

minim um div ert v elo cit y of 2.5 km/s, a total in terceptor resp onse lag of 0.1 s or less, and

an acceleration capabilit y of 15 g during the endgame. These minim um requiremen ts result

in a kill v ehicle with a fully fueled mass of 136 kg and a total in terceptor mass of 820 kg.

Altogether, this 1,600-SBI system w ould ha v e a total mass of ab out 2,000 tonnes (1 tonne =

1000 kg � 1.1 ton). Deplo ying this system in orbit w ould require a �v e- to ten-fold increase

in curren t U.S. space-launc h capabilit y .

The sizes and masses of constellations of SBIs could b e signi�can tly greater than the

baseline case suggests if less optimistic assumptions w ere made. F or example, defending the

en tire United States against ICBMs launc hed b y Iran w ould require in tercepts at least 12 s

b efore burnout, whic h w ould driv e up the n um b er of in terceptors required b y 25 p ercen t.

Pro viding the system with 30 s of decision time w ould more than double the n um b er of

in terceptors required.

Defending against a single liquid-prop ellan t ICBM (as con trasted to a solid-prop ellan t

ICBM) w ould require less than half the n um b er of in terceptor satellites (roughly 700) re-

quired for the baseline case. Ho w ev er, a system designed to coun ter only liquid-prop ellan t

ICBMs runs the risk of b ecoming obsolete quic kly , giv en the long time that it w ould tak e to
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deplo y the system and the incen tiv es that the dev elopmen t and deplo ymen t of that system

w ould create for emerging missile states to build or pro cure solid-prop ellan t missiles.

The estimates presen ted here for constellation size, kill-v ehicle mass, and in terceptor

mass are signi�can tly higher than those of other authors, ev en for the baseline case, b ecause

of our more conserv ativ e assumptions regarding a n um b er of factors, including w arning time,

duration of ICBM b o ost phases, div ert v elo cit y and acceleration of the kill-v ehicle, tank age

mass, lifejac k et mass, and the mass p enalties asso ciated with high 
y out accelerations for

the in terceptor.

This c hapter b egins b y calculating the co v erage of a single in terceptor, the lik ely op-

erating altitudes for in terceptor satellites, and the n um b er of satellites required for Earth

co v erage. Next, it explores the factors that determine the sizes of the kill v ehicles. Based

on that analysis, it examines the optim um n um b ers of satellites and 
y out v elo cities to

minimize the total mass in orbit for the baseline case. Then it explores the e�ects of more

realistic assumptions ab out decision time and required in tercept times. Finally , the c hapter

explores strategies for reducing the mass of the kill v ehicle, whic h is the k ey determinan t of

the total mass of the system.

The c hoice of threat missiles and the times for detecting a ro c k et launc h and generating

a �ring solution are iden tical to those in Chapter 5. (These are describ ed in Chapter 15 and

Section 10.1, resp ectiv ely .) Ho w ev er, in con trast to the analysis of b o ost-phase defense with

terrestrial-based systems (Chapter 5), the kill-v ehicle mass is of primary , not secondary ,

imp ortance. The in terpla y b et w een the mass and the range of the kill v ehicle is cen tral

to the analysis of space-based b o ost-phase defense systems. Consequen tly , the material in

Chapter 14 is essen tial to the analysis in this c hapter.

6.1 Coverage b y a Single Intercepto r

F or a space system in lo w Earth orbit, there is alw a ys a large absen tee ratio; that is, most

of the satellites are in the wrong place when they are needed, due to the ph ysics of orbits

and the rotation of Earth. The absen tee ratio is go v erned b y the co v erage a�orded b y eac h

satellite|the greater the co v erage, the lo w er the absen tee ratio. The co v erage of an SBI

is determined b y the distance r


y out

it can 
y from the time when it is �red to the time it

m ust in tercept the target missile.

The in terceptor is �red at time t

0

. In general terms, the v olume an in terceptor can

co v er at a future time t

n

can b e appro ximated b y a sphere with a radius equal to its 
y out

range r


y out

, the distance it can 
y in the in terv al t

n

� t

0

, cen tered on the p osition that it

w ould ha v e o ccupied at t

n

if it had not b een �red from its storage or parking orbit. This is

illustrated in Fig. 6.1. Assuming the in tercept w ould o ccur at an altitude h

in tercept

, a giv en

SBI could in tercept a ro c k et that rises through this altitude an ywhere within a circular area

of radius

R =

q

r

2


y out

� ( h

orbit

� h

in tercept

)

2

; (6.1)

where h

orbit

is the altitude of the satellite's orbit and h

in tercept

is the altitude of the in tercept

p oin t. F or the times and distances of concern, the di�erence b et w een the gra vitational force

felt b y the in terceptor on its new path and that on its former path is negligible, so that it

ma y b e assumed one is w orking in an inertial frame mo ving with the original orbital v elo cit y

of the in terceptor.

The in terceptor's 
y out range dep ends on its acceleration pro�le and terminal v elo cit y .

Figure 6.2 sho ws this range as a function of time for in terceptor burnout v elo cities of 2,
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Figure 6.1. The co v erage of a single in terceptor at the heigh t of an in tercept is determined b y the

altitude h

orbit

of its orbit and its 
y out range r


y out

, the distance it can tra v el in the time that is

a v ailable to in tercept the target. Here, the in terceptor is �red at time t

0

, and the in tercept o ccurs

at time t

3

. The arro wheads are at the in tercept p oin t; R is the in tercept ground range.

4, and 6 km/s, and mean accelerations of 6, 8, and 10 g, assuming burn times of roughly

20 s to 100 s. Both of these parameters are imp ortan t for 
y out times in the range of 100 s

to 150 s, whic h are t ypical for this application. In an y case, the range will b e measured

in h undreds rather than thousands of kilometers, so a large n um b er of in terceptors will b e

needed. In addition, the in terceptor will use some of its range in diving do wn from its

parking altitude to the in tercept altitude, and this e�ect m ust b e considered in co v erage

calculations.

Shorter in terceptor burn times (higher accelerations) w ere also considered but w ere

found to ha v e mass p enalties that more than o�set the p oten tial b ene�t. The basis of this

conclusion is discussed in Section 6.7.

6.2 Op erational Altitudes fo r SBIs

The optimal basing altitude for a system of SBIs w ould b e a compromise b et w een b eing

high enough to minimize the e�ects of atmospheric drag and lo w enough to reac h the

in tercept p oin t in time. Generally , the desired in tercept altitude w ould b e lo w er than the

storage altitude of a space in terceptor. The target missile t ypically w ould burn out b elo w an

altitude of 200 km, whic h is far to o lo w for a long-lasting satellite, b ecause at that altitude

the atmosphere is dense enough that aero dynamic drag w ould quic kly cause it to spiral in to

the lo w er atmosphere and burn up. T o ha v e a lifetime of man y y ears without propulsion, a

satellite m ust orbit at or ab o v e 500 km. T o orbit b elo w 500 km for man y y ears, a satellite

w ould require a propulsion system with su�cien t prop ellan t to main tain the desired orbit.

The lifetime of a satellite at an y altitude is a function of the ballistic co e�cien t, whic h is

the ratio of the satellite's mass to the pro duct of its drag co e�cien t and its cross-sectional

area normal to its direction of motion through the atmosphere. The larger the ballistic

co e�cien t, the less e�ect drag will ha v e on the satellite. F or a compact, p encil-shap ed

in terceptor aligned with the v elo cit y v ector, the ballistic co e�cien t could b e as high as

200 kg/m

2

(200-kg mass, 1{m

2

fron tal area, and assuming a drag co e�cien t of unit y).

Orbital lifetime is also a strong function of the solar cycle. A t solar maxim um, the

upp er atmosphere is distended and satellite lifetimes are diminished. W e m ust consider

this w orst case, b ecause solar maxima o ccur ev ery 11 y ears and last for sev eral y ears. A t

solar maxim um, the lifetime of a 200-kg/m

2

satellite without an y propulsion is 3 y ears at
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Figure 6.2. Fly out range r


y out

as a function of time, for a range of accelerations and burnout

v elo cities. In eac h group of in terceptors ha ving the same burnout v elo cit y , the three tra jectories are,

from top to b ottom, for accelerations of 10, 8, and 6 g.

500 km, 9 mon ths at 400 km, 50 da ys at 300 km, and 1{2 da ys at 200 km ([77 , Fig. 8-4,

p. 210], [78 ]).

A tmospheric drag can b e o v ercome b y thrust, ho w ev er, pro vided b y a ro c k et motor on

the satellite. This is an ideal application for a lo w-thrust, high-sp eci�c-impulse ( I

sp

), ion

engine. Giv en an atmospheric densit y at solar maxim um of 6 � 10

� 11

kg = m

3

at an altitude

of 300 km [79 , p. 261] and assuming an ion engine with an I

sp

of 2000 s, a satellite with a

1 m

2

fron tal area can main tain that altitude for 2.5 y ears at solar maxim um b y consuming

30 kg in ion engine fuel, thereb y balancing the momen tum lost to drag with the momen tum

pro vided b y the engine. The mean thrust is v ery small, less than 1 millinewton. Main taining

altitude for 3 y ears is long enough to surviv e a solar maxim um, and it is unlik ely that an

in terceptor satellite w ould need to surviv e more than one maxim um.

A b ene�t of these lo w altitudes is that the in terceptor w ould not ha v e to 
y long distances

to get do wn to the in tercept altitude. Another adv an tage is that in terceptors at these

altitudes w ould not p ose a space debris problem when they reac h the end of their service

liv es; once their thrust w ere terminated, they w ould quic kly re-en ter the atmosphere. But

there is a tradeo� b et w een the adv an tages of op erating at lo w altitudes and the w eigh t

p enalt y in thrusters and fuel needed to main tain orbit, whic h probably precludes basing

b elo w 300 km at solar maxim um.

Basing at altitudes ab o v e 300 km w ould reduce the mass of the satellite b y reducing the

amoun t of fuel needed for the ion propulsion. But that ma y not reduce the total mass-in-

orbit|particularly for space-based in terceptors designed to defend against solid-prop ellan t

ICBMs|due to the extra distance that the in terceptor w ould ha v e to 
y to reac h the

in tercept p oin t and hence the extra prop ellan t that it w ould need.
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6.3 Calculating the Numb er of Intercepto rs fo r Ea rth Coverage

There are sev eral w a ys to estimate the n um b er of SBIs that w ould b e required so that

at least one in terceptor w ould b e in p osition at all times to engage an ICBM. P erhaps

the simplest approac h is to assume that the satellites are �xed ab o v e Earth and uniformly

distributed. In that case, the required n um b er of in terceptors is obtained b y dividing the

area to b e defended b y the area within reac h of a single in terceptor. If w e are concerned

with ICBMs launc hed from an ywhere b et w een 45

�

N latitude and 45

�

S latitude, the area

of this spherical shell is:

A

co v er

=

p

2

2

h

4 � ( R

Earth

+ h

in tercept

)

2

i

: (6.2)

The radius of the area co v ered b y one in terceptor is giv en in Eq. 6.1. If the in terceptors

could b e uniformly distributed around Earth, without o v erlap, a constellation of N

0

=

A

co v er

= ( � a

2

) in terceptors w ould pro vide one in terceptor to co v er an y launc h.

In realit y , a n um b er of factors mak e N

0

a signi�can t underestimate of the n um b er of

in terceptors actually needed, b ecause the nature of satellite orbits around a rotating Earth

mak es it di�cult to pro vide uniform co v erage from lo w-Earth orbit. F or an y giv en orbit,

satellite co v erage will b e concen trated at the same latitude as the inclination of the orbit,

lea ving the equatorial region underp opulated, as discussed in [80 ]. (The inclination of an

orbit is the angle that it mak es with the equator.) Although that concen tration w ould b e

b ene�cial if the defense needs only to in tercept missiles from a v ery narro w latitude band,

suc h as from North Korea, it mak es complete co v erage o v er a wide range of latitudes more

di�cult to ac hiev e.

Since an y holes in co v erage are highly undesirable, steps m ust b e tak en to address this

problem. F or example, a more complex satellite constellation could b e engineered ha ving

sev eral rings of satellites that ha v e di�eren t inclinations. This system m ust b e engineered

to pro vide con tin uous co v erage without gaps. The solution do es not lie in randomizing the

satellite distribution, whic h w ould lea v e random gaps in co v erage that could only b e �lled

b y deplo ying a large n um b er of satellites. A fully engineered constellation, ho w ev er, go es

b ey ond the scop e of our study .

Instead, w e illustrate the appro ximate n um b er of satellites that w ould b e needed b y

studying the simpler case of a �xed-inclination constellation designed to defend against

launc hes from an ywhere on Earth b et w een the 45

th

parallels north and south. If w e p opulate

the constellation with 2 � N

0

in terceptors, w e obtain, on a v erage, at least t w o in terceptors

within range of an in tercept p oin t at north latitudes b et w een 34

�

(most of Iran) to 45

�

(North Korea). This co v erage is su�cien t to ensure that there w ould b e virtually no gaps

in co v erage within that band of latitudes, although there is sometimes just one in terceptor

within range, and therefore no redundancy . That same n um b er of in terceptors (2 N

0

) could

pro vide co v erage do wn to 30

�

North latitude and defend the United States against launc hes

from an ywhere in Iran, although the c hance of a gap in co v erage w ould increase to a few

p ercen t. This result comes from a satellite system sim ulation done b y the Study Group that

includes basic orbital and rotational e�ects. The satellites are in sev eral orbital rings, but

all are at an inclination of 45

�

. F or a �xed n um b er of satellites, the co v erage is relativ ely

insensitiv e to the exact partition b et w een the n um b er of satellites in a ring and the n um b er

of rings. There is a small adv an tage to ha ving more satellites in eac h ring instead of more

rings. The n um b er of satellites w ould ha v e to b e doubled again to pro vide co v erage do wn

to the equator; in that case, a m ultiple-inclination design migh t b e preferred. Ho w ev er,
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Figure 6.3. Range, mass, and required n um b er of h yp othesized space-based in terceptors with a


y out acceleration of 10 g as a function of 
y out v elo cit y for a kill v ehicle with a total div ert v elo cit y

capabilit y of 2.5 km/s. The mass do es not include the garage or \life-jac k et" that w ould b e required

to pro vide long-term orbital services, whic h w e assume w ould increase the total mass of eac h satellite

b y roughly 50 p ercen t. The required n um b er of in terceptors is for at least one in terceptor (and an

a v erage of t w o) to b e able to in tercept a solid-prop ellan t ICBM 5 s b efore burnout|the baseline

case.

b ecause most threats from the three coun tries of greatest concern to the United States

w ould b e in tercepted within the appro ximately 30-degree to 45-degree North latitude band,

w e use this simple constellation design, p opulated with 2 N

0

satellites, for a preliminary

estimate of constellation size.

This n um b er of in terceptors, 2 N

0

, is sho wn as a function of 
y out v elo cit y in Fig. 6.3

for kill v ehicles with 2.5 km/s div ert v elo cities against solid-prop ellan t ICBMs lik e ICBM

mo del S1. Our co v erage calculation includes the additional range needed to 
y do wn from

the storage orbits at 300 km to in tercepts at altitudes of 200 km; an in terceptor with

a 
y out range less than 100 km w ould b e useless, b ecause it could not ev en reac h the

in tercept altitude.

The 
y out range of an in terceptor is determined b y its 
y out v elo cit y and 
y out time.

The 
y out v elo cit y is a function of the in terceptor design, as discussed in the previous

section. The 
y out time is determined b y the ICBM, the detection and trac king time

required of the space-based early-w arning sensors, and the geograph y of the engagemen t.

The Study Group constructed a baseline case for the purp oses of illustration that assumes:

1. The target missile is a solid-prop ellan t ICBM similar to mo del S1.

2. The in terceptor is �red 15 s after the ICBM rises ab o v e 7 km (zero decision time),

whic h is 45 s after the ICBM is launc hed.

3. The in tercept o ccurs 5 s b efore the ICBM burns out.
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The �rst assumption is clearly optimistic b ecause it do es not tak e accoun t of the e�ects

of geograph y on the required in tercept time. F or example, defending F airbanks, Alask a,

from North Korea w ould require that ICBM S1 b e in tercepted no later than 137 s b efore

burnout, or 28 s earlier than assumed in our baseline case (see Chapter 5). The second

assumption|�ring 15 s after the missile rises to 7 km|is most certainly optimistic. It is

the same as the zero-decision-time case discussed in Chapter 5. The �nal assumption|that

the system is designed to coun ter solid-prop ellan t ballistic missiles|is arguably p essimistic,

b ecause ev ery state that has ICBMs to da y started with liquid-prop ellan t missiles. If the

system w ere designed to coun ter only liquid-prop ellan t ICBMs, the in terceptors w ould ha v e

considerably longer 
y out times and the constellation size could b e reduced signi�can tly .

Giv en the time that it will tak e to deplo y an SBI system, ho w ev er, suc h an assumption ma y

b e reasonable to a v oid the risk of the system's b ecoming obsolete shortly after it is deplo y ed

(see Chapter 3).

The result of those three assumptions is that the SBIs w ould ha v e 120 s of 
y out time in

the baseline case (an ICBM b o ost phase of 170 s, an in terceptor �ring time of 45 s, and an

in tercept that o ccurs 5 s b efore burnout). The rest of the analysis in this c hapter is based

on those assumptions (the baseline case) unless explicitly stated otherwise.

The do wn w ard-sloping curv e in Fig. 6.3 indicates the n um b er of in terceptors that w ould

b e su�cien t to co v er an y p oin t in space and time in the region b et w een appro ximately 30

and 45 degrees North latitude with an a v erage of t w o in terceptors and a minim um of one.

F or our baseline case of v


y out

� 4 km/s, ab out 1600 orbiting in terceptors w ould b e needed.

This n um b er w ould b e inadequate, ho w ev er, if the attac k er launc hed sev eral ICBMs

nearly sim ultaneously from the same lo cation; they w ould quic kly deplete the one or t w o

in terceptors in the constellation that w ould b e close enough to in tercept them. Other factors

that migh t driv e up the size of the constellation are discussed in Section 6.6.

The n um b ers of in terceptors that w e estimate w ould b e required is signi�can tly higher

than other authors ha v e estimated b ecause of the more conserv ativ e assumptions in our

baseline case regarding w arning and detection time, duration of the b o ost phase, and ac-

celeration and 
y out v elo cit y of the in terceptor [81 , 82 , 83 ].

6.4 Sizing the SBI Satellite: Kill V ehicle, Intercepto r, and Life

Jack et

F or a giv en p erformance, SBIs can b e smaller than their terrestrial-based relativ es b ecause

they are already at high altitude and are not sub ject to aero dynamic drag or gra vit y drop

as they 
y out to their targets. The p enalt y for o v ercoming drag and gra vit y has already

b een paid b y the ro c k et that put them in orbit. F urthermore, the ro c k et nozzle on the

in terceptor can b e tuned for a single external pressure (i.e., zero) for optimal p erformance,

and no aero dynamic structure, suc h as a shroud, is needed.

On the other hand, a space-based in terceptor w ould need life-supp ort and station-

k eeping systems during its m ultiy ear lifetime on orbit that terrestrial-based in terceptors

do not. Life-supp ort systems are needed to k eep the satellite functioning. They include

solar panels for p o w er, comm unication links, and radiation shielding. Station-k eeping sys-

tems include thrusters to main tain orbit and an attitude con trol system. They could b e

built in to the in terceptor itself, although it is more lik ely that they w ould b e pro vided b y an

external structure, a \garage" or \life jac k et," to reduce the mass that has to b e accelerated

from storage orbit to in tercept.
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This section examines the sizing requiremen ts for eac h of the three comp onen ts for SBI

satellites in turn: the kill v ehicle, the in terceptor ro c k et, and the life jac k et.

6.4.1 Sizing the kill vehicle

Based on the analysis in Chapter 12, w e estimate that the high closing v elo cities asso ciated

with in tercepting ICBMs from space w ould require the kill v ehicles to ha v e a total div ert

v elo cit y of 2.5 km/s, a total in terceptor lag of less than less 0.1 s, and an acceleration

capabilit y during the endgame of 15 g. Using the same tec hnology that w e assumed for

the terrestrial-based in terceptors (based on tec hnology that w ould b e deplo y able within ten

y ears or so), a kill v ehicle that meets those requiremen ts w ould ha v e a w et mass of 136 kg,

as discussed in Chapter 14. (The w et mass of a kill v ehicle is its inert or dry mass plus the

mass of its prop ellan t.) That kill-v ehicle mass is based on curren t tec hnology , extrap olated

forw ard somewhat in the areas of sensors and a vionics to ac hiev e more capabilit y and lo w er

mass. Since kill-v ehicle mass driv es the size of eac h in terceptor and the total mass of

the constellation, sev eral p ossible approac hes for reducing kill-v ehicle mass are explored in

Section 6.9.

It should b e recognized that kill-v ehicle mass is a strong function of the div ert require-

men t, whic h w e ha v e estimated to �rst-order accuracy in this study . More agile ICBMs,

whic h w ould driv e up the div ert requiremen t, w ould ha v e a pronounced e�ect on the re-

quired kill-v ehicle mass. F or example, the thrust of a solid-prop ellan t b o oster v aries in an

unpredictable w a y b y as m uc h as 10 p ercen t as it burns, for a n um b er of reasons. These

v ariations are not kno w able un til after the in terceptor b o oster has burned out. The kill-

v ehicle w ould ha v e to comp ensate for this v ariation as it 
ies out, correcting the estimated

time of the in tercept b y adjusting its closing v elo cit y . These adjustmen ts w ould require

v elo cit y corrections along the line of sigh t, in addition to the div ert v elo cities calculated

here. Liquid-prop ellan t ICBMs w ould presen t the same problem; they could easily throttle

their thrust up or do wn b y 10 p ercen t as a coun termeasure.

6.4.2 Sizing the intercepto r

The size of the in terceptor is determined b y the 
y out sp eed and acceleration required of it

and the mass of the kill v ehicle that it m ust prop el. Figure 6.3 sho ws the range and mass

of the h yp othesized in terceptor with a 2.5 km/s div ert capabilit y as a function of 
y out

v elo cit y , whic h is con trolled b y fuel loading. Note that the masses in this �gure are for

the in terceptors only and do not include the lifejac k et. W e consider one- and t w o- stage

b o osters for 
y out (t w o and three stages total, coun ting the kill v ehicle). F or a single-

stage ro c k et, our masses are based on the assumption that the tank age and motors total 16

p ercen t of the prop ellan t mass, plus an additional 5 p ercen t of the pa yload. (The pa yload

includes the w et kill v ehicle for a one-stage 
y out system; it includes the w et kill v ehicle

plus the 
y out upp er stage for the �rst stage of the t w o-stage 
y out system). The I

sp

of the


y out system is tak en to b e 300 s. Those n um b ers are consisten t with curren t practice for

space-launc hed solid-prop ellan t systems. The n um b ers for a t w o-stage ro c k et are based on

the same assumption, plus the assumption that the staging time and the mass of in terstage

structures are negligible.

F or simplicit y , the calculations of 
y out range assume that the in terceptor has 120 s to

reac h the target, based on the 170-second duration b o ost phases of solid-prop ellan t ICBMs

S1 and S2, a 45-second dela y b et w een target and in terceptor launc h, and the arbitrary
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assumption that the in terceptor m ust hit the target at least 5 s b efore burnout. This

assumption turns out to b e v ery optimistic b ecause, in realit y , the in terceptor w ould ha v e

to hit the target earlier to defend the United States. It is more optimistic than the v alues

assumed in our analysis of geographic scenarios in Chapter 5. More-realistic scenarios that

tak e geograph y in to accoun t are discussed b elo w in Section 6.6. If the in terceptor could

b e �red earlier or the target missile burns longer, the co v erage that could b e pro vided b y

eac h in terceptor w ould increase. Con v ersely , �ring dela ys longer than the optimistic 45 s

assumed here w ould decrease the co v erage, as w ould an y requiremen ts to hit the b o oster

so oner, b efore it could giv e its w arheads or m unitions the v elo cit y needed to reac h the

United States.

According to Fig. 6.3, an in terceptor that could prop el the kill v ehicle to a sp eed of

4 km/s with an acceleration of 10 g w ould ha v e a mass of 820 kg, including the kill v ehicle

but not the lifejac k et. As Fig. 6.3 indicates, there is an adv an tage to adding a second stage

for 
y out v elo cities that are greater than 3 km/s. The mass of a single-stage in terceptor

increases sharply for 
y out sp eeds faster than 4 km/s. Bey ond an optim um p oin t (Fig. 6.5),

the mass increase o v erwhelms the b ene�t of increasing range. The range impro v emen t w ould

b egin to 
atten out at higher sp eeds b ecause the in terceptor a v erage acceleration has b een

limited to 10 g. The 10-g acceleration implies a 30{50 s in terceptor burn time, so most of the

in terceptor's energy is exp ended early , allo wing no reserv e for ma jor course corrections late

in its tra jectory , suc h as a late re-classi�cation of the target tra jectory . If the in terceptor

has mistak en a liquid-prop ellan t ICBM for a solid-prop ellan t ICBM, it ma y o v ersho ot and

b e unable to correct, whic h is similar to what ma y happ en to surface-based in terceptors

(see Section 5.1.1).

6.4.3 T otal mass of an SBI satellite

The in terceptor mass is not the end of the story , ho w ev er. The total w eigh t of an SBI

satellite also includes the \life jac k et" or \garage" that pro vides the life-supp ort and house-

k eeping services that are necessary for long-term op erations in space. Those services include

ion propulsion and prop ellan t for main taining orbit, radiation shielding, p o w er, and other

functions whose comp onen ts are listed in T able 6.1. When all the subsystems listed in the

table are added, the life jac k et can ha v e a mass nearly as large as the SBI itself. F or the

purp oses of this analysis, w e made what ma y b e an optimistic assumption that the life

jac k et mass w ould b e 50 p ercen t of the mass of the in terceptor.

6.4.4 The e�ects of divert velo cit y requirements on SBI mass

As discussed ab o v e, w e use the 2.5 km/s div ert v elo cit y requiremen t for the kill v ehicle in

our calculations, the assumption made in generating the t w o mass curv es in Fig. 6.3. Other

c hoices for div ert v elo cities w ould a�ect the SBI mass signi�can tly , although the div ert

v elo cit y and acceleration requiremen ts are determined primarily b y the target missile and

not the design of the SBI or constellation. Figure 6.4 sho ws the total mass for eac h SBI

satellite (in terceptor and life jac k et) as a function of 
y out and div ert-v elo cit y , assuming a

t w o-stage in terceptor. The 2.5 km/s div ert-v elo cit y curv e in this �gure is the same as the

t w o-stage mass curv e in Fig. 6.3. Div ert requiremen ts could b e greater than the 2.5 km/s

assumed in this c hapter for t w o reasons: shorter in terceptor burn times or higher closing

v elo cities. In terceptor burn times could b e signi�can tly shortened if high acceleration motors

are used, as some ha v e prop osed to either increase SBI reac h or to get to a target so oner
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T able 6.1. Comp onen ts of an SBI Life Jac k et

Solar panel

Radiator

Momen tum wheels and con troller

Horizon/star trac k er sensors

DC to DC con v erter

Battery

Hall-e�ect ion engine and con trols

Structure and shielding

A ttitude con trol system for momen tum dump

Comm unication link and an tenna

Miscellaneous

if geographic realities dictate. Ho w ev er, if the in terceptor burn times are less than 40 s,

the kill-v ehicle m ust resp ond to guidance uncertain ties and unpredictable v ariations in the

target's tra jectory . (This issue is discussed in Section 6.7.) Second, the higher closing

v elo cities that c haracterize SBI in tercepts could increase kill-v ehicle div ert requiremen ts

relativ e to ground-based in terceptors if the kill v ehicle uses range-limited sensors for the

endgame. In that case, the kill v ehicle w ould ha v e less time to resp ond to target maneuv ers

and w ould ha v e to b e able to div ert farther.
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Figure 6.4. The e�ect of 
y out and div ert v elo cities on total mass of a single SBI with a t w o-stage

b o oster. T otal SBI mass includes the mass of the lifejac k et, whic h w e estimate to b e 50 p ercen t of

the in terceptor mass. The total div ert v elo cit y assumed for the kill v ehicle in generating eac h curv e

is indicated next to it.
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Figure 6.5. T otal mass of an orbiting constellation for the baseline case, including lifejac k ets, for one-

and t w o-stage SBIs against solid- and liquid-prop ellan t missiles. The SBIs ha v e 10-g accelerations

and carry kill v ehicles capable of 2.5-km/s total div ert v elo cit y .

6.5 Optimizing System Mass-in-Orbit

The goal in optimizing a system of on-orbit in terceptors is to pro vide adequate co v erage

with a minim um constellation mass. A tradeo� m ust b e made b et w een mass and range

for eac h individual in terceptor, based on the amoun t of fuel that is loaded in to it. (The

other signi�can t factors that a�ect mass|kill-v ehicle div ert v elo cit y and acceleration|are

determined largely b y the target missile.) The total system mass is v ery sensitiv e to the

dry mass of the kill v ehicle: a one kilogram increase in dry mass of the kill v ehicle w ould

increase the mass of the constellation b y roughly ten tonnes.

T o optimize the baseline system's on-orbit mass, w e com bined the co v erage and in ter-

ceptor mass results presen ted in Fig. 6.3 and Sections 6.3 and 6.4. Figure 6.5 sho ws the

resulting on-orbit constellation mass for one- and t w o-stage in terceptors against solid- and

liquid-prop ellan t missiles, assuming 136-kg kill v ehicles capable of accelerations of 10 g,

including the 50 p ercen t allo w ance for the mass of the lifejac k et. The system mass increases

steeply at lo w er v alues of v


y out

, where most of the range is used for 
ying do wn from the

parking orbit, and increases steeply at higher v alues of v


y out

where the in terceptor mass

increases faster than the increase in co v erage. Against solid-prop ellan t ICBMs, the mass of

the single-stage system has a shallo w minim um b et w een 2.5 to 3.5 km/s. F or the t w o-stage

system, the minim um mass is a little lo w er and stretc hes from 2.5 to 5 km/s. The mass sa v-

ings app ear to b e w orth the complication of incorp orating a second stage for sp eeds greater

than 3.5 km/s. Against the liquid-prop ellan t missile, the masses on orbit are smaller and

the minima are 
atter and wider.

W e selected a t w o-stage in terceptor with a 
y out v elo cit y of 4 km/s to minimize system

mass for our baseline system, whic h assumes a 2.5-km/s div ert kill v ehicle capable of 15 g

in the endgame and ha ving total lag in the in terceptor's resp onse of less than 0.1 s. With

that 
y out v elo cit y , roughly 1,600 in terceptor satellites at an altitude of 300 km w ould b e

required for t w o of them, on a v erage, to b e in p osition to in tercept a single solid-prop ellan t

missile (lik e ICBM S1) launc hed from North Korea, Iraq, or Iran 5 s b efore its burnout

(see Section 6.3). The total mass w ould b e 2000 tonnes. The n um b er of in terceptors
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Figure 6.6. T otal mass-in-orbit as a function of div ert v elo cit y and 
y out v elo cit y for a t w o-stage

in terceptor ha ving an acceleration of 10 g. Eac h curv e is lab eled b y the assumed kill-v ehicle div ert

v elo cit y .

assumes that the in terceptors could b e �red 45 s after the target missile is launc hed (our

zero-decision-time case).

If the �ring of the in terceptor w ere dela y ed b y 30 s (our 30-second decision time case),

the n um b er of in terceptors needed w ould increase, and the system mass w ould more than

double (see Section 6.6). The mass of the constellations suggests that signi�can t reductions

in the mass of the SBI w ould b e necessary to mak e suc h a system practical. Section 6.9

explores w a ys to reduce kill-v ehicle mass.

If the system w ere designed to coun ter only liquid-prop ellan t ICBMs, the in terceptors

w ould ha v e considerably longer 
y out times and the constellation size could b e reduced

signi�can tly . As an example, if the 
y out time w ere increased from 120 s to 170 s (240 s

ICBM burn, in terceptor launc h 65 s after target missile launc h, zero decision time, and an

in tercept 5 s b efore burnout), the on-orbit mass w ould drop b y almost 60 p ercen t to ab out

860 tonnes. This reduction w ould o ccur b ecause the in terceptors w ould ha v e extra time to


y out to the target. Th us, only ab out 700 in terceptors w ould b e needed, ev en though the


y out v elo cit y and size of the in terceptor w ould remain the same. A more realistic decision

time of 30 s w ould b o ost the on-orbit mass of a system designed to coun ter liquid-prop ellan t

missiles b y ab out 60 p ercen t, i.e., the total on-orbit mass w ould b e 1,400 tonnes.

Changing the required total div ert v elo cit y w ould also a�ect the constellation mass

signi�can tly . Figure 6.6 sho ws the sensitivit y of our results to the requiremen t that the kill

v ehicle ha v e a total div ert capabilit y of 2.5 km/s. The constellation mass increases linearly

with the kill-v ehicle mass, increasing b y nearly a factor of 2 for kill v ehicles with 3 km/s

div ert. The total constellation mass w ould drop b y 30 p ercen t if the div ert requiremen t

w ere lo w ered to 2 km/s and b y more than 50 p ercen t if it w ere lo w ered to 1.5 km/s. The

div ert v elo cit y requiremen ts, ho w ev er, are largely a function of the an ticipated p erformance

of the target missile and not the design of the SBI or the SBI constellation. Div ert v elo cit y

requiremen ts can also b e driv en b y other design considerations (see Section 6.4.4).
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T able 6.2. Num b er of In terceptors as a F unction of v


y out

, Decision

Time, and Geograph y against Solid-Prop ellan t ICBM S1

a

Baseline case Defend U.S. from Iran

v


y out

Zero Decision 30-second Zero Decision 30-second

(km/s) time dela y time dela y

3 2,800 6,100 3,700 12,400

4 1,600 3,600 2,000 5,700

5 1,100 2,600 1,400 3,700

a

The n um b er of SBIs required to in tercept solid-prop ellan t ICBM S1 as a

function of 
y out v elo cit y and decision time for t w o di�eren t cases: the

baseline case where the ICBM is in tercepted 5 s b efore burnout, and the

case where it is in tercepted 10 s b efore burnout, whic h is what w ould b e

required to defend the en tire United States against an attac k b y Iran. In

all cases, the in terceptor has an a v erage 
y out acceleration of 10 g.

6.6 The E�ect of Decision and Intercept Time on System Mass

As discussed ab o v e, the baseline system is optimistic for the solid-prop ellan t case, particu-

larly since it is built on the assumption that the in terceptor has 120-seconds 
y out to the

target. This time follo ws from t w o cen tral assumptions: a 45-second �ring time (the zero

decision time case), and in tercept o ccurs 5 s b efore burnout.

T o illustrate the sensitivit y of our results to the 45-second �ring time, w e presen t the

case in whic h the in terceptor is launc hed 30 s later (the 30-second decision time case). F or

the example considered in Fig. 6.3, a dela y of 30 s w ould signi�can tly increase the n um b er

of in terceptors required. T able 6.2 illustrates the e�ect of c hanging the assumed decision

time for three di�eren t 
y out v elo cities. In the baseline case (4 km/s 
y out v elo cit y and

10 g), the required n um b er of in terceptors w ould more than double, from 1,600 to 3,600.

With a 
y out sp eed of 5 km/s, the increase in the required n um b er of in terceptors to reac h

the target missile after a 30-second dela y is similar, more than double the zero-dela y case.

The e�ect on constellation mass is the same for eac h 
y out v elo cit y b ecause it is pro-

p ortional to the n um b er of satellites (see T able 6.3). The table also rev eals that mass is

minimized at 
y out v elo cities around 4 km/s.

The required constellation size w ould also increase if more realistic geographic scenarios

w ere considered, as they w ere for ground-based in terceptors in Chapter 5. F or example,

defending the United States against a solid-prop ellan t ICBM S1 launc hed from Iran w ould

require the system to in tercept the missile 160 s after launc h, or 10 s b efore it burned out

(see Chapter 5). This �nal in tercept time is 5 s earlier than w e ha v e assumed in our baseline

case for the SBI system and, although it represen ts only a small decrease in burn time, it

w ould increase the n um b er of in terceptors and constellation mass required b y 25 p ercen t

o v er the baseline case (see T ables 6.2 and 6.3).

If the t w o factors are com bined and the in terceptors m ust in tercept a solid-prop ellan t

ICBM from Iran 160 s after launc h and after a 30-second dela y , the n um b er of in terceptors

and constellation mass required w ould increase sharply , i.e., 250 p ercen t higher than the

baseline case.

Defending Alask a from North Korea could increase the size of the constellation ev en
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T able 6.3. Mass-in-Orbit as a F unction of v


y out

, Decision Time, and

Geograph y against Solid-Prop ellan t ICBM S1

a

Baseline case Defend U.S. from Iran

v


y out

Zero decision 30-second Zero decision 30-second

(km/s) time dela y time dela y

3 2,200 4,700 2,900 9,700

4 2,000 4,500 2,500 7,000

5 2,300 5,200 2,700 7,500

a

The mass in tonnes of SBIs required to in tercept solid-prop ellan t

ICBM S1 as a function of 
y out v elo cit y and decision time for t w o di�eren t

cases: the baseline case where the ICBM is in tercepted 5 s b efore burnout,

and the case where it is in tercepted 10 s b efore burnout, whic h is what

w ould b e required to defend the en tire United States against an attac k

from Iran. In all cases, the in terceptor has an a v erage 
y out acceleration

of 10 g.

more than the Iranian case, b ecause the in tercept m ust o ccur b efore the missile reac hed

su�cien t sp eed to deliv er the pa yload to its destination, as discussed in Chapter 5. Not

only w ould the in tercept ha v e to o ccur more than 25 s earlier than the baseline case (more

than doubling the n um b er of in terceptors required), but the in terceptor w ould ha v e to div e

ab out 60 km lo w er to hit the ICBM in time, further increasing the n um b er of in terceptors

required.

The e�ects of 
y out v elo cit y and decision time on the n um b er of in terceptors and

the mass of the constellation are similar in the case of liquid-prop ellan t ICBMs (see T a-

bles 6.4 and 6.5). The biggest di�erence b et w een liquid- and solid-prop ellan t ICBMs is

that the e�ect of dela y is less pronounced for liquid-prop ellan t missiles b ecause they burn

for a m uc h longer time. Geographic constrain ts from more realistic scenarios are also less

pronounced for liquid-prop ellan t missiles, b ecause they accelerate v ery rapidly at the end of

their burn. In fact, there is no di�erence in the n um b er of in terceptors b et w een the baseline

system and defending against liquid-prop ellan t missiles launc hed from Iran|b oth require

in tercept 5 s b efore burnout.

6.7 The E�ect of High-Acceleration Intercepto rs on System Mass

In tuitiv ely , one migh t exp ect that reducing the burn time of the SBI b y increasing the

acceleration of its b o oster w ould, for a �xed v elo cit y , reduce the n um b er of SBIs on orbit

and, therefore, the total orbital mass of the system.

Although increasing acceleration w ould reduce the n um b er of SBIs needed for co v erage,

t w o factors th w art the apparen t mass sa vings: 1) a p enalt y related to div ert v elo cit y re-

quiremen ts that increases the propulsion requiremen ts of the kill v ehicle as burn time is

shortened, and 2) a p enalt y related to acceleration that increases structural and propulsion

system masses. F or the storage altitude (300 km) and SBI 
y out times used in this analysis

(90 to 120 s), these t w o factors w ould increase total orbital mass for in terceptor burn times

less than 30{40 s. In situations where the storage altitude is higher or the in terceptor 
y out

time is less than w e assumed, the minim um constellation mass w ould b e ac hiev ed with v ery-

high-acceleration in terceptors. But the resulting constellation mass w ould b e more massiv e
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T able 6.4. Num b er of In terceptors as a F unction of v


y out

, Decision

Time, and Geograph y against Liquid-Prop ellan t ICBM L

a

Baseline case Defend U.S. against Iran

v


y out

Zero Decision 30-second Zero Decision 30-second

(km/s) time dela y time dela y

3 1,200 2,100 1,200 2,100

4 700 1,200 700 1,200

5 500 800 500 800

a

The n um b er of SBIs required to in tercept liquid-prop ellan t ICBM L as a

function of 
y out v elo cit y and decision time for t w o di�eren t cases: the

baseline case where the ICBM is in tercepted 5 s b efore burnout, and the

case where it is in tercepted from Iran, whic h is also 5 s b efore burnout,

to defend the en tire United States against an attac k. In all cases, the

in terceptor has an a v erage 
y out acceleration of 10 g.

T able 6.5. Mass-in-Orbit as a F unction of v


y out

, Decision Time, and

Geograph y against Liquid-Prop ellan t ICBM L

a

Baseline case Defend U.S. against Iran

v


y out

Zero decision 30-second Zero decision 30-second

(km/s) time dela y time dela y

3 1,000 1,700 1,000 1,700

4 900 1,500 900 1,500

5 1,000 1,600 1,000 1,600

a

The mass in tonnes of SBIs required to in tercept liquid-prop ellan t

ICBM L as a function of 
y out v elo cit y and decision time for t w o di�eren t

cases: the baseline case where the ICBM is in tercepted 5 s b efore burnout,

and the case where it is in tercepted from Iran, whic h is also 5 s b efore

burnout, to defend the en tire United States against an attac k. In all cases,

the in terceptor has an a v erage 
y out acceleration of 10 g.
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than the baseline system, b ecause high acceleration is not free.

In fact, if the t w o p enalties w ere com bined, they w ould add more to in terceptor mass

than the sum of their parts: the acceleration p enalt y w ould b e ampli�ed b y the div ert

p enalt y , whic h w ould increase the mass of the kill v ehicle and therefore the structural loads

that m ust b e handled b y the b o oster stages. F or simplicit y w e analyzed eac h p enalt y

separately and did not estimate the com bined e�ect. As a result, the magnitude of the

e�ect of mo ving to higher accelerations is lik ely to b e somewhat understated here.

F or the analysis in this section, w e to ok as the p oin t of departure the baseline case

describ ed ab o v e|a t w o-stage in terceptor ha ving a 
y out v elo cit y of 4 km/s, an acceleration

of 10 g, and a burn time of nearly 40 s that carries a kill v ehicle with a total div ert v elo cit y

of 2.5 km/s. The total 
igh t time of the in terceptor is 120 s.

6.7.1 Divert p enalt y: the e�ect of b o oster burn time on mass

The �rst mass p enalt y results from the inabilit y of the guidance system on the kill v ehicle

to measure and predict the acceleration of the threat b o oster with precision. As long as the

in terceptor b o oster is burning, corrections for threat tra jectory up dates can b e accommo-

dated with negligible p enalt y . Ho w ev er, when the SBI b o oster burns out, an y uncertain ties

that remain, along with the e�ects of unpredictable v ariations in threat acceleration after

SBI burnout, m ust b e corrected b y the kill v ehicle.

As describ ed in Chapter 10, the limited trac king precision, ev en with an X-band radar,

w ould result in signi�can t uncertain ties in the estimate of the threat acceleration. F or the

�lters that w e mo deled, this uncertain t y do es not impro v e after ab out 15 s of trac king and

remains on the order of 1 g (see Chapter 12). In addition, the unpredicted v ariations in the

threat missile's thrust and drag add to the residual uncertain t y and m ust b e matc hed b y

kill-v ehicle maneuv ers after the in terceptor b o oster burns out. Therefore, if the in terceptor

burns out in 20 s rather than 40 s, the kill v ehicle m ust matc h an y unpredicted accelerations

for 20 additional seconds. F or a nominal 1-g v ariation in acceleration that m ust b e matc hed

b y the kill v ehicle, an additional 200 m/s in div ert v elo cit y m ust b e deliv ered. This requires

extra fuel whic h increases the size of the kill v ehicle, in turn increasing the size of the

in terceptor that is required to reac h the same 
y out v elo cit y .

The e�ect of v arying in terceptor burn time on in terceptor mass, the n um b er of in ter-

ceptors, and total mass-in-orbit is illustrated in Fig. 6.7 for the 4 km/s, t w o-stage baseline

case. T otal 
igh t time is assumed to b e 120 s for the case of a solid-prop ellan t missile. As

exp ected, the n um b er of in terceptors required decreases and the mass of the in terceptor

increases as burn time gets shorter. While the n um b er of SBIs required for co v erage is

reduced as SBI burn time is shortened, the increase in mass p er SBI from this e�ect more

than o�sets the sa vings for burn times that are less than ab out 40 s, as the top curv e in

Fig. 6.7 sho ws. F or SBI burn times greater than 40 s, the system mass also increases b ecause

the reduction in in terceptor mass is more than o�set b y the need for more in terceptors.

This e�ect can also b e seen clearly in Fig. 6.8, whic h sho ws the total mass-in-orbit for

a set of one- and t w o-stage in terceptors. The lo w est curv e is for the 4 km/s, t w o-stage

in terceptor that w e used as our baseline case. In this case, the mass-in-orbit is minimized

for a burn time of ab out 40 s, whic h corresp onds to an a v erage acceleration of ab out 10 g.

F or single-stage in terceptors, the mass-in-orbit is minimized for an in terceptor ha ving a


y out v elo cit y of ab out 3.5 km/s and a burn time of ab out 40 s, whic h corresp onds to an

a v erage acceleration of ab out 9 g. Since the minim um is shallo w for the assumed parameters,

ho w ev er, minor c hanges in the assumptions w ould cause substan tial c hanges in the optim um
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Figure 6.7. V ariation of the n um b er of in terceptors, mass of an individual SBI, and on-orbit mass

as a function of SBI burn time, including the estimated \div ert p enalt y" for a t w o-stage SBI with a


y out v elo cit y of 4 km/s.

acceleration but only minor c hanges in the mass-in-orbit.

6.7.2 Acceleration p enalt y: the e�ect of acceleration on mass

The second factor that w orks against higher acceleration is the mass p enalt y asso ciated

with the higher-thrust b o oster ro c k et and the in ter-stage structure. There are three basic

comp onen ts to a b o oster's inert mass, whether it has a liquid- or solid-prop ellan t motor.

� The mass of the in ter-stage structure and release system whic h is a function of the

v ehicle mass forw ard of the in ter-stage structure and the buc kling loads caused b y

b oth axial and lateral acceleration.

� The dry or inert mass of tank age and the com bustion c ham b er, or the ro c k et pressure

v essel, whic h is a function of the prop ellan t mass and the c ham b er pressure. F or

a giv en total impulse, greater thrust requires either a higher c ham b er pressure or a

larger nozzle throat or some com bination of the t w o. Higher c ham b er pressure means

hea vier c ham b er w alls, whic h w ould b e o�set somewhat in the case of solid-prop ellan t

systems b y a reduction in the thic kness of the case insulator, whic h w ould b e made

p ossible b y the shorter burn time.

� The mass of the thrust v ector system and nozzle structural sti�ness whic h is a func-

tion of the thrust or mass 
o w of the ro c k et. The increased mass 
o w for higher thrust

requires a hea vier nozzle and a more massiv e thrust-v ector con trol mec hanism.

T o illustrate the com bined e�ects of higher accelerations on these three comp onen ts, w e

use an equation of the follo wing form to describ e these relationships. The inert or dry mass
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of the stage, M

inert

, is de�ned b y C

1

� f

1

(upstage mass), whic h represen ts the inert mass

of the in ter-stage structure and separation hardw are, plus C

2

� f

2

(prop ellan t mass), whic h

represen ts the mass of the basic motor case and �xed nozzle exit cone, plus C

3

� f

3

(thrust ),

whic h represen ts the mo v able nozzle join t, nozzle structural sti�ening for the actuator loads,

and thrust-v ector con trol hardw are.

Based on data for existing b o osters, the b est-�t linear relationship for a single-stage

b o oster w as found to b e:

M

inert

= 0 : 05 M

pa yload

+ 0 : 087 M

prop ellan t

+ 0 : 0009 F ; (6.3)

where M

inert

is the b o ost-stage dry mass in kilograms, M

pa yload

is the mass in kilograms of

the pa yload forw ard of the in ter-stage, M

prop ellan t

is the mass of prop ellan t in kilograms,

and F is the ro c k et thrust in newtons.

This equation can also b e used for t w o-stage in terceptors, where M

pa yload

for the �rst

stage is the mass of the kill v ehicle plus the mass of the second stage, and M

pa yload

for the

second stage is the mass of the kill v ehicle.

Figure 6.9 plots this equation for a v erage accelerations of 6, 10, and 20 g for a single-

stage in terceptor and a kill-v ehicle mass of 136 kg, whic h corresp onds to our baseline kill

v ehicle ha ving a 2.5-km/s div ert v elo cit y capabilit y . This �gure also sho ws the kic k-stage

motor data that w ere used to generate the b est-�t equation.

One can debate the co e�cien ts of this equation, but while no data p oin ts from existing

kic k stages w ere found for the 20-g acceleration case, the equation �ts b oth in tuition and

the a v ailable data p oin ts reasonably w ell. It should b e generally v alid for sho wing trends

for either solid- or liquid-prop ellan t stages and is used to illustrate ho w the mass of an SBI

can b e exp ected to v ary with acceleration for a �xed 
y out v elo cit y .

Figure 6.10 illustrates the sensitivit y of the SBI mass to thrust acceleration for a single-

stage in terceptor ha ving a 
y out v elo cit y of 3.5 km/s. F or a giv en 
y out v elo cit y , the
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Figure 6.9. The v ariation of SBI mass as a function of 
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an SBI with a 136-kg kill v ehicle. The curv es represen t the results of the b est-�t equation for eac h

acceleration. The data p oin ts used to generate the curv es are also indicated. (Adj. = adjusted)

acceleration and SBI mass increase as the burn time is shortened. The �gure also sho ws the

n um b er of satellites that w ould b e required, and the resulting mass-in-orbit, as a function

of burn time. Here, the minim um mass-in-orbit o ccurs for a burn time of ab out 30 s, whic h

corresp onds to an a v erage acceleration of ab out 12 g. As in Fig. 6.7, the minim um is shallo w

for the assumed parameters; th us minor c hanges in the assumptions will cause substan tial

c hanges in the optim um acceleration but only minor c hanges in the mass-in-orbit.

Figure 6.11 sho ws the total mass-in-orbit for a set of one- and t w o-stage in terceptors and

accoun ting for the estimated acceleration p enalt y . The total mass-in-orbit is minimized at

ab out the same v alue for either a one-stage, 3.5-km/s in terceptor with a burn time of 30 s or

the baseline t w o-stage, 4.0-km/s in terceptor with a burn time of nearly 40 s. Nev ertheless,

the minim um is shallo w for the assumed parameters; minor c hanges in the assumptions

will cause substan tial c hanges in the optim um acceleration but only minor c hanges in the

mass-in-orbit.

6.7.3 Summa ry

In summary , the mass-in-orbit of an SBI system can b e optimized b y selecting the appro-

priate burn time, 
y out v elo cit y , and n um b er of stages. As burn times are shortened or

lengthened from the optimal v alue, on-orbit mass will rise. This arises from t w o e�ects: a

\div ert p enalt y" where shorter burn times increase the n um b er of course corrections that

the kill v ehicle w ould ha v e to mak e on its o wn, and an \acceleration p enalt y" where the

structural and ro c k et-motor masses increase. F or simplicit y , those p enalties are treated

separately here. If they w ere com bined, the div ert p enalt y w ould increase the acceleration

p enalt y and result in a p enalt y that w ould b e larger than the sum of the t w o parts.

The minim um v alue for a particular constellation is determined b y the time that the SBI

has to reac h the target|its 
y out time. The more 
y out time that the in terceptor has, the

lo w er the optimal acceleration tends to b e. In the set of cases examined here, 
y out times

are in the range of 90 to 120 s. F or an SBI system designed to in tercept solid-prop ellan t
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missiles, on-orbit mass is minimized when the burn time is 40 s and the 
y out v elo cit y is

4 km/s, whic h corresp onds to an acceleration of ab out 10 g.

6.8 Space-Launch Requirements fo r SBIs

Placing the 2,000-tonne mass of our baseline system in to 300-km altitude orbits at an

inclination of 45

�

w ould require roughly a �v e- to tenfold increase in the U.S. space-launc h

capacit y (dep ending on ho w it is coun ted), if the constellation w ere deplo y ed o v er a three-

y ear p erio d. Measured in terms of mass placed in to orbit, it w ould require a �v efold increase

relativ e to the U.S. a v erage mass deplo y ed b y medium- and hea vy-lift ro c k ets o v er the six-

y ear p erio d from 1997 to 2002.

1

Measured in terms of the n um b er of launc hes p er y ear,

deplo ying the baseline constellation in three y ears w ould require a �v e- to thirteenfold

increase, dep ending on the t yp e of launc her used. If the satellites w ere deplo y ed on all

medium and hea vy launc h v ehicles but the Sh uttle, they w ould ha v e to b e launc hed at

�v e times the rate exp erienced o v er the past six y ears. If the satellites w ere deplo y ed only

on medium-launc h v ehicles, an eigh tfold increase w ould b e necessary , and at least a tenfold

increase o v er curren t rates w ould b e required if the system w ere deplo y ed on only exp endable

hea vy-lift v ehicles.

This is an enormous n um b er of launc hes b y con temp orary or historical standards. In

terms of sp eci�c launc hers, deplo ying the baseline constellation o v er three y ears w ould

require appro ximately 400 Delta I I ro c k ets, 250 A tlas I I/Delta I I I/A tlas I I I ro c k ets, or

100 Space Sh uttles or A tlas V-Hea vy/Delta IV-Hea vy ro c k ets [84 , 85 , 86 ]. If the cargo

v ersion of the Space Sh uttle w ere ev er built, with its nearly 70-tonne capacit y , only ab out

30 launc hes w ould b e needed to deplo y the constellation [87 , p. x]. T o put these n um b ers

in p ersp ectiv e, o v er the past �v e y ears the United States has launc hed an a v erage of 16

unmanned medium-lift ro c k ets, 3 hea vy-lift ro c k ets, and 5 Space Sh uttles eac h y ear [84 ],

illustrating wh y m uc h of the fo cus of SBI researc h to date has b een on reducing kill-v ehicle

mass, a sub ject that is tak en up in the next section.

The n um b er of launc hes needed eac h y ear to main tain the constellation w ould b e few er,

but still high b y curren t standards. The ann ual replenishmen t rate dep ends on the service

lifetime of the satellites. If the service lifetime is appro ximately �v e to eigh t y ears, system

main tenance w ould require ab out 30{50 A tlas I I/Delta I I I/A tlas I I I launc hes p er y ear on

a v erage, or 10{20 hea vy exp endable launc h v ehicles or sh uttles. F or econom y , in terceptors

w ould need to b e launc hed sev eral at a time, whic h requires an adapter and disp enser

and their asso ciated mass. Once in orbit, the in terceptors w ould b e able to maneuv er to

distribute themselv es within their orbital plane, but w ould ha v e little 
exibilit y to c hange

the inclination of their orbits, as this w ould require a large v elo cit y c hange and consume

precious fuel, suggesting that at least a p ortion of the replenishmen t satellites w ould b e

deliv ered to orbit b y medium-lift ro c k ets.

This section has fo cused so far on the space-launc h requiremen ts for the baseline SBI

1

This comparison is based on an estimate of the mass that eac h launc her could ha v e placed in to a circular

orbit with altitude of 300 km and inclination of 45

�

had it b een used for that purp ose (w e refer to this as

equiv alen t mass) and the a v erage of the actual n um b er of launc hes (successful or not) from 1997 through

2002 b y eac h launc her t yp e. The a v erage ann ual equiv alen t mass deplo y ed o v er that p erio d w as ab out 140

tonnes, or ab out 7 p ercen t of the mass of the required constellation. This estimate excludes the con tributions

of the Space Sh uttle, b ecause a manned system is unlik ely to b e used to deplo y an SBI system|the risks of

manned space 
igh t are to o high for a mission that could b e done e�ectiv ely with exp endable launc hers. If

the Space Sh uttle w ere included, the a v erage ann ual equiv alen t mass placed in orbit w ould b e 250 tonnes,

or ab out one-eigh th of the total mass of the constellation.
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system, but for the reasons discussed in Section 6.3, those n um b ers are probably optimistic.

The e�ect of less-optimistic assumptions ab out decision time and in tercept times on con-

stellation size and mass also ha v e b een examined (Section 6.6). Using those results (see

T able 6.2), one can see that the launc h requiremen ts listed ab o v e could more than double

(system mass increase from 2000 tonnes to 4500 tonnes) if the zero decision time assumption

in the baseline case is relaxed. More realistic assumptions ab out the e�ects of geograph y on

in tercept times, suc h as those discussed in Section 6.6, could easily increase space-launc h

requiremen ts b y 50 p ercen t or more. Those n um b ers could b e understated b y a factor of t w o

or more if the constellation w ere sized to re
ect more realistic assumptions ab out decision

and in tercept times.

6.9 The E�ect of Reducing Kill-V ehicle Mass

The large n um b er of launc hes required to deplo y a constellation of the baseline in terceptors

highligh ts the strong incen tiv es to reduce system mass. The impact of kill-v ehicle mass

on the total mass of the constellation is enormous, with a m ultiplier factor of more than

10,000 for the system considered here, thanks to the large n um b er of in terceptors needed for

co v erage and the exp onen tial dep endence of the mass of the in terceptor on 
y out v elo cit y .

As a result, eac h kilogram of additional kill-v ehicle mass w ould require that roughly another

10 metric tonnes w ould ha v e to b e placed in orbit.

Since system mass scales linearly with the mass of the kill v ehicle, new tec hnologies

that reduce the kill-v ehicle mass can ha v e a strong impact on the total system mass and

cost. Our baseline estimate of kill-v ehicle mass, appro ximately 140 kg w et for a div ert

capabilit y of 2.5 km/s, is based on tec hnology an ticipated within the next 10 y ears, with

some extrap olation in the area of sensors and a vionics to more capabilit y and lo w er masses

(Chapter 14). With su�cien t time and in v estmen t, ho w ev er, it ma y b e p ossible to reduce

subsystem masses w ell-b elo w our estimates, with the p oten tial for reducing the kill-v ehicle

mass.

T o explore the sensitivit y of the baseline assumptions to impro v emen ts in tec hnology ,

w e examined three p ossible areas for impro v emen t:

1. F urther reductions in the mass of sensor, pro cessing, and other electronics systems,

driv en b y Mo ore's la w and microtec hnology . W e consider the e�ect of a 50 p ercen t

decrease in the mass of these subsystems.

2. Reduction in the mass of the div ert thrusters, whic h are scaled from curren t tec hnol-

ogy . There ma y b e impro v emen ts in materials. There are also p ossible gains from the

systems approac h. Our baseline assumes a cruciform approac h, with four substan tial

thrusters, eac h capable of accelerating the kill v ehicle at 15 g in the endgame. If it

is p ossible to k eep the v ehicle orien ted so that only one thruster is needed to pro vide

this acceleration in an y direction, p erhaps b y imaging the target missile to monitor

its thrust axis and an ticipating its direction of p ossible acceleration, the other three

thrusters migh t b e made smaller. If they can b e reduced to 25 p ercen t { 33 p ercen t

of the size of the main thruster, the total div ert thruster mass migh t b e reduced b y

50 p ercen t.

3. Reduction in tank age mass. Our baseline estimate for the kill v ehicle uses curren t

state-of-the-art prop ellan t tanks, with a mass equal to 20 p ercen t of the mass stored

in them. The tanks are pressurized to ab out 800 psi and ha v e expulsion devices to
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T able 6.6. E�ect of P ossible Mass Reduction Strategies for Kill V ehicles

a

KV Mass of T otal

w et mass in teceptor mass

b

Reduction

Option Description (kg) (kg) (tonnes) (p ercen t)

Baseline 136 820 2,021 n.a.

Sensor Drop sensor and a vionics

mass b y 50% 88 531 1,308 35

Ro c k et Drop div ert motor mass

b y 50% 103 621 1,531 24

T ank age Drop tank age mass from

20% of prop ellan t to 10% 100 603 1,486 26

Sensor & Com bine sensor and

ro c k et ro c k et impro v emen ts 66 398 981 51

Sensor & Com bine sensor, ro c k et,

ro c k et & and tank age

tank age impro v emen ts 52 314 773 62

a

Baseline assumes a KV w et mass of 136 kg for a 2.5-km/s div ert and a 4-km/s 
y out

v elo cit y and a 10-g a v erage 
y out acceleration. Structure is assumed to scale at 10 p ercen t

of total KV mass.

b

T otal constellation mass.

force out the fuel and o xidizer as e�cien tly as p ossible. A t a small scale, there are

exp erimen tal miniaturized pumps that serv e the function of a turb o pump on a large

ro c k et engine. While more complex, this sc heme w ould mak e p ossible lo w er-pressure

tanks. W e consider the p ossibilit y of reducing tank mass b y 50 p ercen t, from 20

p ercen t of the prop ellan t for our baseline system to 10 p ercen t.

T able 6.6 sho ws the lev erage that eac h of those tec hnology impro v emen ts could pro vide,

b oth individually and in com bination. Clearly , if impro v ed tec hnologies could signi�can tly

reduce the kill-v ehicle mass, they could lead to large reductions in the total mass-in-orbit.

Ho w ev er, ev en if p ossible, the dev elopmen t and maturation of these tec hnologies w ould

require time and money . Moreo v er, cutting the mass of eac h of those three k ey subsystems

b y half (whic h w ould not b e easy) w ould reduce the w et mass of the kill v ehicle b y only

ab out 60 p ercen t, from a kill-v ehicle mass of 136 kg to ab out 52 kg in the 2.5-km/s-div ert

case.

6.10 The Exp ense of Op erating in Space

As discussed ab o v e, the required mass-in-orbit dominates the design considerations for an y

space system, largely b ecause of the v ery high cost of deplo ying mass in to orbit.

Despite a n um b er of programs aimed at reducing the cost of space transp ortation, from

the Space Sh uttle to Orbital Science Corp oration's P egasus to NASA's failed X-33, launc h

cost is the single most imp ortan t consideration for space systems and driv es system cost-

p er-unit-mass far b ey ond comparable ground- and air-based systems. F or example, hea vy

Delta I I (Delta mo del 2920-H10) launc hes pro cured under NASA's MIDEX program for

launc h in 2007, will cost of order $80M for deliv ery of 5,800 kg to a 300-km, 28

�

-inclination
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orbit [88 ]. These �gures yield a launc h cost of $14,000 p er kilogram, or $14M p er metric

tonne. This is probably an optimistic �gure, ho w ev er; t ypical costs ha v e b een closer to

$22,000 p er kilogram for lo w-Earth orbits [89 , p. 20]. The in terceptors w ould ha v e to b e

pac k aged and launc hed sev eral to a b o oster to realize this econom y , as small launc hers suc h

as Orbital Science Corp oration's P egasus are sev eral times more exp ensiv e p er unit mass;

their v alue is 
exibilit y , not carrying capacit y .

6.11 Summa ry

Space-based in terceptors are a p oten tially attractiv e option for b o ost-phase in tercept b e-

cause they are not constrained b y geograph y to b eing lo cated close to the target missile.

In addition, the practical limits on their accelerations and v elo cities are not constrained b y

the atmosphere and so, in theory , the in terceptors could ha v e longer reac hes than surface-

and air-based in terceptors.

Those adv an tages are o�set, ho w ev er, b y a n um b er of dra wbac ks. First, placing mass

in to orbit is v ery exp ensiv e, on the order of $22,000 p er kilogram for lo w-Earth orbits.

This mak es mass the dominan t design criterion for space-based systems. F or example,

mass constrain ts limit the abilit y to exploit the lac k of atmosphere to increase the reac h

of the in terceptors. In fact, w e found that the total mass-in-orbit w as minimized when

accelerations and 
y out v elo cities w ere less than those assumed in almost all of our surface-

based in terceptors. Second, the orbital motion of the satellites and the rotation of Earth

result in requiremen ts for v ery large n um b ers of satellites to ensure that at least one w ould

b e close enough to in tercept a single missile b efore it ac hiev ed enough v elo cit y to deliv er its

m unitions to the United States. This co v erage requiremen t, in turn, results in constellations

with masses that are measured in man y h undreds or thousands of tonnes.

In the baseline case that w e examined in this c hapter, w e minimized total mass at 2,000

tonnes for a system that op erated at an altitude of 300 km, with 1,600 in terceptors that

w ould accelerate at an a v erage of 10 g, add a v elo cit y of 4 km/s to the kill v ehicle, and

ha v e a mass of 820 kg exclusiv e of its lifejac k et. The kill v ehicle w as assumed to ha v e the

same capabilities as the one used on the ground-based in terceptors and had a mass of 136

kg. This system w ould b e capable of in tercepting a single solid-prop ellan t ICBM launc hed

from North Korea, Iraq, or Iran 5 s b efore burnout with at least one (and an a v erage of

t w o) in terceptors. This 2,000 tonnes is a h uge mass to place in to orbit and w ould require

a �v e- to tenfold increase in the curren t launc h capacit y of the United States. Defending

against only liquid-prop ellan t ICBMs w ould cut the n um b er of in terceptors, mass-in-orbit,

and launc h requiremen ts b y almost 60 p ercen t.

Nev ertheless, the baseline case should b e considered optimistic against solid-prop ellan t

missiles. If more realistic geographic scenarios are considered, ICBMs w ould ha v e to b e

in tercepted so oner than 5 s b efore burnout, and the n um b er of in terceptors and total system

mass w ould increase. F or example, the n um b er of in terceptors and total mass w ould increase

b y ab out 25 p ercen t if the constellation w ere designed to defend the United States against

Iran. More realistic decision times w ould also increase constellation size and mass; a 30-

second dela y w ould more than double the n um b er of satellites and mass-in-orbit. The

system w ould also b e larger if it w ere designed to defend against ICBMs that w ere launc hed

nearly sim ultaneously from p oin ts on Earth that w ere separated b y a few tens of kilometers

or less. The e�ects of more realistic scenarios are less-pronounced against liquid-prop ellan t

ICBMs, b ecause they burn longer and accelerate more rapidly at the end of their burns.
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The exp ense of placing mass in orbit creates signi�can t incen tiv es for reducing the mass

of the kill v ehicle, whic h driv es the mass of the system. W e found, ho w ev er, that signi�can t

reductions w ould b e p ossible only if the mass of all three ma jor comp onen ts of a kill v ehicle

w ere reduced. Ev en in that case, a tec hnically c hallenging 50 p ercen t reduction in all three

comp onen ts w ould reduce system mass b y only ab out 60 p ercen t.

Finally , w e examined only the issues related to in terceptor 
y out requiremen ts and mass.

W e did not examine the signi�can t command and con trol issues related to con trolling a

system of 1000 or more semi-autonomous satellites.
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7.1 Di�erences Bet w een Laser and Hit-to-Kill Intercepts

Bo ost-phase in tercept of missiles b y directed energy and b y kill v ehicles b oth seek to disable

the missile b efore its pa yload has reac hed a v elo cit y great enough to reac h a target b eing

defended. The metho ds of disabling the missile are di�eren t. A kill v ehicle directly strik es

the missile, in
icting sev ere, almost-instan taneous mec hanical damage. The Airb orne Laser

is an airb orne system consisting of a high p o w er laser with optical and trac king systems

that p ermit it to fo cus the laser's energy on a missile. The resulting heating ev en tually

causes mec hanical failure of the missile, although the time required to absorb the requisite

energy ma y b e some seconds.

The damage mec hanism itself will dep end on the t yp e of missile. Liquid prop ellan t

missiles are relativ ely thin-w alled metal v essels con taining the fuel, with a sturdy com bustion

c ham b er from whic h the burning fuel is exhausted. The fuel tanks are pressurized, and if

the temp erature of a p ortion of the tank is raised high enough, the metal softens and the

tank ruptures. This breac h will ev en tually cause the missile to fail, although the sp eed and

details of the failure will dep end on sev eral v ariables, suc h as the construction materials

and the in ternal pressure. Alternativ ely , the damage ma y come ab out b ecause of the large

column load on the fragile structure caused b y the missile's acceleration. Heating the w all

of the fuel tank could cause it to buc kle. If it buc kles, the cen ter of mass will no longer

b e in line with the thrust, and the missile will quic kly tum ble and b ecome ine�ectual. In

neither case is the heating required to melt the metal. Rather, it is only necessary to heat

the metal to a temp erature at whic h the structural in tegrit y is compromised.

Solid-prop ellan t missiles are of m uc h sturdier construction. In this case, the motor is

an in tegral part consisting of a thic k w all, probably of a comp osite material, con taining the

solid prop ellan t. Laser energy absorb ed in the w all w ould damage it so that the side blo ws

out, disabling the missile.

Because the construction of the target missile is unkno wn, w e can only mak e reason-

able estimates of the imp ortan t parameters. The damage mec hanism and estimates of the

S131
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required 
uence (energy densit y deliv ered to the vicinit y of the missile) is discussed in Sec-

tion 20.1. F or presen t purp oses w e assume that a 
uence of 32 MJ/m

2

is required to disable

liquid-prop ellan t missiles and 240 MJ/m

2

for solid-prop ellan t missiles. These v alues include

an estimate of the re
ectivit y of the missile and an a v erage angle of incidence.

Another ma jor di�erence b et w een an in tercept b y the Airb orne Laser and a kill v ehicle

is the transit time for deliv ering the blo w. F or the ABL, the propagation of the ligh t

tak es only a few milliseconds, while a kill-v ehicle in terceptor ma y require sev eral min utes

from launc h to impact. This time dela y has imp ortan t consequences in the c hoice of time

at whic h an in tercept b y a kill v ehicle ma y b e attempted. In particular, the in tercept is

almost in v ariably most fa v orable at the latest p ossible in tercept p oin t b ecause this giv es the

in terceptor the most time to 
y out. In con trast, the Airb orne Laser can deliv er its energy

starting early in the missile's 
igh t, considerably expanding the options for its lo cation.

7.2 ABL Engagement Geometry

A ma jor constrain t on an ABL engagemen t comes from turbulence-induced inhomogeneities

in the atmosphere, whic h cause small v ariations in the index of refraction. Ov er the v ery

long propagation distances needed, ev en v ery small v ariations will prev en t the b eam b eing

fo cused on to a target unless some form of correction is applied. Adaptiv e optics (A O) are

used to sample the w a v efron t returning from an image on target and pre-distort the laser

b eam to undo the distortion of the atmosphere during the return trip. The ABL uses a

sophisticated A O system for this purp ose. The use of A O and its limitations are discussed

in Chapter 19.

Ob viously , the less air through whic h the b eam m ust pass, the less e�ect its inhomo-

geneities will ha v e on the fo cus of the b eam. Since the abilit y of the A O to correct the laser

b eam is limited, it is adv an tageous for the aircraft carrying the ABL to 
y at the highest

p ossible altitude. The practical limit is appro ximately 12 km, the altitude for whic h the

ABL is designed. Similarly , the in tercept should b e attempted when the missile is at a high

enough altitude to ac hiev e go o d optical p erformance and maxim um in tercept range, i.e.,

ab o v e ab out 60 km. See Chapter 21, in particular Section 21.5, for more details.

7.3 ABL P erfo rmance P a rameters

W e examined the p erformance of the ABL against t w o illustrativ e mo del missiles, the liquid-

prop ellan t missile ICBM L and the solid-prop ellan t missile ICBM S2. V arious parameters

pla y a k ey role in determining the p erformance of the ABL. Among them are the b eam

p o w er, the missile hardness, and the laser dw ell time. In addition, b ecause of the in terpla y

b et w een atmospheric turbulence and A O p erformance, the maxim um e�ectiv e range of

the ABL dep ends on the altitude of the target. Missile c haracteristics, suc h as length,

sp eed, and acceleration, also en ter in to the calculation, as discussed in Section 21.3.2. The

maxim um range v aries with engagemen t altitude: it �rst increases with increasing altitude,

then plateaus, for b oth classes of missiles. W e use the plateau for the engagemen ts discussed.

In summary , the follo wing parameters ha v e b een used to c haracterize the ABL's p er-

formance. More information on these parameters is presen ted in the sections of this study

giv en in paren theses.

� Beam p o w er = 3 MW (20.1, 21.2).

� Engagemen t or laser dw ell time t

e

= 5 or 20 s; b oth scenarios are considered (21.5).



7.3. ABL P erfo rmance P a rameters S133

� A tmospheric turbulence assumed for the ABL design (19.3, 19.7).

� A O p erformance (19.4, 19.5).

� T arget hardness F

c

= 32 MJ/ m

2

for ICBM L and 240 MJ/m

2

for ICBM S2 (20.1).

� Optim um target altitude h

t

for engagemen t � 60 km. This altitude is reac hed b y

the threat missile m uc h earlier than is useful for KV in tercepts (21.5).

� Resulting maxim um useful range � 600 km for ICBM L and � 300 km for ICBM S2

(21.5).

N.B. Because the exact laser p o w er and the target hardness v alues are classi�ed, w e ha v e

had to mak e estimates based on the b est-a v ailable public information. The engagemen t

time is also classi�ed. The 5-s dw ell time is consisten t with public literature on the Theater

Ballistic Missile Defense, for whic h the ABL is designed; the 20 s time is our estimate of a

maxim um useful time.
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The analysis of ABL b o ost-phase ICBM engagemen ts shares a n um b er of p oin ts in

common with the analysis of kill-v ehicle engagemen ts describ ed in Chapters 4 and 5, but

there are also ma jor di�erences. P oin ts in common include the assumptions ab out missiles,

tra jectories, ICBM burnout or sh utdo wn time, the times at whic h a missile is �rst detected

and a �ring solution is obtained,

1

and geographic considerations.

Ho w ev er, in the case of a kill-v ehicle engagemen t, the basing area is limited b y the dis-

tance the in terceptor can tra v el b efore the missile releases its w arheads or subm unitions.

In terceptor sp eed and the decision time are critical factors. F or the ABL, sp eed is not an

issue, and the decision times a v ailable are relativ ely long; for an ABL, the critical parameter

is range. Th us the ABL's 
ying area|the area within whic h the ABL m ust b e stationed

to disable the missile b efore its m unitions or debris can reac h the United States|is funda-

men tally di�eren t from a kill-v ehicle's basing area.

The ABL can b e �red an y time from early in the ICBM's 
igh t un til shortly b efore the

last safe in tercept time. As summarized in Section 21.5.1, for a liquid-prop ellan t ICBM

the earliest time for a useful ABL engagemen t is 92 s, although a �ring solution could b e

a v ailable as early as 65 s after launc h. F or the solid-prop ellan t ICBM, the �ring solution is

a v ailable at 45 s after launc h, while the earliest �ring time of in terest is 82 s.

Range is the dominating factor in an ABL engagemen t. If the ABL is within range, it

can engage the ICBM at will. In this section w e describ e ho w to calculate the laser ground

range (LGR) and ho w to use these results to determine the ABL 
ying area. In the next

sections these results are used to analyze engagemen ts with North Korea, Iraq, and Iran.

1

In principle, the ABL's detection and trac king capabilities could pro vide earlier �ring solutions. Ho w ev er,

this w ould pro vide no imp ortan t adv an tage, b ecause the �rst useful �ring time for the ABL o ccurs w ell-after

a �ring solution is a v ailable.
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          (altitude exaggerated)
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TGR  target ground range
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L
 ht

D

Figure 8.1. Geometry of an ABL in tercept.

As explained ab o v e, the c hoice of threat missiles and the times for detecting a ro c k et

launc h and generating a �ring solution are iden tical to those presen ted in Chapter 5. The

LGRs that are emplo y ed in this c hapter are determined b y the laser's p erformance (Chap-

ter 18), b eam propagation (Chapter 19), and the energy requiremen ts for disabling a missile

(Chapter 20). The pro cess b y whic h these results are in tegrated to determine the ground

ranges is describ ed in Chapter 21.

8.1 Geometrical Considerations

Geometry of an ABL intercept The geometrical quan tities in v olv ed in an ABL engage-

men t are illustrated in Fig. 8.1, whic h b ears man y similarities to the diagram for a kill-v ehicle

in tercept (see Fig. 5.4). Ho w ev er, the kill-v ehicle diagram is essen tially static; the in tercept

p oin t generally o ccurs shortly b efore the missile's burnout. F or the ABL, the in tercept can

tak e place an ywhere along the tra jectory from early in its 
igh t un til the last safe in tercept.

Th us, the diagram ev olv es in time. F urthermore, the missile can mo v e signi�can tly while

the ABL is �ring.

F or a kill-v ehicle in terceptor, the optimal time to in tercept is generally the last p ossible

momen t b efore missile burnout (see Section 4.2). In suc h an in tercept, target ground range

(TGR) is the ground range at sh utdo wn and the in terceptor ground range (IGR) is the

ground range of the in terceptor in the 
y out time a v ailable. The analog of a kill-v ehicle

in terceptor ground range (IGR) is the ABL ground range, LGR, whic h v aries throughout the

engagemen t. As describ ed in Section 21.5.2, for b oth liquid- and solid-prop ellan t missiles

the LGR �rst increases as the target ascends to higher altitude and then sta ys appro ximately

constan t throughout most of the time of in terest.

ABL Ground range The �rst step in analyzing an ABL engagemen t is to c ho ose a sequence

of p oin ts along the tra jectory of in terest and determine LGR at eac h of these p oin ts. The

range dep ends on the engagemen t altitude b ecause of e�ects of atmospheric propagation

that w ere previously discussed and also for reasons of geometry .

2

Figures 21.12 (a) and (b)

2

An imp ortan t distinction m ust b e made b et w een the slan t range L from the ABL to the target that

w as used in the discussion of propagation and ground range of the ABL LGR =

p

L

2

� h

2

t

, where h

2

t

is the

altitude. A high-altitude attac k will use up some of the slan t range, reducing the ground range a v ailable.

There is a limit on the altitude angle to whic h the ABL ma y b e directed, but an actual n um b er is not

a v ailable in the unclassi�ed literature.
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sho w the maxim um ABL range in planar geometry of an ABL engaging a liquid-prop ellan t

missile and a solid-prop ellan t missile (ICBM S2) resp ectiv ely . It displa ys altitude vs. range

of the missiles, with arro ws to the missile from the ABL laser b eam at its altitude of 12 km.

(Fig. 21.12 is analogous to the engagemen t �gures for kill-v ehicle in tercepts presen ted in

Section 4.5.) These v alues of the ABL range are illustrativ e only , b ecause of the uncertain ties

discussed in Sections 20.1 and 21.2.

F or a liquid-prop ellan t ICBM, the largest range is LGR � 600 km, whic h o ccurs for

altitude h

t

� 90 km. F or a solid-prop ellan t ICBM, the range for engaging is considerably

more limited, b ecause of the greater hardness of the b o oster. The maxim um LGR � 300 km

o ccurs for h

t

� 105 km. These v alues of the ABL range dep end on the assumptions ab out

the ABL p erformance that are describ ed in Section 7.3.

8.2 Determining the Flying Area

An ABL engagemen t can o ccur from shortly after missile launc h to missile burnout/sh utdo wn.

Consequen tly , the area within whic h the ABL m ust 
y to engage the missile successfully is

b ounded b y the LGR at eac h p oin t along the tra jectory . This area is called the ABL 
ying

area. The pro cedure for calculating the ABL 
ying area for engaging a missile 
ying out

on a giv en azim uth in v olv es the follo wing steps:

� The earliest times for starting the engagemen t are tak en from the analysis in Sec-

tion 21.5. The results are summarized in Fig. 21.9.

� The latest time for completing eac h engagemen t is tak en from the analysis presen ted

in Sections 5.4 to 5.6.

� A series of p oin ts at di�eren t times along the tra jectory , from launc h to burnout or

sh utdo wn, is selected. A t eac h of these p oin ts, the altitude ( h

t

) and ICBM ground

range (TGR) are found from the tra jectory of the missile.

� F or eac h p oin t, the maxim um slan t ranges L

max

for engagemen ts of 5 s and 20 s, are

found from the analysis in Section 21.5. The results are summarized in Figs. 21.8

and 21.7, resp ectiv ely .

� The laser ground range is found at eac h p oin t using LGR =

q

L

2

max

� h

2

t

.

� A t eac h p oin t, a 
ying circle ha ving radius LGR is dra wn.

� The b oundary of the 
ying area is then generated b y dra wing a smo oth curv e tan-

gen tial to the 
ying circles.

Flying areas generated b y these steps are displa y ed in the next sections.

8.3 Defending Against Missiles Launched from No rth Ko rea

This discussion of ABL defense against ICBMs launc hed b y North Korea is based on the

threats describ ed in Section 5.4. Flying areas will b e displa y ed for defense against missiles

on the most stressing tra jectory from North Korea, the Boston tra jectory to the East Coast.

It is close to a full-range tra jectory with sh utdo wn or burnout at 239 s for ICBM L and

167 s for ICBM S2. F or a kill-v ehicle in terceptor, the tra jectory to Alask a is also stressing
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b ecause of the short burn time. The ABL defense of this tra jectory is also considered. The

sh utdo wn or burnout time is 232 s for ICBM L and 142 s for ICBM S2. Defense of Ha w aii

will b e treated separately .

Flying a rea construction As the missile ascends the LGR gro ws. The basing area expands

in all directions and mo v es out along the ground line of the tra jectory . Because of the com-

bination of these e�ects, for the liquid-prop ellan t missile the initial b oundary of the 
ying

area is determined b y the missile's p osition at the 130 s (after launc h) for an engagemen t

of 5 s duration, and 145 s for an engagemen t of 20 s duration. F or the solid-prop ellan t

missile and a 20-second engagemen t, the corresp onding times are 82 s for earliest start of

engagemen t and 102 s for the b oundary . Engagemen ts of 5 s are to o short to b e useful

against solid-prop ellan t missiles.

The engagemen t m ust b e completed b efore the ICBM reac hes the last safe in tercept

time. Because its sp eed is greater then, the ICBM can tra v el a signi�can t distance while the

ABL is b eing �red. During a 20-second engagemen t, the missile tra v els more than 100 km.

Whether the limit of the 
ying area is set b y the b eginning or end of the engagemen t dep ends

on whether the missile is mo ving to w ard or a w a y from the ABL. F or missiles from North

Korea, the ABL attac k is lik ely to b e transv erse, in whic h case the b oundary is essen tially

stationary .

Figure 8.2 displa ys the ABL 
ying areas for liquid- and solid-prop ellan t missiles launc hed

from North Korea for 5- and 20-second engagemen ts.

Liquid-p rop ellant missile F or the 5-second engagemen t time, the ABL 
ying area extends

ab out 100 km in to the Y ello w Sea and the Sea of Japan.

F or the 20-second engagemen t time, the ABL could b e stationed sev eral h undred kilo-

meters from the coast, either o v er the Y ello w Sea or the Sea of Japan. The latter is m uc h

more fa v orable, b ecause the laser b eam w ould ha v e a more fa v orable angle of incidence on

the missile.

Defense of the Alask a tra jectory , Fig. 8.2, upp er righ t, is m uc h less constrained than the

Boston tra jectory . F or the 5-second engagemen t, the ABL could b e stationed a w a y from

the coast b y almost 200 km. F or the 20-second engagemen t, more than 300 km of sea ro om

w ould b e a v ailable.

Solid-p rop ellant missile Defense against the solid-prop ellan t missile b y the ABL do es not

seem p ossible for the Boston tra jectory , ev en for a 20-second engagemen t. F or the Alask a

tra jectory , the ABL w ould b e forced to 
y within 100 km of the North Korean coast.

Defense of Ha w aii The Ha w aii tra jectory passes almost due east o v er the Sea of Japan,

whic h mak es the missile a v ery fa v orable target for b o ost-phase in tercept. An ABL aircraft

stationed o v er the Sea of Japan could therefore defend Ha w aii against solid-prop ellan t as

w ell as liquid-prop ellan t missiles.

8.4 Defending Against Missiles Launched from Iraq

This discussion of ABL defense against ICBMs launc hed b y Iraq is based on the threats

describ ed in Section 5.5.
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Figure 8.2. Illustrativ e 
ying areas of the ABL for the assumed p erformance capabilit y: defense

against missiles launc hed from North Korea to the United States. (Geographic areas are iden ti�ed

in Fig. 5.7.) The p osition of the missile at the last c hance it can b e in tercepted successfully is

indicated b y the \x" on the tra jectory line. The shaded region is the 
ying area for a 5-second

engagemen t; the outer curv e is the b oundary for a 20-second engagemen t. (left) T ra jectory to the

East Coast (Boston); (righ t) T ra jectory to w ard Alask a. (top) Defense against liquid-prop ellan t

missile ICBM L. (b ottom) Defense against the solid-prop ellan t missile ICBM S2 (Only 20-second

engagemen ts are sho wn.) The dotted lines delimit the 
ying areas for defense of Ha w aii for a 5-

second engagemen t against the liquid-prop ellan t missile and a 20-second engagemen t against the

solid-prop ellan t missile.



S140 Chapter 8. Defending the United States Using the Airb o rne Laser

Flying a rea construction F or defense against missiles from Iraq, the ABL could b e sta-

tioned to the south, o v er the P ersian Gulf, or north w ards, o v er T urk ey . F or ABL defense

from the south, the northernmost b oundary at launc h is the most stressing. Con v ersely , for

defense from the north, the southernmost b oundary of the last in tercept is the most stress-

ing. Note that this b oundary mo v es north w ard b y more than 100 km during a 20-second

engagemen t.

Liquid-p rop ellant missile The ABL 
ying areas for defense b y one or t w o ABLs against

the liquid-prop ellan t ICBM L launc hed from Iraq are sho wn in Fig. 8.3, top. These maps

displa y the 
ying areas for defense of the East and W est Coasts of the United States, i.e.,

defense of the con tiguous states, and also defense of Ha w aii and Alask a, for 5- and 20-second

engagemen ts.

F or the 5-second engagemen t (top, left), there is no 
ying area, o v er friendly coun tries

or in ternational w aters, for whic h either one or t w o ABLs could co v er the range of azim uths.

F or the 20-second engagemen t (top righ t), the 
ying area is signi�can tly larger. A single

ABL stationed in Saudi Arabia within ab out 200 km of the b order with Iraq could defend

the en tire United States. The 
ying area extends in to the P ersian Gulf, but an ABL 
ying

from the Gulf w ould b e orien ted to w ard the tail of the missile as it sp ed a w a y , making an

ABL defense from that p oin t unfa v orable. The 
ying area also extends in to T urk ey , though

b y less than 100 km. The use of t w o ABLs w ould not signi�can tly impro v e the p ossibilities

for defense of the en tire United States.

Solid-p rop ellant missile Defense against the solid-prop ellan t ICBM S2 launc hed from Iraq

is illustrated in Fig. 8.4, left. There is no p ossibilit y for an ABL defense, ev en for the 20-

second engagemen t.

8.5 Defending Against Missiles Launched from Iran

This discussion of ABL defense against ICBMs launc hed b y Iran is based on the threats

describ ed in Section 5.6. The range data for defense from Iran are the same as those for

Iraq presen ted in the previous section.

Liquid-p rop ellant missile F or defense against the liquid-prop ellan t ICBM L launc hed from

Iran, Fig. 8.3, b ottom, sho ws 
ying areas for defense of the con tiguous states, and also

Ha w aii and Alask a, for 5- and 20-second engagemen ts.

F or a single ABL and a 5-second engagemen t, defense of the con tiguous states migh t b e

p ossible, but the ABL but w ould ha v e to b e stationed within 200 km of the b order of Iran,

o v er the Caspian Sea or T urkmenistan. Tw o ABLs, one o v er the Caspian Sea, and one o v er

T urkmenistan, within 200 km of the b order, w ould b e required to defend the en tire United

States.

F or a 20-second engagemen t, the en tire United States could b e defended b y a single

ABL o v er T urkmenistan, though the 
ying ro om w ould b e constrained to less than 200 km.

Emplo ying t w o ABLs, one o v er the Caspian Sea and one o v er T urkmenistan, w ould pro vide

a somewhat more robust defense, appro ximately 250 km from the Iranian b order.

It should b e noted that these defense p ossibilities could b e diminished b y mo ving the

launc hing p oin t further south, although suc h a deplo ymen t could mak e the ICBMs vulner-

able to a kill-v ehicle b o ost-phase in tercept from the P ersian Gulf (see Fig. 5.16).
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Figure 8.3. Illustrativ e 
ying areas of the ABL for the assumed p erformance capabilit y: defense

against liquid-prop ellan t ICBMs launc hed from Iraq and Iran to the East and W est Coasts of the

United States. The dotted line indicates the b oundary to the 
ying area for defense of Alask a and

Ha w aii, whic h are similar. (Geographic areas are iden ti�ed in Fig. 5.12.) The p osition of the missile

at the last c hance it can b e in tercepted successfully is indicated b y the \x" on the tra jectory line.

Iraq (top); Iran (b ottom). Engagemen ts of 5 seconds are sho wn on the left; 20-second engagemen ts

are on the righ t. Defense b y a single ABL requires that it 
y within the shaded area. Defense b y

t w o ABLs w ould require that one b e in eac h of the o v al shap ed areas.
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Figure 8.4. Illustrativ e 
ying areas of the ABL for the assumed p erformance capabilit y: defense

against a solid-prop ellan t missile (ICBM S2) launc hed from Iraq (left) and Iran (righ t), to the East

and W est Coasts of the United States. The b oundary for the Alask a and Ha w aii tra jectories is not

illustrated. The \x" indicates the p oin t where the b o ost-phase terminates.

Considering the somewhat constrained 
ying areas for defense against the liquid-prop ellan t

ICBM L from Iran, the probable need to emplo y ABLs in t w o uncon v en tional lo cations|

the Caspian Sea and T urkmenistan|and the vulnerabilit y of the defense to a shift of the

launc hing area, defense against ICBM L launc hed from Iran should b e regarded as prob-

lematical.

Solid-p rop ellant missile The 
ying area for defense against a solid-prop ellan t ICBM S2

launc hed from Iran is sho wn in Fig. 8.4, righ t. The 
ying area do es not extend b ey ond Iran,

precluding an ABL-based defense.

8.6 Discussion

The p o w er, b eam qualit y , and trac king capabilities of the ABL are crucial parameters for

determining the ABL's e�ectiv eness. Because the v alues assumed are based on estimates

from only publicly a v ailable information, the analysis carries large uncertain ties.

If the ABL ac hiev es its p ostulated p erformance, it w ould b e capable of defending the

en tire United States from liquid-prop ellan t ICBM L launc hed b y North Korea, assuming

that the ABL could b e deplo y ed ab out 300 km from the b order. F or suc h a liquid-prop ellan t

missile launc hed b y Iraq, defense of the en tire United States is not p ossible, and partial

defense w ould require basing the ABL o v er Saudi Arabia. F or Iran, partial or full defense

against the liquid-prop ellan t ICBM L is problematical b ecause of the tigh t constrain ts on

the 
ying area and the need to station the ABL o v er the Caspian Sea and T urkmenistan.

Defense b y the ABL against solid-prop ellan t missiles from North Korea, Iraq, or Iran

do es not seem to b e p ossible.
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8.7 Controlling Sho rtfall

T o prev en t a w arhead or debris from an in tercept from falling on p opulated areas of China,

Russia, Europ e, or the North American con tinen t, the missile w ould ha v e to b e disabled

within narro w time windo ws during the b o ost phase of the ICBM. The timing and width of

these windo ws dep end on the missile's launc h site, t yp e, and target. As sho wn in Chapter 5

(Fig. 5.3 [North Korea]) and [Iraq]) and Section 5.8, these windo ws are small. T o prev en t

shortfall on W estern Europ e b y a missile launc hed from the Middle East, the windo w is

ab out 10 s for a liquid-prop ellan t missile and 20 s for a solid-prop ellan t missile. Launc hes

from North Korea are a little more complex b ecause of the tra jectories. The windo w could b e

as small as 7 s for a liquid-prop ellan t missile ha ving Dallas as the target. Other tra jectories

are less stressful but still serious|17 s to 39 s. A San F rancisco target is an exception, in

whic h the ground trac k is o v er the P aci�c Ocean.

While the ABL do es not ha v e a kill-v ehicle's long tra v el times, it has other dra wbac ks

with resp ect to con trolling short�all. These include uncertain ties in the missile's hardness

whic h cause the imprecision in when the missile can b e disabled during an engagemen t

whic h can last up to 20 s. Consequen tly , timing the in tercept to con trol shortfall w ould b e

di�cult.

A further complication arises if sev eral missiles are launc hed at once, b ecause ABL

engagemen ts m ust b e sequen tial. Ev en if an ABL could in tercept one missile within the

windo w, it is unlik ely that a second missile could b e in tercepted in the windo w. Multiple

ABLs could b e deplo y ed to defend against a mo derate n um b er of m ultiple launc hes, but w e

ha v e not studied this scenario.
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In the debate ab out missile defense, the essen tial nature of military con
ict|a series of

mo v es that inevitably generate coun termo v es|is sometimes forgotten. An y missile defense

system will necessarily lead to the creation of coun termeasures that will in turn stim ulate

defense solutions to defeat them. In this con tin uum of mo v e and coun termo v e, the time to

dev elop the resp onse is a crucial factor. If an e�ectiv e resp onse to a vulnerabilit y cannot

b e dev elop ed b efore the vulnerabilit y is exploited, the ingen uit y or sophistication of the

resp onse is irrelev an t. There is no sound basis for assuming that either o�ense or defense has

a time adv an tage in resp onding to the actions of the other. Discussions of coun termeasures

can b ecome unrealistic if this constrain t is not k ept in mind.

W e b egin this discussion b y treating coun termeasures to in tercepts b y kill v ehicles. Later

w e turn to coun termeasures to in tercepts b y the ABL.

S145
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9.1 Countermeasures to Kinetic Kill

Prop osals for b o ost-phase defense against ICBMs are in large part motiv ated b y the claim

that it is not vulnerable to the coun termeasures that are alleged to w ork against midcourse

and terminal ballistic missile defense systems. Although this claim is essen tially correct,

there are nev ertheless p o w erful coun termeasures against b o ost-phase defense. The debates

ab out midcourse coun termeasures ha v e sometimes b ecome mired in argumen ts ab out what

is feasible and what is not, particularly with resp ect to the question of discriminating

b et w een deco ys and real targets. W e attempt to a v oid this kind of debate b y considering

only tec hniques that ha v e actually b een emplo y ed in op erational systems o v er the last 40

y ears.

Missile defense sc hemes require the defender to implemen t a robust system that will

not b e obsolete b efore it is deplo y ed. The goal is an arc hitecture that is not brittle and

fragile to the app earance of lik ely coun termeasures. With that goal in mind, the follo wing

discussion presen ts some coun termeasures that the Study Group b eliev es deserv e to b e

considered seriously and discusses their implications with resp ect to the implemen tation of

a b o ost-phase in tercept defense system. These coun termeasures fall in to three categories:

1. Compressing the a v ailable engagemen t time.

2. Creating m ultiple targets, real or false, that m ust b e dealt with.

3. Exhausting the maneuv er capabilit y of the in terceptor b efore it ac hiev es a hit.

9.1.1 Solid-p rop ellant threat ICBMs

As this rep ort illustrates, the most e�ectiv e and immediate coun termeasure to b o ost-phase

in tercept system and one that c hallenges almost ev ery asp ect of suc h a defense is to reduce

the time a v ailable to in tercept the missile. As discussed in Chapter 3, solid-prop ellan t

tec hnology is b ecoming widely a v ailable for purc hase. Within the next 10{15 y ears, p oten tial

adv ersaries ma y b e exp ected to p ossess solid-prop ellan t ICBMs that utilize at least the

equiv alen t of late-1960s U.S. tec hnology and ha v e total burn times of 170{180 s, in con trast

to the 260 to 300 s burn times of missiles based on the earliest liquid-prop ellan t tec hnology .

The engagemen t analysis of Chapter 5 sho w ed the e�ect of solid-prop ellan t threats on

the in tercept requiremen ts: the in terceptor 
y out v elo cities are nearly doubled, to orbital

v elo cit y or greater. Ev en faster solid-prop ellan t missiles with ev en shorter b o ost phases are

a feasible resp onse to the deplo ymen t of a b o ost-phase defense system and w ould compress

further the time a v ailable to complete the engagemen t.

Section 15.1 discusses solid-prop ellan t ICBM S3 (see T able 15.1), a \fast-burn" v arian t

of solid-prop ellan t ICBM S1 that has �rst and second stages with burn times of 50 s eac h

and a third stage with a burn time of 30 s, for a maxim um total b o ost time of 130 s. Lik e

the other ICBMs w e mo deled, the range of this fast-burn missile is 12,000 km. Section 9.1.5

later in this c hapter discusses a fast-burn solid-prop ellan t ICBM lik e mo del S3 but with

m ultiple third stages that w ould burn out 130 s after launc h. A b o ost-phase defense against

fast-burn ICBMs lik e either of these missiles w ould b e practically imp ossible.

9.1.2 Deplo ying pa yload during second- o r third-stage b o ost

A v ariet y of pa yload deplo ymen t metho ds ha v e b een used on ICBMs o v er the y ears. One

that w as used on the P olaris A3 and the Russian SS-9 w as deplo ymen t \on the 
y"|
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while the b o oster w as still accelerating. This deplo ymen t w as used with m ultiple re-en try

v ehicles (R Vs) to a v oid the need for thrust termination and to create a separated R V impact

pattern. While energy-w asting maneuv ers, suc h as generalized energy-managemen t steering

(GEMS), ma y b e used to reduce range, with \on-the-
y deplo ymen t" it is not necessary to

do so. Therefore, the defense cannot coun t on b o oster burnout as an indicator of pa yload

deplo ymen t. The implication is that the b o oster m ust b e in tercepted b efore its v elo cit y

yields a tra jectory for the �rst R V that could strik e the defended area.

9.1.3 Sp o o�ng

T rac king sensors can b e sp o ofed (i.e., fo oled) using 
ares and jammers. During an in tercep-

tor's b o ost-phase, guidance information is pro vided b y trac king data from o�-b oard sources,

including radar and space-based trac king systems.

Radar jamming denies range information. Because the b o osting target is detectable to

radar as so on as it rises ab o v e the horizon, a logical coun termeasure w ould b e to include

in the �nal stage of the missile one or more barrage noise jammers. These devices w ould

den y range information to the radar, forcing it to trac k in angle only and to rely on tri-

angulation from another sensor to determine range for midcourse guidance. The electrical

p o w er required for radar jamming is analyzed in Section 10.2.8. The p o w er, 10 W, adds no

signi�can t burden to the missile launc h, and more p o w erful jammers could b e emplo y ed if

required.

Disruption of the trac king data for an y signi�can t p erio d, particularly if the target is

maneuv ering, results in increased acceleration and v elo cit y requiremen ts for the in terceptor

to correct its tra jectory . Whether the kill v ehicle is close enough to acquire the target with

its suite of on-b oard sensors in the homing phase or is dep endan t on external trac king data

earlier, the result w ould b e signi�can tly increased fuel usage. The disruption of trac king is

particularly critical near the endgame, when it could cause the kill v ehicle to exhaust its

fuel supply or exceed its acceleration capabilit y , thereb y missing the target. The e�ects of

trac king uncertain t y and latency are discussed in detail in Chapter 12. The coun termeasure

describ ed b elo w emplo ys thrusted deco ys carrying radar jammers that w ould b e deplo y ed

in a maneuv er designed to obscure what the real target is doing, as sho wn in Fig. 9.1.

This b o ost-phase coun termeasure emplo ys thrusted, spin-stabilized, 20-kg deco ys that

are �red from ri
ed mortar tub es can ted out p erhaps 15

�

from the missile's second- or third-

stage cen terline and are moun ted around the base of the w arhead. They could b e deplo y ed

sim ultaneously an y time after the shroud w as cast o�. Immediately after the deco ys w ere

ejected, the missile w ould execute a dog-leg maneuv er. Eac h deco y w ould con tain:

� A lo w-p o w er jammer ha ving a thermal battery and a corner cub e to re
ect LID AR

energy , together w eighing ab out 5 kg.

� A small ro c k et motor to accelerate the deco y to matc h the acceleration of the b o oster

for 20 s, w eighing ab out 10 kg.

� A 
are or plume-enhancemen t injectan t form ulated to mimic the optical signature of

the b o oster ro c k et plume, w eighing ab out 2 kg.

A t the same time that the deco ys are deplo y ed, the b o oster activ ates a rotating corner

cub e and jammer that are iden tical to those on the deco ys.
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Figure 9.1. Illustration of concept of ejected deco ys and jammers. These devices are deplo y ed in

conjunction with a dog-leg maneuv er.

The launc h tub e, jammer and rotating corner cub e are estimated to w eigh a total of

20 kg. Fiv e suc h devices deplo y ed on a missile ha ving a 1000-kg pa yload, causes only an

11 p ercen t loss in the useful pa yload. The principle of this coun termeasure is to obfuscate

the initiation of a signi�can t maneuv er b y the deplo ymen t of m ultiple targets at a time

when a dela y in recognizing the c hange in b o oster acceleration could cause the in terceptor

to exceed its remaining acceleration and v elo cit y-adding capabilit y . This so-called \hard"

deplo ymen t of deco y pac k ages during b o ost has b een successfully used b y the United States

since the 1960s.

9.1.4 Delib erate trajecto ry va riations b y the o�ense

With their adv ance kno wledge of the in tended target, the o�ense could program tra jectory

v ariations that w ould require the in terceptor to consume additional fuel, limiting its e�ectiv e

range. These maneuv ers migh t b e tra jectory-shaping maneuv ers that are not sp eci�cally

for ev asion but for energy-managemen t, as describ ed in Chapter 15. They could also b e

sp eci�c maneuv ers carried out at times that w ould b e most lik ely to disrupt the in terceptor

guidance.

Examples of tra jectory shaping are illustrated in Fig. 4.4, whic h sho ws ho w m uc h v ari-

ation can o ccur when the maneuv ers are initiated when the shroud is ejected. These pre-

planned maneuv ers can b e emplo y ed in conjunction with the deplo ymen t of deco ys. Energy-

w asting maneuv ers can b e dramatic, as illustrated in Fig. 15.7. In extreme cases, the �nal

stage ma y actually thrust bac k to w ard the launc h p oin t. Finally , cyclical maneuv ers de-

signed to disrupt the in tercept can b e used as discussed in Chapter 12.

9.1.5 Sho rt burn b o osters with multiple upp er stages

Figure 9.2 sho ws a coun termeasure concept that emplo ys m ultiple guided third stages.

This deplo ymen t metho d could b e an adjunct to other coun termeasures, suc h as the short-

burn b o oster. In the �rst- and second-stage solid-prop ellan t missile, ICBM burn times
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Booster  2 nd Stage

Mult iple RVs with Separate 3rd Stages
And ACS Modul es

Figure 9.2. Illustration of concept of m ultiple third stages.

are reduced from 60{65 s eac h to 50 s eac h. When the second stage burns out at 100 s,

m ultiple R Vs, eac h with its o wn guidance, attitude con trol and third-stage motor, are

separated from the second stage sim ultaneously . Eac h can 
y on its o wn guided tra jectory

to w ard widely separated targets. This early fractionation reduces the total a v ailable b o ost-

phase engagemen t time to less than 70 s, whic h w ould mak e an y single in tercept virtually

imp ossible. The defense w ould b e forced to �re m ultiple in terceptors b efore it kno ws if there

are m ultiple upp er stages.

The p enalt y to the o�ense for this approac h is the requiremen t for m ultiple sets of

guidance and con trol equipmen t and the v olumetric ine�ciency of m ultiple upp er stages.

Nev ertheless, this approac h is more e�cien t than the serial-deplo ymen t p ost-b o ost-v ehicle

approac h curren tly used on m ultiple indep enden tly targeted re-en try v ehicle (MIR V) sys-

tems. This t yp e of m ultiple pa yload deliv ery w as studied when those systems w ere devised

in the mid-1960s. Ho w ev er, the mass and v olume p enalt y for m ultiple guidance systems

is minimal to da y , compared with the guidance cost and size constrain ts when those trade-

o�s w ere �rst ev aluated. It is lik ely that if non-n uclear b o ost-phase defense had b een of

concern, the parallel approac h w ould ha v e b een tak en ev en then. Ho w ev er, n uclear coun-

termeasures w ere a ma jor concern for b o ost-phase defense at the time, and the solution

required radiation hardening of the missiles.

9.1.6 Multiple missile launches

If the attac k er launc hed sev eral missiles nearly sim ultaneously , it w ould complicate the

problem for the b o ost phase-defense, esp ecially for a space-based defense where only one or

t w o SBIs are within range of the threat tra jectories. This problem w ould b e exacerbated if

some of the launc hes w ere theater or tactical ballistic missiles (TBMs) used as deco ys.

9.1.7 Masking the kill-vehicle aim p oint

If the goal of the in tercept is to destro y the w arhead (rather than to merely disable the

b o oster), then a n um b er of strategies can b e emplo y ed to disguise its lo cation. This will b e

discussed in Chapter 13.
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9.1.8 A ttacking the intercepto r system

A classic coun termeasure to defense systems is \defense suppression", a ph ysical attac k to

destro y the in terceptor itself or to temp orarily disable its detection and guidance sensors.

The former category could include attac ks b y air or cruise missiles (e.g., widely a v ailable

Silkw orm-t yp e missiles), attac ks on land- or sea-based in terceptor ships, and surface-to-air

missiles (SAM) attac ks on airb orne in terceptor platforms. Bo ost-phase defense, ho w ev er

based, is more at risk than other systems, b ecause it m ust initiate its engagemen t no farther

from the p oin t of in tercept than the in terceptor can co v er within 100{120 s.

9.1.9 Summa ry of kill-vehicle countermeasures

W e ha v e iden ti�ed a n um b er of coun termeasures to b o ost-phase in tercept of ICBM missiles.

F or the most part, they could emplo y actual tec hniques that w ere im b edded in U.S. and

Russian systems in the 1960s and are in tactical coun termeasure systems to da y . The most

p oten t coun termeasure w ould b e a faster burning ro c k et. It is clear that the gro wing

a v ailabilit y of solid-prop ellan t ro c k ets will mak e the job of a b o ost-phase in tercept defense

extremely c hallenging, or unfeasible.

9.2 Countermeasures to the ABL

The previous discussion of coun termeasures dealt with kinetic-kill v ehicles. The follo wing

material discusses coun termeasures to the ABL.

Some coun termeasures to a kill-v ehicle missile defense, suc h as those to confuse the

detection of the ICBM launc h or to shorten the time allo w ed for decision to �re the defensiv e

w eap on, will do little to degrade the e�ectiv eness of an ABL defense, b ecause the transit

time for the laser b eam is so short. Ho w ev er, attac king the ABL itself could b e quite

e�ectiv e. The basing platform will b e particularly vulnerable to SAMs, whic h ha v e a range

of 250{300 km or to threat �gh ters. Section 9.2.1 discusses this vulnerabilit y .

Since damage to a missile b y a laser dep ends on the energy densit y absorb ed, an ad-

v ersary ma y adopt strategies to limit energy absorption. Suc h metho ds are discussed in

Sections 9.2.2{9.2.4. Because ABL engagemen ts are sequen tial, launc hing m ultiple threat

missiles together w ould stress the ABL's e�ectiv eness, as discussed in Section 9.2.5. Finally ,

Section 9.2.6 discusses the p ossibilit y of timing missile launc hes to coincide with high cloud

co v er to hinder the ABL.

9.2.1 V ulnerabilit y of airframe

A ma jor w eakness of the ABL is its vulnerabilit y to attac k b y enem y aircraft or b y SAMs.

Escort �gh ters could defend the ABL against enem y aircraft; ho w ev er, the v ery long times

on station w ould mak e suc h defense di�cult, unless absolute air sup eriorit y had b een es-

tablished or some w arning mec hanism could scram ble �gh ters to resp ond to an attac k on

the ABL.

Sib erian Airlines Fligh t 1812 w as acciden tally shot do wn on 4 Octob er 2001 b y a S-200

SAM missile at a range of ab out 250 km. The maxim um range of a S-200 is 250{300 km [90 ].

Coun tering SAMs w ould b e v ery di�cult [91 ]. Suc h missiles rely on totally passiv e means

to acquire and trac k targets. They presen t no signature b efore launc h, and after launc h

exhibit only an infrared exhaust plume. An ABL cannot outmaneuv er a SAM.
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It has b een suggested that the ABL could defend itself against aircraft or SAMs using

its laser(s). Aircraft approac hing from a 100

�

to 120

�

region (Section 21.1) at the rear

of the ABL or at altitude ab o v e some unkno wn limit could not b e engaged b y the lasers.

Otherwise, the lasers could b e used, either for direct damage to the attac king aircraft

with the high-energy laser (HEL) or b y blinding the pilot with the target-illuminator laser

(TILL). Scenarios for the ABL's use of its HEL to engage a SAM ha v e not b een studied,

but they w ould b e di�eren t from ICBM engagemen ts b ecause of the geometry , particularly

in the lo w target altitude. Suc h use w ould place a demand on the fuel magazine needed for

ICBM in tercepts. The mec hanism b y whic h the laser could damage the nose of an oncoming

SAM is di�eren t from those for damaging the w all of a missile b o oster. Another p ossible

resp onse w ould b e to attempt to disable the SAM's infrared sensors, if it uses them. Either

the TILL or the b eacon-illuminating laser (BILL) could certainly damage a fo cal plane arra y

if no �lters are used to blo c k the IR b eams. Ho w ev er, if the SAM is guided b y ground-based

radar, there w ould b e no sensors to disable. The S-200 is guided b y ground radar, and it

ma y ha v e an activ e seek er for the �nal in tercept. Most of the 
igh t is under commands

from the ground or a semi activ e seek er with illumination only from ground radar [92 ].

In an y case, launc hing SAMs in the same time frame as the ICBM(s) w ould reduce the

ABL's abilit y to resp ond to the ICBM threat.

9.2.2 Sp reading the laser heat

By rolling the ICBM b o dy , the laser energy could b e distributed o v er a wide area, thereb y

increasing the energy required for the laser to damage the missile [93 , p. 27, 127]. The

threat missile's abilit y to execute this roll rate maneuv er is determined b y the con�guration

of its inertial reference pac k age. If the gyros and accelerometers reside on a three-gim bal-

stabilized platform, the missile can b e rolled without di�cult y un til the pitc h-o v er angle

reac hes ab out 45

�

from its launc h v ertical, pro vided the prop er roll transformations are

emplo y ed. If the instrumen ts are a mo dern \strapp ed do wn" or b o dy-moun ted design, or if

a four-gim bal- or attitude-stabilized platform w ere used, the roll rate could b e main tained

with no pitc h constrain t. Within the ab o v e constrain ts, roll rates of 20

�

to 30

�

p er second

can b e executed without a�ecting the 
igh t of the missile. Since sev eral seconds of energy

dep osition are normally required for damage, this roll rate reduces the e�ectiv eness of a

con tin uous w a v e (cw) laser b y at least the ratio of the diameter of the b eam sp ot width to

the length of the strip e around the missile generated b y the roll.

9.2.3 Ablative coating

With some sacri�ce in pa yload capacit y , it is p ossible to shroud the vulnerable parts of the

ICBM with carb on-b earing or other material that m ust b e ablated b y the laser b efore the

laser energy can b e dep osited in the missile b o dy . Min uteman ICBMs had 0.6 cm (1/4") of

cork installed around the outside of the b o oster, not as a coun termeasure, but as protection

against atmospheric heating during ascen t. Suc h a coating ma y ha v e a substan tial e�ect on

hardening a b o oster. According to [93 , p. 125] the heat of v ap orization of carb on is ab out

32 kJ/g, and c harred cork has v ery lo w re
ectance. The densit y of cork is ab out 0.25 g/cm

3

.

Th us 0.6 cm of cork w ould require an inciden t 
uence of ab out 5 kJ/cm

2

/0.5 = 100 MJ/m

2

(taking in to accoun t an a v erage angle of incidence) to v ap orize it and exp ose the missile

b o dy b eneath it. Assuming that the material sta ys in tact and do es not 
ak e o� b efore this

amoun t of energy is dep osited, attac king a liquid-prop ellan t b o oster ha ving suc h a coating
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w ould require ab out 4 times the 
uence sho wn in T able 20.2 for an unprotected missile,

substan tially c hanging an engagemen t. F or comparison, this 
uence w ould b e ab out half

the 
uence required for a solid-prop ellan t missile as sho wn in T able 20.2. Applying suc h a

coating to a solid-prop ellan t missile w ould increase the 
uence requiremen t b y only a factor

of ab out 1.4, so the relativ e e�ect is less than that for liquid-prop ellan t missiles.

Long engagemen t times caused b y the use of ablativ e coatings or rolling the missile can

substan tially complicate the defense. The defense's resp onse could b e to reduce the slan t

range, with the concomitan t p enalt y of co v erage and increased vulnerabilit y to attac king

aircraft or SAMs.

9.2.4 Optical p rop erties

The ABL target acquisition b egins with broadband optical information on the plume, but

it relies on the illumination of the target b y the TILL to pro vide the hardb o dy hand o v er

and an image for the tilt corrections. Similarly , the BILL image is essen tial for the adaptiv e

optics corrections. If these functions are compromised, the qualit y of the b eam's fo cus

(Chapter 19) w ould b e greatly degraded. The engagemen t strategy lo cates the nose of the

missile and then places the BILL on the target to pursue the HEL attac k. A sp ecular

re
ecting cone, or a cylinder, whic h is a degenerate cone, is a v ery stealth y ob ject for this

kind of searc h. Apart from imp erfections of di�use re
ection, a cone either re
ects ligh t at

an angle giv en b y the angle of the generatrix and the inciden t b eam or absorbs it. Unless

the generatrix is normal to the inciden t ligh t, almost nothing will b e seen. Whatev er migh t

b e seen could b e confusing to a system that is exp ecting a di�use re
ectiv e surface. It is not

kno wn quan titativ ely what w ould b e required to confuse the system, ho w ev er. Aluminized

Mylar has a di�use re
ectivit y of the order of 0.1 at the w a v elengths of in terest [94 ]. Highly

p olished surfaces could ac hiev e lo w er di�use re
ectivit y . An y suc h surface w ould ha v e to

surviv e the ascen t through the atmosphere and the asso ciated heating.

9.2.5 Multiple missile launches

The sim ultaneous launc h of m ultiple missiles could o v erwhelm an ABL platform, since its

engagemen ts are b y necessit y sequen tial. In suc h situations, the engagemen t time is critical

in determining ho w man y missiles could b e engaged b y a single platform. Multiple ABLs

could conceiv ably b e deplo y ed to handle a mo dest n um b er of m ultiple missile launc hes.

F or ev ery aircraft on station around the clo c k, three to four aircraft m ust b e deplo y ed in

the �eld, according to the presen t plan for the ABL. W e ha v e not examined the problems

inheren t to managemen t of a 
eet of aircraft on station.

9.2.6 Launch timing and cloud cover

As discussed in Section 22.2, cirrus cloud co v er could e�ectiv ely shield a threat missile from

the ABL b eam for a signi�can t time. In suc h cases, co ordinating the missiles launc h with

cloud co v er could th w art the ABL's defensiv e action. Radar and LID AR equipmen t to

measure the cloud heigh t [95 ] is certainly within reac h of a coun try that could build or buy

an ICBM.



9.2. Countermeasures to the ABL S153

References fo r Chapter 9

[90] Almaz S-200 Angara/V ega (SA-5 `Gammon') lo w-to high-altitude surface-to-air

missile system, Jane's Land-Based Air Defense 2002{2003 (2001).

[91] Scien ti�c Advisory Board,

h ttp://www.sab.hq.af.mil/Arc hiv es/1995/NWV/de/direc h2.p df, 1995.

[92] Mic hael A. Dornheim, \Ukrainian Missile Exercises Lik ely Cause of Do wned T u-154,"

A viation We ek and Sp ac e T e chnolo gy 155 , 62, 15 Octob er 2001.

[93] N. Blo em b ergen et al. , Rev. Mo d. Ph ys. 59 , S1 (1987).

[94] D. M. T rotter and A. J. Siev ers, Solar Energy Materials 3, 1980.

[95] D. A. Nahrstedt, \Cloud Mo deling for Laser W eap on Propagation Analysis," SPIE

4034 , 69 (2000).





P a rt B. Requirements to Hit an

Accelerating Missile

S155





Chapter 10

Detecting and T racking Missiles in P o w ered Flight

Con ten ts

10.1 Space-Based Detection and T rac king . . . . . . . . . . . . . S159

10.1.1 Plume emission sp ectra and luminosities . . . . . . . . . . . . S159

10.1.2 Capabilities of the DSP system . . . . . . . . . . . . . . . . . S162

10.1.3 Capabilities of a mo dern space-based sensor system|the NSBS S166

10.1.4 Summary of space-based detection and trac king . . . . . . . . S170

10.2 Radar T rac king . . . . . . . . . . . . . . . . . . . . . . . . . . S171

10.2.1 The p o w er-ap erture pro duct required for a searc h . . . . . . . S171

10.2.2 Estimated radar cross sections for illustrativ e ICBMs . . . . . S172

10.2.3 Land-based radars . . . . . . . . . . . . . . . . . . . . . . . . . S174

10.2.4 Shipb oard radars . . . . . . . . . . . . . . . . . . . . . . . . . S176

10.2.5 Airb orne radars . . . . . . . . . . . . . . . . . . . . . . . . . . S176

10.2.6 Sources of error in in terceptor guidance using radars . . . . . . S181

10.2.7 Error analysis for selected radar systems . . . . . . . . . . . . S182

10.2.8 Coun termeasures to radar trac king . . . . . . . . . . . . . . . S183

10.2.9 F orw ard-based radar . . . . . . . . . . . . . . . . . . . . . . . . S185

10.3 Sensors on the Kill V ehicle . . . . . . . . . . . . . . . . . . . S185

10.3.1 A notional infrared seek er on the kill v ehicle . . . . . . . . . . S186

10.3.2 A notional LID AR seek er on the kill v ehicle . . . . . . . . . . S190

10.4 Applications of Missile Detection and T rac king . . . . . . . S196

Sensors w ould pla y essen tial roles in ev ery phase of op eration of a b o ost-phase an ti-

ballistic missile system. They are required to detect the launc h of large ro c k ets, to determine

whether they are p oten tially threatening to the United States, and|if it w ere decided to

attac k them|to lo cate and trac k targets with su�cien t precision to allo w in terceptors or

lasers to hit and destro y them. This c hapter is concerned with iden tifying sensors that could

b e used for these tasks and analyzing their lik ely p erformance.

1

Some t yp es of sensors could

p erform more than one of these tasks.

A wide v ariet y of sensor t yp es and basing lo cations could p oten tially b e useful for b o ost-

phase in tercept systems. Bo x 10.1 lists a n um b er of p ossibilities, in the appro ximate order

1

The analysis in this c hapter pro vides signal-to-noise ratios, error matrices, and p osition uncertain ties.

T rac king �lters that pro duce estimates of the target state from this information are describ ed in Chapter 12

and App endix C.

S157
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Bo x 10.1: P ossible Detection and T rac king Sensors

Space-based passiv e visible-ligh t sensors

Space-based passiv e infrared (IR) sensors

Space-based radars

Airb orne radars

Airb orne electro-optical sensors

Ship-based radars

Land-based radars

On-b oard passiv e ultra violet sensors

On-b oard passiv e short-w a v elength IR and/or

medium-w a v elength IR sensors

On-b oard passiv e long-w a v elength IR sensors

On-b oard radar

LID AR

�

with an on-b oard detector and

on-b oard laser illuminator

LID AR with an on-b oard detector but

an o�-b oard laser illuminator

LID AR from other platforms

�

ligh t detection and ranging

in whic h they could b e used to detect, iden tify , and trac k p oten tially threatening ro c k ets.

F or systems that use in terceptor missiles, the sensors used during the �rst phases of an

engagemen t w ould lik ely b e general-purp ose sensors lo cated far from the target, suc h as

sensors on early-w arning satellites.

2

As the in terceptor closed with the target, dedicated

sensors that could pro vide more precise trac king and b etter discrimination w ould need to

b e emplo y ed, some of whic h w ould not b e carried b y the in terceptor or kill v ehicle. Suc h

\o�-b oard sensors" migh t include ground- or sea-based radars. Other sensors w ould ha v e to

b e carried b y the kill v ehicle to p erform their functions adequately . Suc h \on-b oard sensors"

migh t include passiv e detectors that w ould simply image the target or activ e sensors that

w ould also pro vide range information.

Giv en the limited time and resources a v ailable for the Study , w e did not attempt an

exhaustiv e analysis of these p ossibilities. Instead, w e sough t to iden tify a minimal set

of sensors that w ould enable the v arious b o ost-phase systems considered to in tercept the

mo del ICBMs.

3

F or this purp ose, w e considered a notional system of space-based infrared

(IR) sensors for launc h detection and early trac king; land-, ship-, and air-based radars

2

In con trast to systems that use in terceptor missiles, the Airb orne Laser is designed to function either

autonomously , using only the sensors on the Airb orne Laser aircraft to detect and trac k ro c k ets, or as part

of a larger system that w ould pro vide data from additional sensors; see Chapter 17.

3

As discussed in Chapter 2, in analyzing b o ost-phase engagemen ts w e assumed the system w ould ha v e

a v ailable at an y time only the information gathered b y sensors up to that momen t. The b o ost-phase

in tercept system's probabilit y of success w ould dep end critically on the t yp es, n um b er, and p erformance of

the a v ailable sensors. In a real system, some redundancy w ould b e desirable, to mak e the system more robust

in the face of unexp ected target b eha vior or c haracteristics, as w ell as failures of individual comp onen ts.
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for trac king the target ro c k et after it has risen ab o v e the radar's horizon; imaging sensors

on b oard the kill v ehicle for trac king the ro c k et's plume as the engagemen t dev elops; and

LID AR (ligh t detection and ranging) seek ers on b oard the kill v ehicle for imaging the

ro c k et's hardb o dy and determining its range to w ard the end of the homing phase of the

engagemen t and during the endgame.

Although system in tegration requiremen ts w ould lik ely imp ose some constrain ts on an y

b o ost-phase trac king system, w e fo cused only on ph ysical limitations and con�ned our

analysis to tec hnologies that w e judged w ould b e a v ailable within the next decade. Space-

based visible-ligh t sensors [96 ] or ultra violet sensors on-b oard the kill v ehicle [97 ] migh t

ha v e imp ortan t adv an tages, but w e did not analyze their p ossible con tributions b ecause

there is insu�cien t information in the op en literature to supp ort suc h an analysis. W e

also did not consider on-b oard radar seek ers b ecause with curren t tec hnology , a radar with

the long-range capabilit y needed w ould b e substan tially hea vier than a LID AR with this

capabilit y .

The mo del ICBMs describ ed in Chapter 15 w ere used to estimate the plume luminosities

and radar cross sections of v arious t yp es of missiles. These ICBM mo dels, the mo del in ter-

ceptors describ ed in Chapter 16, and the engagemen t tra jectories describ ed in Chapter 4

w ere used to determine the earliest times v arious t yp es of sensors could b e brough t to b ear

on the target. The e�ects of sensor viewing angles w ere also examined.

The analysis presen ted in this c hapter supp orts the sim ulations of illustrativ e engage-

men ts describ ed in Chapters 4, 5, and App endix C. The capabilities of the sensors that

initially detect the launc h of p oten tially threatening ro c k ets and pro vide early information

on their tra jectories de�ne the engagemen t timelines describ ed in Chapters 2, 4, and 5. The

capabilities of the sensors used to guide in terceptors un til their kill v ehicles are launc hed

and then guide the kill v ehicles to the target are at the heart of the engagemen t analysis

describ ed in Chapter 12 and App endix C.

W e b egin b y analyzing the capabilities of curren t and prosp ectiv e space-based sensors

for detecting and trac king ICBM exhaust plumes. Next w e consider the missile-trac king

capabilities of a v ariet y of land-based, ship-based, and airb orne radars. W e then analyze

the lik ely near-term p erformance of passiv e IR and activ e LID AR seek ers on the kill v ehicle.

W e conclude b y summarizing our results.

10.1 Space-Based Detection and T racking

The hot exhaust plumes of long-range ballistic missiles are p o w erful sources of IR radia-

tion [98 ]. This radiation can b e seen from space, and IR sensors in high orbits can pro vide

broad-area co v erage of Earth. These considerations mak e space-based IR sensing a v ery

useful tec hnique for detecting and trac king ICBMs during their b o ost phase. In this section

w e �rst summarize the phenomenology of ICBM exhaust plumes relev an t to detecting and

trac king them with space-based IR sensors. W e then discuss the capabilities of the exist-

ing Defense Supp ort Program (DSP) satellite system for supp orting a b o ost-phase defense

system and the capabilities that a mo dern follo w-on system could ha v e.

10.1.1 Plume emission sp ectra and luminosities

A ro c k et's brigh t exhaust plume is its principal signature. Exhaust plumes radiate strongly

in the IR region of the electromagnetic sp ectrum, as illustrated b y Fig. 10.1, whic h sho ws

IR sp ectra of the emission from the exhaust plume of a large ro c k et burning h ydrazine fuels
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Figure 10.1. Illustrativ e sp ectra of the IR emission from the exhaust plume of a ro c k et burning

h ydrazine fuels in a ground test. The times indicated are the times after ignition. These sp ectra

are similar to the sp ectrum of the so-called \in trinsic" or \v acuum" core. Except for ro c k ets at

extremely high altitudes, the sp ectrum of the in trinsic core seen from space w ould b e altered b ecause

of absorption b y the in terv ening atmosphere. Figure 4.11 from Ref. [98 ]. Used with p ermission.

Cop yrigh t b y The Aerospace Corp oration.

in a ground test. T ypically , a substan tial fraction of the total luminosit y

4

is radiated in a

short-w a v elength IR (SWIR) p eak at ab out 2.5{3.0 � m. A similar fraction is radiated in a

medium-w a v elength (MWIR) p eak at ab out 4{5 � m. (As seen from space, this p eak has a

\notc h" caused b y absorption b y cold atmospheric gases b et w een 4.21 and 4.5 � m). These

p eaks in the sp ectrum are pro duced b y the emission bands of com bustion pro ducts, suc h as

H

2

O and CO

2

. Sp ectra of the plumes pro duced b y h ydrazine-fueled ro c k ets in 
igh t w ould

b e qualitativ ely similar to the sp ectra sho wn, but the luminosit y w ould dep end on the size

of the ro c k et and the stage of 
igh t.

Ro c k ets burning h ydro carb on fuels w ould pro duce carb on so ot. Con tin uum emission

from the so ot w ould add to the p eaks pro duced b y molecular emission but w ould also

increase the con tin uum emission b et w een them. So w ould the con tin uum emission from the

alumin um o xide particles in the plumes of solid-prop ellan t ro c k ets.

The prop erties of an ICBM's exhaust plume v ary greatly as it rises through the atmo-

sphere [98 ]. This v ariation a�ects the capabilities of space-based trac king systems. The

c haracteristic v ariation with altitude of the IR luminosit y of an ICBM exhaust plume is

sho wn sc hematically in Fig. 10.2.

5

The IR emission is initially caused b y mixing of com-

4

This rep ort uses the radiation terminology standard in the ph ysics literature: the p o w er radiated in

all directions and in all w a v ebands is called the luminosity ; the p o w er radiated in all directions within a

prescrib ed bandpass is the in-b and luminosity ; the p o w er p er unit area and solid angle is the intensity ; and

the p o w er p er unit solid angle, area, and w a v elength or frequency is the sp e ctr al intensity . In the literature

concerned with ro c k et exhaust plume emission, the p o w er p er unit solid angle is the intensity ; the p o w er

p er unit solid angle and w a v elength is the sp e ctr al intensity ; the p o w er p er unit area and solid angle within

a prescrib ed bandpass is the in-b and r adianc e ; and the p o w er p er unit area, solid angle, and w a v elength is

the r adianc e .

5

See Figs. 14.3, 14.4, 14.19{14.23, and 5.2 of [98 ].
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Figure 10.2. Sk etc h of the c haracteristic v ariation with altitude of the luminosit y p er unit solid

angle of ro c k et exhaust plumes. The curv e is in tended to giv e only a qualitativ e impression of the

t ypical dep endence of the luminosit y on altitude and do es not represen t the plume luminosit y of

an y particular ro c k et. Note the p eak at lo w altitudes, the \trough" at � 50{70 km, and the partial

reco v ery at high altitudes. There is a break in the curv e when the �rst stage stops burning and the

second stage ignites.

bustion pro ducts, suc h as H

2

and CO, with atmospheric gases and their c hemical reaction

with atmospheric O

2

(\afterburning"). As the ro c k et rises, the plume's apparen t luminos-

it y �rst increases as it expands in size and the atmospheric absorption b et w een it and the

space-based detector decreases. The luminosit y of a ro c k et's plume p eaks at an altitude of

ab out 30 km, where it can exceed 1 MW sr

� 1

for an ICBM.

As the ro c k et con tin ues to rise and accelerate, the increasing expansion and co oling of

its hot exhaust gases, their decreasing bulk v elo cit y relativ e to the atmosphere, and the

reduction in a v ailable o xygen causes afterburning to decline precipitously . As a result the

plume's luminosit y falls steeply to a minim um v alue at � 50{70 km (the \trough region").

This decline is often exacerbated b y burnout of the �rst stage, follo w ed b y ignition of the

second stage, whic h t ypically has a m uc h smaller thrust and hence pro duces a plume with

a m uc h smaller luminosit y . The luminosit y of the plume in the trough region is dominated

b y emission from the exhaust near the ro c k et nozzle, whic h dep ends on the pressure there

and the nature of the particulates in the exhaust (e.g., so ot particles in the exhaust from

liquid-prop ellan t ro c k ets and Al

2

O

3

particles in the exhaust from solid-prop ellan t ro c k ets).

As the ro c k et con tin ues to accelerate, the bulk v elo cit y of its exhaust gases relativ e to

the atmosphere increases again, causing the plume's IR luminosit y to increase again b ecause

of temp erature reco v ery and resumption of c hemical reactions (\enhancemen t"). The latter

pro cesses dep end strongly on the v elo cit y vs. altitude pro�le of the ro c k et. The IR lumi-

nosit y of the plume con tin ues to increase, but when the size scales of the pro cesses causing

this enhancemen t b egin to exceed the dimensions of a sensor pixel, the plume's apparen t

luminosit y again falls. A t this p oin t, the total luminosit y of the plume is giv en appro x-

imately b y summing the signals in the rep orting detectors. Ev en tually the signals from

the plume-atmosphere in teraction fall b elo w the noise-equiv alen t 
ux of the detectors. The
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ultimate minim um signal that remains comes from the altitude-in v arian t emission pro duced

b y the exhaust pro ducts as they expand in to the lo w-pressure en vironmen t (the \in trinsic"

or \v acuum" core).

Although a wide range of data is a v ailable on the plume emission of U.S. ro c k ets, includ-

ing b oth liquid- and solid-prop ellan t missiles, to our kno wledge there is no suc h database

for the ro c k ets of coun tries of concern. Moreo v er, none of these coun tries has y et tested an

ICBM. Caution should therefore b e exercised when attempting to c haracterize the plumes

of h yp othetical missiles that ma y p ose a threat to the United States at some future date b y

extrap olating from past measuremen ts of U.S. ro c k ets. Ho w ev er, measuremen ts of the ex-

haust plumes of some early U.S. ro c k et designs, suc h as the Titan, ma y b e useful if coun tries

of concern tak e a similar path in dev eloping liquid-prop ellan t ICBMs.

10.1.2 Capabilities of the DSP system

The DSP system has pro vided the United States with early w arning of missile launc hes

since 1970, using satellites in geosync hronous Earth orbit (GEO). A program is underw a y

to replace the DSP system with a more mo dern satellite-based missile w arning and trac king

system. Ho w ev er, some authors (see, e.g., [97 ]) ha v e argued that the DSP system w ould b e

adequate to supp ort b o ost-phase in tercept systems. Also, recen t tec hnical problems ma y

dela y deplo ymen t of the more mo dern system [99 ]. Consequen tly , in this section w e analyze

brie
y the abilit y of the DSP system to serv e as the launc h detection and initial trac king

system for a b o ost-phase in tercept system. The capabilities that a mo dern space-based

missile w arning and trac king system could ha v e are discussed in the next section.

DSP resolution The general c haracteristics of the DSP satellites and system are describ ed

in [100 ]. Eac h satellite has a rotating telescop e with a linear arra y of 6000 detectors in the

fo cal plane. The telescop e of eac h satellite scans the whole disk of the Earth visible to it

and a narro w ann ular region ab o v e the horizon once ev ery 10 s. The precision with whic h

the DSP system can lo cate a missile's plume is determined b y the fo otprin ts of the pixels

in its satellites' sensor arra ys. The n um b er of detectors in eac h arra y suggests that the

fo otprin t of eac h pixel at Earth's surface is ab out 1 km p er side. T ypically at least three

DSP satellites are in op eration at an y giv en time, at di�eren t longitudes around Earth's

equator, so at least t w o can view a target. Stereo, three-dimensional trac king of missile

plumes is p ossible if data from more than one DSP satellite are com bined (\fused").

Although the DSP system cannot trac k an ICBM with the precision and sampling rate

that w ould b e required to guide a kill v ehicle to hit the ICBM during its b o ost phase, the

system can w arn of ro c k et launc hes and could cue ground- and ship-based radars or sensors

on b oard the kill v ehicle to the p osition of a rising ro c k et. This early-w arning capabilit y

w ould reliev e the latter sensors from ha ving to p erform broad-area searc hes to acquire the

ro c k et, allo wing them to b e made smaller and ligh ter.

Launch detection and initial tracking using DSP The earliest momen t at whic h the

launc h of a large ro c k et could b e con�rmed and the direction of its 
igh t estimated is of

great imp ortance for b o ost-phase in tercept systems, b ecause it is the earliest momen t that

in terceptors could b e �red. F or the DSP system, early detection and trac king of a large

ro c k et is limited b y three factors: cloud co v er, absorption of the radiation from the exhaust

plume b y w ater v ap or in the atmosphere in the IR band to whic h the DSP sensors are

tuned, and the lo w rate at whic h it scans Earth's disk.
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Figure 10.3. Probabilit y that the optical path length of cloud co v er o v er sea, land, and coastal areas

at mid-latitudes exceeds a giv en v alue as a function of cloud optical thic kness. The three probabilit y

distributions are almost indistinguishable on the scale of this plot. Figure 33 from Ref. [101 ]. Used

with p ermission.

The probabilit y that the cloud co v er exceeds a giv en optical depth (the thic kness of the

cloud in units of the mean distance a photon tra v els b efore scattering) is sho wn in Fig. 10.3.

There is a � 20 p ercen t c hance of clouds ha ving an optical depth greater than 10 o ccurring

at mid-latitudes at an y giv en time. Ho w ev er, man y clouds are lo w-lying, so the c hance of

seeing signi�can tly b elo w 10 km is high. The a v erage cloud top heigh t when clouds exist

(ab out 50 p ercen t of the time) is 4.7 km o v er land w orld-wide [102 ]. According to Rosso w

and Sc hi�er [103 ], \cloudiness on Earth can b e describ ed as a p ersisten t . . . bac kground of

optically thin clouds . . . , together with a rare, highly v ariable comp onen t of precipitating

clouds that are v ery sparse and in termitten t in o ccurrence (total amoun t < 0 : 1)". While a

detailed discussion of cloud climatology is b ey ond the scop e of this study , w e conclude that

dense clouds are su�cien tly rare ab o v e 7 km and that they w ould rarely b e the main factor

prev en ting DSP from detecting a large ro c k et b y the time it reac hes this altitude.

The SWIR passband of the DSP detectors is delib erately tuned to the strong 2.7{

2.9 � m absorption band of H

2

O, sho wn in the cen tral panel of Fig. 10.4, so that emission

in this band from near Earth's surface is strongly atten uated b y the w ater v ap or in the

atmosphere, reducing the bac kground clutter that w ould otherwise in terfere with detection

and iden ti�cation of ro c k et plumes. As sho wn in Fig. 10.5, the lo w er bac kground clutter seen

from space in this passband comes from the sunligh t scattered b y high-altitude clouds and

brigh t solar glin ts from the o ceans and other surface features, whic h are partially transmitted

though the atmosphere and con tribute to the bac kground. Although the emission from the

hot H

2

O and CO

2

molecules in ro c k et exhaust plumes extends o v er a broader w a v elength

range than the absorption b y the cold molecules in the atmosphere, the signal from exhaust

plumes is sev erely atten uated (b y design) in this passband, un til the ro c k ets rise ab o v e most
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Figure 10.4. T ransmission of Earth's atmosphere from ground to space (lo w er curv e) and from 10-

km altitude to space (upp er curv e) as a function of w a v elength in the 1{10 � m region for a t ypical

mid-latitude atmosphere. Note the strong H

2

O absorption band at 2.7{2.9 � m and the windo ws at

2.2{2.4 and 3.5{4 � m. Mo derate resolution atmospheric transmission co de (MODTRAN) calculation

courtesy of William Clo dius.

of the atmospheric w ater v ap or. This atten uation o ccurs whether or not clouds are presen t.

W e estimate that the DSP system w ould b e able to detect emission from the exhaust plume

of a large ro c k et b y the time the ro c k et reac hed an altitude of 10 km.

6

Unless the defense is certain a p oten tially threatening ro c k et is a relativ ely slo wly ac-

celerating liquid-prop ellan t missile, it w ould ha v e to treat it as a more rapidly accelerating

solid-prop ellan t missile to assure su�cien t time for in terceptors to reac h it. Our solid-

prop ellan t ICBM mo dels S1 and S2 reac h an altitude of 10 km ab out 35 s after they are

launc hed. A t this p oin t, they are also ab out 11 km do wnrange of the launc h p oin t. W e

estimate that three separate detections b y a DSP sensor arra y w ould b e needed to con�rm,

b y its motion, that the SWIR source pro duced b y either of these mo del ICBMs w ere the

exhaust plume of a large ro c k et and to estimate its tra jectory w ell enough to construct a

�ring solution. Th us, once the DSP system has detected a ro c k et exhaust plume, 30 more

seconds, plus additional time for pro cessing and comm unications, w ould b e needed to con-

struct a �ring solution. W e therefore estimate that the earliest time a �ring solution could

reliably b e constructed using DSP data on solid-prop ellan t ICBMs similar to the ones w e

6

By detection, w e mean that the ro c k et's plume w ould create a brigh t pixel. Additional data w ould b e

needed to declare that the signal w ere coming from the exhaust plume of a large ro c k et
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Figure 10.5. Comparison of the IR sp ectral luminosit y of a represen tativ e missile plume at an altitude

of 20 km with the equiv alen t in tensit y of Earth's atmosphere, clouds, and terrain in a 1 km � 1 km

pixel fo otprin t, as view ed from space. After Fig. 3.8 in Ref. [98 ]. Used with p ermission. Cop yrigh t

b y The Aerospace Corp oration.

mo deled is 65 s after launc h. A b ene�t of this dela y is that it w ould giv e the defense a go o d

c hance of seeing �rst-stage burnout and second-stage ignition, if the target w ere indeed a

solid-prop ellan t ICBM.

Our liquid-prop ellan t ICBM mo del reac hes an altitude of 10 km ab out 50 s after it is

launc hed. A t this p oin t it is only 5 km do wnrange and is mo ving m uc h more slo wly than the

solid-prop ellan t ICBMs are at this altitude. W e therefore estimate that �v e or six separate

detections w ould probably b e needed to con�rm that the SWIR source pro duced b y ICBMs

lik e this mo del is the exhaust plume of a large ro c k et and to estimate its tra jectory w ell

enough to construct a �ring solution. W e therefore estimate that the earliest time a �ring

solution could reliably b e constructed using DSP data on liquid-prop ellan t ICBMs lik e the

one w e mo deled is 80 s after launc h.

The analysis in the next section sho ws that a �ring solution could probably b e con-

structed considerably earlier using data from a mo dern space-based missile w arning and

trac king system.

Subsequent tracking using DSP Once in terceptors are �red, they m ust b e supplied up-

dates on the dev eloping tra jectory of the target ro c k et and on their o wn 
igh t to w ard the

predicted in tercept p oin t. The trac king data supplied b y the DSP system are lik ely to b e

inadequate for t w o reasons. First, the 1-km precision and 0.1-Hz rate with whic h the DSP

system samples the tra jectories of the target and in terceptor are probably inadequate to
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guide the in terceptor e�cien tly . Second, the DSP sensors ma y not b e able to see the ro c k et's

exhaust plume with su�cien t signal-to-noise ratio when the ro c k et is in the trough region.

W e ha v e not carried out a detailed analysis of the e�ects of DSP's 0.1-Hz sampling rate and

of the trough, but w e exp ect they w ould increase signi�can tly the required v elo cit y-c hange

capabilit y of the kill v ehicle and its b o oster, whic h w ould in turn increase the w eigh t of

the kill v ehicle and the b o oster. A \seek er" on the kill v ehicle w ould not help, b ecause it

could not b egin trac king the plume un til the kill v ehicle has reac hed the altitude ( � 100 km)

where atmospheric friction is su�cien tly lo w that the seek er windo w could op en and the

seek er could b egin op erating (see Section 10.3.1). The latter p oin ts are illustrated b y con-

sidering engagemen ts of the three ICBM mo dels presen ted in Chapter 15 b y the 6.5-km/s

and 10-km/s in terceptors presen ted in Chapter 16.

If the target is a rapidly-rising solid-prop ellan t ICBM, lik e mo dels S1 or S2, and the

only a v ailable space-based trac king system is the DSP then, as discussed ab o v e, in terceptors

probably could not b e �red un til ab out 65 s after the ICBM w ere launc hed. These ICBMs

w ould drop their �rst stages 60{65 s after launc h, w ould en ter the trough region at ab out

80 s, and w ould emerge at ab out 95 s. If the kill v ehicle w ere lofted b y either the 6.5-km/s

or the 10-km/s in terceptors and its seek er b egan op erating at an altitude of 100 km, the

seek er w ould op en ab out 65 s after the in terceptors w ere launc hed, ab out 130 s after the

ICBM launc h. By this time, these ICBMs w ould ha v e already passed through the trough

region.

If instead the target is a slo wly-rising liquid-prop ellan t ICBM, lik e mo del L, in terceptors

probably could not b e �red un til ab out 80 s after the ICBM launc h. This ICBM w ould en ter

the trough region ab out 115 s after launc h, w ould drop its �rst stage at 120 s, and w ould

emerge from the trough at ab out 135 s. If the kill v ehicle w ere lofted b y either the 6.5-km/s

or the 10-km/s in terceptors and its seek er b egan op erating at an altitude of 100 km, the

seek er w ould op en ab out 65 s after the in terceptors w ere launc hed, or ab out 145 s after the

ICBM launc h. By this time, ICBM mo del L w ould also ha v e passed through the trough

region.

W e conclude that although the DSP system could pro vide launc h detection and initial

trac king, its sampling rate w ould b e to o lo w to supp ort e�cien t command guidance of

b o ost-phase in terceptors. The DSP system lik ely w ould ha v e to b e supplemen ted b y an

o�-b oard sensor with a m uc h higher sampling rate, suc h as a radar, to enable e�cien t

command guidance.

10.1.3 Capabilities of a mo dern space-based senso r system|the NSBS

As noted in the previous section, the DSP system is exp ected to b e replaced b y a more

mo dern satellite-based missile w arning and trac king system. The system the United States

is curren tly dev eloping is called the Space-Based Infrared System{High (SBIRS-High). This

system will consist of a constellation of satellites, with some in GEO and some in Molniy a

orbits, whic h are highly eccen tric ha ving the ap ogee (and hence long residence time) ab o v e

the northern hemisphere of Earth. A system with the p oten tial capabilities of SBIRS-High

could mak e a critical con tribution to the functioning an y b o ost-phase in tercept system. The

�rst six satellites of this system are curren tly sc heduled to b e in place b y 2008 [104 ], although

recen t tec hnical problems ma y dela y their deplo ymen t, as noted previously . Nev ertheless,

the initial complemen t of satellites is lik ely to b e deplo y ed within the next ten y ears. W e

therefore in v estigated the capabilities suc h a system could ha v e.

Details of the an ticipated p erformance of SBIRS-High are not a v ailable in the op en
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literature. W e therefore analyzed the p oten tial p erformance of a generic space-based IR

sensor system that uses curren t tec hnology and could b e �elded with a reasonable in v estmen t

of resources and the con tribution suc h a system could mak e to b o ost-phase in tercept. F or

conciseness, w e shall refer to this notional space-based system as the \NSBS".

NSBS senso rs The NSBS w e considered consists of a constellation of satellites in geosyn-

c hronous orbits ha ving 30-cm-diameter ap erture telescop es that image the visible disk of

Earth and near-Earth space. The IR detectors w ould b e co oled, but the optics need not

b e. The full-Earth fo cal plane is partially p opulated b y arra ys of IR detectors (see, e.g.,

Ref. [105 ]). Curren tly , 320 � 256 arra ys of HgCdT e (MCT) detectors ha ving frame rates of

30 Hz or greater are commercially a v ailable [106 ]. Quan tum e�ciencies are appro ximately

80 p ercen t, w ell depths are appro ximately 10

6

electrons, readout noise is � 250 electrons,

and the pixel pitc h is 30 � m.

Extrap olating forw ard in time, a 512 � 512 format � 3 � 10

5

-pixel arra y with 20- � m pixel

pitc h should b e a v ailable shortly [105 ]. W e assume that the fo cal plane of our h yp othetical

space-based telescop e is p opulated with 24 of these arra ys, whic h together w ould co v er

appro ximately 1/24 of Earth's visible disk. By stepping to a fresh part of Earth's disk after

eac h 33-ms frame, the whole disk could b e scanned in less than 1 s. Although the di�raction

limit of the NSBS in the SWIR w ould b e less than 0.5 km at Earth's surface, w e c ho ose

pixels with a pro jected size of 1 km � 1 km (at nadir) to obtain a manageable pixel n um b er

and data rate. T o matc h a 20 � m � 20 � m pixel to a 1 km � 1 km fo otprin t requires a �nal

fo cal ratio of f = 2 : 8 for our 30-cm ap erture.

7

This system w ould not b e di�raction-limited.

NSBS sensitivit y F or a source with an SWIR luminosit y of 6 kW sr

� 1

, comparable to the

plume luminosit y of a small ro c k et early in 
igh t, the NSBS w ould collect 7 � 10

4

electrons

during eac h 33-ms frame, in the pixel that is on the source, �lling the w ell to less than

10 p ercen t of its depth. The plume signal w ould comp ete with noise in the detector, the

detector dark curren t, and thermal emission from the optics, ba�es, and dew ar windo w. The

detector dark curren t decreases exp onen tially with decreasing temp erature. Extrap olating

from Fig. 2.3 of Ref. [106 ], w e estimate that for an MCT detector ha ving a cuto� at 3.0 � m

and a pixel pitc h of 20 � m, the detector dark curren t can b e reduced to 10

4

coun ts p er pixel

p er 33-ms frame b y co oling the detector to 150 K, whic h is p ossible using a thermo electric

co oler. W e estimate the thermal bac kground b y assuming a 20 p ercen t emissivit y for the

f = 2 : 8 optical path, whic h is conserv ativ e and includes some allo w ance for w arm ba�e edges

that in trude in to the otherwise cold optical path. This giv es 2 : 6 � 10

4

electrons during eac h

33-ms frame. F or suc h a detector, the plume signal exceeds the instrumen tal bac kground

and is more than 300 times the statistical (shot noise) v ariations in these bac kgrounds,

whic h is 160 electrons p er frame. When the w eather is clear or only lo w clouds are presen t,

the signal of a plume ha ving a luminosit y of 6 kW sr

� 1

in the SWIR w ould greatly exceed

the bac kgrounds themselv es. The limiting sensitivit y of the NSBS w ould therefore b e set

not b y noise but b y clutter in the SWIR bac kground, esp ecially from cirrus clouds at high

altitudes.

7

The p erformance of this system is limited b y the n um b er of detectors and the pixel format of eac h

detector. By increasing these, w e could approac h a pro jected pixel size of 0.5 km ( < 0 : 25 km 1 � p osition

uncertain t y) and an up date rate of tens of hertz. Ho w ev er, w e ha v e limited our design to the stated capabilit y

to main tain a reasonable fo cal-plane-arra y size and data v olume. Although the ap erture could b e increased

b ey ond 30 cm in a medium-sized satellite, with a concomitan t impro v emen t in its di�raction limit, it w ould

b e di�cult to build a detector arra y large enough to utilize this resolution o v er a signi�can t part of Earth.
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Figure 10.6. Single-pixel false alarm probabilit y as a function of threshold luminosit y for the IR

scanner considered, when viewing the stressing bac kground scene. The lo w er curv e sho ws that the

probabilit y of exceeding the threshold when no signal is presen t is appro ximately 10

� 4

p er pixel for

a 6 kW sr
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threshold and a 1.8 km � 1.8 km-pixel fo otprin t. The upp er curv e sho ws that at this

threshold, the false-alarm probabilit y is ab out 1,000 times higher for a 3.6 km � 3.6 km fo otprin t.

F rom Ref. [107 ]. Used with p ermission. Cop yrigh t b y The Aerospace Corp oration.

A global cloud mo del dev elop ed b y the Aerospace Corp oration [107 ] indicates that cirrus

clouds ab o v e 10 km o ccur 20 p ercen t to 30 p ercen t of the time o v er northeast Asia in

summer; they are not far from the top of the w ater v ap or la y er and hence app ear as brigh t

sp ots when view ed from space. These clouds pro duce a complex bac kground, and the

limiting sensitivit y in the SWIR is therefore a complicated function of climatology , cloud

structure, and atmospheric radiativ e transp ort. The exp ected sensitivit y of the p ostulated

NSBS cannot b e determined b y an analysis simple enough to b e within the scop e of our

study . W e therefore rely on the w ork of La wrie and Lomheim [107 ], who ha v e sho wn that

for a giv en false-p ositiv e rate (the probabilit y that an y giv en pixel will yield a false alarm in

one scan), the minim um detectable 
ux is a function of the size of the pixel fo otprin t (see

Fig. 10.6). F or a 1 : 8 � 1 : 8 km fo otprin t, setting the threshold at 6 kW sr

� 1

yields a single-

pixel false-alarm rate of 10

� 4

, whic h drops to 10

� 6

for a threshold of ab out 8 kW sr

� 1

. If the

pro jected area of eac h pixel is increased b y a factor of four, to 3 : 6 � 3 : 6 km, the luminosit y

threshold for a constan t false alarm rate also increases b y a factor of four. W e conclude that

the NSBS detectors, whic h ha v e pixels with fo otprin ts of 1 � 1 km, could detect sources

with luminosities as lo w as 6 kW sr

� 1

with some margin of safet y . W e estimate that the

1 � uncertain t y in the p osition of the ro c k et w ould b e less than 300 m ( � 1 km/

p

12 ) for a

sampling rate of 1 Hz. By using m ultiple satellites to view the target, it should b e p ossible

to determine its p osition in all three dimensions with this precision. The precision of the

p osition measuremen ts and the sampling rate could b oth b e impro v ed b y adding a second,

high-resolution slewing telescop e to the system, but suc h a telescop e w ould not b e able to

trac k m ultiple launc hes at widely separated lo cations.
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Launch detection and missile tracking using NSBS As noted previously , the earliest

momen t at whic h the launc h of a large ro c k et could b e con�rmed and the direction of its


igh t estimated is of great imp ortance for b o ost-phase in tercept systems, b ecause this is the

earliest momen t in terceptors could b e �red. If all its sensors w ere tuned to the 2.7{2.9- � m

H

2

O absorption band, the NSBS w ould giv e up the p ossibilit y of seeing the ro c k et so oner

in fa v or of lo w er and more predictable bac kgrounds. There are windo ws in the IR, suc h as

those at 2.2{2.4 � m and 3.5{4 � m (see Fig. 10.4), in whic h a space-based sensor could see to

the ground at the cost of in tro ducing ground clutter as a new source of bac kground. If the

problem of detecting the plume of a large ro c k et in the presence of ground clutter can b e

solv ed, cloud co v er w ould determine the lo w est altitude at whic h missiles can b e detected.

By this, w e mean thic k (optical depths greater than a few) clouds that w ould strongly

atten uate the signal of the ro c k et exhaust plume, not the optically thin but nev ertheless

brigh t clouds that cause spurious glin ts in the SWIR.

Consisten t with the optimistic approac h adopted in this study , w e assume the problem

of detecting the plume of a large ro c k et in the presence of ground clutter can b e solv ed,

and that cloud co v er w ould then b e the factor limiting early detection of large ro c k ets.

Based on the consideration of cloud co v er presen ted in Section 10.1.2, w e adopt 7 km as

the altitude at whic h the NSBS w ould reliably detect radiation from the exhaust plume

of a large ro c k et.

8

Additional data w ould b e needed to declare that the signal emanates

from the exhaust plume of a large ro c k et, and still more data w ould b e needed to estimate

the ro c k et's tra jectory precisely enough to p ermit construction of a �ring solution for the

in terceptors.

W e assumed that the azim uth of the ro c k et's curr ent v elo cit y is a b etter indicator of its

future tra jectory than the azim uth of its aver age v elo cit y since launc h. W e then estimated

in t w o w a ys the time required to gather enough data to construct a �ring solution. First, w e

estimated that b y the time the ro c k et plume had mo v ed ten pixels from the p oin t at whic h

its IR signal w as �rst detected, the curren t azim uth of its tra jectory could b e determined

precisely enough to �re in terceptors. Second, w e used tuned p olynomial trac king �lters to

estimate the precision with whic h the azim uth of the target could b e estimated to within

7

�

from target p ositions measured once a second with a 1 � uncertain t y of < 300 m. Both

approac hes ga v e appro ximately the same results.

As noted previously , our solid-prop ellan t ICBM mo dels S1 and S2 require 30 s to reac h

an altitude of 7 km. A t that time, they are ab out 7 km do wnrange from the launc h p oin t.

W e b eliev e that using a system lik e NSBS, the tra jectories of ICBMs lik e these could b e

estimated with su�cien t precision to construct a �ring solution ab out 15 s later, when they

ha v e reac hed an altitude of 16 km and are ab out 20 km do wnrange. W e therefore adopt

45 s after launc h as the earliest time a �ring solution could reliably b e constructed. The

�rst stages of ICBMs lik e these w ould still b e burning at this time, so the defense w ould

not ha v e an y staging ev en ts to help iden tify the t yp e the ro c k et.

Our liquid-prop ellan t ICBM mo del reac hes an altitude of 7 km and is ab out 3 km

do wnrange 45 s after it is launc hed. W e estimate that using a system lik e NSBS, the

tra jectories of ICBMs lik e this one could b e estimated with su�cien t precision to construct

a �ring solution ab out 20 s later, when the missiles ha v e reac hed an altitude of 16 km and are

ab out 11 km do wnrange. W e therefore adopt 65 s after launc h as the earliest time a �ring

solution could reliably b e constructed|55 s b efore the �rst stage of our liquid-prop ellan t

8

W e again emphasize that b y \detection" w e mean that the plume w ould pro duce a brigh t pixel. F urther

data w ould b e needed to declare the existence of a large ro c k et in p o w ered 
igh t.
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ICBM mo del burns out.

T racking ro ck ets through the trough It is p ossible that lo w-luminosit y plumes migh t b e

lost as they mo v e in to the trough region, where their luminosit y could b ecome as lo w as

� 3 kW sr

� 1

in the SWIR. This p oten tial problem is ameliorated b y the fact that a m uc h

larger p er-pixel false alarm rate can b e accepted once a missile's trac k has b een established,

b ecause the n um b er of pixels of in terest drops from the n um b er in the en tire �eld to the

few pixels where the ro c k et plume migh t reasonably next app ear. V arious signal-pro cessing

tec hniques, suc h as frame-to-frame subtraction, could help to ac hiev e this sensitivit y .

If a detailed analysis sho ws that there is a sensitivit y problem for missiles within the

trough region, the NSBS could emplo y a second telescop e ha ving a single high-resolution

arra y that slews to trac k the ro c k et exhaust plume con tin uously . In this case, the system

could pro vide p osition up dates with a 30-Hz or greater frame rate, and clutter could b e

reduced further b y using the full di�raction resolution of the telescop e. F or a 30-cm slewing

sensor, the 0.5-km di�raction limit in the SWIR should reduce the clutter signal b y a

further factor of 4, compared with the p ostulated surv ey instrumen t on NSBS. This 30-

cm telescop e w ould b e moun ted on the same platform as the surv eillance system discussed

ab o v e and indep enden tly p oin ted b y a t w o-axis p oin ting system. Because the mass of suc h

a telescop e w ould increase at least with the square of its ap erture, and its momen t of inertia

w ould increase at least with the cub e of its ap erture, if the size of suc h an instrumen t w ere

increased signi�can tly , its p oin ting motion could seriously p erturb the attitude of the main

spacecraft. W e therefore selected 30 cm as a reasonable estimate of a feasible ap erture.

10.1.4 Summa ry of space-based detection and tracking

F rom the analysis in this section, w e reac hed the follo wing conclusions.

DSP capabilities W e conclude that the DSP could reliably detect ro c k ets b y the time

they reac h an altitude of 10 km, whic h o ccurs 35 s after the launc h of our solid-prop ellan t

ICBM mo dels S1 and S2 and 52 s after the launc h of our liquid-prop ellan t ICBM mo del.

W e shall assume that a �ring solution could b e constructed using DSP data no earlier than

65 s after the launc h of solid-prop ellan t ICBMs lik e mo dels S1 and S2 and 65 s after the

launc h of liquid-prop ellan t ICBMs lik e mo del L. W e emphasize that our assumption that

in terceptors could b e �red this early represen ts a v ery optimistic b ounding case.

Although the DSP system could lo cate the exhaust plume of an ICBM in three di-

mensions with a 1 � -uncertain t y of 1 km once ev ery 10 s un til the ro c k et en tered the trough

region, this sampling rate w ould b e to o lo w to supp ort e�cien t command guidance of b o ost-

phase in terceptors. Consequen tly the DSP system lik ely w ould ha v e to b e supplemen ted b y

an o�-b oard sensor with a m uc h higher sampling rate, suc h as a radar, to enable e�cien t

command guidance.

Mo dern space-based capabilities In con trast to DSP capabilities, w e conclude that a mo d-

ern space-based launc h-detection and missile-trac king system could reliably detect ro c k ets

b y the time they reac h an altitude of 7 km, whic h o ccurs 30 s after the launc h of our solid-

prop ellan t ICBM mo dels S1 and S2 and 45 s after the launc h of our liquid-prop ellan t ICBM

mo del. W e conclude further that a �ring solution could b e constructed using data from a

mo dern space-based trac king system no earlier than 45 s after the launc h of solid-prop ellan t

ICBMs (lik e mo dels S1 and S2) and 65 s after the launc h of liquid-prop ellan t ICBMs (lik e
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mo del L). Again, our assumption that in terceptors could b e �red this early represen ts a

v ery optimistic b ounding case.

Also in con trast to DSP , a mo dern space-based launc h-detection and missile-trac king

system could lo cate the exhaust plumes of large ro c k ets in three dimensions with a 1 � -

uncertain t y of < 300 m once a second, su�cien t to supp ort command guidance of in tercep-

tors during their 
y out.

10.2 Rada r T racking

Ground-, sea-, or air-based radars could b e used to supplemen t space-based IR sensors for

detecting and trac king missiles in their b o ost phase, th us pro viding additional information

and creating a more robust system. Radar can detect a missile as so on as it ascends ab o v e

the radar's horizon and, lik e space-based IR sensors, can pro vide trac king information on

b oth the missile and the in terceptor. The radar's sensitivit y and accuracy dep end on the

transmitted p o w er, the cross section for re
ection, the an tenna prop erties, and propagation

e�ects. In the follo wing sections, w e analyze the p erformance that radars w ould need

to supp ort b o ost-phase in tercept for ICBMs and ev aluate the abilit y of sev eral curren tly

op erational radars to meet these requiremen ts. W e also consider the capabilities of enhanced

v ersions of sev eral existing systems. W e assume that other sensors are used for target

designation, so the radar do es not ha v e to p erform a wide-area searc h.

10.2.1 The p o w er-ap erture p ro duct required fo r a sea rch

F or a radar station to detect the launc h of a missile within a giv en v olume, the pro duct

of its a v erage radiated p o w er P

a v

and the e�ectiv e receiving ap erture A

r

m ust satisfy the

searc h radar equation

P

a v

A

r

=

4 � 	

s

R

4

m

k T

s

D L

s

t

s

� F

4

; (10.1)

where 	

s

is the solid angle to b e searc hed, R

m

is the maxim um searc h range in meters, k is

Boltzmann's constan t in J/K, T

s

is the system noise temp erature in K, D is the detectabilit y

factor (the signal-to-noise p o w er ratio required for detection), L

s

is the total searc h loss, t

s

is the searc h frame time in seconds, � is the radar cross section (R CS) of the target in m

2

,

and F is the pattern-propagation factor for the path. These quan tities ha v e the follo wing

in terpretations.

Solid angle of sea rch 	

s

. This solid angle is de�ned as the pro duct of the azim uth sector

width A

m

and the sines of the maxim um and minim um elev ation angles, �

m

and �

o

, i.e.,

	

s

= A

m

(sin �

m

� sin �

0

). F or a narro w b eam ab o v e the horizon, 	

s

� A

m

�

e

, where �

e

is the elev ation b eam width. W e assume that the searc h frame time t

s

is short enough,

and the detection probabilit y P

d

high enough, that the target will b e detected b efore it has

passed through the elev ation b eam width.

Range R

m

. In the case of detection early in the b o ost-phase, the range can b e tak en as

the distance from the a v ailable radar site (often co-lo cated with the in terceptor battery) to

the target launc h site, since the range to the target will c hange only sligh tly b et w een launc h

and the required time of detection.
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System noise temp erature T

s

. This temp erature is set b y the receiv er noise �gure and

the con tributions b y the atmosphere and the surface, as seen b y the an tenna. A v alue of

500 K ma y b e assumed for a lo w-noise receiv er when the an tenna b eam grazes the surface.

Detectabilit y facto r D . This factor m ust b e set to pro vide a su�cien tly high cum ulativ e

probabilit y of detection P

c

b efore the target passes through the b eam. T ypically , with a

phased-arra y radar that can scan at an arbitrarily high rate, t w o scans will b e made during

the time of target passage. If the probabilit y of detecting on a single scan is P

d

= 0 : 9, then

P

c

= 1 � (1 � P

d

)

2

= 0 : 99. This requires D = 20 : 9 = +13 : 2 dB on a steady target. F or


uctuating targets, a 
uctuation loss L

f

m ust b e included as a comp onen t of the searc h

loss L

s

.

Sea rch loss L

s

. This factor will b e ev aluated for eac h radar case discussed b elo w.

Sea rch frame time t

s

. This time will b e determined b y the v ertical v elo cit y pro�le of the

target and the range, as will b e discussed later.

Rada r cross section of the ta rget � . The R CS of v arious ICBMs are discussed in the

follo wing section.

P attern-p ropagation facto r F . This factor dep ends on the surface and the b eam width

and elev ation angle, but ma y b e assumed unit y for a narro w b eam elev ated to place its

lo w er edge ab o v e the horizon.

10.2.2 Estimated rada r cross sections fo r illustrative ICBMs

The coun tries of concern in this study ha v e neither tested nor deplo y ed an y ICBMs. The

detailed c haracteristics of the ICBMs they ma y deplo y at some time in the future are

therefore unkno wn. Consequen tly it is not p ossible to ev aluate the radar requiremen ts for

a b o ost-phase defense system using detailed mo dels. Ho w ev er, a review of a v ailable theory

and data sho ws that, with rare exceptions, detection w ould o ccur when the asp ect angle of

the missile is some tens of degrees a w a y from b eam asp ect. In these in termediate sectors, a

missile's R CS dep ends on the shap e of the nose cone and on small features in the missile's

shap e (e.g., the edges of the b o oster or engine structure, the presence or absence of �ns or

an tennas, etc.), rather than on the regular scattering from cylindrical or conical surfaces.

W e ha v e c hosen to estimate the sizes of the radar cross sections that ma y b e encoun tered

and illustrate p ossible v ariations with asp ect using the R CS of the Chinese DF-5 and the

U.S. Min uteman I I I missile. W e ha v e used the a v erage R CS of these missiles at the relev an t

asp ects to estimate the radar p erformance requiremen ts needed to supp ort b o ot-phase in-

tercept systems. Outlines of these t w o ICBMs are sho wn in Fig. 10.7. The liquid-prop ellan t

DF-5 app ears to ha v e a sligh tly rounded tip on a conical nose cone, and a cylindrical t w o-

stage b o oster. The small irregularities along the missile will dominate the R CS in most of

the forw ard hemisphere, whereas scattering from the motors will set the lev el in the tail

hemisphere. A p eak in the R CS will app ear when the missile is view ed normal to its conical

nose surface. The solid-prop ellan t Min uteman I I I has an ogiv e nose cone attac hed to a

cylindrical third stage that has the same radius as the second stage. A conical transition

connects the second stage to the �rst stage, whic h has a larger radius. The ogiv e surface
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33 m 18 m

tip radius 0.05 m

second booster
diam. 3.36 m

first booster
diam. 3.36 m

DF - 5

tip radius 0.1 m

second booster
diam. 1.2 m

final stage
diam. 1.2 m

first booster
diam. 1.6 m

Minuteman III

Figure 10.7. Outlines of the t w o ICBMs used to illustrate missile radar cross sections and analyze

radar p erformance requiremen ts. See [108 , 109 ].

generates a plateau in the R CS just forw ard of the b eam-asp ect p eak, tending to mask the

p eak caused b y the conical transition section.

Our estimates of the a v erage R CS of the DF-5 and Min uteman I I I for S-band radars are

sho wn in Fig. 10.8, as a function of asp ect angle (from nose asp ect). In b oth cases, the R CS

tends to w ard constan t lev els, sub ject to lo cal 
uctuations, when the missiles are view ed

from the nose and tail hemispheres, whic h are determined b y the nose cone shap e and the

irregularities visible to the radar. In general, the R CS is larger in the rear hemisphere, where

the motor is necessarily exp osed. In the nose hemisphere, the R CS during second-stage

b o ost is just greater than 0.1 m

2

for b oth targets. The R CS of the DF-5 is dominated b y

irregular features, whereas the R CS of the Min uteman I I I is dominated b y the rounded nose

tip. Suc h details cannot b e predicted in adv ance for future enem y missiles. Consequen tly ,

arbitrary assumptions m ust b e made ab out the a v erage R CS. W e shall assume that the

S-band R CS is generally b et w een 0.1 m

2

and 1 m

2

in the nose hemisphere and b et w een

1 m

2

and 5 m

2

in the tail hemisphere. In all cases, the R CS tends to decrease as stages are

discarded.

The abilit y of a radar system to detect and trac k a missile during its b o ost phase

dep ends on the missile's tra jectory . The main purp ose of the analysis in this c hapter is to

supp ort the sim ulations of b o ost-phase engagemen ts of the slo wly rising liquid-prop ellan t

ICBM mo del L and the faster-rising solid-prop ellan t ICBM mo dels S1 and S2, describ ed in

Chapter 12 and App endix C. The prop erties of the tra jectories of these ICBMs that are

imp ortan t for searc hes b y radars w ere computed using the 
y out tra jectories describ ed in

Chapter 15. Their a v erage R CS at the relev an t asp ects w as estimated as just describ ed.

The tra jectory prop erties relev an t to searc hes b y land- and ship-based radars are listed in

T able 10.1.
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Figure 10.8. Estimated a v erage S-band radar cross sections of the liquid-prop ellan t ICBM mo del L

(left) and the solid-prop ellan t ICBM mo dels S1 and S2 (righ t) as functions of asp ect angle from the

nose. (The scale is logarithmic: dBsm = 10 log

10

(radar cross section / 1 m

2

)

T able 10.1. ICBM T ra jectory P arameters for Land- and Ship-Based Radars

P arameter Liquid Solids

Stando� distance from radar site to missile launc h site (km) 800 1,000

Time from launc h to radar horizon (s) 106 87

Maxim um horizon range from radar (km) 747 887

V ertical v elo cit y at horizon (km/s) 0.8 1.3

Pitc h angle at horizon (deg from horizon tal) 28 23

Asp ect angle at horizon (deg from nose) 34 31

Elev ation rate at horizon (rad/s) 0.0011 0.0015

The elev ation rates and scan times for the radars w e considered w ere computed as

describ ed in App endix C from the 
y out tra jectories describ ed in Chapter 15. The curv ature

of Earth blo c ks distan t ground- and ship-based radars from seeing missiles early enough to

a�ect the decision to launc h in terceptors, but these radars could pro vide trac king data later

in the missile's b o ost phase and hence could p oten tially con tribute to command guidance

of the in terceptor during its b o ost phase and to the initial phase of the kill v ehicle's 
igh t.

A forw ard-based phased-arra y airb orne radar could pro vide launc h detection as w ell as

trac king data.

10.2.3 Land-based rada rs

The THAAD rada r The THAAD m ultifunction X-band radar is designed for use in the

Theater High-Altitude Area Defense (THAAD) system. This U.S. Arm y ground-based radar

is an air-transp ortable system in tended for b oth searc h and �re con trol. Its p erformance

has b een demonstrated o v er the past sev eral y ears at White Sands Missile Range. It is

analyzed here as the �re con trol elemen t in a p ossible b o ost-phase missile defense system,

where it w ould receiv e target designation data from an external source. This analysis is
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T able 10.2. Theater High-Altitude Area Defense

(THAAD) Radar Characteristics

a

P arameter V alue

Op erating F requency 9.5 GHz

W a v elength 3.2 cm

Ph ysical ap erture area 9.2 m

2

E�ectiv e ap erture area 6 m

2

Num b er of activ e elemen ts 25,344

Receiving gain (with w eigh ting) 76,000

Azim uth b eam width 0 : 6

�

Elev ation b eam width 0 : 8

�

Scan sector 90

�

Searc h solid angle (one line) 0.011 sr

Mo dule p eak p o w er 10 W

Mo dule a v erage p o w er 2.1 W

T otal a v erage p o w er 54 kW

P o w er-ap erture pro duct 324 kWm

2

Noise temp erature

b

500 K

Equipmen t loss (b eam cen ter) 2.8 dB

Extra loss in searc h 7.2 dB

A tmospheric loss

b;c

5.5 dB

T otal searc h loss

b

15.5 dB

a

See [110 ] and [111 ].

b

A t 0.5

�

elev ation for 90

�

scan sector. Additional loss

ma y apply to longer dw ells in small sectors.

c

F or clear-air conditions.

based on op en-source literature and op en-source information briefed to the Study Group.

The estimated p erformance c haracteristics of the THAAD radar are listed in T able 10.2.

As sho wn in T able 10.3, the THAAD radar, with a p o w er-ap erture pro duct of 324 kWm

2

,

meets the requiremen t for detection at the horizon of the slo w er liquid-prop ellan t ICBM

T able 10.3. THAAD P erformance Requiremen ts for ICBM Searc hes

P arameter Liquid Solids

T arget nose-asp ect R CS at horizon (m

2

) 0.45 0.094

Time in THAAD elev ation b eam width (s) 9.0 6.0

Allo w able searc h frame time for t w o scans on the targets (s) 4.5 3.0

Required p o w er-ap erture pro duct (kW m

2

) 53 602
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mo del at a stando� distance of 800 km and is within 2.7 dB for detection of the faster solid-

prop ellan t ICBM mo dels at a stando� distance of 1,000 km, under clear-air conditions.

An enhanced THAAD rada r The THAAD radar is close to meeting the requiremen ts for

detecting and trac king the liquid- and solid-prop ellan t ICBM mo dels at stando� distances

of 800{1,000 km. It is therefore reasonable to p ostulate that a minor enhancemen t, either

through use of higher mo dule a v erage p o w er or a sligh tly larger ap erture, w ould supp ort

horizon detection from a radar co-lo cated with the maxim um-range in terceptor launc her.

The enhanced radar w ould presumably remain air-transp ortable. Allo wing for non-clear air

conditions, e.g., in terv ening rain b et w een the radar and the target, w ould require sev eral

more decib els. Suc h enhanced capabilit y could b e accomplished b y a doubling of ap erture

area and n um b er of mo dules whic h migh t require larger aircraft for transp ortation.

10.2.4 Shipb oa rd rada rs

The AN/SPY-1B (Aegis) radar is a reference p oin t for shipb oard an ti-ballistic missile

(ABM) radars. Its estimated p erformance c haracteristics are listed in T able 10.4. W e esti-

mated the p erformance needed to searc h for and trac k the liquid-prop ellan t mo del ICBM

at a stando� distance of 800 km from the ICBM launc h site and the solid-prop ellan t mo dels

at a stando� distance of 1,000 km. The relev an t ICBM tra jectory parameters are listed in

T able 10.1. The AN/SPY-1B p erformance requiremen ts are listed in T able 10.5.

Assuming that the en tire resources of the radar are a v ailable for a horizon searc h, the

a v ailable 700-kW m

2

p o w er-ap erture pro duct of AN/SPY-1B, a m ulti-function radar of the

U.S. Aegis system, is adequate to pro vide horizon detection at the maxim um in terceptor

stando� distance for the slo w er liquid-prop ellan t ICBM and for the faster solid-prop ellan t

ICBMs. T o meet the requiremen t for the solid-prop ellan t ICBMs and pro vide some margin

for op erational 
exibilit y , an enhanced Aegis radar with a 3- to 6-dB increase in the p o w er-

ap erture pro duct could b e used.

10.2.5 Airb o rne rada rs

The A W A CS AN/APY-2 airb o rne rada r The existing A W A CS AN/APY-2 airb orne S-

band radar pro vides a baseline for considering launc h detection and trac king of missiles b y

airb orne radars. T able 10.6 lists the estimated p erformance c haracteristics of this radar,

and T able 10.7 sho ws the requiremen ts for detecting the liquid-prop ellan t ICBM mo del at

the horizon for a stando� distance from the aircraft to the missile launc h site of 800 km

and the solid-prop ellan t ICBM mo dels for a stando� distance of 1,000 km. The R CS seen

b y A W A CS di�ers sligh tly from that b y the Aegis b ecause the missile attitude and asp ect

angle di�er for the horizon as seen from the elev ated radar.

The A W A CS scans a full 360

�

in azim uth and has an elev ation b eam width of 5

�

, making

its searc h solid angle 13 times greater than that of the AN/SPY-1B, ev en if the latter w ere

to scan a 90

�

sector. Consequen tly , the p o w er-ap erture requiremen ts for detection at the

horizon at the maxim um in terceptor stando� distance are unreasonable. W e therefore

computed the p erformance requiremen ts for a more realistic stando� distance of 300 km

from the aircraft to the target missile's launc h site. The radar w ould pro vide co v erage to the

surface and w ould therefore see ground clutter, including mo ving surface v ehicles. Th us a

Doppler rejection notc h w ould ha v e to b e applied to reject targets mo ving at radial v elo cities

less than ab out 40 m/s. The resulting dela ys in target detection and the minim um altitudes



10.2. Rada r T racking S177

T able 10.4. AN/SPY-1B Radar Characteristics

a

P arameter V alue

Op erating F requency 3.3 GHz

W a v elength 9.1 cm

Ph ysical ap erture area 12 m

2

E�ectiv e ap erture area 12 m

2

Num b er of activ e elemen ts 5,600

Receiving gain (with w eigh ting) 14,000

Azim uth b eam width 1 : 6

�

Elev ation b eam width 1 : 5

�

Scan sector 90

�

Searc h solid angle (one line) 0.020 sr

T otal a v erage p o w er 58 kW

P o w er-ap erture pro duct 700 kW m

2

Noise temp erature

b

500 K

Equipmen t loss (b eam cen ter) 2.8 dB

Extra loss in searc h 7.2 dB

A tmospheric loss

b;c

3.2 dB

T otal searc h loss

b

13.2 dB

a

See [112 ].

b

A t 0.5

�

elev ation.

c

F or clear-air conditions.

T able 10.5. AN/SPY-1B P erformance Requiremen ts for ICBM Searc hes

P arameter Liquid Solids

T arget nose-asp ect R CS at horizon (m

2

) 0.48 0.1

Time in Aegis elev ation b eam width (s) 16 11

Allo w able searc h frame time for t w o scans on the targets (s) 8 5.5

Required p o w er-ap erture pro duce (kW m

2

) 58 708

for detection w ould b e as sho wn in T able 10.8. Additional dela y a v eraging t

s

= 2 = 6 s w ould

result from the slo w scan rate, but detection could b e early enough to pro vide the initial

w arning, and subsequen t trac king in range and azim uth could supp ort an in terceptor launc h

decision. Only coarse elev ation data w ould b e a v ailable from this radar. Consequen tly ,

it could not supp ort command guidance of the in terceptor or kill v ehicle. The radar's

p erformance is more than 10 dB b elo w the minim um p erformance to detect and trac k the

rapidly accelerating solid-prop ellan t ICBM mo dels.
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T able 10.6. AN/APY-2 Radar Characteristics

P arameter V alue

Op erating F requency 3.3 GHz

W a v elength 9.1 cm

Ph ysical ap erture area 6 m

2

E�ectiv e ap erture area 3.3 m

2

Receiving gain (with w eigh ting) 5,000

Azim uth b eam width 1 : 0

�

Elev ation b eam width 5 : 0

�

Scan sector 360

�

Searc h solid angle (one line) 0.55 sr

T otal a v erage p o w er 30 kW

P o w er-ap erture pro duct 100 kW m

2

Noise temp erature

a

650 K

Equipmen t loss (b eam cen ter) 9.0 dB

Extra loss in searc h 5.0 dB

A tmospheric loss

a;b

3.2 dB

T otal searc h loss

a

17.2 dB

a

F or 0.5

�

elev ation.

b

F or clear-air conditions.

T able 10.7. AN/APY-2 P erformance Requiremen ts for ICBM Searc hes

P arameter Liquid Solids

Stando� distance (km) 800 1,000

T arget nose-asp ect R CS at horizon (m

2

) 0.59 0.1

Elev ation rate at horizon (rad/s) 0.0005 0.0009

Time in A W A CS elev ation b eam width (s) 63 48

Searc h frame time (�xed) (s) 12 12

Required p o w er-ap erture pro duct (kW m

2

) 25,000 480,000

A phased-a rra y A W A CS rada r The p erformance c haracteristics of a p ostulated S-band

phased-arra y A W A CS radar are sho wn in T able 10.9. The ma jor adv an tages of the arra y

are the larger ap erture, the abilit y to hold the scan sector within 90

�

� 1 : 6

�

, to p erform the

scan at an y required rate, and to pro vide subsequen t trac king data in all three co ordinates.

The required p o w er-ap erture pro ducts for the t w o ICBM mo dels as they rise ab o v e the

horizon at their maxim um stando� distances are sho wn in T able 10.10. The p erformance

needed to detect and trac k the slo w er-rising liquid-prop ellan t ICBM at a stando� distance of

800 km is w ell within the p ostulated 1,100 kW m

2

. Ev en at a stando� distance of 1,400 km,

the radar w ould still ha v e a 3-dB p erformance margin.

The p ostulated phased-arra y A W A CS w ould b e capable of detecting the liquid-prop ellan t
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T able 10.8. AN/APY-2 P erformance Requiremen ts for Searc hes at 300 km

P arameter Liquid Solid

Time from launc h to minim um radial v elo cit y (s) 18 4

T arget altitude for minim um radial v elo cit y (km) 1.1 0.1

V ertical v elo cit y at that altitude (km/s) 0.11 0.05

Pitc h angle at that altitude (deg from nose) 72 45

Asp ect angle at that altitude (deg from nose) 72 43

T arget nose-asp ect R CS at horizon (m

2

) 1.6 0.1

Time in A W A CS elev ation b eam width (s) 87 60

Searc h frame time (�xed) (s) 12 12

Required p o w er-ap erture pro duct (kW m

2

) 77 2000

T able 10.9. A Phased-Arra y A W A CS Radar

P arameter V alue

Op erating F requency 3.3 GHz

W a v elength 9.1 cm

Ph ysical ap erture area 35 m

2

E�ectiv e ap erture area 21 m

2

Num b er of activ e elemen ts 10,000

Receiving gain (with w eigh ting) 32,000

Azim uth b eam width 0 : 57

�

Elev ation b eam width 1 : 6

�

Scan sector 90

�

Searc h solid angle (one line) 0.022 sr

Mo dule p eak p o w er 10 W

Mo dule a v erage p o w er 2.1 W

T otal a v erage p o w er 50 kW

P o w er-ap erture pro duct 1100 kW m

2

Noise temp erature

a

650 K

Equipmen t loss (b eam cen ter) 2.8 dB

Extra loss in searc h 7.0 dB

A tmospheric loss

a;b

3.2 dB

T otal searc h loss

a

13.0 dB

a

A t 0.5

�

elev ation for 90

�

scan sector. Additional loss

ma y apply to longer dw ells in small sector.

b

F or clear-air conditions.

ICBM mo del L from an aircraft at a stando� distance of 800 km, and the solid-prop ellan t

ICBM mo dels S1 and S2 at a stando� distance of 1,000 km. It is therefore w orth while to
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T able 10.10. Phased-Arra y A W A CS P erformance Requiremen ts for ICBM Searc hes

P arameter Liquid Solids

T arget nose-asp ect R CS at horizon (m

2

) 0.59 0.1

Elev ation rate at horizon (rad/s) 0.0005 0.0009

Time in A W A CS elev ation b eam width (s) 37 20

Allo w able searc h frame time for t w o scans on the targets (s) 18.5 10

Required p o w er-ap erture pro duct (kW m

2

) 22 793

determine the times after target launc h and the altitudes at whic h these detections w ould

o ccur.

� Liquid-prop ellan t ICBM

A t a stando� distance of 800 km, detection w ould b ecome p ossible when the liquid-

prop ellan t ICBM mo del reac hed an altitude of 11 km, 55 s after launc h. The phased-

arra y A W A CS radar therefore could not con tribute to w arning of the launc h of this

missile if an IR sensor system lik e the NSBS describ ed in Section 10.1.3 w ere a v ailable,

b ecause the NSBS w ould pro vide a launc h w arning ab out 50 s after the launc h. If,

ho w ev er, only the DSP satellites w ere a v ailable, the phased-arra y A W A CS could

pro vide the launc h w arning, b ecause the DSP system lik ely could not do so un til

10{20 s later.

The phased-arra y A W A CS radar could mak e only a marginal con tribution to deciding

whether to �re in terceptors, if the �ring do ctrine w ere to �re as so on as a �ring

solution could b e constructed and if a system lik e the NSBS w ere a v ailable. A �ring

solution could probably b e constructed using only NSBS data ab out 65 s after the

missile w ere launc hed. If, ho w ev er, only the DSP satellites w ere a v ailable or the �ring

do ctrine w as to w ait to �re in terceptors un til some time after a �ring solution w ere

�rst obtained, the phased-arra y A W A CS radar could con tribute to the decision to

�re.

A t stando� distances shorter than 800 km, the phased-arra y A W A CS radar could b y

itself pro vide launc h detection and the trac king data needed to decide whether to

launc h an in terceptor.

� Solid-prop ellan t ICBMs

A t a stando� distance of 1,000 km, detection w ould b ecome p ossible when the solid-

prop ellan t ICBM mo dels reac hed an altitude of 29 km, 55 s after launc h. The phased-

arra y A W A CS radar therefore could not con tribute to w arning of the launc h of these

missiles if an IR sensor system lik e the NSBS, describ ed in Section 10.1.3, w ere

a v ailable, b ecause the NSBS w ould pro vide a launc h w arning ab out 35 s after the

launc h. Ev en the DSP satellites w ould lik ely b e able to pro vide a launc h w arning b y

ab out 50 s after launc h.

The phased-arra y A W A CS radar could not con tribute signi�can tly to deciding whether

to �re in terceptors, if the �ring do ctrine w ere to �re as so on as a �ring solution could

b e constructed and a system lik e the NSBS w ere a v ailable. A �ring solution could
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probably b e constructed using only NSBS data ab out 45 s after solid-prop ellan t mis-

siles lik e these w ere launc hed. If, ho w ev er, only the DSP satellites w ere a v ailable

or the �ring do ctrine w as to w ait to �re in terceptors un til some time after a �ring

solution w ere �rst obtained, the phased-arra y A W A CS radar could p oten tially con-

tribute to the decision to �re. If the phased-arra y A W A CS radar could b e stationed

somewhat closer to the missile launc h site, it could con tribute to the decision whether

to �re in terceptors. A t stando� distances of 750 km or less, detection w ould o ccur

early enough to supp ort an in terceptor launc h decision.

The ab o v e considerations of p erformance of a phased-arra y A W A CS system are based

on a p ostulated system. Ho w ev er suc h a system is not lik ely to b e a v ailable within

the ten-y ear time horizon of this study and hence w e do not consider suc h a system

in our �ndings.

10.2.6 Sources of erro r in intercepto r guidance using rada rs

Rada r tracking erro rs Radar trac king can b e initiated after the target has b een detected

b y the radar op erating in a searc h mo de, or after it has b een detected b y an external sensor

if the target is ab o v e the radar horizon. In the latter case, a trac king radar or phased arra y

need scan only a small solid angle to acquire the target, whic h extends the acquisition range

b ey ond the range that w ould apply if a larger sector had to b e searc hed. F or command

guidance of an in terceptor in an engagemen t in whic h b oth the target and the in terceptor are

trac k ed b y the radar, man y error comp onen ts can b e neglected b ecause they are correlated

b et w een the t w o trac ks, and hence will not a�ect their relativ e p osition and the abilit y of

the radar to supp ort target acquisition b y the on-b oard seek er. The remaining errors to b e

estimated are as follo ws.

Thermal noise F or an adequate single-pulse signal-to-noise ratio ( S= N > 4) this error is

�

� t

=

�

3

k

m

p

2( S= N ) n

; (10.2)

where �

3

is the half-p o w er b eam width, k

m

� 1 : 5 is the monopulse error slop e constan t,

and n is the n um b er of pulses in tegrated in the trac king lo op time constan t. Errors for data

p oin ts separated b y more than this constan t will b e uncorrelated.

Fluctuating ta rget noise This additional noise comp onen t results from the use of single-

pulse normalization of the monopulse error signal on a 
uctuating target [113 , p. 412]. It

can b e appro ximated b y the relationship

�

� f

=

�

3

2( S= N + 5)

1 : 5

: (10.3)

Errors for data p oin ts separated b y more than the time constan t will b e uncorrelated. There

ma y b e signal pro cessing tec hniques that w ould p ermit this error comp onen t to b e reduced,

esp ecially if the trac king of a single target is allo cated most of the radar's resources (a v erage

p o w er and time), as has b een assumed here. Ho w ev er, if the resources allo cated to trac king

a giv en target are less than ab out 50 p ercen t of the total, the errors calculated here are

optimistic.
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Phase quantizing noise The digital con trol of phase shifters with m -bit quan tization in-

tro duces an angle error [114 , p. 197]

�

� q

=

1 : 12 �

3

2

m

p

nT

; (10.4)

where T is the n um b er of phase-shifting elemen ts in the arra y . The single-pulse v ariance

of errors uncorrelated at eac h new b eam-steering command is reduced b y n , the n um b er of

b eam p ositions during the trac king-lo op time constan t.

Multipath In elev ation trac king of a target at angle �

t

within a few b eam widths of the

horizon, surface re
ections in tro duce a m ultipath error [113 , p. 526], whic h can b e appro x-

imated b y

�

� m

=

0 : 02 �

e

( �

t

=�

e

)

2

; �

t

> �

e

= 4 ; (10.5)

where �

e

is the half-p o w er b eam width in elev ation. Belo w �

e

= 4, the trac k b ecomes inde-

terminate and no sp eci�c error can b e de�ned. This error will b e correlated o v er p erio ds

measured in seconds, and hence cannot b e reduced b y smo othing o v er in terv als useful in

guidance applications.

T rop ospheric refraction A bias error in elev ation due to trop ospheric refraction can b e

corrected using a measured v alue of refractivit y at the radar site. A residual error of 5

p ercen t of the original bias can b e exp ected, appro ximated b y [113 , p. 306]

�

�

p

= N

s

cot �

t

�

h

t

h

t

+ 11

�

rad � 0 : 313 cot �

t

�

h

t

h

t

+ 11

�

mr ; (10.6)

where N

s

is the surface refractivit y in N -units and h

t

is the target altitude in km.

T rop ospheric 
uctuation Random inhomogeneities in the trop osphere will cause slo w 
uc-

tuations in the measured angle of arriv al in b oth co ordinates, appro ximated b y [113 , p. 369]

�

o�

=

0 : 44 � 10

� 3

p

R

a

h

1 = 4

a

; (10.7)

where R

a

is the length of the trop ospheric path and h

a

is the v ertical exten t of the an tenna

ap erture, b oth measured in meters.

These six error comp onen ts are uncorrelated; the total elev ation error is the square

ro ot of the sum of squares of these errors. F our of these comp onen ts will similarly add to

determine the total azim uth error.

10.2.7 Erro r analysis fo r selected rada r systems

THAAD Using the THAAD radar parameters giv en in T ables 10.1 and 10.2, the angle

trac king errors for the target liquid-prop ellan t and solid-prop ellan t ICBM mo dels ha v e b een

calculated with the results sho wn in Fig. 10.9. The increased error for the liquid-prop ellan t

ICBM mo del at t = 120 s is caused b y the reduction in its R CS when its �rst stage is

discarded.
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Figure 10.9. THAAD trac king errors vs. time for the liquid-prop ellan t ICBM mo del (left) and the

solid-prop ellan t ICBM mo dels (righ t).

95 105 115 125 135 145 155 165

0.5

1.5

2.5

3.5

1.0

2.0

3.0

4.0

er
ro

r 
(m

r)

0

time (s)

elevation noise
elevation bias
azimuth noise
azimuth bias

elevation noise
elevation bias
azimuth noise
azimuth bias

105 125 145 165 185 205 225

2.0

1.6

1.2

0.8

0.4

time (s)

er
ro

r 
(m

r)

0

Figure 10.10. Aegis trac king errors vs. time for the liquid-prop ellan t ICBM mo del (left) and the

solid-prop ellan t ICBM mo dels (righ t).

AN/SPY-1B Using the AN/SPY-1B parameters giv en in T ables 10.4 and 10.5, the angle

trac king errors for the liquid- and solid-prop ellan t ICBM mo dels w ere computed for a 1-

second trac king lo op time constan t, with the results sho wn in Fig. 10.10.

A W A CS Phased a rra y rada r Using the parameters giv en in T ables 10.9 and 10.10, the

angle trac king errors for the slo w-burn and fast-burn targets ha v e b een calculated, also for

1-second trac king lo op time constan t, with the results sho wn in Fig. 10.11. In all cases, the

large initial noise errors are caused b y the lo w signal-to-noise ratio en tering in to Eqs. 10.2

and 10.3, whereas the large initial elev ation bias are caused b y m ultipath propagation and

the uncorrected p ortion of trop ospheric refraction.

10.2.8 Countermeasures to rada r tracking

All of the ICBMs considered here w ould b e detectable to an y of the radars discussed when

the missiles rise ab o v e the horizon; hence a logical coun termeasure w ould b e to include in

the �nal stage of the missile one or more barrage noise jammers. Suc h jammers w ould den y

range information to the radar, forcing it to trac k in angle only and to rely on triangulation
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Figure 10.11. A W A CS phased arra y radar trac king errors vs. time for the liquid-prop ellan t ICBM

mo del (left) and the solid-prop ellan t ICBM mo dels (righ t).

with another sensor to determine the range for command guidance of the in terceptor during

its 
y out.

The in ten t of the barrage jammer is to raise the noise lev el in the radar receiv er high

enough to prev en t detection of the ec ho signal. Since the required signal-to-noise ratio for

radar detection is normally ab out a factor of 100, i.e., +20 dB, in tro duction of broadband

noise jamming at a lev el 20 dB ab o v e the receiv er noise w ould b e su�cien t to prev en t

detection of the ec ho signal. The equation for jamming p o w er densit y in the radar receiv er

is

J

0

= ( P

j

G

j

=B

j

) � ( A

r

= 4 � R

2

j

) ; (10.8)

where P

j

is the jammer p o w er, G

j

is the jammer an tenna gain to w ard the radar, B

j

is the

jammer noise bandwidth, A

r

is the radar receiving ap erture, and R

j

is the range of the

jammer from the radar. It is assumed that the radar b eam is p oin ted directly to w ard the

jammer, and losses are neglected.

Consider a small jammer pac k age with the follo wing c haracteristics: P

j

= 10 W; G

j

=

10; and B

j

= 300 MHz .

When op erating against the Aegis AN/SPY-1B, with A

r

= 9 m

2

from a range R

j

=

740 km, the jamming densit y w ould b e J

0

= 4 : 36 � 10

� 19

W = Hz = � 183 : 5 dB(W = Hz) com-

pared with a noise lev el N

0

= k T

s

= (1 : 38 � 10

� 23

W = Hz K ) � 500 K = 6 : 9 � 10

� 21

W = Hz =

� 201 : 6 dB(W = Hz) . The jamming-to-noise ratio for this case is a factor of 63, i.e., +18 dB,

prev en ting ec ho detection.

If a greater margin of p erformance w ere considered necessary , the lo w jammer p o w er

of 10 W could readily b e increased without placing a burden on the jammer installation.

The 10-dB an tenna gain could b e obtained with a simple ca vit y an tenna, 
ush-moun ted

on the surface of the �nal stage and co v ering a sector 90

�

in azim uth b y 45

�

in elev ation.

This tactic w ould ob viate the necessit y of kno wing the radar's lo cation, while the use of the

300-MHz barrage cen tered on the kno wn frequency band of the Aegis radar w ould eliminate

the need for an y sp ecial in telligence ab out the radar's frequency or w a v eform. Since the

an tenna ap erture of the Aegis radar is w ell kno wn, suc h a jammer could b e designed with

high con�dence.
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10.2.9 F o rw a rd-based rada r

All of the radar systems discussed in Sections 10.2.3{10.2.5 ha v e signi�can t limitations

unless they can b e placed within a range of 300 km from all p oten tial ICBM launc h sites.

Because Iran has a large land area, it could launc h missiles from sites man y h undreds

of kilometers inside its b orders. Ev en radars p ositioned close to Irans b orders w ould b e

blo c k ed from seeing missiles launc hed from suc h sites b y the horizon un til w ell after they

could b e detected and trac k ed b y space-based detection and trac king systems, diminishing

the radars usefulness. In con trast, North Korea has a relativ ely small land area and b orders

in ternational w aters. W e therefore fo cused on the p ossible con tribution that radars deplo y ed

near North Korea could con tribute to early detection and trac king of missiles. The closest

that radars could b e stationed to all p ossible launc h sites in North Korea and b e consisten t

with the requiremen t that they b e at least 100 km from hostile territory is ab out 300 km.

Examination of tables in Sections 10.2.3{10.2.5, plus consideration of noise and m ultipath

e�ects, sho ws that radars at this distance w ould not signi�can tly adv ance the time at whic h

an ICBM launc h could b e trac k ed reliably relativ e to trac king b y a space-based system.

10.3 Senso rs on the Kill V ehicle

Using passiv e ultra violet (UV), short-w a v elength infrared (SWIR), or medium-w a v elength

infrared (MWIR) sensors on the kill v ehicle to trac k the exhaust plume of the target missile

could supplemen t trac king b y space-based sensors during the initial 
y-out of the in terceptor

and kill v ehicle and could supplemen t or p erhaps ev en replace radar trac king, once the kill

v ehicle has reac hed su�cien t altitude for these sensors to op erate (see [97 , 115 ]). The IR

emission of a ro c k et exhaust plume is more easily detected b y a sensor on the kill v ehicle

than b y the same sensor on a satellite in GEO b ecause ev en at the largest stando� distance

of in terest (1,000 km), the kill v ehicle is still 40 times closer to the target than a satellite in

GEO. The IR 
ux at the kill v ehicle is therefore 1600 times greater than at the satellite.

As it closes on its target, the kill v ehicle m ust shift from homing on the plume to

homing on the ro c k et b o dy (or the w arhead, if the in ten t is to destro y the w arhead).

This shift is called the plume-to-hardb o dy hando v er problem. F or ICBMs launc hed b y

the states of concern for this study , kno wledge of the c haracteristics of the ICBM and of

the phenomenology of its plume ma y w ell b e inadequate to allo w the kill v ehicle to home

reliably on the ro c k et b o dy using only images of the plume to determine the correct aim

p oin t. One alternativ e w ould b e to use long-w a v elength infrared (L WIR) sensors on b oard

the kill v ehicle to detect and image the ro c k et b o dy's thermal emission. The radiation

w ould ha v e to b e detected in the presence of the bac kground L WIR emission from the

plume. Another alternativ e w ould b e to use activ e sensing b y the kill v ehicle to lo cate the

ro c k et b o dy . P ossibilities include an optical illuminator, as suggested b y P ostol [116 , 117 ],

or a LID AR system. An adv an tage of LID AR is that it w ould pro vide range as w ell as angle

information.

The approac h w e to ok in analyzing engagemen ts for this study w as to analyze a minimal

set of sensors that could reasonably b e exp ected to supp ort successful in tercepts b y the

b o ost-phase in tercept systems that w e considered, rather than to attempt an analysis of

all p ossibilities. W e �rst discuss the general phenomenology of ro c k et exhaust plumes at

the high altitudes relev an t for kill-v ehicle homing and the structure of high-altitude plume

emission in the MWIR and SWIR. T o illustrate the p oten tial con tribution of passiv e sensing

b y detectors on the kill v ehicle, w e analyze a system that uses an SWIR seek er cued initially
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b y a space-based launc h w arning and trac king system lik e DSP or a follo w-on system lik e the

NSBS describ ed in Section 10.1. W e sho w that an on-b oard SWIR seek er could measure

the brigh tness distribution of the plume with a precision adequate to allo w hando v er to

another, shorter-range system designed to resolv e and trac k the ro c k et hardb o dy from a

range of 100 km un til in tercept.

Medium-w a v elength infrared sensors ma y ha v e adv an tages o v er SWIR sensors. In par-

ticular, at high altitudes the in tensit y of the MWIR emission diminishes uniformly from the

nozzle exit plane, facilitating lo cation of the ro c k et b o dy . Ultra violet sensors ma y also ha v e

adv an tages (see Chapter 12 of Ref. [98 ]), but the p erformance of UV sensors is more di�-

cult to analyze using only op en-source information. W e ha v e c hosen to consider an SWIR

sensor on the kill v ehicle b ecause suc h a sensor is simpler and, as w e sho w b elo w, app ears

adequate to allo w an on-b oard LID AR to lo cate the ro c k et b o dy . In practice, a suite of

UV, MWIR, and SWIR sensors w ould probably b e more robust, esp ecially if the kill v ehicle

m ust confron t a v ariet y of plume sp ectra and structures with little adv ance information.

T o illustrate the p oten tial con tribution of activ e sensing b y the kill v ehicle, w e analyze

a LID AR system. In con trast to a passiv e imaging system or a laser illuminator, a LID AR

could in principle pro vide precise range information, allo wing the ro c k et b o dy to b e trac k ed

in three dimensions, whic h w ould ha v e imp ortan t adv an tages during the endgame of the

in tercept. As sho wn in Chapter 12, ha ving range information is crucial for success during

the endgame.

10.3.1 A notional infra red seek er on the kill vehicle

W e consider no w detection and trac king of the plume b y a co oled SWIR sensor on-b oard

the kill v ehicle. W e assume the sensor will b e co v ered during launc h and the attempt to

acquire the target's plume will b egin once the in terceptor reac hes a su�cien t altitude that

the seek er's windo w can b e op ened and it can b egin op erating. (The atmosphere m ust b e

thin enough so that aero dynamic heating and the resulting radiation will not o v erwhelm the

sensor and its co oling system.) A seek er of the t yp e w e ha v e analyzed could b egin op erating

when the kill v ehicle reac hes an altitude of ab out 100 km.

Plume structure at high altitudes As noted in Section 10.1, the total luminosit y of a

ro c k et exhaust plume �rst increases as the ro c k et exits the trough region and then decreases

steadily as the ro c k et con tin ues to rise, falling to an almost constan t \in trinsic" or \v acuum"

lev el at v ery high altitudes. Although exhaust plumes broaden at high altitudes, they

ha v e a brigh t cen tral region extending do wnstream from the nozzle. This core comp onen t

dominates the emission in the MWIR, is strongest at the exit of the ro c k et nozzle, and

decreases uniformly a w a y from it. This phenomenology could b e used to lo cate the ro c k et

b o dy using an MWIR sensor. F or ICBM second stages, the MWIR luminosit y of the core

is 1 kW/sr ev en for a ro c k et with a thrust of 10

4

N, similar to those used in ICBM second

stages. Radiativ e de-excitation of CO

2

rotational lev els con tributes a ma jor part of the core

emission in the MWIR. The rotational temp erature of the CO

2

is lo w, and consequen tly the

sp ectral distribution of the CO

2

emission is quite narro w, facilitating rejection of non-core

bac kground using a sensor with a bandpass tuned to this band.

The SWIR luminosit y of exhaust plumes comes b oth from the core region and from H

2

O

emission in the enhancemen t region where the hot plume gases mix and react with atmo-

spheric o xygen. Hence the SWIR emission comes from a broader region and is strongest

do wnstream from the ro c k et nozzle, as eviden t in Fig. 10.12, whic h sho ws the measured spa-
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Figure 10.12. Con tours of constan t SWIR sp ectral radiance (Wcm

� 2

ster

� 1

� m

� 1

) in the exhaust

plume of a Titan I I IC at an altitude of 110 km, 
ying with a sligh t angle of attac k, and view ed at

an asp ect of ab out 130

�

from the nose with a fairly coarse ( � 100 m) spatial resolution. The general

spatial structure is more or less t ypical of exhaust plumes at high altitude. The p eak in the in tensit y

is ab out 100 m b ehind the ro c k et nozzle. Figure 14.8 of Ref. [98 ]. See also Figs. 14.19{14.23 of

Ref. [98 ]. Used with p ermission. Cop yrigh t b y The Aerospace Corp oration.

tial structure of the exhaust plume of a Titan I I IC on a space-launc h tra jectory at an altitude

of ab out 110 km. (See also the computed con tours sho wn in Fig. 5.9 of Ref. [98 ].) Although

the lo cation of the ro c k et nozzle is not precisely kno wn, the strongest emission app ears to

come from a region with a spatial exten t of ab out 100 m some 100{200 m do wnstream from

the nozzle. The sp ectral luminosit y of the hot gas within the 10

� 3

W cm

� 2

sr

� 1

� m

� 1

sp ectral in tensit y con tour app ears to b e ab out 300 kW sr

� 1

� m

� 1

.

In practice, the structure and luminosit y of the plume dep ends strongly on the missile's

thrust and angle of attac k, the nozzle expansion ratio, and the t yp e of prop ellan t used. F or

large (thrust � 10

5

N) liquid-prop ellan t ro c k ets, the sp ectral luminosit y of the in trinsic core

at 2.7 � m is t ypically � 10

4

W sr

� 1

� m

� 1

, comparable to the sp ectral luminosit y at 4.3 � m

(see Fig. 5.22 of Ref. [98 ]). F or smaller (thrust � 10

4

N) liquid-prop ellan t ro c k et motors,

similar to those used in ICBM second stages, the sp ectral luminosit y of the core at 2.7 � m

is t ypically � 10

2

W sr

� 1

� m

� 1

, ab out one ten th the sp ectral luminosit y at 4.3 � m. The

situation is complicated further, b ecause the brigh test emission sometimes comes from the

sho c kw a v e in fron t of the ro c k et.

Although imaging the plume in the MWIR has some adv an tages, w e c hose to analyze

an SWIR sensor b ecause it is simpler than an MWIR sensor and app ears adequate to allo w

a LID AR on the kill v ehicle to lo cate the ro c k et b o dy . F or the purp oses of this analysis, w e

assumed the SWIR luminosit y of the gas within 50 m of the brigh tness p eak is 1 kW sr

� 1

.

A notional SWIR seek er The k ey enabling tec hnology for an SWIR seek er on the kill

v ehicle is IR sensor arra ys of the t yp e discussed in Section 10.1.2 in connection with our

notional space-based IR missile detection and trac king system. Here w e adopt the same
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512 � 512 format HgCdT e (MCT) arra ys discussed there. F rames could b e read out at

video rates (30 Hz) or faster. W e assume a quan tum e�ciency of appro ximately 80 p ercen t,

w ell depths of ab out 10

6

electrons, readout noise of ab out 250 electrons, and a 20- � m pixel

pitc h. As discussed further b elo w, the dark coun t can b e made negligible b y co oling the

detector.

In the presen t analysis w e concen trate on the 2.7{3.0- � m H

2

O emission band in the

SWIR and p ostulate a telescop e with a 10-cm-diameter ap erture, whic h w ould ha v e a

di�raction limit of ab out 3 � 10

� 5

rad, equiv alen t to 20 m at a range of 700 km. W e

assume the optical path has a throughput of 80 p ercen t and the detector has a quan tum

e�ciency of 70 p ercen t. With a fo cal ratio of f = 7, the detector pitc h is w ell matc hed to

the di�raction limit. Eac h pixel then corresp onds to 20 m at 700 km. With a 512 � 512

arra y , the �eld of view w ould b e almost 10 km at that range. Since w e exp ect cuing from

the space-based IR alert system with a p ositional precision b etter than 1 km, the IR sensor

on the kill v ehicle should b e able to �nd the target's plume immediately , with no need to

searc h for it in a scanning mo de.

Plume signal and backgrounds The signal that w ould b e pro duced in our h yp othetical

on-b oard seek er b y an ICBM plume is substan tial. A t a range of 700 km, the signal pro duced

b y a luminosit y of 1 kW sr

� 1

is � 10

8

electrons p er second. Ev en when the ro c k et is in

the trough, the SWIR luminosit y of its exhaust plume w ould exceed 1 kW sr

� 1

and could

therefore b e detected easily b y the on-b oard SWIR sensor describ ed ab o v e. As discussed

earlier, the diameter of the p eak in the plume emission is exp ected to b e ab out 100{200 m;

hence, at a range of 700 km most of the signal is spread o v er a 4 � 4 pixel patc h of the

fo cal plane arra y . F or a 30-Hz frame rate, the signal in eac h pixel w ould b e ab out 2 � 10

5

electrons p er frame, whic h is a substan tial fraction of the w ell depth but will not o v er�ll

the w ell. The shot noise in the signal is larger than the readout noise of the detector. As

the range decreases, the 
ux in eac h pixel will remain constan t, but the plume will spread

o v er an ev er larger n um b er of pixels.

The bac kground w ould include the detector dark curren t and thermal emission from

the optics, ba�es, and dew ar windo w. The dark coun t v aries as exp( � 1 =T ) and could b e

suppressed to an acceptable lev el b y co oling the detector. Extrap olating from Fig. 2.3 of

Ref. [106 ] and assuming a 3- � m cuto� and 2- � m pixel pitc h, w e estimate that the dark

curren t could b e reduced to 10

4

coun ts p er pixel p er 33-ms frame b y co oling the detector to

150 K. Thermal emission from a ro om temp erature ob ject, suc h as the in terceptor, is small

in the 2.7{3.0- � m band; only ab out 7 � 10

� 5

of the total emission from a 300-K blac kb o dy is

within this band. Assuming a 20 p ercen t emissivit y for the optical train outside the dew ar,

whic h is conserv ativ e and mak es some allo w ance for ba�e edges that can b e seen b y the

detector, the thermal bac kground w ould con tribute 4 � 10

3

electrons p er 33-ms frame p er

pixel, 50 times less than the plume signal at 700 km.

Another p ossible source of bac kground is emission from Earth, including scattered sun-

ligh t and thermal emission. When view ed from high altitudes, b oth are small in the 2.7{

3.0 � m w ater-v ap or absorption band. Scattered sunligh t is minimal b ecause the atmosphere

is strongly absorbing in this band, whereas thermal emission is suppressed b ecause the only

emission visible at high altitudes is that from regions where the air temp erature is m uc h less

than 300 K. The strongest bac kgrounds are from cloud tops, whic h ha v e a smaller absorp-

tion path to space, and brigh t solar glin ts from the o ceans. Both bac kgrounds con tribute

� 10

� 5

W cm

� 2

sr

� 1

. A t high altitudes, a ground- or sea-based in terceptor w ould usually
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b e lo oking up w ard or at least horizon tally at the target's plume, whic h w ould then app ear

against the dark bac kground of space. Emission from Earth is ob viously not directly rele-

v an t for suc h an engagemen t geometry , although some small fraction of it could b e scattered

in to the optical path. Ho w ev er, ev en in the w orst case of an in terceptor that �nds itself

lo oking do wn w ard at the target against a bac kground of cloud tops, the bac kground w ould

b e less than 2 � 10

4

electrons p er 33-ms frame, 10 times less than the signal pro duced b y

the plume p er pixel. The shot noise con tributed b y v ariations in the bac kground w ould b e

smaller still.

When the seek er is lo oking a w a y from the Earth's disk, there is a p ossibilit y that sunligh t

could en ter the optical path, causing a lens 
are. Ho w ev er, unless the Sun is directly b ehind

the target missile, the missile's plume w ould pro duce enough signal in the seek er that it

should b e able to detect the plume against suc h a 
are.

W e conclude that ev en for a plume with an SWIR luminosit y as lo w as 1 kW sr

� 1

, the

signal in our h yp othetical kill-v ehicle seek er w ould b e w ell ab o v e an ticipated bac kgrounds

and clearly detectable. The sensor arra y , and hence the �eld of view, could b e made large

enough that the seek er w ould b e able to acquire the plume using cuing information pro-

vided b y the space-based IR or surface-based radar missile detection and trac king systems

discussed previously in this c hapter.

Lo cating the ro ck et b o dy A successful in tercept requires that the kill v ehicle home on the

missile b o dy or w arhead as it approac hes the missile. The precision with whic h the p osition

of the ro c k et b o dy could b e lo cated b y an on-b oard passiv e IR sensor is determined b y

the shap e and structure of the plume and what adv ance kno wledge the defense has of the

relationship of the ro c k et b o dy to this structure. V arious algorithms ha v e b een dev elop ed to

determine the p osition of the ro c k et b o dy using measuremen ts of plume structure. Generally

one lo oks for the ro c k et at the narro w er end of the plume. The diameter of the brigh test

part of the plume is less than 100 m in the SWIR, ev en at high altitudes (see [98 , Fig. 7.10]).

Hence w e exp ect that on-b oard passiv e IR sensing could determine the pro jected p osition

of the ro c k et b o dy to within a region 100 m in diameter, and w e ha v e therefore assumed

that suc h sensing could pro vide in-
igh t target up dates during the 
y out of the in terceptor

and kill v ehicle with an uncertain t y (1 � ) of 25 m. Another sensor, suc h as an L WIR passiv e

imager or a LID AR system, w ould b e required to allo w the kill v ehicle to home on the

missile b o dy or w arhead at close range.

Summa ry As so on as the in terceptor emerges from the atmosphere and the co v er of the

seek er is op ened, the on-b oard passiv e IR sensor should b e able to acquire the exhaust plume

as a high signal-to-bac kground, m ultiple-pixel source. As the kill v ehicle closes on the target,

the plume w ould expand in the sensor's �eld of view, but ev en at 100 km, the shortest range

at whic h the passiv e IR sensor w ould b e required to trac k the plume, the plume's brigh t

cen tral p eak w ould still �t within the sensor's �eld of view. W e judge that the p osition

of the ro c k et b o dy could b e estimated to within 100 m. A t this p oin t, trac king could b e

handed o v er to a shorter-range hardb o dy detector, suc h as an L WIR passiv e imager or a

LID AR. In the follo wing section w e describ e a notional LID AR system that could p erform

this task. It has a 100-m �eld of view and could therefore �nd the ro c k et b o dy in the �eld

sp eci�ed b y the long-range passiv e IR sensor just describ ed. If necessary , the LID AR's �eld

of regard could b e expanded b y ha ving it searc h an area on the sky that is 2 � 2 or 3 � 3

times its �eld of view. This expanded searc h probably w ould not b e necessary , b ecause the
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p ositional uncertain t y of less than 100 m pro vided b y the passiv e SWIR seek er should allo w

the LID AR to b e p oin ted accurately enough that the ro c k et b o dy w ould b e w ell within its

�eld of view when the kill v ehicle is 100 km from the missile.

W e conclude from this analysis that a passiv e SWIR sensor on the kill v ehicle could

detect and trac k the plume from a range of at least 700 km and estimate the lo cation of

the hard b o dy to within 100 m (1 � ) when it is 100 km from the missile.

10.3.2 A notional LID AR seek er on the kill vehicle

As it closes on the target, the kill v ehicle m ust shift from homing on the plume to homing on

the ro c k et b o dy . In con trast to the plume, the ro c k et b o dy is relativ ely co ol and pro duces

only dim thermal emission that is di�cult to see in the vicinit y of the v ery brigh t emission

pro duced b y the hot plume. One w a y to circum v en t this problem is to use a laser illuminator

and an activ e optical sensor, as suggested b y P ostol [116 , 117 ]. Alternativ ely , a LID AR could

pro vide range as w ell as angle information, allo wing the ro c k et b o dy to b e trac k ed in three

dimensions. This approac h w ould ha v e imp ortan t adv an tages during the endgame of the

in tercept, when the \time to go" is an imp ortan t consideration in guiding and con trolling

the kill v ehicle to ac hiev e in tercept.

A p ossible LID AR system Using LID AR to trac k a ro c k et b o dy or w arhead when it is near

or within the ro c k et's exhaust plume is not a w ell understo o d or do cumen ted tec hnique.

The p erformance that could b e ac hiev ed dep ends on a v ariet y of factors, including whether

the ro c k et uses liquid or solid prop ellan ts and the particulate con ten t of the plume (so ot

and alumina particles). In the presen t analysis, w e ignore these p oten tially imp ortan t issues

and examine the b est p erformance that could b e ac hiev ed b y a notional LID AR system for

trac king the ro c k et hard b o dy .

Unlik e radar, a LID AR system is almost alw a ys photon-statistics limited. The coun t

rate dN =dt returned from a LID AR target is appro ximately

dN =dt � ( P

laser

=h� )( �A

target

= A

illum

)( �A

collect

=� R

2

) � ; (10.9)

where the precise coun t rate dep ends on the angular distribution of the ligh t scattered from

the surface of the target, P

laser

is the radiated p o w er of the laser, A

target

is the cross-sectional

area of the illuminated target, � is the target's alb edo, A

illum

is the cross-sectional area of

the outgoing laser b eam at the range of the target, R is the range from the LID AR to the

target, � and A

collect

are the e�ciency and area of the collecting optics, and � is the quan tum

e�ciency of the detector (see Fig. 10.13). The range from the illuminating source to the

target en ters only via the area A

illum

of the illuminating sp ot. If the size of this sp ot can

b e adjusted to k eep A

target

= A

illum

appro ximately constan t, the return from the target will

scale as R

� 2

rather than as R

� 4

, in con trast to the scaling usually encoun tered with radar

systems. Creating a narro w laser b eam and adjusting its width is not di�cult in principle,

b ecause of the short w a v elength of the radiation and the corresp ondingly small di�raction

angle.

The a v ailable laser p o w er is t ypically mo dest, b ecause the w allplug e�ciency of space-

quali�ed lasers is small. T able 10.11 lists the e�ciencies and output p o w ers of some recen tly


o wn or planned space laser systems. These lo w e�ciencies mean that for a small in ter-

ceptor, the output laser p o w er is lik ely to b e no more than tens of w atts. One w a y to

o v ercome this obstacle is to use a high-e�ciency ( � 50-p ercen t) laser dio de, rather than a
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Acollect

Atarget

Aillum

Figure 10.13. The geometry in v olv ed in detecting and trac king a ro c k et b o dy using a LID AR system

on the kill v ehicle.

T able 10.11. Characteristics of Space Lasers

Laser E�ciency

Mars Observ er Laser Altimeter (1.06 � m, 40 mJ, 10 pps) [120 , 121 ] 3%

V egetation Canop y Laser (1.06 � m, 15 mJ, 10{240 pps) [122 ] 6%

Fib ertek prop osal for impro v ed 1.06- � m laser [123 ] 10%

Nd:Y A G slab

a

(1.06 � m, 808-nm dio de pump, 100 W) 6%

Yb �b er

a

(1.03{1.10 � m, 100 W) 6%{8%

a

S. Cameron, Sandia National Lab oratory , priv ate comm unication.

lo w-dut y-cycle pulsed laser. Ho w ev er, the ranging system w ould then ha v e to demo dulate a

time-co ded illumination pattern, rather than a simpler lo w-dut y-cycle pulse train, b ecause

laser dio des are e�cien t only when used in a quasi-cw mo de. If a mo dulated signal can

b e used, output p o w ers of up to h undreds of w atts ma y b e p ossible. High-e�ciency laser

dio des ha v e b een dev elop ed with output in the 808-nm region (see, e.g., Ref. [118 , 119 ]).

A photon-coun ting system is preferred b ecause the v ery limited n um b er of photons a v ail-

able necessitates high detection e�ciency and the need to preserv e the time structure of the

return signal to correlate it with the transmitted signal. One option w ould b e an in tensi�ed

micro-c hannel plate with a photon-coun ting readout. The readout could b e a m ulti-ano de

arra y [124 ] or a cen troiding ano de [125 ]. The detector e�ciency w ould b e determined b y the

photo catho de [126 , Fig. 4.33]. The time resolution could b e a few nanoseconds or less. De-

tector resolutions of 1 k � 1 k are p ossible using non-pixelized, cen troiding readout systems.
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Another option w ould b e to use an arra y of a v alanc he photo dio des (APDs) [127 ]. V asile

et al. [128 ] describ e a 6 � 14 arra y with a readout time resolution of ab out 0.25 ns. These

devices m ust b e reset after a pixel triggers on a photon. P assiv e quenc hing sc hemes allo w

eac h pixel to coun t at rates of sev eral tens of kilohertz; activ e sc hemes can b e m uc h faster.

Hamamatsu [124 ] o�er an existing 4 � 8 arra y . Quan tum e�ciencies are those c haracteristic

of the silicon material and, lik e c harge-coupled devices (CCDs), are high; the quan tum e�-

ciency of the Hamamatsu device is greater than 70 p ercen t from 400 to 900 nm and p eaks

at 85 p ercen t. Larger APD arra ys are under dev elopmen t.

W e base our analysis on the \Ballistic Missile Defense" laser, of unkno wn e�ciency ,

adv ertised b y Fib ertek, Inc. [123 ]. This laser has an output of 355 mJ p er pulse with a

100-Hz rep etition rate at the 1.06- � m fundamen tal of Nd:Y A G and is con v erted e�cien tly

to 230 mJ of 0.532- � m frequency-doubled radiation at the same rep etition rate. The net

signal is similar for the t w o options, as the photon loss from 0.532 � m to 1.06 � m is made

up b y the b etter resp onse of photo emissiv e detectors at the shorter w a v elength.

T able 10.12. Return Signal from a Notional LID AR

a

P arameter V alue

Optics e�ciency � 70%

Detector quan tum e�ciency �

b

30%

Laser sp ot diameter 100 m

Assumed ro c k et length 10 m

Assumed ro c k et diameter 1 m

Receiv er ap erture A

collect

�

4

(15 cm)

2

T arget alb edo � 0.1

c

Coun t rate at 1,000 km 9.23 s

� 1

Required p oin ting accuracy at 1,000 km

d

20 � rad

Coun t rate at 100 km 923 s

� 1

Required p oin ting accuracy at 100 km

d

200 � rad

a

With 23 w atts a v erage p o w er at 0.532 � m.

b

Photo electric, Generation I I I photo catho de.

c

T ypical of space debris.

d

20% of the b eam.

Basic p erfo rmance Sev eral conclusions are eviden t from T able 10.12. Photons are at a

premium, and the coun t rate can disapp ear altogether. A t a range of 1,000 km, there is

essen tially no usable signal if a 10-Hz up date rate is required. Also, the return signal is a

strong function of the illuminating b eam size. There is simply to o little p o w er to illuminate

a large v olume of space. Instead, the LID AR m ust b e cued on to the hardb o dy or w arhead,

either b y an on-b oard IR system suc h as that describ ed in the previous section or an external

radar or IR sensor. F or a laser illumination pattern that is only 100 m across at a range

of 100 km (10

� 3

rad), the laser m ust b e p oin ted with a precision that is a small fraction

(t ypically 20%) of the size of the illuminated sp ot. Ho w ev er, at ranges of 100 km or less

there app ears to b e a robust signal at a 10-Hz frame rate, with some range information
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a v ailable out to 200{300 km at a reduced up date rate. By optimizing the system, it migh t

b e p ossible to use it robustly at these ranges.

As a coun termeasure, the adv ersary could either pain t the missile blac k or mak e it highly

re
ectiv e. Ho w ev er, \blac k" coatings still ha v e a �nite re
ectivit y . Note that the dazzlingly

brigh t mo on has an alb edo of just 7%, whic h is similar to c harcoal. Flat blac k \lampblac k"

pain t t ypically re
ects 3{4%, while fragile optical coatings suc h as P arson's Blac k still re
ect

ab out 1.2% in the red and near infrared [129 ]. These coun termeasures w ould degrade the

coun t rate of the LID AR prop ortionately , but w ould not preclude detection and lo cation of

the target. Because of this p ossibilit y , w e do not coun t on ac hieving ranges greater than

100 km in our engagemen t sim ulations, whic h are describ ed in Chapter 12 and App endix C.

Giv en a return signal, the LID AR should b e able to lo cate the hardb o dy in all three

co ordinates to a precision � x / N

� 1 = 2

, where N is the n um b er of coun ts detected in an

up date time. (This result assumes that the image is spatially resolv ed.) The error terms

w e are a v eraging out include (1) the digitization error inheren t to a pixelized detector,

(2) the optical blur of the collection optics, limited at b est to the di�raction blur of the

ap erture, and (3) the random distribution of return photons along the ro c k et b o dy . If

w e assume a large format detector, suc h as the remote ultra-lo w ligh t imaging (R ULLI)

dela y-line instrumen t dev elop ed at Los Alamos [125 ], the digitization error could b e made

negligible. W e can b ound the con tribution of the third error term b y ignoring all edges

and b oundaries that con tribute high spatial frequency information and considering only

statistical v ariations in the cen troid of the return photons. In this case,

� x = (1 = N )[(� R = 2 : 35)

2

+ L

2

= 12]

1 = 2

; (10.10)

where L is the exten t of the hardb o dy along the axis in question and � is the di�raction

blur (FWHM) of the collecting optics. F or the system describ ed in T able 10.12, the v ariance

in the cen troid of the target is dominated b y the geometrical size of the target (the second

term on the righ t-hand side of Eq. [10.10]) rather than the di�raction blur of the system.

In this geometric case, the precision with whic h the cen troid can b e determined is limited

largely b y photon statistics and v aries from 3 cm � 0.3 cm at a range of 10 km to 30 cm

� 3.4 cm at 100 km. Here w e ha v e assumed that the radius of the illuminating sp ot can

b e held �xed at 100 m, indep enden t of the range; otherwise, the photon statistics w ould

impro v e ev en more steeply as the range is reduced.

More information could b e obtained from the edges of the target, whic h ma y b e essen tial

if there are p erturbations, suc h as non-uniformit y of the illumination or the missile alb edo,

sp ecular re
ections, or coun termeasures that pro vide spurious returns, suc h as corner cub es

or laser b eacons. By imaging the target, some of these problems could b e eliminated. With

a 15-cm ap erture, the di�raction limit for 0.532- � m illumination at 100-km range is 0.35 m.

This di�raction resolution could b e adequately sampled throughout a 100-m illumination

area, giv en a detector with a format of 512 � 512 or more pixels.

W e can estimate the information con tained in the edges b y considering a simple rect-

angular target. The uncertain t y in determining the lo cation of the edge along a giv en axis

is appro ximately the distance b et w een the edge and the detected photon that is closest to

the edge. The spacing of the closest photon is appro ximately L= N and decreases linearly

with the photon coun t rate detected. In the case describ ed in T able 10.12, it should b e

p ossible to determine the edge to within appro ximately 0.1 m and 0.01 m, resp ectiv ely , for

the long and short axes. While this estimate is admittedly rough, it suggests that edge

detection w ould indeed pro vide more precise information than w ould the cen troid of the
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o v erall return. Therefore, ev en if the cen troid w ere p erturb ed b y systematic e�ects, the

p osition errors that w e ha v e estimated are safe upp er limits.

Sophisticated signal pro cessing ma y b e required to reference the individual detected

photons to the mo ving frame of the target. Ho w ev er, this is not ruled out in principle,

b ecause the LID AR detector records the four-dimensional ( x , y , z , and t ) lo cation of eac h

photon returned, with a v ery high precision in t .

Discussion The coun ting statistics of a LID AR system lik e the one discussed here could

b e impro v ed in sev eral w a ys. The illuminating sp ot could b e tigh tened, p erhaps b y using

feedbac k from the target lo cation obtained in the initial detection. The laser p o w er and-or

the detection ap erture could b e increased. This migh t b e di�cult for a monostatic sensor

on a ligh t w eigh t kill v ehicle, but migh t b e p ossible for a bistatic LID AR system in whic h

the laser is mo v ed to a separate, larger platform. Keeping the laser b eam tigh t enough to

illuminate only the target from a great distance, suc h as from geosync hronous orbit, w ould

require only a mo dest optic; generating the absolute p oin ting information needed to guide

the b eam w ould b e a more di�cult problem. In an y case, it app ears unlik ely that the range

of a LID AR system based on near-term tec hnology could b e extended to 1,000 km.

Figure 10.14. The plume from a liquid-prop ellan t Delta launc her. Earth is clearly visible. It w ould

b e transparen t to LID AR in terrogation. Courtesy NASA/JPL-Caltec h.

An imp ortan t issue is whether a LID AR w ould fail to p enetrate to the target b ecause of

scattering or absorption of the plume. This is not an issue for liquid-prop ellan t ro c k ets and

illumination in the visible, as can b e seen in Fig. 10.14, whic h sho ws the high-altitude plume
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Figure 10.15. The plume from a solid-prop ellan t P egasus ro c k et, just after �rst-stage separation.

The plume migh t b e su�cien tly opaque to ha v e some e�ect on LID AR in terrogation. Courtesy of

Orbital Sciences Corp oration.

pro duced b y the Delta Launc her during launc h of the Mars Odyssey mission. Earth can b e

seen clearly through the plume in this photo tak en b y a camera on b oard the spacecraft.

In con trast, the plume pro duced b y a solid-prop ellan t ro c k et, lik e that sho wn in Fig. 10.15,

migh t in terfere with the op eration of a LID AR. Alumina particles in the plume w ould not

only pro duce the brigh t bac kground radiation seen in Fig. 10.15, they could also absorb the

in terrogating ligh t b eam. T o understand b etter the p ossible magnitude of this e�ect, w e

p erform a simpli�ed analysis.

In this analysis, w e tak e the parameters of the third-stage motor of our solid-prop ellan t

ICBM mo del S2 (prop ellan t mass 900 kg, burn time 40 s, nozzle v elo cit y 2.7 km/s) and

assume that the alumina particle prop erties are the same as rep orted in Ref. [130 ] for the

Space Sh uttle's solid-ro c k et motors. F or those motors, 7.6 p ercen t of the fuel mass app ears

as alumina particles, whic h can b e mo deled as an equal mix (b y mass) of particles with

radii of 3.08 � m, 2.18 � m, 1.70 � m, 1.26 � m, and 0.78 � m, with densities ranging from 1.80

to 2.84 g/cm

3

, resp ectiv ely . F or a 0.532- � m in terrogator, these particles are signi�can tly

larger than the laser w a v elength, and w e therefore appro ximate their atten uation cross

sections b y their geometric cross sections. F or a giv en mass 
ux, the atten uation dep ends

on the angular spread of the alumina exhaust. F or a full-width div ergence of 30 degrees,

the optical depth lo oking directly up the plume w ould b e 0.36. Although signi�can t, this

atten uation is small enough that laser detection of the hardb o dy at an y asp ect angle is still

assured. Of course, most of the time the LID AR's line of sigh t w ould lie en tirely outside

the alumina plume, and absorption b y the plume w ould b e negligible.
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Summa ry Based on these results w e conclude that a LID AR system with a 10-Hz up date

rate on b oard the kill v ehicle could detect and trac k the ro c k et b o dy as so on as the kill

v ehicle w ere within 100 km of the target b o oster and could lo cate the p osition of an aim

p oin t on the target within 0.5 m (1 � ).

10.4 Applications of Missile Detection and T racking

Based on the analysis in Section 10.1, w e shall mak e the follo wing assumptions in construct-

ing illustrativ e engagemen t timelines (see Chs. 2, 4 and 5) and sim ulating engagemen ts

(Chapter 12 and App endix C).

Capabilities of DSP Based on the analysis describ ed in Section 10.1, w e shall assume that

the DSP satellite system could:

� Reliably detect large ro c k ets b y the time they reac h an altitude of 10 km, whic h

o ccurs 35 s after the launc h of our solid-prop ellan t ICBM mo dels S1 and S2 and 52 s

after the launc h of our liquid-prop ellan t ICBM mo del.

� Enable construction of a �ring solution 65 s after the launc h of solid-prop ellan t ICBM

mo dels S1 and S2 and 80 s after the launc h of our liquid-prop ellan t ICBM mo del. W e

emphasize that our assumption that in terceptors could b e �red this early represen ts

a v ery optimistic b ounding case.

� Lo cate the exhaust plumes of large ro c k ets in three dimensions to within a 1 km

pixel once ev ery 10 s un til the ro c k ets en ter the trough region. The DSP sampling

rate is to o lo w to enable e�cien t command guidance. Th us DSP lik ely w ould ha v e to

b e supplemen ted b y a m uc h higher sample rate o�-b oard sensor, suc h as a radar, to

enable e�cien t command guidance of the in terceptors, unless the limited capabilit y

for defending against only the long-burning liquid-prop ellan t ICBMs is the ob jectiv e.

Capabilities of a mo dern space-based system Based on the analysis describ ed in Sec-

tion 10.1, w e shall assume that a mo dern space-based launc h detection and trac king system

with the p oten tial capabilities of SBIRS-High could:

� Reliably detect large ro c k ets b y the time they reac h an altitude of 7 km, whic h o ccurs

30 s after launc h for solid-prop ellan t ICBM mo dels S1 and S2 and 45 s after launc h

for our liquid-prop ellan t ICBM mo del.

� Enable construction of a �ring solution 45 s after launc h for solid-prop ellan t ICBM

mo dels S1 and S2 and 65 s after launc h for our liquid-prop ellan t ICBM mo del. Again,

our assumption that in terceptors could b e �red this early represen ts a v ery optimistic

b ounding case.

� Lo cate the exhaust plumes of large ro c k ets in three dimensions with a 1 � -uncertain t y

of < 300 m once p er second, whic h w ould b e adequate to supp ort command guidance

of in terceptors during their 
y out.

In Chapter 5, w e sho w ed that the earlier launc h w arning and more precise missile trac king

that could b e pro vided b y a system lik e SBIRS-High w ould b e critical to the e�ectiv eness

of an y b o ost-phase in tercept system.
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Missile and trajecto ry t yping Prompt t yping of missiles and their tra jectories is a complex

issue that dep ends on the range of p ossible ro c k ets and missiles that could b e launc hed

from a giv en site and man y other factors, including what prior kno wledge the defense has

of the ICBM and space-launc h systems a v ailable to the coun tries of concern and whether

the in telligence assets a v ailable to the defense pro vide information that a missile attac k or

space launc h is ab out to o ccur in adv ance of the launc h.

Substan tially more trac king data, and hence more time, w ould generally b e needed to

t yp e a ro c k et than to estimate its initial tra jectory , esp ecially if|as the Rumsfeld Commis-

sion [131 ] and recen t rep orts b y the U.S. In telligence Comm unit y [132 , 133 , 134 , 135 , 136 ]

has argued|the missile b eing launc hed ma y ha v e b een tested only a few times or ev en not

at all. With the space-based IR systems discussed ab o v e, the defense w ould kno w only the

time at whic h it is able to con�rm the existence of a large ro c k et in p o w ered 
igh t, not

when the ro c k et w as launc hed, so the time it to ok the ro c k et to reac h the altitude at whic h

it is �rst detected w ould not b e a v ailable to help c haracterize the ro c k et.

The most primitiv e t yp e of tra jectory for injecting a satellite in to orbit is direct ascen t

with coasting. In this approac h, the b o ost phase of the space launc h is similar to the b o ost

phase of a ballistic missile [137 ]. The pa yload then coasts un til the ap ex of its ballistic

tra jectory is reac hed, at whic h p oin t upp er stages are ignited to pro vide the additional

impulse needed for orbital insertion. This approac h w as used b y the United States to

launc h its V anguard and Explorer satellites, and it migh t w ell b e used b y a coun try with

an immature ro c k et program to launc h its �rst satellites.

Giv en the wide v ariet y of tra jectories that are p ossible for space launc hes, TBM launc hes,

and ICBM attac ks, determining with con�dence that a large ro c k et is an attac king ICBM

and not a TBM or a ro c k et launc hing a satellite w ould tak e so long that w aiting to �re

in terceptors w ould mak e it imp ossible to in tercept an ICBM. Hence in terceptors w ould

ha v e to b e �red whenev er a large ro c k et in p o w ered 
igh t is detected, without w aiting un til

the nature of the ro c k et or its tra jectory could b e established.

Rada r detection and tracking Based on the analysis describ ed in Section 10.2, w e con-

clude that:

� The sea-based, land-based, and airb orne radar systems exp ected to b e a v ailable

within the ten-y ear time horizon of this study w ould not b e able to detect and

trac k liquid- or solid-prop ellan t ICBMs lik e mo dels L, S1, and S2 m uc h earlier than

a mo dern space-based infrared detection and trac king system unless they could b e

p ositioned within 300 km of the missile launc h site. Suc h p ositioning w ould not b e

p ossible for all p oten tial launc h sites within North Korea or Iran unless radar systems

w ere based closer than 100 km to hostile territory , con trary to the ground rules of

this study .

� The AN/APY-2 (A W A CS) radar could detect and iden tify as a missile a liquid-

prop ellan t ICBM lik e mo del L from a stando� distance of appro ximately 300 km

early enough to pro vide initial w arning of a missile launc h and subsequen t trac king

in range and azim uth adequate to supp ort a decision to �re in terceptors. But it could

not supp ort command guidance of in terceptors during the �rst 20 s of their 
igh t,

when the ICBM w ould b e to o lo w to b e trac k ed reliably b y space-based infrared

sensors, b ecause the A W A CS radar could not pro vide su�cien tly accurate elev ation

data. Ev en at this small stando� distance, the p erformance of the A W A CS radar
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w ould b e inadequate to supp ort �ring in terceptors against solid-prop ellan t ICBMs

lik e mo dels S1 and S2.

� The AN/SPY-1B (Aegis) radars could supp ort b o ost-phase in tercept from the max-

im um in terceptor stando� distances considered (800 km for the liquid-prop ellan t

ICBM mo del and 1000 km for the solid-prop ellan t ICBM mo dels). Ho w ev er, detec-

tion o ccurs to o late to supp ort initial w arning of an ICBM launc h or to con tribute to

the decision to �re in terceptors. A t these stando� distances, the Aegis radar could

supp ort command guidance of in terceptors during their 
y out. Aegis radar trac king

errors exceed 2 mr at elev ation angles less than 1.5 ab o v e the horizon and approac h

ab out 0.4 mr (1 mr for the solid-prop ellan t target) as the target nears the in tercept

p oin t.

� The existing THAAD radar could supp ort ICBM target detection at the 800-km max-

im um in terceptor stando� distance considered in Chapter 4 for the liquid-prop ellan t

ICBM mo del and (marginally) at the 1000-km maxim um stando� distance consid-

ered for the solid-prop ellan t ICBM mo dels. Ho w ev er, detection o ccurs to o late to

supp ort initial w arning of an ICBM launc h or to con tribute to the decision to �re

in terceptors. A THAAD radar at these stando� distances could supp ort command

guidance of in terceptors during their 
y out. THAAD radar trac king errors exceed

1 mr at elev ation angles less than 1 degree ab o v e the horizon but approac h or drop

b elo w 0.2 mr (0.4 mr for the solid-prop ellan t ICBM mo dels) as the target nears the

in tercept p oin t.

� The phased-arra y A W A CS radar p ostulated in Section 10.2 could detect ICBMs at

stando� distances greater than 800 km and pro vide initial w arning of an ICBM

launc h, data to supp ort the decision whether to �re in terceptors, and command

guidance of in terceptors during their 
y out. The trac king errors w ould exceed 1.5

mr for elev ation angles less than 2 degrees but w ould decline to ab out 0.3 mr (0.5

mr for the solid-prop ellan t ICBM mo dels) as the target nears the in tercept p oin t.

All the radars discussed in this c hapter could ac hiev e earlier detections and pro vide the

initial w arning of an ICBM launc h if they could b e sited within 300 km of p oten tial missile

launc h sites.

Kill vehicle seek ers Based on the analysis of kill v ehicle seek ers describ ed in Section 10.3,

w e conclude that:

� A passiv e SWIR seek er on the kill v ehicle could detect and trac k the missile plume at

a range of 700 km and could estimate the lo cation of the ro c k et hardb o dy to within

100 m (1 � ) at a range of 100 km.

� A LID AR seek er on-b oard the kill v ehicle could detect and trac k the hardb o dy as

so on as it is within 100 km of the target with a 10-Hz up date rate and could lo cate

the p osition of the aim p oin t on the target within 0.5 m (1 � ).

Plume-to-ha rdb o dy handover The analysis in this c hapter of passiv e SWIR trac king of

the ro c k et's exhaust plume and LID AR trac king of the ro c k et's hardb o dy b y sensor systems

on-b oard the kill v ehicle is in tended to illustrate ho w this migh t b e done. Our analysis
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sho ws that tec hnologies are a v ailable that could in principle satisfying the trac king require-

men ts needed for the kill v ehicle to trac k and hit an ICBM in p o w ered 
igh t (Chapter 12).

W e emphasize, ho w ev er, that realistic mo deling, testing, and ev aluation as w ell as more

extensiv e analysis w ould b e needed to sho w that handing o v er from trac king the plume to

trac king the hardb o dy with the precision required can b e ac hiev ed reliably for the range of

engagemen t geometries and op erational conditions that a kill v ehicle could encoun ter in an

actual engagemen t. In addition to SWIR and LID AR sensors, MWIR, optical, and other

sensors ma y need to b e considered.
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The kill v ehicle is the �nal stage of the in terceptor. It m ust supply enough propulsiv e div ert

capabilit y to correct an y remaining errors after its b o oster has burned out and to trac k the

remaining unpredictable acceleration of the target. Initially , the kill v ehicle is guided b y

signals from either radar or IR trac k ers or b oth, but its on-b oard passiv e and activ e sensors

tak e increasing con trol as it approac hes the target, and it op erates autonomously . Th us,

the kill v ehicle has to meet stringen t demands for propulsion, sensing, and con trol. It m ust

also meet stringen t demands on mass b ecause of the large m ultiplicativ e factor that the

kill-v ehicle mass has on the o v erall size of the in terceptor missile.

This c hapter pro vides bac kground on kill-v ehicle design concepts. It reviews the ev olu-

tion of kinetic energy kill v ehicles, describ es the three basic t yp es of kill v ehicles and their

use in b o ost-phase in tercept systems, and in tro duces lethalit y mec hanisms. Finally the kill-

v ehicle requiremen ts for b o ost-phase in tercept are discussed. The kill-v ehicle concepts and

requiremen ts presen ted here are used in Chapters 12 and 14, whic h illustrate the e�ect of

those requiremen ts on kill-v ehicle size. Lethalit y measures are discussed in Chapter 13.

11.1 Background: The Evolution of Kill V ehicles

Homing stages of in terceptors ha ving accuracy su�cien t to ac hiev e a collision ha v e ev olv ed

during the last 30 y ears. Key tec hnology milestones w ere the initial dev elopmen t of small

e�cien t IR fo cal-plane arra ys for mid- and long-w a v elength detection, ligh t w eigh t telescop es

ha ving co oled optics, miniaturized cry ogenic co oling units to reduce the in ternal thermal

noise of these devices, small inertial measuring units, and small but p o w erful signal and

data pro cessing devices. Examples of direct-hit exoatmospheric kill v ehicles are the Homing

Ov erla y Exp erimen t (HOE) [138 ], HIT (a spinning kill v ehicle used in the 1970s and 1980s),

Miniature Homing V ehicle (MHV), Exoatmospheric Reen try In tercept System (ERIS) [139 ],

S203
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the Ligh t Exo-A tmospheric Pro jectile (LEAP), and the Exoatmospheric Kill V ehicle (EKV)

curren tly b eing tested for midcourse national missile defense (NMD).

F ollo wing closely on the dev elopmen t of the new exoatmospheric in tercept tec hnologies,

similar capabilities w ere dev elop ed for in tercept within the atmosphere. Ma jor dev elopmen ts

include windo w materials for mid-w a v e IR sensors, small radio frequency (RF) seek ers,

and inno v ativ e v ehicle con trol metho ds. Examples of endoatmospheric in terceptors include

the Flexible Ligh t W eigh t Agile Guided Exp erimen t (FLA GE) and the Extended Range

In terceptor (ERINT), whic h is no w the P atriot P A C 3 missile.

In addition, h ybrid metho ds ha v e b een dev elop ed that are capable of in tercept b oth

in the upp er atmosphere and exoatmospherically . These w ere primarily designed to w ork

against theater ballistics missiles. Examples include: High-Endoatmospheric Defense In-

terceptor (HEDI), the Arm y's Theater High-Altitude Area Defense (THAAD), and the

Adv anced In terceptor T ec hnology (AIT) in terceptor. The �rst t w o of these ha v e 
o wn in


igh t tests; the last one has not.

With one notable exception, the engagemen t of b o osters capable of striking the United

States necessarily tak es place ab o v e the atmosphere, during the second or third stage of

b o osted 
igh t. The exception is the case of medium-range ballistic missiles (MRBMs)

launc hed from o� shore near the coasts of the United States, whic h burn out b efore lea ving

the atmosphere. In terceptors that could disable ICBMs during their b o ost phase using

direct impact|regardless of ho w they are based|are lik ely to use the same general t yp e

of kill v ehicle con�gurations that are b eing dev elop ed for midcourse defense, though with

some notable di�erences that will b e describ ed in the follo wing discussion.

Sev eral k ey elemen ts are essen tial for the functioning of the homing kill v ehicle for

midcourse or b o ost-phase in tercept:

� An on-b oard sensor that can acquire and trac k a target at a range that allo ws the

kill v ehicle enough action time to handle the remaining uncertain ties in the predicted

in tercept p oin t.

� An on-b oard inertial measuremen t capabilit y to pro vide information on the kill v e-

hicle's lo cation with resp ect to the target, b efore target acquisition.

� An on-b oard pro cessing capabilit y to pro cess the information from b oth of these sens-

ing subsystems, as w ell as data comm unicated from o�-b oard sources, and con v ert

them in to commanded actions.

� An on-b oard receiving comm unication link and, if p ossible, also a transmitting link.

� Enough propulsion capabilit y to resp ond to the commanded actions needed to driv e

the threat tra jectory prediction uncertain t y v olume to zero in less than the time re-

maining to closest approac h. This includes ro c k et engines, attitude con trol thrusters,

prop ellan t, tanks for the prop ellan t and the means to exp el the fuel at a pressure

compatible with the ro c k et engines.

� The batteries, p o w er supplies, wiring, and structure to supp ort all of the foregoing

elemen ts.

11.2 Three Kill-V ehicle Con�gurations

Three exoatmospheric hit-to-kill v ehicle con�gurations ha v e b een dev elop ed and successfully

demonstrated for midcourse and high terminal in tercept during the last 30 y ears. All three
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use some form of prop ortional na vigation (see Fig. 11.1 and the discussion in Section 12.2),

whic h w orks on the principle of adding v elo cit y normal to the line of sigh t to driv e its rate

of c hange to w ard zero. As sailors and a viators kno w, if their b oat or aircraft is closing on

an ob ject whose b earing is not c hanging, a collision is imminen t. In the case of an in tercept,

the closing v elo cit y is initially determined b y the motion of the target and the b o oster that

launc hed the homing stage (i.e., the kill v ehicle) on a nominal collision course.

During the homing phase, the kill v ehicle can emplo y a v ariet y of t yp es of thrust con trol:

prop ortional or simple on-o� thrusters, pulse-width mo dulated on-o� thrusters, m ultiple

�xed-pulse solid ro c k ets, or, in the extreme, ev en a con tin uous burning thruster.

Single axial thruster: Sine Alpha steering One kill v ehicle con�guration is the single

axial thrusting system in whic h the sensor is gim baled. During div ert maneuv ers, the

sensor's line of sigh t (LOS) is initially orien ted p erp endicular to the v ehicle thrust axis.

Ov ersho oting w ould require the homing v ehicle to rotate 180

�

ab out the line of sigh t to

rev erse the direction of thrust, but this can b e a v oided b y emplo ying a dead band in the

thrust command. A v ariation of this con�guration is to turn the v ehicle to thrust along the

line of sigh t to w ard the target while main taining the seek er stable on the target with the

gim bal torquers. Pitc h and y a w are then used to generate acceleration normal to the line

of sigh t.

This t yp e of endgame steering deriv es from air-to-air missiles and is kno wn as Sine Alpha

steering. An adv an tage of this tec hnique is that it can b e accomplished with a single large

axial thruster for b oth div ert and homing, y et it can trac k a target that accelerates in an y

direction. The sensor is alw a ys sla v ed to the target line of sigh t through the gim bal system.

A disadv an tage is that once the v ehicle turns to accelerate along the line of sigh t, the energy

remaining is consumed primarily to increase the closing v elo cit y , whic h is w asteful.

In the case of midcourse in tercept, the energy p enalt y of Sine Alpha steering is not as

sev ere as migh t b e exp ected b ecause the maneuv er b egins at a p oin t with a �xed time to

the in tercept, and the acceleration of the target is determined primarily b y gra vit y . Th us

the amoun t of prop ellan t needed during the remainder of the engagemen t is the same,

no matter what the target do es. The �rst midcourse hit-to-kill in tercept w as done b y

HIT

MISS

LINE OF SIGHT (LOS) 1

LOS 2

LOS 2

LOS 1

D LOS

LOS 1

Figure 11.1. Line-of-sigh t b eha vior in in tercepts: illustration of the principle of prop ortional na vi-

gation.
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Figure 11.2. Homing Ov erla y Exp erimen t [138 ]

the Homing Ov erla y Exp erimen t (HOE) in 1984 (see Fig. 11.2). F or b o ost-phase defense,

ho w ev er, the target acceleration is unpredictable, and large in terceptor accelerations in an y

direction ma y b e required. Because the resp onse time of the kill v ehicle is constrained b y the

time that it tak es to turn the v ehicle, Sine Alpha steering is not desirable for b o ost-phase

defense.

Figure 11.3 illustrates a p ossible design of an exoatmospheric kill v ehicle.

Figure 11.3. Kill-v ehicle designed b y Ra ytheon for use in a midcourse in tercept system. Inset:

In terceptor ro c k et designed b y Bo eing. (Illustration b y John MacNeill.)

Crucifo rm con�guration T o minimize size and w eigh t, the second and more p opular ap-

proac h for midcourse defense is the cruciform div ert thruster con�guration. In this ap-

proac h, the b o dy-moun ted sensor has a line of sigh t along the v ehicle's roll axis. F our

div ert thrusters are moun ted p erp endicular to the roll axis of the kill v ehicle in a plane at

the cen ter of gra vit y so that they form an `X'. The thrusters are used to maneuv er normal
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to the line of sigh t. Small thrusters moun ted on the axis at the end opp osite the sensor pro-

vide pitc h, y a w, and roll attitude con trol. This con�guration requires that the exp endable

w eigh ts are b oth distributed and main tained so that the cen ter of gra vit y of the kill v ehicle

do es not mo v e as propulsion fuel is exp ended.

The Exoatmospheric Reen try In tercept System (ERIS) sho wn in Fig. 11.4 �rst success-

fully demonstrated a midcourse in tercept with the cruciform con�guration in 1991, using a

fully fueled kill v ehicle w eighing ab out 150 kg. (The mass of the kill v ehicle when it is fully

loaded with fuel is sometimes referred to as the w et mass.) More recen tly , smaller v ersions

of this con�guration ha v e b een used b y LEAP and the EKV curren tly b eing dev elop ed for

midcourse missile defense.

Figure 11.4. Artist's conception of a lethalit y enhancemen t device on the ERIS exp erimen t. Courtesy

of LDM Asso ciates.

In our view, the cruciform con�guration (or some v arian t) is lik ely to b e the preferred

kill-v ehicle design approac h for b o ost-phase defense b ecause the predicted in tercept p oin t is

constan tly mo ving around b ecause of the trac king noise and unan ticipated target maneuv ers

that c haracterize the b o ost phase. T o cop e with suc h a target, acceleration m ust b e applied

quic kly to the kill v ehicle in an y direction normal to the line of sigh t to correct for its rapid

c hanges. P oten tial target maneuv ers will driv e the acceleration required of the kill v ehicle

in the endgame to almost an order of magnitude greater than that needed for midcourse

in tercept.
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The spinning kill vehicle The third con�guration, originally called \HIT," is a spinning

kill v ehicle|elegan tly simple in principle but constrained b y its simplicit y . It w as p opular in

the 1970s and early 1980s and w as 
o wn in the USAF's air-launc hed an ti-satellite (ASA T)

w eap on demonstration. This con�guration, orien ted and spun up prior to its deplo ymen t,

used a b o dy-moun ted sensor ha ving S-shap ed line detectors that scanned the conical �eld

of view at a rate determined b y the spin v elo cit y . Tin y solid-pulse motors around the

p eriphery w ere �red at the time needed to impart a �xed � V pulse in the desired direction

to reduce the LOS rate. Because this concept had inheren tly limited discrimination and

div ert abilit y , it lost fa v or as inertial measuremen t units shrank in size and w eigh t, allo wing

the cruciform con�guration, with its inheren t v ersatilit y , to b e as small.

11.3 Endoatmospheric Kill V ehicles

High endoatmospheric kill v ehicles ha v e follo w ed the same general con�guration trends as

exoatmospheric kill v ehicles but, b ecause they op erate in Earth's atmosphere, they require

aero dynamic con trols and a shap e and thermal protection similar to those for a re-en try

v ehicle. Although designed for a m uc h lo w er-v elo cit y and dynamic pressure regime than

ballistic missile in tercept, the AIM 9 Sidewinder pro vides an example of the single axial

thrust con�guration that 
ies along the line of sigh t using steering similar to Sine Alpha.

The THAAD and Adv anced In terceptor T ec hnology (AIT) kill v ehicles are designed

for b oth high endo- and exoatmospheric in tercepts. These kill v ehicles use the cruciform

con�guration for div ert thrusters. The thrusters are p orted through a comp osite heat shield

that pro vides a neutrally stable aero dynamic con�guration. When in the atmosphere, small

attitude-con trol thrusters are used to generate trim angle of attac k for aero dynamic div ert,

and also to main tain the desired orien tation during 
igh t outside the atmosphere. The

div ert thrusters are used b oth inside and outside the atmosphere. The homing sensor lo oks

out a windo w in the side of the fore-b o dy and is steerable o v er limited angles. The v ehicle

is rolled to p oin t its seek er in the plane describ ed b y the v elo cit y v ectors of the in terceptor

and the target. Limited roll-and-y a w angular freedom of the line of sigh t with resp ect to the

v ehicle is pro vided b y mo v able mirrors within the optics of the sensor itself or b y gim baling

the sensor.

11.4 Kill Mechanisms Other than Bo dy-to-Bo dy Hit

A n um b er of other concepts for destro ying the target ha v e b een dev elop ed o v er the y ears

(see Chapter 13). Some of them, suc h as the Israeli Arro w missile, use a fragmen tation

w arhead to reliev e the endgame guidance and acceleration requiremen ts. This approac h

is an outgro wth of an ti-aircraft defense and is driv en b y the b elief that it w ould b e easier

than a direct hit, particularly under the high dynamic pressure en vironmen t within the

atmosphere. F ragmen tation w arheads t ypically eject their fragmen ts in a radial pattern

normal to the in terceptor's roll axis. The disadv an tage is that their w eigh t is signi�can t.

Also, they usually require predictiv e fusing|t ypically a radar or optical double-cone fuse.

Other options generally kno wn as \kill enhancemen t devices" ha v e b een dev elop ed for

exoatmospheric kill v ehicles. The basic concept is to increase the cross section of the kill

v ehicle around the seek er with a ligh t w eigh t arra y of masses to handle an y small misses|

without the need for fusing. The HOE kill v ehicle sho wn in Fig. 11.2 had suc h an arra y

based on unfurlable an tenna tec hnology that w as deplo y ed sev eral seconds b efore in tercept.

The ERIS kill v ehicle sho wn in Fig. 11.4 used a similar but m uc h ligh ter device, emplo ying
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an in
atable tubular frame that supp orted a thin mem brane. It w as also deplo y ed based

on estimated time-to-go.

Equipp ed with kill-enhancemen t mec hanisms, b oth of these in terceptors ac hiev ed b o dy-

to-b o dy hits during their successful 
igh t tests. ERIS also incorp orated the capabilit y for

selecting the aim p oin t on the target. As a result, the con�dence in direct hit-to-kill w as

increased, but no �gh t data ab out the lethalit y of those devices w as obtained.

Lethalit y can also b e enhanced in some applications b y supplemen ting a hit-to-kill kill

v ehicle with deplo y able ro ds to increase the lethal radius. The issue of lethalit y for b o ost-

phase in tercept is discussed further in Chapter 13.

11.5 Key Requirements fo r Bo ost-Phase Kinetic Kill Ab ove the

A tmosphere

Bo ost-phase in tercept imp oses requiremen ts on the kill v ehicle that signi�can tly exceed

those for midcourse in tercept for t w o principal reasons. First, the in tercept m ust o ccur

on a m uc h tigh ter timeline, constrained on one end b y when the threat is detected and in

trac k and on the other end b y when the threat b o oster reac hes the v elo cit y required for its

m unitions' reac hing targets b eing defended. Consequen tly , closing v elo cities for b o ost-phase

defense are t ypically 40{50 p ercen t higher than for midcourse defense. Second, the target

is accelerating, whic h mak es predicting the in tercept p oin t di�cult. Prediction is further

complicated b ecause the acceleration c hanges rapidly , and there is uncertain t y ab out its

magnitude and direction.

The net result of those requiremen ts is that the kill v ehicles for b o ost-phase defense

m ust ha v e higher accelerations, more total div ert v elo cit y , and faster resp onse times than

those that ha v e b een designed or built for midcourse, all of whic h increase kill-v ehicle

w eigh t. The demands of b o ost-phase in tercept also require di�eren t guidance la ws than are

usually applied to the midcourse guidance problem. These issues are examined in detail in

Chapter 12.

Midcourse intercept with p rop o rtional navigation In b oth midcourse and b o ost-phase

in tercepts, the kill v ehicle is b o osted in to a nominal tra jectory that will in tercept the target

at the desired in tercept p oin t, if ev en ts o ccur in accordance with the predictiv e mo del. In

midcourse in tercepts, this prediction is straigh tforw ard b ecause the only forces acting on

the target are gra vit y and whatev er limited maneuv er capabilit y exists on the pa yload. The

nominal in tercept p oin t can b e predicted accurately based on curren t or recen t observ ation

of p osition and v elo cit y . By and large, the amoun t of prop ellan t in the kill v ehicle is

determined b y the uncertain t y that exists at the time of hand-o� from external sensors

that trac k ed the target, and the time to go b efore p oin t of closest approac h (POCA). The

guidance sc heme used is one of the man y v arian ts of prop ortional na vigation, and accurate

kno wledge of the time to go is not an imp ortan t issue in the accuracy of a hit. The range-

to-go estimate at an y time ma y simply b e the di�erence b et w een the estimated target state

v ector pro vided to the kill v ehicle and the v ehicle's kno wledge of its o wn state v ector, based

on its inertial measuremen t system or external trac king data.

Bo ost-phase intercept with augmented p rop o rtional navigation By comparison, during

the b o ost phase, the target is accelerating b ecause of propulsiv e thrust as w ell as gra vit y .

The acceleration v aries b ecause the thrust v aries with the burn rate, and the mass v aries
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with the fuel consumed. The prop ortional na vigation approac h to midcourse in tercept

m ust b e mo di�ed to tak e in to accoun t the estimated future acceleration of the target. This

approac h is called augmen ted prop ortional na vigation and is discussed b y Zarc han [140 ].

He p oin ts out that the predictiv e term do es not ha v e to b e v ery accurate; it is p ossible to

use merely the last measured acceleration for the future estimate b ecause the noise in the

trac king requires a large � V capabilit y in an y case. Augmen ted prop ortional na vigation is

mo di�ed somewhat and applied to the b o ost-phase problem in Chapter 12.

Once out of the atmosphere, signi�can t unpredictable target maneuv ering can o ccur.

Consequen tly , the prop ellan t that is required on b oard the kill v ehicle is a function not

only of the uncertain t y in the estimate of the target tra jectory at an y time, but also of the

maneuv er v ariations from the pro jected future tra jectory . T o a go o d appro ximation, an y

v ariation in acceleration from the prediction m ust b e matc hed one-for-one b y the kill-v ehicle

propulsion system. Except for cyclical trac king noise, an y sensed acceleration m ust either

b e paid for at that time or paid for later at a m uc h higher price. The di�cult y , of course,

is discerning whic h is noise and whic h is a real c hange in acceleration.

If the kill v ehicle has an acceleration adv an tage, it migh t b e argued that the augmen ted

na vigation gain should b e c hosen to cause the kill v ehicle to \get out ahead" of target

maneuv ers, with the p oten tial for sa ving fuel b y allo wing the target to \catc h up" later.

If the target fein ts or rev erses �eld, ho w ev er, the propulsiv e requiremen ts to reco v er are

greater than if the kill v ehicle simply matc hed target's acceleration c hanges.

Chapter 10 analyzed the trac king accuracy and Chapter 12 will analyze in depth guid-

ance and con trol issues for b o ost-phase hit-to-kill v ehicles. Both c hapters pro vide the basis

for the sizing decisions made in Chapter 14.

11.6 Summa ry

The United States has a 30-y ear history of designing and dev eloping hit-to-kill in terceptors

for midcourse defense. Ho w ev er, none ha v e b een built or tested for b o ost-phase in tercept.

In tercepting missiles in their b o ost phases places additional requiremen ts on the kill v ehicle,

particularly on its abilit y to resp ond to rapid c hanges in the acceleration of the target. Those

additional requiremen ts tend to increase the w eigh t of the kill v ehicle and the size of the

in terceptor. W e conclude that in terceptor accelerations in an y direction will b e required. In

consequence, b ecause the resp onse time of the kill v ehicle w ould b e constrained b y the time

that it tak es to turn the v ehicle, Sine Alpha steering is not desirable for exoatmospheric

b o ost-phase defense.

Chapter 12 examines the requiremen ts on the kill v ehicle for hitting a b o osting target.

Chapter 14 then analyzes the e�ect that those requiremen ts w ould ha v e on the size of the kill

v ehicle, whic h a�ect the �nal sizes of the surface-based in terceptors presen ted in Chapter 16

and space-based in terceptors presen ted in Chapter 6.
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This c hapter con tin ues the second half of our analysis of b o ost-phase engagemen ts using

kinetic-energy w eap ons (Chapter 2). In the �rst half, whic h ended with Chapter 5, w e

explored the w a y in whic h the c haracteristics of the target missile and the p erformance of

the in terceptor determine the areas in whic h in terceptors could b e based and the missile

launc h area that a single in terceptor battery could co v er. F or this exploration, w e simply

assumed that the p erformance of the o�-b oard and on-b oard trac king sensors and the kill

v ehicle w ere adequate to ac hiev e an in tercept. In the second half of our analysis of b o ost-

phase engagemen ts using kinetic-energy w eap ons, w e in v estigate the sensor and kill-v ehicle

p erformance that w ould b e needed to ensure that engagemen ts ha v e a high probabilit y of

b eing successful, despite the unpredictably of the target acceleration and maneuv ering.

S211
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The required p erformance of the sensors and kill v ehicles w as studied b y �rst mo deling

the errors exp ected in trac king large ro c k ets using space-based IR sensors, surface- and

air-based radars, and passiv e IR and activ e LID AR sensors on the kill v ehicle, based on the

analysis of these sensors in Chapter 10. Using these error mo dels, a v ariet y of engagemen ts

w ere sim ulated n umerically , to explore the dep endence of the required total kill-v ehicle

v elo cit y c hange on the precision of the o�-b oard missile-trac king sensors and the dep en-

dence of the �nal miss distance on the precision of the on-b oard homing sensors, the closing

v elo cit y , and the kill v ehicle's p erformance. The mo del of the kill v ehicle included the

guidance algorithm used, the latency in the kill-v ehicle resp onse to the accelerations com-

manded b y the guidance system, and its maxim um acceleration. The e�ects of illustrativ e

tra jectory-shaping and ev asiv e maneuv ers b y the target missile w ere studied. P erformance

requiremen ts for the o�-b oard sensors and the kill v ehicle w ere estimated b y requiring the

miss distance, de�ned as the closest approac h of the kill v ehicle to the aimp oin t on the

target ro c k et, to b e small enough to ensure a collision of the kill v ehicle with the ro c k et

b o dy .

Our analysis of the required p erformance of the sensors, in terceptor, and kill v ehicle is

describ ed here and in App endix C. The results of this analysis are used in Chapter 14 to

assess ho w so on the needed tec hnology is lik ely to b e a v ailable, to determine the required

mass of the kill v ehicle, and to compute the masses and dimensions of the b o oster stac ks

that w ould b e needed to accelerate the kill v ehicle to the burnout v elo cities assumed in

Chapters 4 and 5.

Section 12.1 pro vides an o v erview of ho w w e determined the required p erformance of the

sensors, in terceptor, and kill v ehicle. It outlines the three phases of kill-v ehicle 
igh t, the k ey

requiremen ts for success in eac h phase, and the metho dology w e follo w ed in our analysis.

Section 12.2 describ es sev eral standard in terceptor guidance la ws, their adv an tages and

disadv an tages for in tercepting a missile in p o w ered 
igh t, and the h ybrid guidance sc heme

that w e used. In Section 12.3, w e describ e ho w w e estimated the total v elo cit y-c hange

capabilit y the kill v ehicle m ust ha v e to reac h the endgame of the engagemen t. Finally ,

in Section 12.4, w e discuss the endgame, ho w w e mo deled it, the t w o illustrativ e ev asiv e

maneuv ers w e considered (lunges and jinking), and our estimates of the sensor and kill-

v ehicle p erformance required to ac hiev e a miss distance of � 0 : 5 m with high probabilit y .

12.1 Overview of the Analysis

Before going in to the details of the quan titativ e analysis, w e �rst review the principal phases

of the 
igh t of the in terceptor and kill v ehicle, summarize qualitativ ely the p erformance

requiremen ts for ac hieving in tercept, and describ e the metho dology used in the analysis.

The acron yms used in this c hapter are de�ned in Bo x 12.1.

12.1.1 Phases of 
ight

The 
igh t of the in terceptor and kill v ehicle ma y b e divided in to four phases (Chapter 2):

(1) in terceptor b o ost, (2) kill-v ehicle div ert, (3) kill-v ehicle homing, and (4) the endgame.

As a help in understanding the material in this c hapter, w e brie
y review the c haracteristics

of these phases.

1

1

Di�eren t de�nitions of the v arious phases are used b y di�eren t authors; see for example [141 , 142 ].
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Bo x 12.1: Acron yms Used in This Chapter

APN Augmen ted prop ortional na vigation

IP In tercept p oin t (actual)

LOS Line of sigh t

PG Predictiv e guidance

PN Prop ortional na vigation

ZEM Zero e�ort miss

Intercepto r b o ost Before an in terceptor can b e launc hed, the target missile m ust b e de-

tected, iden ti�ed as a p oten tially threatening ro c k et, and trac k ed long enough to determine

its gross c haracteristics and its general direction of 
igh t (the azim uth of its tra jectory

w ould probably ha v e to b e determined to within ab out 10

�

). Space-based sensors w ould

b e used unless ground-, sea-, or air-based radars or other sensors could b e p ositioned close

enough to the missile launc h site that their sigh tlines to the missile early in its 
igh t w ould

not b e blo c k ed b y the curv ature of Earth.

Once a su�cien tly accurate target trac k has b een constructed, whic h w ould lik ely tak e

10{15 s after detection using the planned SBIRS-High early w arning system, or longer using

a less capable system, a �ring solution is computed and used to initialize the in terceptor.

2

As part of this pro cess, the in terceptor is told the predicted in tercept p oin t and an estimate

of the path required to place the kill v ehicle on a tra jectory to this p oin t so that it arriv es

sim ultaneously with the target.

During its p o w ered 
igh t, the in terceptor receiv es frequen t up dates on its p osition rela-

tiv e to the target from o�-b oard trac king sensors, suc h as space-based detectors or surface-

based radars, that are trac king the target. During this p erio d the in terceptor can correct

its heading and 
igh t path angle via c hanges in its orien tation. As long as these c hanges

are small, they do not signi�can tly reduce the distance and v elo cit y at whic h the �nal stage

of the in terceptor burns out. When the in terceptor's �nal stage burns out, the kill v ehicle

is on a ballistic tra jectory that tak es it to the in tercept p oin t predicted just b efore burnout.

Initial divert In this phase, the kill v ehicle relies on o�-b oard trac king sensors. T o e�-

cien tly correct for prediction errors and target maneuv ers that o ccurred during its initial

coast, the kill v ehicle starts making guidance corrections as so on as its shroud is ejected

and its propulsion system can b egin to op erate. The v elo cit y c hange required to mak e these

corrections is called the div ert v elo cit y . W e include this v elo cit y c hange in the total v elo cit y

c hange � V

tot

made b y the kill v ehicle.

3

Homing Assuming that the engagemen t dev elops as the defense in tends, the kill v ehicle

will ev en tually approac h the target close enough to acquire and trac k it with more precise

2

When clouds are presen t, w e assume the target will not b e detected un til it rises ab o v e the clouds; see

Chapter 10.

3

In this rep ort w e use the term divert velo city to refer to the in tegral of the absolute magnitude of the

kill-v ehicle's acceleration from the time its propulsion system b egins to op erate un til it b egins to use its o wn

sensors for guidance. W e use the term cumulative velo city change , denoted � V ( t ), to refer to the in tegral

of the absolute magnitude of the kill-v ehicle's acceleration from the time its propulsion system b egins to

op erate un til time t . The total v elo cit y-c hange capabilit y � V

tot

that the kill v ehicle m ust ha v e to ac hiev e

an in tercept is an imp ortan t p erformance requiremen t.
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on-b oard sensors. The homing phase b egins when the kill v ehicle b egins to rely on its on-

b oard sensors. During this phase, the kill v ehicle con tin ues to mak e guidance corrections to

comp ensate for sensor errors and maneuv ers b y the target, although not necessarily using

the same algorithm at all times. W e include the additional v elo cit y c hanges made during

this phase in the total v elo cit y c hange � V

tot

made b y the kill v ehicle.

Endgame The �nal few seconds of the homing phase is called the endgame. During this

phase, the success of the attempted in tercept dep ends more critically on the resp onsiv eness

and maxim um acceleration of the kill v ehicle, as w ell as on the con tin ued a v ailabilit y of

su�cien tly precise and timely information on the target's c hanging tra jectory .

12.1.2 Requirements fo r intercept

The p erformance required of the kill v ehicle to hit the target dep ends on the phase of its


igh t.

Initial divert and homing The kill v ehicle m ust ha v e su�cien tly precise information on

the time ev olution of the target's curren t and probable future state (p osition, v elo cit y , and

acceleration) and enough total v elo cit y-c hange capabilit y (� V

tot

) and acceleration to reac h

a \bask et" in p osition and v elo cit y space small enough to b egin the endgame.

Endgame The kill v ehicle m ust ha v e su�cien tly precise and timely information on the

target's curren t and probable future state and su�cien t resp onsiv eness and acceleration to

hit the target.

Consideration of the initial div ert and homing phases leads to a relationship b et w een the

precision and sampling rates of the o�-b oard and on-b oard sensors used to trac k the target

during these phases and the total v elo cit y c hange capabilit y � V

tot

needed b y the kill v ehicle.

Consideration of the endgame leads to requiremen ts on the trac king precision and up date

rate pro vided b y the kill v ehicle's seek er, the accuracy and latency of the trac king and

guidance systems, the dynamical resp onsiv eness of the kill v ehicle, and the kill v ehicle's

maxim um acceleration. These factors determine the kill v ehicle's design and minim um

w eigh t, whic h in turn determines the size and w eigh t of the in terceptor needed to b o ost the

kill v ehicle to the required v elo cit y .

12.1.3 Metho dology

As noted in Chapter 2, the standard approac h for determining the p erformance requiremen ts

for a complex system suc h as a b o ost-phase in tercept system is to dev elop detailed computer

mo dels that sim ulate all the pro cesses in v olv ed, including measuremen t errors. By running

man y sim ulations ha ving di�eren t parameter c hoices, the b eha vior of the system can b e

c haracterized statistically . Then, giv en a goal, the system p erformance that w ould b e needed

to ac hiev e the goal can b e determined. The Study Group lac k ed the time and resources

needed to carry out suc h a comprehensiv e analysis of b o ost-phase in tercept. Instead, the

Group sim ulated sev eral represen tativ e engagemen ts in some detail. The results of these

sim ulations w ere then used to study the sensitivit y of the outcome to the p erformance of

v arious comp onen ts and to estimate the p erformance that w ould b e needed to ac hiev e a high

probabilit y of in tercept. The sim ulations discussed in this rep ort are listed in T able 12.1.
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T able 12.1. ICBM Engagemen ts Sim ulated in the Study

Lo cation in the Rep ort ICBM Mo del In terceptor ( V

bo

)

This c hapter S2 I-4 (6.5 km/s)

App endix C, Section C.2 L I-2 (5 km/s)

App endix C, Section C.1 S1 I-5 (10 km/s)

This c hapter describ es our in v estigation of the initial div ert, homing, and endgame

phases of the kill v ehicle's 
igh t for engagemen ts of the solid-prop ellan t ICBM mo del S2

b y the 6.5-km/s in terceptor mo del I-4. One purp ose of these sim ulations w as to explore

the dep endence of the outcome of the engagemen t on the precision of the o�-b oard and

on-b oard trac king sensors, the latency in the kill v ehicle's information ab out the target

missile, the guidance algorithm used, the kill v ehicle's dynamical resp onse, and the kill

v ehicle's maxim um acceleration. Another purp ose w as to ev aluate the e�ects of sev eral

ICBM maneuv ers that w ould stress the capabilities of the kill v ehicle. W e exp ect the kill

v ehicle p erformance that w ould b e needed to in tercept the liquid-prop ellan t ICBM mo del or

other solid-prop ellan t ICBMs w ould b e similar to the p erformance needed in the engagemen t

w e studied. One of the most imp ortan t p erformance c haracteristics of a kill v ehicle is the

total c hange � V

tot

that it can mak e in its v elo cit y .

The target maneuv ers w e in v estigated are reasonable for an attac king ICBM and w ould

not b e particularly di�cult to implemen t. The maneuv ers considered during the initial

div ert and homing phases w ere a sudden increase or decrease in the target missile's angle

of attac k

4

b y 15

�

and a switc h bac k maneuv er in whic h the target switc hed from a p ositiv e

to a negativ e angle of attac k. Maneuv ers lik e these migh t b e p erformed either to shap e the

missile's tra jectory or to try to ev ade an an ticipated kill v ehicle. The maneuv ers considered

during the endgame w ere a single 8 g lunge executed during the last few seconds b efore

the predicted in tercept time and a sin usoidal mo dulation of the acceleration that w ould

pro duce a �sh tail-lik e motion of the missile during the last few seconds b efore the predicted

in tercept. An ICBM w ould execute these maneuv ers only as an attempt to ev ade the kill

v ehicle.

W e �nd that the distribution of miss distances is generally dominated b y systematic

errors, making it easy to b ound the miss distance with high con�dence. After exploring the

problem, w e c hose to deem the p erformance of a kill v ehicle adequate if it missed its aim

p oin t b y 0.5 m or less in all the sim ulations w e p erformed. F or comparison, the �nal stages

of the mo del ICBMs considered in the presen t Study ha v e radii ranging from 1.5 m for the

liquid-prop ellan t mo del to 0.75 m for the t w o solid-prop ellan t mo dels. W e ha v e generally

tak en an optimistic view of what can b e ac hiev ed and ha v e neglected some sources of

error that w ould increase the required p erformance of the kill v ehicle. The p erformance

requiremen ts rep orted here are therefore minim um requiremen ts.

App endix C describ es our in v estigation of the 
y out of the in terceptor and the initial di-

4

In this rep ort, a ro c k et's angle of attac k is de�ned as the angle b et w een its cen terline and its v elo cit y

v ector. It is p ositiv e if the pro jection of the cen terline is ab o v e the pro jection of the v elo cit y v ector. Except

during short time in terv als when a ro c k et is b eing rotated, its thrust v ector is parallel to its cen terline.

Hence the direction of motion of a ro c k et that is main taining a nonzero angle of attac k is c hanging (see

App endix B).
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v ert and homing phases of kill-v ehicle 
igh t for an engagemen t of the liquid-prop ellan t ICBM

mo del L b y the 5-km/s in terceptor mo del I-2 and an engagemen t of solid-prop ellan t ICBM

mo del S1 b y the 10-km/s in terceptor mo del I-5. These sim ulations w ere run to ev aluate the

p erformance of the in terceptor and kill v ehicle if op erated under command guidance, using

trac king data supplied b y the notional space-based IR sensor system and the surface-based

radar describ ed in Chapter 10. V arious trac king �lters w ere explored. These sim ulations

sho w ed that appropriately designed Kalman �lters could pro vide adequate precision and

main tain trac king through staging ev en ts.

The results describ ed here and in App endix C are for planar engagemen ts. W e do not

exp ect the � V

tot

required to b e signi�can tly less for out-of-plane engagemen ts than for

planar engagemen ts. It could b e more, b ecause of the greater c hanges in the acceleration of

the target p erp endicular to the line of sigh t that are p ossible for out-of-plane engagemen ts.

Preliminary Mon te Carlo calculations of the � V

tot

required for b oth planar and out-of-plane

engagemen ts without target maneuv ers do not sho w m uc h di�erence [143 ].

W e did not consider the additional demands that w ould b e placed on the kill v ehicle if

the defense is required to time the in tercept to o ccur within the narro w windo w needed to

a v oid causing p ossibly liv e w arheads to fall on third coun tries (see Chapter 5). This problem

is b ey ond the scop e of the Study . Nor did w e consider the e�ects of the coun termeasures

describ ed in Chapter 9 that migh t dela y the kill v ehicle's a w areness of a target maneuv er,

thereb y increasing the v elo cit y c hange capabilit y it m ust ha v e.

12.2 Guidance La ws

A t an y giv en time, ev en with complete and p erfect curren t information, the defense can

predict the future tra jectory of the target missile only appro ximately , b ecause the defense

do es not kno w what the target will do in the future. A guidance sc heme is therefore needed.

Suc h a sc heme uses up dated information on the p osition and motion of the target to issue

instructions to the in terceptor's propulsion and steering mec hanisms that will steer the

in terceptor to w ard the target

5

. The guidance sc heme used a�ects the sensor precision, the

� V

tot

, and the maxim um acceleration required to ac hiev e a giv en miss distance. Here w e

discuss the b eha vior and limitations of sev eral di�eren t guidance sc hemes when applied to

the presen t problem

6

.

W e �rst discuss the e�ectiv eness of three commonly used algorithms for guiding an

in terceptor attempting to hit an accelerating target. These algorithms are prop ortional

na vigation, augmen ted prop ortional na vigation, and predictiv e guidance. Eac h has n umer-

ous v arian ts, but their main features are distinct. Next w e discuss the applicabilit y of these

algorithms to the ICBM in tercept problem. F or our sim ulations, w e adopted the h ybrid

sc heme outlined at the end of this section.

Sev eral basic concepts are imp ortan t for understanding the follo wing discussion. The

line of sight (LOS) is the imaginary line connecting the in terceptor and the target. The

LOS angle � is the angle b et w een the LOS and a �xed reference direction. The length of the

LOS (the instan taneous separation b et w een the in terceptor and the target) is the range to

the target or simply the r ange , denoted R

t

. The closing velo city V

c

b et w een the in terceptor

5

F or conciseness, in this section w e use `in terceptor' to refer either to the in terceptor missile with the kill

v ehicle attac hed or to the kill v ehicle after it separates from the in terceptor, whic hev er is relev an t.

6

F or a tutorial on the guidance and con trol issues in v olv ed in ballistic missile defense, see [142 ]. The

problem of estimating and predicting ballistic missile tra jectories using data from sensors is discussed in [144 ].

F or detailed analyses of the problem of missile guidance and con trol, see [141 , 145 ].
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Bo x 12.2: Sym b ols Used in This Chapter

� Angle of the line of sigh t (LOS)

_

� LOS rate (actual)

^

_

� LOS rate (estimated)

X

t

T arget p osition (actual)

^

X

t

T arget p osition (estimated)

V

t

T arget v elo cit y (actual)

^

V

t

T arget v elo cit y (estimated)

a

t

T arget acceleration (actual)

^a

t

T arget acceleration (estimated)

X

i

In terceptor p osition (actual)

V

i

In terceptor v elo cit y (actual)

a

i

In terceptor acceleration (actual)

a

c

In terceptor acceleration (commanded)

V

c

In terceptor-target closing v elo cit y

^

V

c

Estimated closing v elo cit y

N

0

Prop ortional na vigation guidance gain

t

go

Time to go to closest approac h

t

go ; 0

Initial time to go

� V

t

Cum ulativ e target v elo cit y c hange

� V

i

Cum ulativ e in terceptor v elo cit y c hange

and the target is �

_

R

t

. The miss distanc e d

m

c haracterizes the accuracy of the in tercept. It

is the closest approac h of the in terceptor to the aimp oin t on the target. The time to go t

go

is time remaining un til closest approac h. The most imp ortan t sym b ols used in this c hapter

are de�ned in Bo x 12.2.

12.2.1 Prop o rtional navigation

In prop ortional na vigation (PN), the basic guidance signal is the time deriv ativ e

_

� , whic h

is called the line-of-sigh t rate. Kno wledge of the range and the time to go are not required.

Th us, PN can b e implemen ted using an angle-only sensor on b oard the kill v ehicle, whic h

is a great adv an tage in man y applications.

The commanded acceleration a

c

of the kill v ehicle is normal to the LOS and prop ortional

to b oth

_

� and V

c

, with negativ e feedbac k to driv e the rate to zero [141 , pp. 27{28]. If the

closing v elo cit y is p ositiv e, i.e., the in terceptor is approac hing the target, an unc hanging

LOS angle implies that the kill v ehicle is on a collision course with the target. The in tercept

time (or the time of closest approac h if the kill v ehicle misses the target) is not con trolled

and is largely determined b y the initial separation b et w een the kill v ehicle and the target

and their initial v elo cities.

Although the PN guidance la w w as not deriv ed with target acceleration as a funda-

men tal consideration, with p erfect information, a constan t closing v elo cit y , and unlimited

in terceptor acceleration and v elo cit y c hange capabilit y , PN will driv e the miss distance
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caused b y an initial heading error or a constan t target acceleration to zero. F or an initial

heading error and-or a constan t target acceleration normal to the LOS, the time history

of the zero-e�ect miss, (ZEM)

7

, the commanded acceleration a

c

, and the cum ulativ e div ert

v elo cit y � V can all b e expressed in closed form. F or the constan t target acceleration case,

the equations for the commanded acceleration and the cum ulativ e v elo cit y c hange are

a

c

a

t

=

N

0

N

0

� 2

2

4

1 �

 

t

go

t

go ; 0

!

N

0

� 2

3

5

(12.1)

and

� V

i;P N

=

N

0

N

0

� 1

� V

t

: (12.2)

The sym b ols are de�ned in Bo x 12.2. F or this case, the v elo cit y c hange capabilit y needed

b y the in terceptor exceeds the total v elo cit y c hange of the target. F or example, for N

0

= 4

the ratio is 4/3.

F or target accelerations and heading errors small enough that the guidance system is

op erating in the linear regime, PN will alw a ys driv e the miss distance to zero at the time

of in tercept. This is true not only for a constan t acceleration, but also for a time-v arying

one, as ma y b e seen b y appro ximating a time-v arying acceleration b y a sequence of constan t

accelerations. If the target do es not accelerate, and the terminal con troller is linear with a

p erformance index quadratic in the state v ariables and the con trol e�ort, PN with N

0

= 3

can b e sho wn to b e the optimal linear con trol la w [146 , pp. 154{155].
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Figure 12.1. Blo c k diagram of an idealized prop ortional na vigation sc heme for a t w o-dimensional

engagemen t, form ulated in terms of the zero e�ort miss (ZEM). See Bo x 12.2 for de�nitions of the

sym b ols used.

Figure 12.1 sho ws a blo c k diagram of an idealized PN sc heme for a t w o-dimensional

engagemen t. The sc heme is idealized in the sense that sensor error is not included (

^

_

� is

equated to

_

� ), and the in terceptor's actual acceleration is equated to the acceleration com-

manded b y the guidance system, i.e., con trol system lags and the dynamics of the kill v ehicle

ha v e b een neglected. Prop ortional na vigation can b e expressed in v arious mathematically

equiv alen t forms, dep ending on the dynamical v ariables used. The form sho wn here is for-

m ulated in terms of the ZEM; note that in this form ulation the equation for the ZEM is

�rst-order in time. Only the LOS rate and an estimate of the closing v elo cit y are required

to compute the commanded acceleration a

c

of the kill v ehicle.

8

7

The zero-e�ort miss is the distance b y whic h the in terceptor w ould miss the target if the target con tin ued

on its presen t course with its presen t sp eed and the in terceptor made no further correctiv e maneuv ers.

8

Although t

go

app ears explicitly in Fig. 12.1, it is not needed to implemen t the guidance sc heme and

en ters only through the LOS rate; see [141 ].
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The lo op gain is t

go

� (1 =V

c

t

2

go

) � N

0

^

V

c

= ( N

0

=t

go

)(

^

V

c

=V

c

), where N

0

is the prop ortional

na vigation guidance gain, sometimes called the e�ectiv e na vigation ratio, and

^

V

c

is the

closing v elo cit y estimated b y the guidance system. The closed-lo op p erformance is relativ ely

insensitiv e to small c hanges in the lo op gain, pro vided it is ab out 3 or more divided b y the

time to go in seconds. Because the lo op gain is prop ortional to the ratio of the estimated

closing v elo cit y to the true closing v elo cit y , errors of 10 p ercen t or so in the estimated

closing v elo cit y ha v e little e�ect. Hence, estimates of the closing v elo cit y based on sim ulated

engagemen ts or a priori kno wledge are often used.

Numerical sim ulations using �nite-di�erence implemen tations of the equations repre-

sen ted b y the blo c k diagram in Fig. 12.1 repro duce the closed-form results for constan t

target acceleration men tioned ab o v e but can also b e used to calculate the commanded re-

sp onse pro duced b y arbitrary target accelerations. With appropriate mo di�cations, suc h

sim ulations can b e used to ev aluate the e�ects of limits to the in terceptor's abilit y to accel-

erate and lags in its resp onse.

DVi

0

0

20406080
±6000

±4000

±2000

2000

4000

6000

8000

10000

time to go (s)

100

80

60

40

20

0

±20

±40

a t
a c

and
 (m

/s ) 2

at
ac

ZEM

±60

DV
i

Z
E

M
 (

m
),

 
(m

/s
)

Figure 12.2. Example of the time ev olution of an engagemen t in whic h a kill v ehicle using prop or-

tional na vigation with a gain of 6 attempts to hit a target with a time-v arying acceleration. Sho wn

are the time histories of the zero-e�ort miss in meters (left-hand scale), the target's acceleration a

t

and the in terceptor's commanded acceleration a

c

normal to the line of sigh t in m/s

2

(righ t-hand

scale), and the cum ulativ e commanded v elo cit y c hange � V of the in terceptor in m/s (left-hand

scale). In this example, the kill v ehicle hits the target at the end of the engagemen t, as indicated

b y the v anishing of the zero-e�ort miss. By then, � V has gro wn to 2.2 km/s.

Figure 12.2 sho ws the sim ulated b eha vior of a kill v ehicle using the idealized PN sc heme

as it attempts to in tercept a target that is accelerating in a complicated w a y . In spite of

the complex resp onse, the ZEM is driv en to zero with no time to go, implying a direct

hit. In this example, the cum ulativ e v elo cit y c hange computed b y in tegrating the absolute

v alue of the acceleration is 2.2 km/s. F or comparison, the in tegral of the absolute v alue of

target acceleration is 2.3 km/s. Dep ending on the target acceleration history , the kill-v ehicle

cum ulativ e v elo cit y ma y b e either more or less than the in tegral of the absolute v alue of
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the target acceleration. F or a high v alue of the PN gain, the kill v ehicle and target total

v elo cities tend to b e nearly equal, as in this example.

T o impro v e the p erformance of the guidance system when confron ting an accelerating

target, an augmen ted prop ortional guidance la w can b e considered.

12.2.2 Augmented p rop o rtional navigation

F or a target with a constan t acceleration, augmen ted prop ortional na vigation (APN) feeds

the target acceleration forw ard to the in terceptor with a gain of N

0

= 2, as sho wn in the

blo c k diagram in Fig. 12.3 [141 , p. 145]. F or constan t target acceleration, the closed-form

equations for the commanded acceleration and the cum ulativ e v elo cit y c hange are

a

c

a

t

=

N

0

2

 

t

go

t

go ; 0

!

N

0

� 2

(12.3)

and

� V

i;AP N

=

N

0

2( N

0

� 1)

� V

t

: (12.4)

The sym b ols are de�ned in Bo x 12.2.
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Figure 12.3. Blo c k diagram of an idealized augmen ted prop ortional na vigation sc heme. See Bo x 12.2

for de�nitions of the sym b ols used.

In con trast to PN, for APN the total c hange in the in terceptor's v elo cit y can actually

b e less than the total c hange in the target's v elo cit y . F or example, for N

0

= 4, the ratio is

2/3. F or this or an y v alue of N

0

, the total c hange in the in terceptor's v elo cit y using APN is

half of that for PN. T o ac hiev e this reduction, the guidance system initially commands an

acceleration greater than the target's acceleration|in essence in
ating the ZEM. T o deriv e

a signi�can t b ene�t from using APN requires some kno wledge of the target's acceleration. In

general, the target's acceleration cannot b e estimated accurately enough using only angle

measuremen ts made b y imaging sensors on the in terceptor; usually range information is

used. The range information could b e supplied either b y o�-b oard passiv e sensors or b y

on-b oard activ e sensors.

Ev en in the noise-free case, it is not alw a ys p ossible to assure that the in terceptor's total

v elo cit y c hange will b e less than the target's total v elo cit y c hange. F or example, if the target

executes certain switc hing maneuv ers, APN can cause the total c hange in the in terceptor's

v elo cit y to exceed the total c hange in the target's v elo cit y . Ho w ev er, if the in terceptor

can matc h the target's acceleration normal to the LOS, the in terceptor and target v elo cit y

c hanges will b e equal. Acceleration matc hing can therefore minimize the maxim um total
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v elo cit y c hange required if maneuv ers are unpredictable and arbitrary . As an aside, in a

t w o-sided \game-theoretic optimal in tercept," zero-miss distance can b e guaran teed if the

pursuer is more maneuv erable than the target. Ho w ev er, when the relativ e maneuv erabilit y

approac hes unit y , the APN guidance la w approac hes PN guidance with an in�nite gain,

whic h forces acceleration matc hing [147 , pp. 2{3].

12.2.3 Predictive guidance

Predictiv e guidance (PG) assumes that the guidance system has some kno wledge of the

future motion of the target and uses this kno wledge to help predict the in tercept p oin t.

PG is particularly e�ectiv e if the target's acceleration is constan t, but it can also b e useful

if the target's acceleration is c hanging, pro vided the in terceptor has some kno wledge of

the target's future acceleration pro�le. F or example, a missile tra jectory template or the

tra jectory of a mo del of the missile with some constrain ts on steering can b e used. F or

the b o ost-phase in tercept problem, predictiv e guidance w ould in v olv e predicting the target

missile's tra jectory and using this information to compute a predicted in tercept p oin t. The

in terceptor's nominal tra jectory w ould also b e pro jected forw ard and the ZEM calculated.

A t eac h correctiv e step, the in terceptor w ould b e steered to n ull the comp onen t of the ZEM

normal to the LOS. F or reasonably w ell-c haracterized ballistic targets and targets with

relativ ely small unpredictable maneuv ers, PG can b e highly e�ectiv e [148 ].

F or targets that mak e larger unpredictable maneuv ers, suc h as maneuv ering re-en try

v ehicles, a manageable set of predictions can b e considered, particularly when there are

constrain ts on the target missile, suc h as reac hing a sp eci�c target area. Ho w ev er, all

prediction sc hemes are c hallenged when|as in the b o ost-phase in tercept problem|the

area to b e defended is large, the in tended target is unkno wn, kno wledge of the p erformance

c haracteristics of the target missile ma y b e p o or, and the target in ten tionally maneuv ers.

12.2.4 The guidance scheme used here

Because the b eha vior of an ICBM in p o w ered 
igh t is di�cult to predict, w e decided to

mak e minimal a priori assumptions ab out the c haracteristics and b eha vior of the target.

The target's acceleration, v elo cit y , and p osition are estimated initially from measuremen ts

b y o�-b oard sensors (see Chapter 10). The in terceptor's state w as assumed to b e kno wn

p erfectly , relativ e to other uncertain ties in the problem. The in terceptor w as guided using

PN, augmen ted b y matc hing, the target's acceleration normal to the LOS. A PN gain of 3

and an APN gain of 2 w ere used. A blo c k diagram of this sc heme is sho wn in Fig. 12.4.

This \h ybrid" sc heme is motiv ated b y the discussion of APN and acceleration matc hing

in Section 12.2.2. The APN gain of 2 pro duces acceleration matc hing and the PN gain of 3

pro vides a relativ ely lo w-gain feedbac k correction for errors. Some v ariations w ere studied,

but none that w e considered app eared to p erform as w ell o v erall. Since this exploration w as

b y no means comprehensiv e, w e cannot preclude the p ossibilit y that a signi�can tly sup erior

guidance sc heme could b e found.

An imp ortan t p oin t is that the �nal b o ost stages of ICBMs pro duce signi�can t axial

accelerations. Hence the simple classical equations for PN and APN, whic h assume a

constan t closing v elo cit y , do not strictly apply . F or the equations to b e accurate, the

additional v elo cit y that is gained b y the target b efore the in tercept m ust b e m uc h less than

the closing v elo cit y [149 ]. Generally this do es not o ccur un til the endgame.

Setting aside these issues, the h ybrid PN/APN guidance sc heme sho wn in Fig. 12.4 w as
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Figure 12.4. Blo c k diagram of the guidance sc heme used in sim ulating the engagemen ts discussed

in this c hapter, except in the endgame, where a di�eren t sc heme w as used. The v ariables estimated

b y the trac king and guidance algorithm are indicated b y carets. See Bo x 12.2 for de�nitions of the

sym b ols used.

used to sim ulate a v ariet y of engagemen ts in whic h the target accelerated and maneuv ered

as an ICBM w ould b e exp ected to do. The sensor errors, the latency in pro cessing target

information, the kill v ehicle's dynamical b eha vior, and the lag in its resp onse to guidance

commands w ere mo deled in the sim ulations, as describ ed in the relev an t sections b elo w.

Eac h sim ulation yielded the kill v ehicle's tra jectory , acceleration pro�le, and total v elo cit y

c hange. The sim ulations w ere used to explore the kill-v ehicle p erformance needed to driv e

the miss distance do wn to a lev el (a fraction of a kilometer) at whic h the endgame could

b e started. In the endgame, a di�eren t guidance la w and a �ner resolution w ere used to

compute miss distances with the cen timeter precision that is necessary to determine whether

the kill v ehicle successfully hits the target.

12.3 Required V elo cit y Change Capabilit y

This section summarizes the results of the sim ulations used to estimate the total v elo cit y-

c hange capabilit y � V

tot

that the kill v ehicle w ould need to ha v e a high probabilit y of

in tercepting a target ICBM. The approac h used in the Study is illustrated b y the follo wing

illustrativ e engagemen t.

12.3.1 Engagement and tracking mo del

Engagement mo del Most of our exploration of the � V

tot

needed for in tercept considered

planar engagemen ts of solid-prop ellan t ICBM mo del S2, whic h has a 170-second b o ost

phase, b y a kill v ehicle b o osted and deplo y ed b y in terceptor mo del I-4, whic h has a 40-
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second b o ost phase and a burnout v elo cit y of 6.5 km/s.

9

Unless otherwise noted, all times

giv en are relativ e to the time the target ICBM w as launc hed.

In the engagemen ts sim ulated here, the in terceptor w as �red at 45 s from a stando�

distance suc h that it w ould in tercept the target ICBM at ab out 155 s, 15 s b efore the

ICBM's �nal stage w ould ha v e burned out. The in terceptor w as assumed to ha v e a heading

error of no more than 20 km when it burned out at 85 s. The kill v ehicle's shroud w as ejected

when the in terceptor reac hed an altitude of 85 km. A t this altitude, whic h the in terceptor

reac hed at 100 s, the dynamic pressure is lo w enough for the kill v ehicle to b egin to op erate.

Once deplo y ed, the kill v ehicle w as assumed to b egin steering itself using measuremen ts of

the target's p osition pro vided initially b y o�-b oard sensors and later b y on-b oard sensors.

The closing v elo cit y for this engagemen t is ab out 10 km/s.

10

T racking senso rs As describ ed in Chapter 10, the launc h of a large ro c k et w ould �rst b e

detected b y space-based IR sensors, unless surface- or air-based radars could b e p ositioned

close enough to the missile launc h site that their sigh tlines to the missile early in its 
igh t

w ould not b e blo c k ed b y the curv ature of Earth. The precision of the information on the

target's p osition that could b e pro vided b y mo dern space-based IR sensors w as estimated

to b e ab out 300 m (1 � ) in all three directions with a 1-Hz rate. This lev el of accuracy

corresp onds to a uniform distribution of errors o v er a pixel with a 1 km � 1 km fo otprin t

on Earth's surface (see Section 10.1.3).

Once it has risen high enough, the target ro c k et could also b e trac k ed b y distan t surface-

or air-based radars (see Chapter 10). Although a radar could measure the target ro c k et's

range m uc h more precisely than a space-based IR system, if the ro c k et w ere ab o v e the radar's

horizon and the radar w ere not b eing jammed (but see Chapter 9), there are engagemen t

geometries for whic h an y of the three directions could b e critical. W e estimate that radars

could measure the p osition of target ICBMs with an uncertain t y of 300 m in eac h direction.

The plume of a large ro c k et could b e detected b y a passiv e IR sensor on b oard the

kill v ehicle as so on as the kill v ehicle reac hed su�cien t altitude for suc h a sensor to op en

and op erate (Chapter 10). Measuremen ts of the plume b y suc h a sensor could in principle

b e used to determine the p osition of the ro c k et b o dy to within ab out 100 m in the t w o

directions normal to the LOS at a frame rate of 30 Hz or ev en greater, pro vided the plume

and its relationship to the p osition of the ro c k et b o dy are understo o d w ell enough for the

relev an t engagemen t geometry . Ho w ev er, a passiv e IR sensor w ould not b e able to pro vide

range information precise enough to b e useful.

When the kill v ehicle is close enough to the target, activ e on-b oard sensing tec hniques

can pro vide information on the p osition of the target in all three dimensions. F or example,

the on-b oard LID AR seek er analyzed in Chapter 10 can pro vide precise measuremen ts of the

range and increasingly precise measuremen ts of the p osition of the ro c k et b o dy normal to the

LOS at a frame rate of 1 Hz or ev en greater, once the range w ere 250 km or less. Although

9

As noted at the b eginning of this c hapter, App endix C also describ es sim ulated engagemen ts of liquid-

prop ellan t ICBM mo del L b y the 5-km/s in terceptor I-2 and engagemen ts of the solid-prop ellan t ICBM

mo del S1 b y the 10-km/s in terceptor I-5.

10

The closing v elo cit y for these same ICBM and in terceptor mo dels w ould b e less for non-planar engage-

men ts, e.g., ab out 7 km/s for an in terceptor tra jectory nearly normal to the plane of the ICBM tra jectory .

W e fo cused on engagemen ts in whic h the tra jectories of the target and in terceptor are essen tially planar and

in appro ximately the same plane b ecause this is the simplest case. As explained in Section 12.1.3, w e do not

exp ect the required v elo cit y c hange capabilit y to b e qualitativ ely di�eren t for non-planar engagemen ts.
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the LID AR frame rate could b e increased as the target range decreases, w e assumed a 1-Hz

rate un til the endgame.

Senso r data In studying the � V

tot

required to in tercept an ICBM, w e used target-p osition

up date rates and uncertain ties represen tativ e of the p erformance of the o�-b oard and on-

b oard sensors discussed ab o v e. O�-b oard measuremen ts of the target's p osition w ere as-

sumed to b e pro vided b y mo dern space-based IR sensors on t w o early-w arning satellites

op erating in stereo mo de. The uncertain t y in the p osition of the target pro vided b y suc h

space-based sensors w ould b e indep enden t of the target's range from the kill v ehicle. After

some initial exploration of the implications of other v alues, most of the sim ulations w ere

carried out assuming that space-based IR sensors w ould measure the p osition of the target

at a 1-Hz rate with an uncertain t y of ab out 300 m (1 � ) in all three directions from the time

the kill v ehicle b egan op erating un til the range to the target b ecame less than 250 km.

11

W e

assumed that once the kill v ehicle had closed to within 250 km of the target, a LID AR on

b oard the kill v ehicle w ould measure the p osition of the target with an uncertain t y of ab out

30 m (1 � ) in all three directions at a frame rate of 1 Hz. F or simplicit y , w e assumed that

the uncertain ties in the p osition measuremen ts made b y the LID AR w ere also indep enden t

of the range to the target, except in the endgame (see b elo w).

Estimating the ta rget's state Estimating the relev an t asp ects of the target's state (in

this case its p osition, v elo cit y , and acceleration) could b e done using a Kalman �lter

12

or

in sev eral other w a ys. Our simplifying assumption that the uncertain ties in the measured

p ositions of the target ro c k et are indep enden t of the ro c k et's range from the kill v ehicle

mak es the uncertain ties indep enden t of time. W e therefore used �xed-length, second-order

p olynomial �lters [151 ], tuned to the measuremen t error, sampling rate, and target dynam-

ics.

F or simplicit y , w e used only the data from the o�-b oard sensor from the time the kill

v ehicle b egan op erating 55 s after the in terceptor w as �red (100 s after the target missile w as

launc hed) un til the range to the target b ecame less than 250 km, 85 s after the in terceptor

w as �red (130 s after the target missile w as launc hed).

13

A �lter length of 15 s w as used for

these data. Once the range to the target b ecame less than 250 km, w e used only the data

from the sensor on b oard the kill v ehicle. A �lter length of 6 s w as used for these data.

The estimates of the target's state supplied b y the �lters are uncertain b oth b ecause of

measuremen t noise and b ecause of deviations of the target's acceleration from the constan t

v alue assumed b y the p olynomial �lters. The 1 � uncertain ties in estimates of the target's

p osition, v elo cit y , and acceleration induced b y measuremen t noise are listed in T able 12.2.

The uncertain ties caused b y the deviations of the target from a constan t acceleration pro�le

are roughly the same size. F or example, a constan t jerk of 1 m/s

3

in tro duces an 8-m/s

2

error in the estimated acceleration of the target for measuremen ts with 300-m resolution

and a 3-m/s

2

error for measuremen ts with 30-m resolution.

11

If a follo w-on space-based IR sensor system is not a v ailable and DSP data had to b e used, the up date

rate w ould b e 0.1 Hz, whic h w ould increase the � V

tot

required for in tercept. As noted earlier, radars could b e

used to measure the p osition of the target ro c k et with precisions and up date rates similar to those pro vided

b y mo dern space-based IR sensors if they could b e lo cated close enough to the ICBM's launc h p oin t.

12

F or an in tro duction to Kalman �ltering, see [150 ].

13

Estimation of the state of the target b y fusing and �ltering o�-b oard data from mo dern space-based IR

sensors and a surface-based radar is illustrated in App endix C.
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T able 12.2. Uncertain ties in Estimates of the State of the T arget ICBM

a

Uncertain t y (1 � ) O�-Board Sensors

b

On-Board Sensor

c

P osition uncertain t y (m) 200 25

V elo cit y uncertain t y (m/s) 60 20

Acceleration uncertain t y (m/s

2

) 8 6

a

Induced b y errors in the measured p osition of the target during the 
igh t of the kill v ehicle.

b

Represen tativ e of mo dern IR sensors on t w o early-w arning satellites op erating in stereo mo de

and pro viding measuremen ts of the target's p osition with a 300-m (1 � ) uncertain t y in all three

directions at a 1-Hz up date rate.

c

Represen tativ e of a LID AR seek er pro viding measuremen ts of the target's p osition with a

30-m (1 � ) uncertain t y in all three directions at a 1-Hz frame rate. The endgame w as treated

separately .

12.3.2 Estimating � V

tot

requirements

Figure 12.5 sho ws the actual acceleration pro�le of the target missile during its b o ost phase

and the acceleration estimates pro vided b y the �lter used in the sim ulations.

14

In the left

panel, the sensor noise has b een set to zero to sho w the basic e�ect of the p olynomial �lter.

The t w o staging ev en ts are clearly eviden t. The sensor noise mak es these ev en ts less ob vious,

as the righ t panel sho ws. The e�ect of the noise diminishes only mo destly at 130 s, when

the guidance algorithm starts using the far more accurate on-b oard sensor data, b ecause at

this p oin t the �lter length is reduced from 15 s to 6 s to mak e it more resp onsiv e to target

maneuv ers.
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Figure 12.5. Illustration of estimates of target acceleration using p olynomial �lters, with the sensor

noise turned o� (left) and with sensor noise included (righ t). Sho wn are the horizon tal and v ertical

accelerations a

H

and a

V

and the corresp onding estimates ^a

H

and ^a

V

pro vided b y the �lter. The

acceleration drops sharply at eac h of the t w o staging ev en ts whic h o ccur at � 60 s and 120 s. After

eac h ev en t, the acceleration estimates deviate from the actual acceleration but reco v er after a time

comparable to the �lter length (15 s b efore 130 s and 6 s afterw ard). The sensor noise w as assumed

to b e 300 m (1 � ) b efore 130 s and 30 m afterw ard.

14

Reducing the dela y in estimating the c hange in target acceleration after staging ev en ts or step target

maneuv ers is a sub ject of activ e researc h. Somewhat sup erior results are cited in [152 ]; w e did not explore

these metho ds to determine their generalit y and robustness.
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T o determine the kill-v ehicle � V

tot

required to assure in tercept, Mon te Carlo runs of

100 samples eac h w ere p erformed for a range of o�-b oard sensor resolutions to determine

the a v erage � V

tot

and the 90th-p ercen tile p oin t in the distribution of the required � V

tot

�rst, b y the nominal target dynamics and sensor noise, and second, b y these and ev asiv e

maneuv ers b y the target. Tw o simple maneuv ers w ere considered: a sudden increase in

the angle of attac k of the target missile b y 15

�

or a sudden decrease b y the same angle.

Maneuv ers lik e these could b e executed either to adjust the tra jectory of the ICBM or to

attempt to exhaust the v elo cit y-c hange capabilit y of the kill v ehicle.

In order to in v estigate the most stressing consequences of suc h maneuv ers, w e assumed

they w ere initiated at 86 s. This timing is disadv an tageous for the defense b ecause the kill

v ehicle is unable to maneuv er from the time the �nal stage of the in terceptor burns out

at 86 s un til its shroud is ejected at 100 s. By c hanging its angle of attac k at 86 s, the

target missile will follo w a tra jectory di�eren t from the one exp ected b y the defense when

the in terceptor burned out. Because the kill v ehicle is temp orarily unable to maneuv er,

it cannot comp ensate immediately for the c hange in the target's tra jectory and therefore

con tin ues in what is no w the wrong direction. Once the kill v ehicle can maneuv er, whic h in

this situation is 14 seconds after the c hange in target tra jectory , it no w has a larger p ossible

heading error to correct for than in the case of no ev asiv e maneuv er. F urthermore, un til the

ICBM burns out, the target can con tin ue to accelerate in the new direction, or mak e further

ev asiv e c hanges in its direction of acceleration; the � V required to ha v e high con�dence of

comp ensating for these later c hanges is the dominan t factor in the total � V budget.

Figure 12.6 sho ws the tra jectories of the target ICBM and in terceptor in the range-

altitude plane for a sim ulated engagemen t in whic h the second stage of the ICBM increases

its angle of attac k b y 15

�

when the �nal b o ost stage of the in terceptor burns out at 86 s. The

kill v ehicle b egins to steer to w ard the ICBM's second stage at 100 s. In this sim ulation, the

kill v ehicle's closest approac h to the ICBM's �nal stage o ccurs at ab out 157 s. In Fig. 12.6

the missile and kill v ehicle tra jectories ha v e b een extended to 160 s. On the scale sho wn,

the crossing of the target and kill v ehicle tra jectories and their sligh t up w ard curv atures

near the crossing are clearly eviden t.
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Figure 12.6. Left: Ov erview of the engagemen t of ICBM mo del S2 b y in terceptor mo del I-4 analyzed

in the text, sho wing the tra jectories of the ICBM (left) and in terceptor (righ t) in the range-altitude

plane. In this engagemen t the in terceptor is launc hed 45 s after the ICBM, rises to get ab o v e the

densest part of the atmosphere, and then pitc hes o v er to w ard the an ticipated in tercept p oin t. It

burns out 86 s after the launc h of the ICBM. When the in terceptor burns out, the second stage of

the ICBM increases its angle of attac k b y 15

�

. The kill v ehicle b egins to steer to w ard the ICBM

at 100 s and its tra jectory in tersects that of the ICBM at 157 s. Righ t panel: Detail of the �nal

100 km of the engagemen t, sho wing that the in tercept w as successful. The dots along eac h tra jectory

sho w the p ositions of the target and in terceptor at 1-second in terv als. Both tra jectories ha v e b een

extended to 160 s. Note that there are exactly three dots on eac h tra jectory after they cross.
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Additional sim ulations w ere p erformed to study the v elo cit y-c hange capabilit y required

to deal with \switc h bac k" maneuv ers b y the target, in whic h it suddenly c hanges its angle

of attac k from a p ositiv e v alue to a negativ e v alue or vice v ersa. Using sim ulations, w e in-

v estigated the dep endence of the v elo cit y c hange capabilit y required to comp ensate for suc h

maneuv ers as a function of the time the maneuv er w as p erformed. Finally , w e in v estigated

the dep endence of the required v elo cit y-c hange capabilit y on the closing v elo cit y b et w een

the kill v ehicle and the target.

V arious asp ects of the kill v ehicle's b eha vior during the sim ulated engagemen ts are

sho wn in the next few �gures to giv e some insigh t in to the b eha vior of the guidance sc heme

and the e�ects of the �lter dynamics and measuremen t noise.
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Figure 12.7. Left-hand panel: V ertical (dominan t) comp onen t a

V

of the kill v ehicle's acceleration

with (top curv e) and without (b ottom curv e) sensor noise included. Although the t w o curv es sho w

the same o v erall trends, it is clear that the sensor noise induces signi�can t 
uctuations in the

acceleration commanded b y the guidance sc heme. Righ t-hand panel: Cum ulativ e kill-v ehicle v elo cit y

c hange with (top curv e) and without (b ottom curv e) sensor noise included, as a function of time since

the launc h of the target missile. The sensor noise increases the required v elo cit y c hange capabilit y

b y ab out 150 m/s.

The left-hand panel of Fig. 12.7 sho ws the v ertical comp onen t of the kill v ehicle's ac-

celeration when the sensor noise listed in T able 12.2 is included (top curv e) and when it is

not (b ottom curv e). The v ertical comp onen t of the acceleration is the dominan t comp onen t

b ecause the LOS to the target is nearly horizon tal. Although the t w o acceleration curv es

ha v e the same o v erall trend, the sensor noise creates signi�can t 
uctuations in the acceler-

ation commanded b y the guidance sc heme, increasing the cum ulativ e v elo cit y c hange that

is needed.

The increase in the cum ulativ e v elo cit y c hange during the engagemen t caused b y the

sensor noise is sho wn in the righ t-hand panel of Fig. 12.7. Noise at the lev el assumed

increases the � V

tot

required b y ab out 150 m/s relativ e to the noise-free case. If the missile

did not maneuv er and the c hanges in its acceleration w ere mo dest, the acceleration sign

rev ersals induced b y the sensor noise w ould mak e a signi�can t con tribution to the small

� V

tot

required. If, ho w ev er, the missile is exp ected to execute maneuv ers lik e the angle-

of-attac k c hanges discussed earlier, the kill v ehicle m ust ha v e a m uc h larger � V

tot

to reac h
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the endgame, as sho wn b elo w.

T o determine the � V

tot

required to assure in tercept, Mon te Carlo runs of 100 samples

eac h w ere p erformed for a range of o�-b oard sensor resolutions to determine the a v erage

� V

tot

required and the 90th-p ercen tile p oin t in the distribution of the required � V

tot

pro-

duced b y sensor measuremen t errors for t w o illustrativ e ev asiv e maneuv ers b y the target.

Figure 12.8 sho ws the 90th p ercen tile � V

tot

as a function of the resolution of the o�-b oard

sensor, for no target maneuv ers and for an increase or a decrease in the missile's angle of

attac k b y 15

�

at 86 s.
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Figure 12.8. T otal kill-v ehicle v elo cit y c hange required to reac h the endgame as a function of the

uncertain t y in the measuremen ts of the target's p osition, when the target do es not maneuv er (the

curv e lab eled � = 0

�

) and when the target mak es the t w o angle-of-attac k maneuv ers (the curv es

lab eled � = � 15

�

and � = +15

�

).

Figure 12.8 sho ws that the � V

tot

required is fairly insensitiv e to the uncertain t y in the

measured p osition of the target for uncertain ties less than ab out 500 m. When the target

do es not maneuv er, an increase in the sensor error from zero to 500 m increases the � V

tot

required from ab out 0.6 km/s to ab out 1 km/s. If, ho w ev er, the target mak es either of the

angle-of- attac k maneuv ers describ ed ab o v e, the � V

tot

required increases to 1.8{2.0 km/s.

Sim ulations sho w ed that a switc h bac k maneuv er near the w orst p ossible time increased the

required kill-v ehicle � V

tot

b y less than 5 p ercen t. T o b e robust, a b o ost-phase in tercept

system w ould ha v e to b e able to successfully complete the in tercept attempt in the face of

these and other feasible maneuv ers.

The bulk of the kill-v ehicle � V analysis w as for a kill v ehicle launc hed b y an in terceptor

ha ving a burnout v elo cit y of 6.5 km/s against an ICBM target. The closing v elo cit y for

this engagemen t is ab out 10 km/s. Figure 12.8 sho ws that for engagemen ts ha ving closing

v elo cities of this order, the � V

tot

required is at least 2 km/s, if a small margin is included

to allo w the kill v ehicle to correct initial aiming errors.

W e also p erformed a small n um b er of sim ulations of engagemen ts ha ving the same

geometry but higher closing v elo cities, up to 16 km/s. These sim ulations suggest that the

� V

tot

required w ould b e sligh tly greater for engagemen ts in whic h the closing v elo cit y is

signi�can tly higher than 10 km/s. W e estimate that for kill v ehicles launc hed b y surface-

based in terceptors ha ving burnout v elo cities b et w een 6.5 km/s and 10 km/s, the � V

tot

required w ould b e b et w een 2 km/s and 2.5 km/s. F or space-based in terceptors, whic h could

ha v e closing v elo cities in excess of 15 km/s, the � V

tot

required could b e as high as 2.5 km/s.

These estimates of the total � V required for engagemen ts at high closing v elo cities are
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based on a small n um b er of sim ulations. F urther analytical w ork or con trolled n umerical

comparisons w ould b e required to dra w de�nitiv e conclusions ab out the e�ect of the closing

v elo cit y on the total � V required. Ho w ev er, the follo wing preliminary discussion ma y b e

useful (see also [142 , p. 109]).

F or simplicit y , supp ose that the time at whic h the engagemen t is initiated is determined

b y external factors unrelated to the in terceptor's burnout v elo cit y or its stando� distance.

F or the simple case of PN or APN guidance, a constan t-v elo cit y , in v erse-tra jectory engage-

men t

15

, and noise-free measuremen ts of the LOS rate and the target's acceleration, the

total � V required is indep enden t of the closing v elo cit y . The e�ect of the closing v elo cit y

on the LOS rate is cancelled b y its e�ect on the feedbac k gain (assuming the estimate of

the closing v elo cit y is reasonably accurate). The target acceleration normal to the LOS is

also indep enden t of the closing v elo cit y . Ho w ev er, when sensor measuremen t errors are in-

cluded, these errors ma y dep end on the range to the target. If so, they will ha v e a di�eren t

time history . F or example, an on-b oard passiv e IR sensor or laser ranger ha ving a �xed

maxim um range w ould b e able to b egin op eration only at a later time if the closing v elo cit y

is higher. Th us the in
uence of �lter dynamics lags and the noise-induced estimation errors

will b e greater during a p ortion of the kill v ehicle's 
igh t, whic h will increase the total

� V required. Also, for space-based in terceptors (and ev en for higher v elo cit y surface-based

in terceptors) the engagemen t geometry w ould b e di�eren t, th us c hanging the comp onen t of

the target's acceleration normal to the LOS, whic h will also create di�erences in the total

� V required.

12.3.3 Summa ry of � V

tot

requirements

The results presen ted in this section sho w that increasing the precision of the o�-b oard or

on-b oard sensors w ould not signi�can tly reduce the total � V capabilit y that the kill v ehicle

m ust ha v e. The reason is that the largest con tributions to the total � V requiremen t come

from the circumstances that (1) the defensiv e system is unlik ely to ha v e full kno wledge

of the c haracteristics of ICBMs deplo y ed (p erhaps with little or no testing) b y coun tries

with emerging missile programs; (2) the in tended target of suc h an ICBM is unlik ely to

b e kno wn; and (3) an ICBM is an accelerating, maneuv ering target ha ving an inheren tly

unpredictable tra jectory .

Our �nding that the kill v ehicle m ust ha v e a total � V capabilit y of at least 2.0{2.5 km/s

to reac h the endgame is the most signi�can t result obtained from our engagemen t sim u-

lations, b ecause this requiremen t is one of the most imp ortan t factors that determine the

minim um size and mass of the kill v ehicle.

12.4 The Endgame

As discussed in the in tro duction to this c hapter, the purp ose of our endgame analysis w as to

estimate the seek er, guidance and con trol system, and propulsion system p erformance that

w ould b e needed to assure that the kill v ehicle w ould ha v e a high probabilit y of hitting the

target missile. The ma jor guidance requiremen t is su�cien tly precise and timely information

on the target's state and, if p ossible, some estimate of its lik ely future b eha vior. In addition,

the kill v ehicle m ust ha v e su�cien t acceleration and acceleration resp onsiv eness to maneuv er

to hit the target. This section examines these requiremen ts quan titativ ely .

15

An in v erse-tra jectory engagemen t is an engagemen t in whic h the v elo cit y v ector of the in terceptor is

an tiparallel to the v elo cit y v ector of the target.
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The greatest c hallenge during the endgame is coping with maneuv ers b y the target. As

discussed earlier, the target ma y maneuv er to manage its energy , shap e its tra jectory , or for

other reasons, ev en if it is not attempting to ev ade a defense. If the attac k er kno ws there is a

defensiv e system, the missile ma y b e programmed to p erform maneuv ers designed to cause

the kill v ehicle to miss. The maneuv ers considered here are though t to b e reasonable and

lik ely to b e within the capabilities of ICBMs that could b e deplo y ed b y coun tries that ha v e

emerging missile programs, but they w ould not b e p erformed if the attac k er though t there

w as no c hance of an in tercept attempt. W e to ok the abilit y to cop e with these maneuv ers

to b e a requiremen t for an y b o ost-phase system, b ecause they w ould not b e di�cult to

implemen t. Moreo v er, although the particular maneuv ers considered here w ere studied as

examples of maneuv ers in tended to ev ade the kill v ehicle, coping with energy-managemen t

maneuv ers could mak e similar demands on the p erformance of the kill v ehicle.

Because of the limited time and resources a v ailable for this study , w e studied only t w o

t yp es of maneuv ers during the endgame. F ollo wing Zarc han [141 , p. 104], w e considered

(1) a sudden \lunge" maneuv er executed within the last 5 s b efore the predicted time of

in tercept and (2) a con tin uous \jinking" maneuv er during the last 5 s. F or a lunge to b e

e�ectiv e, the missile m ust execute the maneuv er near the w orst p ossible momen t for the

defense. If the attac king missile lunges to o early or to o late, the lunge will not increase the

miss distance signi�can tly . F or a jinking maneuv er, the c hallenge is to ac hiev e su�cien t

amplitude and bandwidth.

The kill-v ehicle p erformance required to cop e with these maneuv ers w as explored b y a

series of endgame sim ulations. Before rep orting the results, w e �rst describ e the mo del of

the endgame used and the parameter v alues adopted. W e then discuss some illustrativ e

examples. Finally , w e summarize our results. The analysis assumes that b y the end of the

initial div ert and homing phases of the engagemen t, the kill v ehicle is within a small enough

\bask et" in p osition and v elo cit y space to b egin the endgame.

Lac king sp eci�c dimensions of either the target missile or the kill v ehicle, w e adopted

the goal of k eeping the miss distance to 0.5 m or less in all ten Mon te Carlo runs p erformed.

A 0.2-m-diameter kill v ehicle that is able to aim at the cen terline of 1-m-diameter b o oster

and has a high probabilit y of a miss distance of 0.5 m or less w ould almost certainly collide

with the missile.

16

12.4.1 Endgame mo del

T o estimate the lik ely miss distance in the face of v arious target maneuv ers, w e used a

one-dimensional mo del of the endgame (only target accelerations normal to the LOS w ere

considered). The mo del has the follo wing features:

� A PN guidance la w w as used for the kill v ehicle. V arious na vigation gain factors

w ere explored.

� The latency in the kill v ehicle's information ab out the target's curren t state and its

predictions of the target's future state w as mo deled using a second-order Kalman

�lter to estimate the ZEM and LOS angle from measuremen ts of the LOS angle with

sensor noise included. The amplitude of the sensor noise w as assumed to b e constan t.

16

F or comparison, the �nal stages of the mo del ICBMs w e considered ha v e diameters ranging from 3 m

for the liquid-prop ellan t mo del to 1.5 m for solid-prop ellan t mo dels.
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� The dela y in the kill v ehicle's dynamical resp onse w as mo deled as a �fth-order lag

with �v e equal time constan ts.

17

� The dynamics of the engagemen t w ere mo deled as a second-order pro cess with the

ZEM and the LOS to the target as the t w o state v ariables.

� The maxim um acceleration that could b e pro vided b y the kill v ehicle's propulsion

system w as mo deled b y imp osing a �xed upp er limit on the acceleration that could

b e commanded b y the guidance system.

The follo wing assumptions w ere made in designing the Kalman �lter. The LOS angle is

measured at a rate of 100 Hz with a standard deviation of 100 =

p

12 � rad (the standard

deviation of a zero-mean uniform distribution ha ving a width of 100 � rad). The target's

range as a function of time is kno wn precisely ,

18

allo wing distances normal to the LOS to

b e computed directly from the measured LOS angle. F or LOS-angle measuremen ts ha ving

a constan t uncertain t y , the resp onse time of the Kalman �lter b ecomes shorter as the time

to go decreases. The time to go w as computed using the distance to the target and the

estimated closing v elo cit y . The standard deviation of the unpredictable target acceleration

w as assumed to b e 2 g with a correlation time of 1 s. These assumptions determine the

Kalman �lter gains. In sim ulations of the endgame, w e computed the resp onse of this �lter

to the deterministic inputs caused b y the t w o t yp es of target maneuv ers studied.

A series of sim ulations lik e the ones describ ed here sho w ed that a 15-g acceleration is

adequate to assure a miss distance of 0.5 m or less for closing v elo cities less than or ab out

14 km/s. An acceleration of 15 g w as though t to b e reasonable for a b o ost-phase kill v ehicle.

A few exploratory sim ulations of engagemen ts with the higher closing v elo cities that w ould

b e encoun tered in engagemen ts of ICBMs b y v ery fast, surface-based in terceptors or b y

space-based in terceptors indicated that accelerations of 17{18 g ma y b e needed to ensure

in tercept at the higher closing v elo cities pro duced b y these in terceptors. More sim ulations

w ould b e needed to establish the acceleration requiremen ts for suc h high closing v elo cities.

The acceleration of the kill v ehicle w as limited to 15 g or less for the endgame sim ulations

describ ed here.

12.4.2 Lunge maneuver

As an example of a lunge maneuv er, consider an 8 g step in the acceleration of the target

missile normal to the LOS initiated sometime during the last 5 s b efore the predicted time

of the in tercept. This is the largest acceleration that the �nal stages of the mo del ICBMs

considered in the Study could reasonably pro duce 15 s b efore they burn out. The target

missile migh t mak e a smaller step in its acceleration as an energy-managemen t maneuv er,

but a step this large w ould b e made only as an ev asiv e maneuv er.

In our sim ulations of the endgame for this maneuv er, w e used prop ortional na vigation

with a guidance gain of 6 applied to the estimated LOS rate deriv ed from the estimated

17

Lo w-order transfer functions for in terceptor lag can b e cancelled out if the parameters are kno wn and

there are no saturation e�ects. Ho w ev er, actual in terceptor dynamics are higher-order, and the e�ect on

miss is considerably greater for the same o v erall lag. Cancellation is problematic for higher-order dynamic

lags in the presence of saturation e�ects and parameter uncertain ties. T o b e conserv ativ e, w e assumed a

high-order lag mo del and did not attempt to cancel out or phase comp ensate its e�ects.

18

As sho wn in Chapter 10, a LID AR on b oard the kill v ehicle could in principle measure the range with

high precision.
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ZEM. The total lag in the resp onse of the in terceptor to acceleration commands w as set

to 0.1 s in the sim ulations describ ed here. This relativ ely high gain reduces the maxim um

kill-v ehicle acceleration demands. Although a high gain also tends to increase the e�ects of

the sensor noise, in the endgames analyzed the noise w as lo w enough relativ e to the other

factors to b e acceptable.
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Figure 12.9. Guidance signal and kill-v ehicle resp onse to an 8-g lunge maneuv er b y the target missile

0.9 s b efore the predicted in tercept time, in the absence of sensor noise. Left panel: ZEM and ZEM

error, de�ned as the di�erence b et w een the ZEM and the estimated ZEM, as a function of the

estimated time to go, whic h decreases from left to righ t. Righ t panel: Commanded and actual kill

v ehicle accelerations as a function of the estimated time to go, sho wing the e�ect of the 100-ms lag

in the resp onse of the kill v ehicle.

Figure 12.9 sho ws a sim ulated endgame b eginning 5 s b efore the predicted in tercept time.

The sensor noise has b een set to zero so the �lter and kill-v ehicle acceleration resp onses

can b e seen clearly . The ZEM and ZEM estimation error w ere set to zero at the b eginning

of the endgame and remain at zero (for the noise-free case) un til the target executes an

8 g step maneuv er with 0.9 s to go. The left-hand panel sho ws the ev olution of the ZEM

and the ZEM error (de�ned as the di�erence b et w een the ZEM and the estimated ZEM)

during the endgame. The lag of the estimated ZEM caused b y the �lter resp onse is v ery

apparen t. Although it is a few h undredths of a second initially , it rapidly decreases as the

kill v ehicle approac hes the target. In this sim ulation, the kill v ehicle missed its aimp oin t b y

ab out 0.7 m, as sho wn b y the 0.7 m ZEM at zero time to go. As the kill v ehicle approac hes

the target, the ZEM error decreases almost to zero, sho wing that the miss w as not a result

of the �nal error in estimating the ZEM.

In con trast to the �lter lag, whic h decreases rapidly as the kill v ehicle approac hes the

target, the lag in the kill v ehicle's dynamical resp onse to acceleration commands is indep en-

den t of the time to go. The e�ects of the lags and the limited acceleration of the kill v ehicle

can b e seen clearly in the righ t-hand panel of Fig. 12.9. The �lter and kill-v ehicle dynamical

lags and the kill v ehicle's �nite maxim um acceleration all con tributed to the 0.7 m miss.

Figure 12.10 sho ws ho w the noise-free miss distance caused b y an 8-g lunge of the target
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Figure 12.10. The miss distance pro duced b y the 8-g lunge maneuv er b y the target missile as a

function of the time that the missile executes the maneuv er, neglecting sensor noise. If the maneuv er

is made with more than 1 s to go, it has a negligible e�ect on the miss distance, whereas if it is made

in the last 0.8 s, the kill v ehicle will miss the target.

missile dep ends on the time at whic h the missile executes the maneuv er. If the lunge o ccurs

more than a second b efore the time of in tercept, the noise-free miss distance is only 0.19 m.

The miss distance b ecomes unacceptable only if the lunge o ccurs when the time to go is less

than 0.8 s. It is unlik ely that an attac k er could time the maneuv er this precisely , b ecause

it w ould b e di�cult to kno w the defender's planned engagemen t time to b etter than a few

seconds. If the magnitude of the lunge is less than 8 g, the windo w of vulnerabilit y w ould

b e narro w er still.

Including the sensor noise do es not alter this conclusion. The sim ulation sho wn in

Fig. 12.11 is the same as that sho wn in Fig. 12.9, except that the lunge o ccurs with 1 s to

go and the sensor noise is included. The e�ects of the sensor noise are pronounced during

the �rst few seconds of the sim ulation but diminish rapidly as the kill v ehicle approac hes

the target. In this sim ulation, the kill v ehicle missed the aimp oin t b y 0.21 m, hardly

di�eren t from the noise-free miss distance of 0.19 meters for an 8-g lunge with 1 s to go.

The conclusion that the e�ect of sensor noise is small in this case is further supp orted b y

Fig. 12.11, whic h sho ws a bar c hart of the miss distances obtained in ten sim ulations of the

8-g lunge with 1 s to go, with sensor noise included. All the miss distances are b et w een 0.15

and 0.25 meters.

12.4.3 Jinking maneuver

In con trast to a lunge, whic h is made at a single instan t, a jinking maneuv er is a p erio dic

maneuv er executed o v er an extended time in terv al that is in tended to span the p erio d during

whic h an in tercept attempt could o ccur. The goal is to create kill-v ehicle maneuv erabilit y

requiremen ts that p erio dically exceed the p erformance of the kill v ehicle, thereb y creating

a sequence of in terv als during whic h the kill v ehicle w ould b e unable to close on the target

with su�cien t precision to hit it.
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Figure 12.11. Sim ulation of the endgame for an 8-g lunge b y the target missile one second b efore the

predicted in tercept time with sensor noise included. Left panel: ZEM and ZEM error as a function

of the time to go, whic h decreases from left to righ t. Righ t panel: Bar c hart of the miss distances

for 10 sim ulations of the endgame, sho wing the v ariation in the miss distance pro duced b y the noise

in the LOS angle measuremen ts.

Zarc han [141 , p. 106] considers b oth square-w a v e and sin usoidal target accelerations. On

a v erage, the miss distances are similar for acceleration w a v eforms of the same amplitude,

although the miss distances for the square w a v e are a little greater than for the sin usoidal

w a v e. A square-w a v e acceleration w ould b e more di�cult for the missile to ac hiev e. W e

therefore considered sin usoidal target accelerations in our study of the e�ects of jinking

maneuv ers. The other assumptions and mo del parameters w ere the same as for the analysis

of lunges.

Figure 12.12 sho ws the acceleration of a target missile p erforming a 1-Hz, 2-g jinking

maneuv er and the resp onse of the kill v ehicle, with and without sensor noise. In the absence

of sensor noise, the error made in estimating the ZEM decreases steadily during the 5 s

b efore the predicted in tercept time. With no time to go, the ZEM error is less than 0.01 m.

Ho w ev er, this reduction o ccurs so late that the lag in the resp onse of the kill v ehicle and

the limits on its abilit y to accelerate prev en t it from reducing the miss distance to suc h a

small v alue. Instead, the �nal miss distance is 0.36 m. Sim ulations of jinking maneuv ers

ha ving di�eren t frequencies sho w ed that the miss distance gro ws with increasing frequency

and that the highest frequency for whic h the miss distance is less than 0.5 m is ab out 1 Hz.

F or a 1.3-Hz jinking maneuv er, the miss distance is 0.8 m.

As with a target lunge, sensor noise of the magnitude assumed in the sim ulations has

only a small e�ect on the resp onse of the kill v ehicle to jinking b y the target during the

endgame. Figure 12.12 sho ws that the b eha vior of the ZEM and ZEM error with sensor noise

is v ery similar to the b eha vior with no noise. In this example, the sensor noise increased

the �nal miss distance b y ab out 20 p ercen t, to 0.44 meters.

12.4.4 Summa ry of endgame requirements

F or the lunge and jinking ev asion maneuv ers that w ere in v estigated, a kill v ehicle that has

a maxim um acceleration of 15 g and a resp onse lag of 0.1 s or less is adequate to ac hiev e a
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miss distance of no more than 0.5 m with high probabilit y . This conclusion assumes that

the terminal sensor errors are no greater than the assumed uniform distribution of 100 � rad

and that there are highly accurate range measuremen ts from the LID AR.

12.5 Summa ry of Requirements fo r Hitting the T a rget

The ma jor results obtained in the preceding analysis can b e divided in to the total v elo cit y

c hange capabilit y that is required and the p erformance requiremen ts for the endgame.

12.5.1 � V

tot

requirements

The ma jor result of the sim ulations describ ed in this c hapter|the total kill-v ehicle � V

required to ac hiev e an in tercept|is summarized in Fig. 12.8. F or closing v elo cities of ab out

10 km/s, our results sho w that a total � V of at least 2 km/s is required. F or engagemen ts at

the higher closing v elo cities that w ould b e pro duced b y v ery fast surface-based in terceptors,

w e estimate that the required total � V w ould b e b et w een 2 km/s and 2.5 km/s. F or space-

based in terceptors, whic h w ould ha v e closing v elo cities of 15 km/s or more, the required

total � V could b e as high as 2.5 km/s.

12.5.2 Endgame requirements

T o hit the target within ab out 0.5 m of the in tended aim p oin t requires a kill v ehicle with a

maxim um acceleration of at least 15 g, a total kill-v ehicle resp onse lag of 0.10 s or less, and

a seek er ha ving an angular measuremen t error of 30 � rad or less (1 � ) and a 100-Hz up date

rate.

These requiremen ts are presen ted as adequate for only the guidance la ws that w ere

adopted for the particular problem. F or example, APN migh t reduce somewhat our 15 g

acceleration result, but its resp onse to switc h bac k maneuv ers and jinking maneuv ers could

b e coun terpro ductiv e and w ould ha v e to b e studied. Moreo v er, results in [153 , T able 1] sho w
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v ery little adv an tage for APN vs. PN. Only optimal guidance or phase lead estimators sho w

large impro v emen ts (and this w as for a kno wn single-time-constan t lag). As explained in

fo otnote 16, w e conserv ativ ely assumed that our �v e-time-constan t lag could not b e phase

comp ensated. Reducing the kill-v ehicle resp onse lag to, sa y , 0.05 s could help somewhat,

but suc h a requiremen t could b e tec hnologically stressing in itself. Moreo v er, our kill v ehicle

with its 15 g endgame capabilit y has only ab out a 7 g acceleration capabilit y early in its

op eration, when it is m uc h hea vier. This capabilit y appro ximately matc hes the required

acceleration capabilit y at that time. Unexp ected maneuv ers are inheren t in ballistic missile


igh t and are ev en more lik ely to o ccur with target missiles that ma y ha v e b een tested only

once, if at all. Therefore, a robust guidance system is highly desirable.

W e emphasize that these requiremen ts do not re
ect the additional demands that w ould

lik ely b e placed on the kill v ehicle if a decision is made to attempt to time the in tercept

within the narro w windo w that w ould b e required to a v oid causing p ossibly liv e w arheads

to fall on third coun tries. Analyzing this issue (either tec hnically or p olitically) is outside

the scop e of the curren t Study . The analysis presen ted here also did not consider the e�ects

of coun termeasures (Chapter 9) that w ould dela y detection of an unexp ected acceleration,

thereb y increasing the � V requiremen t.
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There are t w o p ossible targets in a b o ost-phase in tercept. The �rst is the threat missile

b o oster. Disabling the b o oster so that its thrust terminates is the primary goal for an

in tercept. All the p ossibilities for defending the United States discussed in Chapter 5 are

based on the premise that the in tercept causes the missile's thrust to cease at the momen t

of impact.

A second p ossible target is the w arhead itself, whic h is m uc h smaller than the missile

(the relativ e sizes can b e seen in Fig. 16.6). Destro ying the w arhead|\w arhead kill"|is

not essen tial for defending the United States|hitting the b o oster is su�cien t. Ho w ev er,

w arhead kill w ould b e a great adv an tage with resp ect to the problem of not harming other

nations b y causing liv e m unitions to fall on them. As discussed in Section 5.8, timing an

in tercept to prev en t m unitions from falling on other coun tries presen ts a formidable problem

and ma y not b e p ossible. If w arhead kill could b e assured, this problem w ould b e eliminated.

This c hapter examines the assumption ab out an in tercept more carefully and p oin ts out

the large gaps in our understanding of the en tire problem of lethalit y . In short, it �nds that

if a kill v ehicle hits a b o oster, the energy of the collision is so great that the b o oster w ould

lik ely b e disabled or destro y ed, although the thrust ma y not b e terminated instan tly in all

cases. Ho w ev er, destro ying the b o oster ma y not disable or destro y the w arhead, whic h is

only lo osely coupled. Therefore a liv e w arhead from a missile that has b een \successfully"

in tercepted ma y w ell detonate when or b efore it hits the ground.

This c hapter also �nds that destro ying a w arhead can b e made ev en more di�cult b e-

cause the \sw eet sp ot" or vulnerable area that the kill v ehicle m ust hit to ensure destruction

ma y b e quite small, particularly in the case of subm unitions. Moreo v er, the w arhead ma y

S239
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b e di�cult to �nd if its lo cation on the missile is obscured b y a large shroud. This c hapter

discusses the cases where it migh t b e useful to destro y the w arhead and some tec hniques

for increasing the lethalit y of the kill v ehicle against w arheads.

Ov erall, our abilit y to predict ho w e�ectiv ely a b o ost-phase in tercept (BPI) kill v ehicle

will disable a b o oster or w arhead is seriously limited b y the absence of data from actual

tests. No one has tried to in tercept a b o oster in space b efore, nor has an y one demonstrated

in 
igh t the lethalit y of a kill v ehicle against a w arhead with subm unitions or a w arhead

that has b een hidden. These issues w ould need to b e explored through a robust testing

program. The dearth of 
igh t test data m ust b e addressed b efore informed decisions can

b e made ab out the e�ectiv eness of b o ost-phase in tercept systems.

13.1 Damage Caused b y Collision with a Bo oster

The kinetic destruction of kill-v ehicle-to-solid-b o dy hit has b een demonstrated in sev eral


igh t tests, starting with the Homing Ov erla y Exp erimen t(HOE)in 1984 [154 ] and con tin-

uing through three successful tests of the National Missile Defense midcourse system in

the last few y ears. In those tests, a kill v ehicle hit a solid b o dy sim ulating a unitary w ar-

head, and the energy of the collision pulv erized b oth ob jects. The same basic ph ysics that

go v erned kill v ehicle collision with a solid b o dy go v ern the collision of a kill-v ehicle and a

b o oster.

As discussed in Chapter 12, sensor and guidance and con trol tec hnology that will b e

a v ailable within the next decade are su�cien t for a BPI kill v ehicle to ac hiev e a miss

distance

1

against an accelerating target of 0.5 m (rms), to b e compared with t ypical threat

missile diameters of a meter or more (see Fig. 16.6). Th us, hitting a p oin t on the missile

that will disable the p o w ered ro c k et is p ossible in principle.

During the impact of a kinetic-energy kill v ehicle with a target, the energy of the collision

is dep osited in the target and kill v ehicle primarily in the form of h ydro dynamic impulse.

This causes failure of t ypical missile structures b y impulse loading and thermal energy that

manifests itself in v ap orizing material from target and kill v ehicle [155 , 156 ]. In the pro cess,

radian t energy is released across a broad sp ectrum. A dep osition of appro ximately 5 kJ = cm

2

on impact is considered to b e a t ypical damage threshold. A mo dest kill-v ehicle pa yload

mass of 5 kg that strik es at a closing v elo cit y of 4 km/s w ould deliv er 40 MJ. Ev en if this

w ere distributed o v er an area of 1 m diameter, it w ould b e enough to destro y the target.

In realit y , for reasons describ ed in Chapter 12, the con templated systems ha v e kill-

v ehicle masses of p erhaps 50 kg at the time of in tercept and closing v elo cities of 10 km/s or

greater. A t suc h v elo cities, the collision w ould generate kinetic energy almost 60 times the

nominal damage threshold. Ho w ev er, suc h extra energy migh t indeed b e required to e�ect

w arhead kill, esp ecially in the case of w arheads carrying subm unitions.

Nev ertheless, the results of a collision b et w een an in terceptor kill v ehicle and a b o oster

are not w ell understo o d. Unlik e the unitary w arhead, the missile structure is not solid but

has empt y p o c k ets, particularly liquid-prop elled missiles. Although the energy calculations

suggest that there w ould b e more than enough energy to destro y the b o oster, the sp eci�c

details of the collision ma y matter and di�er from the idealized scenario enough that thrust

w ould not b e terminated completely or immediately . Uncertain t y in when thrust w ould

b e terminated could require in tercepting the missile so oner to prev en t it from reac hing the

United States. It w ould also seriously complicate strategies for precisely timing the in tercept

1

De�ned as the closest approac h of the kill v ehicle to its aimp oin t on the target ro c k et.



13.2. W a rhead Destruction S241

to a v oid ha ving the w arhead from the missile damage other coun tries. There is little, if an y ,


igh t-test data to da y that w ould help answ er these questions.

Damaging the w a rhead b y striking the b o oster Despite the energy released b y the colli-

sion of the kill v ehicle with the b o oster, it is not clear that the w arhead w ould b e disabled or

destro y ed or that suc h damage w ould b e observ able. W arheads are usually coupled lo osely

to their missiles, often with a few explosiv e b olts or squibs. Long exp erience with missile

tests and space launc hes, where the b o oster explo ded or w as in ten tionally destro y ed b y the

range safet y o�cer, suggest that a violen t explosion of the b o oster ma y not damage the

w arhead. Therefore, destruction of the b o oster do es not mean destruction of the w arhead.

Moreo v er, it w ould b e di�cult, if not imp ossible, in man y cases to v erify that the

w arhead has b een disabled b y this indirect mec hanism. Up close, it ma y lo ok �ne from the

outside ev en to the exp ert ey e, and less-than-catastrophic damage w ould almost certainly

b e in visible to the long-range sensors that are trac king it for the defense. In sum, b o oster

kill is an unreliable means for destro ying the w arhead. If destro ying the w arhead is required,

a direct attac k on it w ould pro duce b etter results.

13.2 W a rhead Destruction

As discussed in Chapter 5, the abilit y to destro y the w arhead do es not c hange the timeline

for a successful in tercept: as long as the missile's propulsion is terminated in time to prev en t

it from en tering a ballistic tra jectory that w ould carry it to the United States, it is not

essen tial that the w arhead b e destro y ed. Th us, if one regards b o ost-phase in tercept solely

from the p oin t of view of defending the United States, w arhead kill is not a fundamen tal

issue: whether or not the w arhead is destro y ed, if the in tercept is successful no m unitions

w ould reac h the United States.

Nev ertheless, there are reasons for attempting to destro y the w arhead, primarily to

reduce the risk that a b o ost-phase in tercept b y the United States could p ose to other nations.

As discussed in Chapter 5, it ma y b e unacceptable for the United States to deplo y a b o ost-

phase in tercept system that could cause a liv e n uclear w arhead or c hemical or biological

subm unitions to strik e another nation. Chapter 5 presen ts strategies for prev en ting debris

from falling on other nations that in v olv e timing the in tercept in a narro w time windo w

(5 s to 10 s) so that the w arhead w ould fall in the o cean, but that goal is c hallenging and

in some situations migh t not b e ac hiev able, giv en that the basic timing uncertain ties in

missile's tra jectory are of the same order. The abilit y to destro y an attac king missile's

m unitions with high probabilit y could alleviate those concerns.

13.2.1 T yp es of w a rheads

A w arhead can comprise a n uclear w eap on, unitary loads of c hemical or biological agen ts, or

dozens to h undreds of b om blets con taining c hemical or biological agen ts. A missile can also

carry sev eral large unitary w arheads. The w arheads and subm unitions could b e deplo y ed

from the b o oster within seconds of burnout, or ev en b efore burnout.

13.2.2 T echnical challenges fo r destro ying the w a rhead

The ph ysics of high-sp eed collisions and the results of 
igh t tests of midcourse in terceptors

sho w that if a unitary w arhead is hit, it is lik ely to b e destro y ed. T o succeed in b o ost
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phase, ho w ev er, the defense w ould ha v e to accomplish four tasks: �nd the w arhead, hit the

w arhead, destro y an y subm unitions, and v erify destruction.

Finding the w a rhead First, the defense m ust �nd the w arhead on the missile. This task

is usually quite straigh tforw ard|the w arhead is attac hed to the leading end of the missile.

But as Fig. 16.6 sho ws, the w arhead's exact lo cation ma y not b e ob vious. F or structural

and mass distribution reasons, the threat missile designer w ould prefer to a�x the w arhead

to the forw ard end of the �nal stage motor. Ho w ev er, the designer could include a shroud

that disguises that lo cation b y a meter or more. F or the relativ ely small kill v ehicle with a

diameter of 50 cm or less describ ed in Chapter 14, missing the w arhead b y a meter w ould

cause the in tercept to fail. If the missile is deliv ering a pa yload of subm unitions, the designer

could distribute them around the outside of the missile b o dy . A n um b er of tec hniques for

enhancing the kill v ehicle's radius of destruction will b e discussed b elo w.

Hitting the w a rhead Aiming the kill v ehicle to destro y the w arhead is similar to aiming

to destro y the missile, except that the sw eet sp ot (optimal impact area) for destro ying

the w arhead can b e m uc h smaller than the area for disabling the b o oster. Th us, greater

accuracy w ould b e needed in the kill v ehicle (miss distances of 10 cm to 20 cm rather than

50 cm), whic h places more stringen t demands on the homing algorithms, resp onsiv eness of

the div ert and attitude con trol system of the kill v ehicle, and acceleration capabilit y .

A ttempting to destro y the w arhead in tro duces additional c hallenges. Ev en assuming

that the prop erties of the missile are kno wn, whic h is unlik ely to b e the case, the sw eet

sp ot for a w arhead's destruction w ould dep end up on its sp eci�c design. Dealing with this

problem w ould increase the complexit y of the logic and pro cessing required for a b o ost-phase

kill v ehicle, compared with one designed to hit the b o oster.

Destro ying submunitions The c hallenge of destro ying the w arhead is greater if it is an

assem bly of ligh tly pac k ed subm unitions. Suc h an assem bly is not a homogeneous struc-

ture and, consequen tly , the transmission of the h ydro dynamic sho c k that is so e�ectiv e in

hardb o dy-to-hardb o dy collisions b ecomes less e�cien t. This result has b een sho wn quan-

titativ ely in man y exp erimen ts [156 ]. There has b een progress in understanding these

pro cesses and sim ulating them quan titativ ely , particularly at the lo w er closing v elo cities of

a few kilometers p er second c haracteristic of theater ballistic missile engagemen ts. Ho w ev er,

this tec hnical issue needs more exploration.

V erifying w a rhead destruction Unless the in tercept results in obliteration of the w arhead,

it will b e di�cult to v erify that the in tercept has b een successful and that liv e w arheads

will not land in other coun tries. V erifying the destruction of subm unitions w ould b e ev en

more di�cult. V erifying the destruction of the w arhead or subm unitions is an imp ortan t

issue for a la y ered defense. T o ensure that w arheads do not land on other coun tries, a

midcourse defense could engage an y w arheads that surviv e the b o ost-phase la y er. T o a v oid

w asting in terceptors, the midcourse system m ust kno w whic h w arheads ha v e b een destro y ed.

Moreo v er, the midcourse system m ust b e able to handle the unpredictable debris that the

b o ost-phase la y er ma y create (see the next section).
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13.3 E�ects of Incomplete W a rhead Kill on Other La y ers of a

Defense

Bo ost-phase defenses cannot b e view ed in isolation from other la y ers of the defense system,

should they exist. F or example, the demands placed on a b o ost-phase defense w ould b e

less sev ere if a midcourse system w ere able to engage w arheads that surviv ed b o ost-phase

engagemen t. Similarly , the b o ost-phase la y er can reduce the demands on the midcourse

defense if it can destro y missiles or damage them b efore they can deplo y coun termeasures

against the midcourse defense. But, as previously men tioned, collisions in the b o ost phase

could presen t problems for other la y ers of the defense. A midcourse system w ould face a

greater c hallenge in iden tifying the w arhead if it w ere surrounded b y debris created during

the collision with a b o ost-phase in terceptor, or if the collision caused the w arhead to tum ble

or spin in w a ys that the midcourse defense had not an ticipated. If the b o ost-phase-in tercept

resulted in a target that included the w arhead still attac hed to part of the b o oster, the

midcourse system migh t ha v e trouble iden tifying and destro ying the w arhead, particularly

if the tank age{w arhead assem bly w ere tum bling.

These considerations do not imply that the goal of destro ying the w arhead rather than

the b o oster is not w orth while, but that the complexities that a b o ost-phase system migh t

create for other la y ers m ust b e carefully examined and accoun ted for in the design of eac h

of the la y ers.

13.4 Enhancing the Lethalit y of the Kill V ehicle

Because of the p oten tial di�culties in �nding the w arhead and hitting the sw eet sp ot with

a standard kill v ehicle, it ma y b e desirable to signi�can tly increase the radius of destruc-

tion of the kinetic kill v ehicle. A primary adv an tage of increasing lethalit y is that doing

so could impro v e the c hances of v erifying destruction (particularly of subm unitions) and

thereb y reduce the load on the midcourse la y er (if there is one). One approac h, emplo y ed

in the Homing Ov erla y Exp erimen t [154 ], is an um brella-lik e device to enhance lethalit y

(see Fig. 11.2). A similar idea w as used in the Exo-atmospheric Reen try V ehicle In terceptor

System (ERIS) exp erimen t sho wn in Fig. 13.1 [157 , 158 ].

In the ERIS test, a �lm of some plastic material, suc h as Mylar w as stretc hed on a frame

that w as in
ated shortly b efore impact. In the cases of in terest here, the diameter of suc h

a structure migh t b e appro ximately t w o meters. F or a Mylar �lm 0.67-mm-thic k mo ving at

a closing v elo cit y of 10 km/s, the kinetic energy deliv ered p er square cen timeter of target

surface is ab out 5 kJ, su�cien t to cause sev ere damage in its o wn righ t as noted ab o v e. In

b oth of these cases, ho w ev er, destruction w as ac hiev ed b y direct b o dy-to-b o dy impact, so

the e�ectiv eness of lethalit y enhancemen ts in 
igh t tests remains to b e demonstrated.

Other lethalit y enhancemen t approac hes ha v e b een prop osed to increase lethal radius

or lethalit y against subm unitions, including the release of man y ro ds from the kill v ehicle

prior to impact [156 ]. While these migh t b e e�ectiv e against a target in ballistic 
igh t where

the tra jectory is predictable, the situation in b o ost phase is made m uc h more stressful b y

the maneuv ering target, where the fusing problem is complicated. In fact, deplo ying an y

mec hanical device in a kill v ehicle that could b e undergoing transv erse accelerations of as

m uc h as 15 g up to the time of impact has y et to b e demonstrated.

The mass of an y lethalit y enhancemen t device w ould also b e a critical factor in the design

of the kill v ehicle. Because the kill v ehicle m ust b e able to maneuv er rapidly and undergo

large acceleration to the momen t of impact, its mass is a critical design parameter. The
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Figure 13.1. Artist's conception of a lethalit y enhancemen t device on the ERIS exp erimen t. (Cour-

tesy of LDM Asso ciates)

additional mass of a lethalit y enhancemen t device could signi�can tly increase the o v erall

size of the in terceptor. Th us, the tradeo� b et w een the mass of a lethalit y-enhancemen t

device against the p erformance of the kill v ehicle w ould need to b e carefully ev aluated,

particularly in deplo ymen t mo des where size or mass is constrained, suc h as space-based

in terceptors or missiles deplo y ed on aircraft or in the Aegis v ertical launc h system on ships.

13.5 Summa ry of Conclusions

W e dra w the follo wing conclusions ab out destro ying the b o oster and the w arhead.

13.5.1 Bo oster destruction

1. The impact of a kill v ehicle with a b o oster w ould ha v e more than enough energy to

disable or destro y the b o oster and terminate thrust, although p erhaps not immedi-

ately , dep ending on the design of the missile and the sp eci�cs of the in tercept.

2. Destruction of the b o oster do es not assure that the w arhead has b een disabled or

destro y ed, b ecause it is usually lo osely coupled to the missile.
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13.5.2 W a rhead destruction

1. Capabilit y for destro ying the w arhead (in con trast to merely terminating the thrust

of the target missile's b o oster) do es not pro vide additional time for the in tercept to

tak e place to defend the nation. In either case, the missile m ust b e in tercepted b efore

it �rst ac hiev es the range to reac h the United States. (In terms of its tra jectory , the

in tercept m ust o ccur b efore the missile reac hes the in tercept p oin ts describ ed in

Chapter 5.) Th us, the abilit y to destro y the w arhead do es not simplify the problem

of ac hieving a successful in tercept.

2. As discussed in Section 5.8, to a v oid causing liv e m unitions to fall on other nations,

the target missile's thrust m ust b e terminated in a v ery narro w time windo w. Our

assessmen t is that, in the face of the probable uncertain ties in a b o ost-phase engage-

men t, in man y situations it w ould b e extremely di�cult, if p ossible at all, to ac hiev e

this timing. In the absence of suc h a timing capabilit y , high con�dence of w arhead

destruction w ould b e needed to ensure that ac hieving an in tercept w ould not cause

harm to other nations.

3. If b o ost-phase in tercept is one tier of a la y ered defense system, then the destruction of

a w arhead in the b o ost-phase w ould ha v e to b e con�rmed with high reliabilit y to a v oid

unnecessary �ring of additional defenders in subsequen t la y ers. This need b ecomes

ev en more urgen t if sev eral missiles are launc hed in a short time windo w, whic h

is a lik ely scenario. Con�rming w arhead destruction in the b o ost-phase with high

reliabilit y app ears to b e a c hallenging problem b ecause of the di�cult y of iden tifying

the w arhead fragmen ts among the debris of the in tercept.

4. If w arhead destruction in the b o ost-phase cannot b e con�rmed with high reliabilit y ,

in a la y ered defense, in tercepting the w arhead in midcourse could b e made more

di�cult b y the problem of detecting it among the debris of the in tercept, whic h

w ould follo w the same general tra jectory . Consequen tly , unless a reliable w arhead

kill assessmen t is p ossible and the midcourse defense is robust enough to handle

unpredictable targets clusters and target b eha vior, in tercept during b o ost phase ma y

in some cases b e detrimen tal to the midcourse defense.

5. W e conclude that b ecause of the wide v ariabilit y of predictiv e mo dels of b o oster kill

and subm unition pa yloads for ICBM engagemen t conditions, the only reliable w a y to

determine the lethalit y of kinetic-energy in terceptors in b o ost-phase defense against

di�eren t t yp es of missiles and w arheads w ould b e to conduct actual in tercepts as

part of a dev elopmen t program.
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The size and mass of the kill v ehicle ha v e a profound e�ect on the size of the in terceptor.

In the case of v olume or w eigh t limited in terceptors deplo y ed from aircraft or V ertical Lunc h

System (VLS) tub es on ships, the kill-v ehicle mass determines in terceptor 
y out sp eed. The


y out sp eed in turn determines ho w close the in terceptor m ust b e based to the in tercept

p oin t to reac h the ICBM in time to disable it. In the case of space-based in terceptors, the

kill-v ehicle mass is critical b ecause it determines the amoun t of in terceptor and supp ort

system mass that m ust initially b e placed in to orbit. Since deplo ying mass in to orbit is v ery

exp ensiv e (more than $22,000/kg), mass-in-orbit is a critical parameter for space-based

systems.

This c hapter dev elops mo dels of a notional kinetic-energy kill v ehicle for BPI that are

based on extrap olating tec hnologies that are w ell in to dev elopmen t and lik ely to b e mature

enough to b e included in a BPI system that is deplo y ed within a decade. Using the kill-

v ehicle p erformance criteria that are dev elop ed in Chapter 12, the mo del kill v ehicles are

sized to illustrate the appro ximate masses of BPI kill v ehicles for di�eren t div ert require-

men ts. The results of this analysis are used to size the in terceptors presen ted in Chapter 16

and the space-based in terceptors discussed in Chapter 6.

The philosoph y b ehind the sizing mo del w as to use tec hnologies that either exist to da y

or are reasonable extensions of curren t tec hnologies. Care w as tak en to include all of the

comp onen ts that w ould b e necessary for a kill v ehicle to function (not just the cen tral com-

p onen ts). Care w as also tak en to adjust the k ey propulsion comp onen ts (nozzles, thrusters,

and tanks) to meet the large div ert v elo cities and accelerations required for a b o ost-phase

kill v ehicle. As suc h, the estimates of kill-v ehicle mass for BPI dev elop ed here are signi�-

can tly greater than some ha v e estimated previously , [159 , 160 ] although less than w ould b e

p ossible with tec hnologies that could b e deplo y ed to da y .

S247



S248 Chapter 14. Size of the Kill V ehicle

14.1 P erfo rmance Requirements fo r Bo ost-Phase Kill V ehicles

The 
igh t of the kill v ehicle ma y b e though t of in three distinct phases after it separates

from its b o oster:

� The initial div ert phase, when the kill v ehicle is maneuv ering based on information

ab out the target's b eha vior from external (o�-b oard) sensors, b efore its o wn sensors

ha v e acquired the target.

� The homing phase, whic h b egins when the kill v ehicle's on-b oard sensors ha v e ac-

quired and designated the target to b e hit and the kill v ehicle no longer dep ends on

external data.

� The endgame, the last few seconds of the homing phase when the maneuv ering limits,

time lags, and sensor accuracy of the kill v ehicle determine the miss distance.

Eac h of the three phases establishes requiremen ts for the kill v ehicle and a�ects its

con�guration. According to the analysis done in Chapter 12, the �rst t w o phases generate

the requiremen ts for total div ert impulse and the minim um acceleration on the kill v ehicle.

Those requiremen ts are driv en b y uncertain ties created b y sensor noise and target maneu-

v ers. F or the closing v elo cities that c haracterize surface-based in terceptors engaging ICBMs,

the required total c hange in v elo cit y is 2 km/s (see Section 12.4). F or the higher closing

v elo cities asso ciated with space-based in terceptors, the required total c hange in v elo cit y is

exp ected to b e at least 2.5 km/s.

The total v elo cit y c hange that is required of a kill v ehicle a�ects its design in t w o w a ys:

it driv es the amoun t of prop ellan t that is needed and th us the size of the prop ellan t tanks

that are required to store that prop ellan t.

The �nal phase, the endgame, determines the requiremen ts for maxim um acceleration

and the system resp onse c haracteristics. Section 12.4 estimates that to ha v e a high prob-

abilit y of ac hieving a miss distance of 50 cm or less against an ICBM, the BPI kill v ehicle

w ould need to accelerate b y as m uc h as 15 g with a resp onse lag of 0.1 s or less during the

endgame (the last 10 s or so b efore in tercept). In our view, a 0.1-s resp onse lag should b e

ac hiev able with mo dern guidance and con trol systems and thrusters, and w ould not ha v e

a signi�can t e�ect on kill v ehicle size. Ho w ev er, meeting the high acceleration requiremen t

in the last 10 s w ould ha v e a signi�can t e�ect on the size of the four div ert thrusters|they

m ust b e large enough to pro vide the needed impulse when the kill v ehicle has ab out 15

p ercen t of its prop ellan t remaining in the tank. The larger div ert thrusters increase the

dry w eigh t of the kill v ehicle, whic h, in turn increases the amoun t of prop ellan t required.

When the div ert thrusters are sized to pro vide 15 g during the endgame, they can also pro-

vide ab out 8 g with a full load of prop ellan t, whic h meets the early minim um acceleration

requiremen t to k eep up with target maneuv ers.

T ogether, these requiremen ts establish the inputs for the sizing analysis that follo ws.

14.2 Natural and Induced Environmental Considerations

In addition to the sho c k, vibration, and acceleration en vironmen tal requiremen ts asso ciated

with p o w ered 
igh t, the kill-v ehicle design m ust tak e other factors in to accoun t. First, con-

sideration m ust b e giv en to sun and Earth shine and their e�ects on the design of the optical

systems. Careful o�-axis rejection is required in the design. Dep ending on the time of da y ,

there are exclusion regions for engagemen ts where the kill v ehicle's homing sensor cannot b e
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p oin ted. W e did not attempt to estimate those en vironmen tal considerations explicitly , but

they m ust b e considered in designing a real kill v ehicle and in actual engagemen t geometries.

Nuclea r detonation One e�ect that w e did tak e in to accoun t in our kill-v ehicle design w as

the radiation en vironmen t that w ould b e created b y the detonation of a n uclear w eap on

in space. Suc h an ev en t could happ en either as a coun termeasure or if the w arhead w ere

designed to detonate if it w ere hit b y an in terceptor.

A n uclear w eap on detonated an ywhere in Earth's magnetic �eld w ould result in electrons

b ecoming trapp ed, oscillating from p ole to p ole along the magnetic �eld lines. The electrons

w ould quic kly equilibrate around Earth and p ersist long after the burst [161 ]. Both space-

and terrestrial-based exoatmospheric in terceptors op erate at altitudes where the densit y

of electrons w ould b e signi�can t. (In tercepts w ould o ccur at 150{200 km altitudes for

surface- or space-based kill v ehicles, and the SBIs w ould probably b e main tained at orbital

altitudes b et w een 300{500 km.) A kill v ehicle w ould therefore b e b om barded b y high-sp eed

electrons that w ould b e captured b y its metal structure, emitting gamma photons in the

pro cess. Detector arra ys designed to measure v ery-lo w-energy photon 
ux w ould see these

high-energy ev en ts as a h uge spik e, with a reco v ery time that dep ends on the material

and v olume of the detectors. If prop er care is tak en in design, the e�ect do es not cause

p ermanen t damage. Ho w ev er, it w ould create rep etitiv e upset ev en ts whic h, dep ending

on the reco v ery time, could b e frequen t enough to prev en t the detector arra y from getting

useful data. T o prev en t this from b eing a p oten tial coun termeasure, high Z shielding around

the fo cal plane is recommended to reduce the gamma 
ux. An arbitrary 1 kg of tungsten

has b een pro vided for in the kill-v ehicle sizing mo del used in this study .

14.3 Design Concept fo r a Notional Kill V ehicle

T o examine sizing issues, the Study Group created a notional kill v ehicle. It includes �v e

ma jor comp onen ts: the sensor suite, div ert and altitude con trol system (D A CS), a vionics,

the basic structure, and prop ellan t and prop ellan t storage v essels (tank age). Other com-

p onen ts include a battery , an inertial measuremen t unit (IMU), ordnance initiation, and

radiation shielding for the fo cal plane arra y .

The sensor suite includes passiv e IR and visible sensors to trac k the target and its plume

during initial div ert and homing, and a LID AR to pro vide high-qualit y range, v elo cit y , and

spatial measuremen ts during homing and the endgame (see Chapter 10). As discussed

in Chapter 11, the div ert system uses the cruciform con�guration for the thrusters: four

equally sized thrusters arranged in an `X' p erp endicular to the roll axis of the v ehicle.

Eac h thruster m ust b e large enough to pro vide the maxim um acceleration required of the

kill v ehicle during the endgame. Figure 14.1 sho ws the notional kill v ehicle design that

w as used to size the structure and tank con�guration needed to handle the 50 g b o ost

acceleration and kill v ehicle dynamic requiremen ts.

14.4 Final Kill-V ehicle Sizing

The sizing mo del for kill v ehicles used in this study is based on analysis from sev eral

di�eren t sources. T able 14.1 sho ws the w eigh t breakdo wns for four di�eren t BPI kill v ehicles

capable of div ert v elo cities of 2 km/s and accelerations of 15 g|the requiremen ts that w ere

estimated for in tercepting an ICBM target with a 6.5-km/s in terceptor (closing v elo cities

of 10{14 km/s). All four of the kill v ehicles use the cruciform con�guration for the div ert
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Figure 14.1. Assumed KV structure. The shaded areas indicate the Kevlar/ep o xy frame.

thrusters. The �rst column lists the comp onen ts that w e b eliev e w ould b e required to build

a w orking BPI kill v ehicle. The second column sho ws the mass breakdo wn of a notional kill

v ehicle that could b e built using comp onen ts from existing comp onen ts or w ell-established

tec hnologies.

The third column sho ws the w eigh t breakdo wns for a ligh t w eigh t, notional space-based

design for the Adv anced T ec hnology Kill V ehicle (A TKV) [160 ] from a La wrence Liv er-

more National Lab oratory presen tation to the panel. This design w ould reduce w eigh t from

curren t tec hnology b y using miniaturized comp onen ts that w ere 
igh t-tested on the Clemen-

tine tec hnology demonstration satellite. It also includes some protot yp e comp onen ts that

are still in dev elopmen t, but w e assume that giv en su�cien t funding, dev elopmen t could

b e completed with su�cien t for deplo ymen t within ab out a decade. The A TKV remains

largely a conceptual design at this p oin t; it has not b een built or 
igh t-tested.

14.4.1 Surface-based baseline kill vehicle

F rom the w eigh t estimates for the curren t tec hnology kill v ehicle and A TKV (whic h, with

some exceptions, w ere found to b e reasonably consisten t if mo dest impro v emen ts to a vionics

pac k aging tec hnology are assumed), it is p ossible to pro ject comp onen t sizes including

sensors, a vionics, batteries, and comparable structural w eigh t that mak e up the non-v arying

part of the dry w eigh t of the kill v ehicle. When com bined with the necessary prop ellan t to

generate 2 km/s of div ert thrust, the result is the \surface-based baseline kill v ehicle" sho wn

in the fourth column, whic h w as used in sizing the in terceptors mo deled in Chapter 16.

The surface-based baseline kill v ehicle is patterned largely on the notional A TKV design,

but it has b een adjusted in sev eral imp ortan t w a ys to re
ect our judgmen t ab out what w ould

b e needed to op erate in the c hallenging b o ost-phase en vironmen t. It di�ers from the A TKV
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T able 14.1. Prop erties of a surface-based kill v ehicle. T otal div ert: 2 km/s.

Existing 
Technology 

KV

LLNL 
Space-
Based 
ATKV

Surface-
Based 

Baseline KV

Space- 
Based 

Baseline 
KV

 KV Segment or Subassy (kg) (kg) (kg) (kg)

Divert and Attitude Control System (DACS)
    Pressure regulator Included 2.00 0.50 0.50
    Divert Thrusters 17.15 3.00 10.09 9.77
    ACS Trusters 1.50 included 1.01 0.98
    Valve drivers included included included included
    Manifold included included included included
        Subtotal, DACS 18.65       5 .00       11 .60      11 .24     

Seeker (less IMU) 4.90 7.00 7.00 7.00

Contingency for shielding for focal plane 
array 1.00 1.00 See Natural and Induced Environment section
IMU (Inertial measurement unit) 1.50 1.00 1.00 1.00
Avionics 11.50 8.00 8.00 8.00

Separation system 0.50 0.50
Ordnance inititiate lines 0.25 0.25
KV primary battery 1.90 1.80 1.80 1.80 Estimate based on other programs

KV basic structure & installation hardware 5.00         3.50 3.50
    Subtotal, KV dry weight less tankage 44.20 22.80 34.65 33.54

Propellant
    Useful Fuel and Oxidizer 60.10 27.10 47.00 45.50 Useful propellant needed to produce a total DV of 2000 m/sec
    ACS & press fraction of useful fuel 5.0% n/a 5.0% 5.0%
    ACS & pressurization fuel 5% 3.01 2.35 2.28 Added ACS fuel @5% of divert
    Unusable Propellant fraction n/a 3.0% 3.0%
    Unusable Propellant 1.80         1.41 1.37 Propellant trapped in system assumed to be 3% of total

        Subtotal, Propellant 63.11 27.10 49.35 47.78

Tankage 12.62 3.12 9.68 9.37

    Total, KV wet 119.93 53.02 93.68 90.69

DV check
    Isp of propellent (sec) 300 300 300 300
    Isp (effective) after ACS & press. 285 285 285 285
    DV from the rocket equation (check) 1999 1999 2002 2002
    DV desired (input) 2000 2000 2000 2000

Endgame acceleration calculation
    KV Mass with 15% fuel remaining 66.29 29.98 51.73 50.08
    Thrust for15g's @ 15% fuel load(Newtons) 9744 4407 7604 7362 Used to estimate thruster size
    G's at full fuel load 8.29 8.48 8.28 8.28

To account for ACS/pressure fuel used but not effective for thrust

Total propellant includes useful propellant and ACS propellant, of 
which the amount shown as unusable is trapped in the system.

Total KV wet mass includes the dry mass, propellant mass , and 
tankage mass

Kevlar epoxy composite structure used for hign axial and lateral 
accelerations;propellant tanks used as load carrying structure

To calculate tankage mass, LLNL uses 0.115*propellant mass, which 
is based on a pumped DACS and lower pressure tanks. We assume 
conventional high pressure tanks with mass 0.2*propellant mass

Separation system and ordnance initiation lines not include on space-
based KV systems

Notes

Includes LIDAR and passive IR and visible sensors.  Used Clementine 
sensor suite masses

Avionics include: guidance/control computer,tactical 
communications transponder, KV electronic safe arm, FTS antenna 
(non-tactical), FTS battery,  command destruct receiver, signal 
conditioner/submux, X-band antennas, X-band transmit module, 
power divider/hybrid coupler, J-box,  control module, logic module, 
tactical signal and power distribution

KV sized for closing velocities of 10-14 km/sec.  Total time of KV 
operation 120 sec.   Assumes 4 divert thrusters in cruciform 
configuration, sized to deliver 15 g in last 10 sec.  LLNL example 
uses fixed thruster mass regardless of divert requirements; baseline 
KV corrects for this by adjusting divert thruster mass  for 15 g 
using Wilkening scaling factors.   ACS impulse  assumed to be 5% of 
divert impulse.     

design primarily in its treatmen t of the div ert and altitude con trol systems (D A CS) and the

mass of the tank age. One of the principal sources that w e used for those adjustmen ts w as a

series of ph ysics- and historically based scaling relationships dev elop ed b y Dean Wilk ening

in a study that examines airb orne BPI options for b oth tactical and ICBM engagemen ts

and v alidates those scaling relationships with hardw are examples [162 ].

Six adjustmen ts w ere made to the �xed dry w eigh ts estimated for the A TKV:

� The size of the div ert thrusters w as scaled using Wilk ening's scaling relationships for

the thrust lev els needed to pro duce 15 g accelerations in the last 10 s of the endgame

(assumed here to b e when 15 p ercen t of the prop ellan t remains), as describ ed in

Chapter 12.

� A 20 p ercen t ratio of tank w eigh t to prop ellan t w eigh t w as used to re
ect cur-

ren t state-of-the-art pressurization, instead of 11.5 p ercen t in the A TKV design.

The A TKV's smaller ratio re
ects a pump ed approac h to feeding prop ellan t to the
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thrusters, whic h, if successful, w ould reduce the requiremen t to pressurize the fuel

and result in simpler, more ligh t w eigh t tanks. W e used the con v en tional approac h

b ecause the sizes required for the kill v ehicles considered here for BPI are m uc h larger

than the v ery small protot yp e systems that ha v e b een demonstrated to date for the

pump ed system. The 20 p ercen t ratio used here w as cross-c hec k ed using Wilk ening's

scaling relationships.

� So that the kill v ehicle could op erate at high axial and lateral loads, 3.5 kg of com-

p osite structure w as added. The fuel tanks w ere also used as load-carrying structure.

� Shielding (1 kg) for the sensor fo cal plane assem bly w as added to reduce the 
ux of

trapp ed electron-induced radiation noise from a n uclear detonation.

� W eigh t w as added to the terrestrial-based kill v ehicle for separation hardw are and

ordnance that remains with the kill v ehicle after separation from the b o oster. It is

not required for the space-based kill v ehicle b ecause that hardw are is included in the

mass fraction of the space-based in terceptor b o ost stage.

Using those estimates for dry mass, w e determined the w et mass of the kill v ehicle b y

calculating, via the ro c k et equation, the prop ellan t needed to pro vide enough div ert thrust,

with an allo w ance of 3 p ercen t for un usable prop ellan t. The prop ellan t used for the altitude

con trol system (A CS), whic h consumes prop ellan t but do es not con tribute to div ert thrust,

w as accoun ted for b y using a sligh tly reduced ISP (285 s) (ISP is the sp eci�c impulse of

the prop ellan t) in the ro c k et equation instead of the actual ISP of the fuel (300 s). This

5-p ercen t reduction in e�ectiv e ISP is consisten t with the design assumption that the A CS

impulse required w ould b e 5 p ercen t of the div ert impulse.

F or the surface-based baseline kill v ehicle to b e capable of a 2-km/s div ert, our mo del

yields a total w et mass of ab out 90 kg (see T able 14.1). If the div ert-thrust requiremen t

is increased to 2.5 km/s, the w et mass of the surface-based kill v ehicle increases to 140 kg

(see T able 14.2).

The w et masses of these kill v ehicles are greater than the Exoatmospheric Kill V ehicle

(EKV) planned for the midcourse system. That kill v ehicle is rep orted to ha v e a w et mass

of ab out 55 kg [161 ], compared to the 90-kg w et mass of the BPI kill v ehicle ha ving a

2-km/s div ert capabilit y . The dry mass of the EKV is actually greater than for the BPI

kill v ehicles estimated here. With 9{14 kg of prop ellan t [163 ], the dry mass of the EKV is

ab out 40 kg, compared with 35 kg for the BPI kill v ehicle. The di�erence is in prop ellan t,

with the BPI kill v ehicle requiring signi�can tly more prop ellan t (47 kg) to generate 2 km/s

of div ert propulsion. By comparison, the EKV div ert requiremen t is w ell b elo w 1 km/s.

Using the relationships from the tables and adjusting div ert thruster size to main tain

15-g maneuv er capabilit y with 15 p ercen t of fuel remaining, v ehicles w ere sized for four total

�V cases: 1500-, 2000-, 2500-, and 3000-m/s capabilit y . T able 14.3 sho ws the results for

surface-based kill v ehicles. The limited Mon te Carlo analysis conducted during the Study

indicated that a 90 p ercen t probable total div ert �V requiremen t for closing v elo cities of

10 km/s is ab out 2 km/s (see Section 12.3). A t the 16-km/s closing v elo cities that w ould

b e encoun tered b y space-based in terceptors against ICBMs, the div ert requiremen t ma y b e

2.5 km/s or higher.
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T able 14.2. Prop erties of terrestrial- and space-based kill v ehicles. T otal div ert: 2.5 km/s.

Existing 
Technology 

KV

LLNL 
Space-
Based 
ATKV

Surface-
Based 

Baseline KV

Space- 
Based 

Baseline 
KV

 KV Segment or Subassy (kg) (kg) (kg) (kg)

Divert and Attitude Control System (DACS)
    Pressure regulator Included 2.00 0.50 0.50
    Divert Thrusters 17.15 3.00 13.17 12.75
    ACS Trusters 1.50 included 1.32 1.28
    Valve drivers included included included included
    Manifold included included included included
        Subtotal, DACS 18.65       5 .00       14 .99      14 .53     

Seeker (less IMU) 4.90 7.00 7.00 7.00

Contingency for shielding for focal plane 
array 1.00 1.00 See Natural and Induced Environment section
IMU (Inertial measurement unit) 1.50 1.00 1.00 1.00
Avionics 11.50 8.00 8.00 8.00

Separation system 0.50 0.50
Ordnance inititiate lines 0.25 0.25
KV primary battery 1.90 1.80 1.80 1.80 Estimate based on other programs

KV basic structure & installation hardware 5.00         3.50 3.50
    Subtotal, KV dry weight less tankage 44.20 22.80 38.04 36.83

Propellant
    Useful Fuel and Oxidizer 95.00 39.60 81.20 78.60 Useful propellant needed to produce a total DV of 2500 m/sec
    ACS & press fraction of useful fuel 5.0% n/a 5.0% 5.0%
    ACS & pressurization fuel 5% 4.75 4.06 3.93 Added ACS fuel @5% of divert
    Unusable Propellant fraction n/a 3.0% 3.0%
    Unusable Propellant 2.85         2.44 2.36 Propellant trapped in system assumed to be 3% of total

        Subtotal, Total Propellant 99.75 39.60 85.26 82.53

Tankage 19.95 4.55 16.73 16.19

    Total, KV wet 163.90 66.95 140.03 135.55

DV check
    Isp of propellent (sec) 300 300 300 300
    Isp (effective) after ACS & press. 285 285 285 285
    DV from the rocket equation (check) 2499 2500 2500 2500
    DV desired (input) 2500 2500 2500 2500

Endgame acceleration calculation
    KV Mass with 15% fuel remaining 79.11 33.29 67.56 65.40
    Thrust for15g's @ 15% fuel load(Newtons) 11630 4894 9931 9614 Used to estimate thruster size
    G's at full fuel load 7.24 7.46 7.24 7.24

To account for ACS/pressure fuel used but not effective for thrust

Total propellant includes useful propellant and  ACS propellant, of 
which the amount shown as unusable is trapped in the system.

Total KV wet mass includes the dry mass, propellant mass , and 
tankage mass

Kevlar epoxy composite structure used for hign axial and lateral 
accelerations;propellant tanks used as load carrying structure

To calculate tankage mass, LLNL uses 0.115*propellant mass, which 
is based on a pumped DACS and lower pressure tanks. We assume 
conventional high pressure tanks with mass 0.2*propellant mass at 
completion

Separation system and ordnance initiation lines not include on space-
based KV systems

Notes

Includes LIDAR and passive IR and visible sensors.  Used Clementine 
sensor suite masses

Avionics include: guidance/control computer,tactical 
communications transponder, KV electronic safe arm, FTS antenna 
(non-tactical), FTS battery,  command destruct receiver, signal 
conditioner/submux, X-band antennas, X-band transmit module, 
power divider/hybrid coupler, J-box,  control module, logic module, 
tactical signal and power distribution

KV sized for closing velocities of 10-14 km/sec.  Total time of KV 
operation 120 sec.   Assumes 4 divert thrusters in cruciform 
configuration, sized to deliver 15 g in last 10 sec.  LLNL example 
uses fixed thruster mass regardless of divert requirements; baseline 
KV corrects for this by adjusting divert thruster mass  for 15 g 
using Wilkening scaling factors.   ACS impulse  assumed to be 5% of 
divert impulse.     

T able 14.3. Surface-based kill v ehicles.

Div ert �V Kill v ehicle

(m/s) w et mass (kg)

1500 67

2000 94

2500 140

3000 240
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14.4.2 Space-based kill vehicle

In addition to estimating the mass of a surface-based kill v ehicle, w e estimated the mass

of a space-based kill v ehicle (see column 5 of T able 14.2), whic h is a little ligh ter b ecause

it do es not include separation hardw are. In addition to the kill v ehicle mass indicated

in the table, the space-based kill v ehicle w ould b e moun ted on a b o oster that pro vides

its initial 
y out v elo cit y , and the whole in terceptor w ould b e housed in an orbital garage

or lifejac k et. The lifejac k et w ould protect the in terceptor from the space en vironmen t and

pro vide essen tial station-k eeping and life-supp ort functions that w ould allo w the in terceptor

to remain in space for y ears. In addition to the protectiv e structure and shielding, the life

jac k et w ould include solar panels, a battery , and a dc-to-dc con v erter to collect and store

energy; radiators to co ol the satellite; momen tum wheels, con trollers, and horizon- and

star-trac k er sensors for station k eeping; an A CS for dumping momen tum from the wheels;

a Hall e�ect ion engine and con trols for main taining altitude; a comm unications link and

an tenna; and other miscellaneous equipmen t. The size of the space-based in terceptors and

lifejac k ets is discussed further in Chapter 6.

14.4.3 Kill-vehicle kick stages

In sizing our kill v ehicles, w e considered only single-stage kill v ehicles. Tw o-stage kill

v ehicles ha v e b een suggested to reduce the o v er all mass of b oth midcourse and b o ost-phase

kinetic kill v ehicles. Adding a stage w ould en tail the addition of a \kic k" motor or stage

to the kill v ehicle to p erform a p ost b o ost initial div ert using either external trac king data

or on-b oard sensor data tak en b efore the kic k motor is �red. There are sev eral reasons

to consider this approac h. F or example, it migh t allo w the adaptation of an existing kill

v ehicle design b y pro viding additional div ert capabilit y without resizing existing tank age

and thrusters. F or a new design, a kic k stage could b e used for the initial large div ert to

remo v e the signi�can t target tra jectory error that will inevitably accrue during in terceptor

b o ost. The kic k stage w ould b e jettisoned b efore con tin uing kill-v ehicle op erations.

The adv an tage of this approac h w ould b e lo w er kill-v ehicle tank age and thruster sizes to

meet the endgame requiremen ts presen ted in Chapter 12. The adv an tages m ust b e w eighed

against the added mass and complexit y of the additional in terstage structure, separation

mec hanism, and thrust v ector con trol comp onen ts. This trade-o� ma y b e fa v orable for

midcourse in terceptors, where once the kill-stage sensors ha v e established a target tra jectory ,

the future target motion is v ery predictable, and a `blind' div ert can b e used.

F or b o ost-phase defense, ho w ev er, the target con tin ues to accelerate unpredictably . Un-

less the kill v ehicle's on-b oard sensor is gim baled or has an in ternal steering mirror ha ving

more than 90

�

of angular freedom with its asso ciated w eigh t p enalt y , an axial-thrust kic k

stage will not allo w the kill v ehicle to lo ok at or trac k the target during kic k-stage burn.

The kill v ehicle m ust then rely on external trac k data during that burn, whic h in tro duces

larger acceleration uncertain ties that m ust then b e remo v ed b y the �nal kill v ehicle stage.

Whether w e gim bal the sensor or rely on external trac k data, w e incur a w eigh t p enalt y that

ero des the gain that accrues from a kic k stage; w e therefore did not include a kic k stage in

our baseline design.
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Ballistic Missile and T rajecto ry Mo dels

Con ten ts
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An y analytical study of the p oten tial feasibilit y and p erformance of v arious BPI systems

m ust b egin b y dev eloping computer mo dels of the v arious t yp es of ballistic missiles that

these systems migh t face. Of greatest concern is the p ossible ev en tual deplo ymen t of in ter-

con tinen tal ballistic missiles (ICBMs) b y coun tries that ha v e ballistic-missile dev elopmen t

programs but curren tly do not ha v e friendly relations with the United States. None of these

coun tries are b eliev ed to ha v e tested or deplo y ed long-range missiles that could threaten

the territory of the United States, and the lik eliho o d, timing, and c haracter of an y future

ICBM threat from these coun tries is uncertain (see Chapter 3). Dev elopmen t and deplo y-

men t of a BPI missile defense system w ould b e a ma jor in v estmen t and w ould probably

tak e a decade or more to complete. The Study Group therefore considered a sp ectrum of

ICBMs that migh t b e acquired or dev elop ed and deplo y ed b y coun tries of concern during

the next 10{15 y ears, including ICBMs that migh t b e dev elop ed or acquired and �elded in

resp onse to prosp ectiv e or actual deplo ymen t of BPI missile defense system b y the United

States.

Curren t estimates b y the U.S. in telligence comm unit y (see Chapter 3) suggest that the

�rst ICBMs that migh t b e deplo y ed b y coun tries of concern w ould b e liquid-prop ellan t

missiles. Although the �rst ICBMs deplo y ed w ould probably ha v e shorter ranges, it is

estimated that missiles with ranges of 12,000 km could b e deplo y ed within the next decade

or so. Deplo ymen t of solid-prop ellan t ICBMs w ould b e a natural resp onse to a b o ost-

phase missile defense system, b ecause solid-prop ellan t ICBMs burn out so oner than liquid-

prop ellan t ICBMs, reducing the time a v ailable to in tercept them. The U.S. in telligence

comm unit y estimates that coun tries of concern could deplo y solid-prop ellan t ICBMs within

the next decade, if they w ere able to acquire solid-prop ellan t missiles or tec hnology from

coun tries with more adv anced missile programs. The in telligence comm unit y and others

ha v e cited n umerous examples of the transfer of solid-prop ellan t tec hnology to coun tries of

concern.

1

1

Chapter 3 describ es the c haracteristics of di�eren t t yp es of ballistic missiles and discusses curren t as-

S259



S260 Chapter 15. Ballistic Missile and T rajecto ry Mo dels

The studies of BPI that ha v e b een published previously in the op en literature [164 , 165 ]

considered primarily mo dels of liquid-prop ellan t ICBMs with v ery long b o ost phases, suc h

as the Titan I I, whic h had a total b o ost time of ab out 330 s [166 , pp. 456{458]. Suc h a long

b o ost phase reduces signi�can tly the p erformance requiremen ts for a b o ost-phase missile

defense system. Liquid-prop ellan t ICBM-tec hnology no w a v ailable to coun tries of concern

t ypically ha v e total b o ost times of 250 s or less, and solid-prop ellan t ICBMs based on 1960s

tec hnology could b e exp ected to ha v e total b o ost times of 170 to 180 s. F or these reasons the

Study Group dev elop ed computer mo dels of solid-prop ellan t ICBMs based on 40-y ear-old,

�rst-generation solid-prop ellan t tec hnology , as w ell as liquid-prop ellan t ICBMs similar to

those �rst deplo y ed b y the So viets in the early 1960s and b y the Chinese in the early 1980s,

to explore the p oten tial abilit y of BPI systems to defend against a sp ectrum of p ossible

missiles. F or the missiles that w ere mo deled in detail, the Study Group c haracterized their

stage-b y-stage prop erties, burn times, the sequence of ev en ts during their 
igh t, and their

p ossible tra jectories.

T o reduce the n um b er of ICBMs constructed and engagemen ts analyzed, the Study

Group fo cused on ICBMs with ranges of 12,000 km (6,400 nautical miles). The Study

Group also constructed t w o medium-range ballistic missile (MRBM) mo dels to in v estigate

the p ossible relev ance of BPI of shorter-range missiles launc hed from platforms p ositioned

o� the coasts of the United States. The basic prop erties of these missiles are listed in

T ables 15.1 and 15.2. The mo del ballistic missiles and tra jectories describ ed in this c hapter

are used throughout the rest of the Study . The meanings of the most imp ortan t sym b ols

used in this c hapter are listed in Bo x 15.1. Some are de�ned b elo w. De�nitions and

discussions of all of them ma y b e found in App endix B.

15.1 ICBM Mo dels

The Study Group constructed three primary ICBM mo dels: one liquid-prop ellan t and t w o

solid-prop ellan t missiles. All ha v e maxim um �nal v elo cities of ab out 7.2 km/s and max-

im um ranges of ab out 12,000 km (6,400 nautical miles). The liquid-prop ellan t mo del is

based on the Chinese DF-5 missile and has a maxim um total b o ost time of 240 s. The t w o

solid-prop ellan t mo dels are t ypical of �rst-generation U.S. and So viet long-range ICBMs.

As single-w arhead designs, they are based on solid propulsion tec hnology that is 40 y ears

old. Both ha v e maxim um total b o ost times of 170 s, but they ha v e di�eren t staging ra-

tios, to test the sensitivit y of defense p erformance requiremen ts to di�erences in ICBM

acceleration pro�les. The Study Group also constructed a fast-burn solid-prop ellan t ICBM

ha ving a maxim um total b o ost time of 130 s and a maxim um range of 12,000 km, to explore

the impact of fast-burn ICBMs on defense p erformance requiremen ts. The ICBM mo dels

used are based on generic but plausible p erformance c haracteristics dra wn from the op en

literature (see, e.g., [167 , 168 ]). Where details ab out foreign missiles w ere una v ailable, the

mo dels w ere based on older U.S. tec hnology .

The mass prop erties and p erformance c haracteristics of ICBM mo dels L, S1, and S2

are listed in T ables 15.3{15.5. The meanings of and sym b ols for the relev an t masses are

as follo ws. The mass fraction of a giv en stage is m

p

= ( m

p

+ m

inert

), where m

inert

is the

inert mass of the stage and m

p

is the mass of the prop ellan t that will b e consumed during

that stage of b o ost. The inert mass of a stage includes its propulsion hardw are, fuel tanks,

thrust v ector con trols, asso ciated p o w er supplies and in terstage structure, as w ell as the

sessmen ts of p oten tial ballistic missile threats to the territory of the United States.



15.1. ICBM Mo dels S261

T able 15.1. Mo del ICBMs Considered in the Study

a

Name Prop ellan t Bo ost Time (s)

b

Remarks

L Liquid 240 In termediate b et w een the SS-11 and DF-5

L2 Liquid 300 Similar to the U.S. Titan I I ICBM

c

S1 Solid 170 Based on 40-y ear-old, �rst-generation tec hnology

S2 Solid 170 Based on 40-y ear-old, �rst-generation tec hnology

S3 Solid 130 Illustrates the c hallenge of a fast-burn ICBM

a

Liquid-prop ellan t ICBMs ha v e t w o stages; solid-prop ellan t ICBMs ha v e three stages. All

mo dels ha v e nominal ranges of 12,000 km.

b

T otal duration of the b o ost phase.

c

Large, hea vy missile; considered but not analyzed in detail.

T able 15.2. Single-Stage Mo del MRBMs Considered in the Study

Name Prop ellan t Bo ost Time (s)

a

Range (km) Remarks

M1 Liquid 95 1300 Similar to the No Dong

M2 Solid 65 600 Similar to the Chinese M-9 & Shahab-3

a

T otal duration of the b o ost phase.

mass of an y prop ellan t that is un burned when the stage sh uts do wn or burns out. Once

a giv en stage has sh ut do wn or burned out, its inert mass is dropp ed, lea ving the initial

mass of the subsequen t stage. The initial mass m

initial

of a stage includes the mass that

will b e discarded, m

inert

, its �nal mass m

�nal

, the mass of the shroud m

shroud

if it is ejected

while that stage is in p o w ered 
igh t, and the mass of the prop ellan t that will b e consumed

during that stage of b o ost, i.e., m

initial

= m

inert

+ m

�nal

+ m

shroud

+ m

p

. The �nal mass

of a giv en stage includes its inert mass and the initial mass of the subsequen t stage. The

�nal mass of the �nal stage includes its inert mass, guidance and na vigation equipmen t,

Bo x 15.1: Sym b ols Used in This Chapter


 Fligh t-path angle relativ e to lo cal horizon tal

I

sp

Sp eci�c impulse of the prop ellan t

I

t

Impulse of the prop ellan t

m

initial

Initial mass of the missile stage

m

�nal

Mass of the missile stage at burnout

m

inert

Inert mass of the missile stage

� V T otal v elo cit y c hange

m

p

Mass of the prop ellan t in the missile stage
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T able 15.3. Characteristics of Liquid-Prop ellan t ICBM L

a

A ttribute Units

b

Stage 2 Stage 1 T otals

Diameter meters 3.00 3.00

Mass fraction | 0.90 0.90

m

initial

c

tonne 41.5 201 201

m

�nal

tonne 6.39 57.4

m

inert

tonne 3.86 15.9

m

p

tonne 35 143

I

sp

seconds 282 275

Thrust (a v erage) kN 810 3226

Burn time seconds 120 120 240

I

t

MN-s 96 385

� V added (ideal) km/s 5.16 3.38 8.54

� V added (actual) km/s 4.78 2.48 7.26

a

Nominal range: 12,000 km; pa yload mass m

pa yload

= 2 ; 545 kg;

shroud mass m

shroud

= 66 kg; shroud eject o ccurs at 146 s, 26 s

in to second-stage burn.

b

Units: MN-s = Meganewton-seconds, kN = kilonewtons, 1 tonne

= 1,000 kg.

c

Cum ulativ e from left to righ t.

T able 15.4. Characteristics of Solid-Prop ellan t ICBM S1

a

A ttribute Units

b

Stage 3 Stage 2 Stage 1 T otals

Diameter meters 1.50 1.85 1.85

Mass fraction 0.90 0.90 0.90

m

initial

c

tonne 1.93 8.81 41.1 41.1

m

�nal

tonne 1.02 2.61 12.0

m

inert

tonne 0.10 0.68 3.2

m

p

tonne 0.91 6.12 29.0

I

sp

seconds 277 275 265

Thrust (a v erage) kN 62 254 1160

Burn time

c

seconds 40 65 65 170

I

t

MN-s 2.4 16.5 75.4

� V added (ideal)

c

km/s 1.73 3.27 3.21 8.21

� V added (actual)

c

km/s 1.60 2.96 2.64 7.20

a

Nominal range: 12,000 km; pa yload mass m

p

= 918 kg; shroud mass

m

shroud

= 66 kg; shroud eject o ccurs at 102 s, 28 s b efore the second stage

burns out.

b

Units: MN-s = Meganewton-seconds, kN = kilonewtons, 1 tonne = 1,000 kg.

c

Cum ulativ e from left to righ t.
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T able 15.5. Characteristics of Solid-Prop ellan t ICBM S2

a

A ttribute Units

b

Stage 3 Stage 2 Stage 1 T otals

Diameter meters 1.50 1.50 1.50

Mass fraction 0.90 0.90 0.90

m

initial

c

tonne 4.37 12.80 43.1 43.1

m

�nal

tonne 1.37 5.21 15.8

m

inert

tonne 0.33 0.84 3.0

m

p

tonne 3.00 7.55 27.3

I

sp

seconds 277 275 265

Thrust (a v erage) kN 163 340 1183

Burn time seconds 50 60 60 170

T otal impulse MN-s 8.1 20.3 70.7

� V added (ideal) km/s 3.15 2.42 2.61 8.17

� V added (actual) km/s 2.97 2.15 2.11 7.22

a

Nominal range: 12,000 km; pa yload mass m

p

= 1,040 kg; shroud mass

m

shroud

= 51 kg; shroud eject o ccurs at 103 s, 17 s b efore second stage burns

out.

b

Units: MN-s = Meganewton-seconds, kN = kilonewtons, 1 tonne = 1,000 kg.

c

Cum ulativ e from left to righ t.

and the mass m

pa yload

of the pa yload. The total impulse I

t

is the time in tegral of the

thrust T and is therefore equal to the pro duct of the total burn time and the time-a v eraged

thrust. The sp eci�c impulse I

sp

= T = _m

p

g

s

, where _m

p

is the prop ellan t 
o w rate and g

s

is the acceleration of gra vit y at sea lev el, is a standard measure of the p erformance of a

propulsion system. F or further discussion of these quan tities, see App endix B and [168 ].

W e turn no w to a brief description of the principal ICBM mo dels considered in the

Study .

Liquid-p rop ellant ICBM mo del L

The ICBM mo del L is based roughly on the large Chinese DF-5 missile, whic h is a t w o-

stage, liquid-prop ellan t missile ha ving a range that is rep orted to b e b et w een 12,000 km

and 13,000 km [167 ] and a maxim um total burn time estimated to b e b et w een 230 s and

255 s [166 , 169 ]. A missile similar to the DF-5 w as constructed b ecause suc h a missile could

b e built using tec hnology that is more than 20 y ears old|old enough to b e accessible to

coun tries that are curren tly dev eloping their �rst long-range missiles. Mo del L is a t w o-

stage, 12,000-km-range missile with �rst- and second-stage burn times of 120 s eac h. The

ph ysical c haracteristics of this mo del are listed in T able 15.3.

It has b een rep orted (see Chapter 3) that the T aep o Dong 2 missile curren tly under

dev elopmen t b y North Korea will ha v e a range of ab out 6000 km and burn for ab out 200 s.

Increasing its range b y adding a third stage or making the �rst t w o stages larger w ould

increase its burn time to something close to that of the DF-5.
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Solid-p rop ellant ICBM mo del S1

The ICBM mo del S1 has three stages and a maxim um total b o ost time of 170 s. The �rst

t w o stages burn for 65 s eac h, whereas the third stage burns for 40 s. Staging ratios w ere

not optimized. The v ehicle is assumed to ha v e a pa yload shroud that is ejected when the

dynamic pressure b ecomes less than 0.5 psf (p ounds p er square fo ot), whic h o ccurs at 102 s

after launc h for its maxim um-range tra jectory . The ph ysical c haracteristics of this mo del

are listed in T able 15.4.

Solid-p rop ellant ICBM mo del S2

Di�eren t staging ratios can ha v e a profound e�ect on the p erformance requiremen ts for

a b o ost-phase defense. The ICBM mo del S2 w as created after it w as noticed that the

acceleration curv e of the �nal stage of the DF-5{t yp e ICBM mo del L b ecomes v ery steep as

it approac hes burnout, making its range highly sensitiv e to the time at whic h its thrust is

terminated. In con trast, ICBM mo del S1 has a relativ ely lo w-acceleration third stage and

its range is therefore m uc h less sensitiv e to the time at whic h its thrust is terminated. T o

ensure that the results of the Study w ere not biased b y a particular c hoice of b o oster-staging

ratios, ICBM mo del S2 w as designed so that its range w ould dep end more sensitiv ely on

the time at whic h its thrust w as terminated during third-stage burn.

Lik e ICBM mo del S1, mo del S2 is a three-stage missile ha ving a maxim um total b o ost

time of 170 s and a maxim um v elo cit y of 7.2 km/s, but it has di�eren t staging ratios. Its �rst

and second stages burn for 60 s eac h, whereas its third stage burns for 50 s. Staging ratios

w ere not optimized. The v ehicle is assumed to ha v e a pa yload shroud that is ejected when

the dynamic pressure b ecomes less than 0.5 psf, whic h o ccurs at 103 s for its maxim um-range

tra jectory . The ph ysical c haracteristics of ICBM mo del S2 are listed in T able 15.5.

Solid-p rop ellant ICBM mo del S3

In addition to the three ICBM mo dels describ ed ab o v e, a v arian t of solid-prop ellan t ICBM

S1 ha ving reduced burn times for eac h stage w as used as a v ariation to examine the e�ect

of a short-burn missile, often suggested as a coun termeasure to b o ost-phase in tercept. The

�rst- and second-stage burn times w ere reduced from 65 s to 50 s eac h, and the third-stage

burn time w as reduced from 40 s to 30 s, for a maxim um total b o ost time of 130 s. Lik e

the other ICBMs that w e mo deled, the range of this fast-burn missile is 12,000 km. Its

implications are discussed in Chapter 9.

15.2 ICBM T rajecto ries

The signi�cance of trajecto ry va riations

T o b e successful, a BPI system that uses in terceptor missiles m ust p erform t w o basic tasks.

First, it m ust b e able to get in terceptors to attac king missiles so on enough to prev en t them

from giving their m unitions v elo cities that w ould carry them to the United States. This

task is analyzed in Chapters 4 and 5. Second, once they are close to the target missile,

the system's in terceptors m ust b e able to maneuv er to hit and disable or destro y it. This

task is analyzed in Chapters 12 and 13. One of the most imp ortan t factors determining the

system p erformance required to ac hiev e these tasks is the sp ectrum of p ossible b o ost-phase

tra jectories that attac king missiles ma y 
y . The defense ma y not kno w in adv ance the
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t yp e and p erformance c haracteristics of the missiles a v ailable to the attac k er and almost

certainly will not kno w in adv ance the tra jectories attac king missiles are going to follo w.

Consequen tly , the defensiv e system m ust b e capable of reac hing and hitting in time an y

missiles a v ailable to the attac k er, 
ying on an y tra jectories of whic h they are capable.

2

The sp ectrum of p ossible attac king missile tra jectories de�nes the p oten tial in tercept

v olume, whic h is the lo cus in time and space of the in tercept p oin ts that the defense system's

in terceptors migh t ha v e to reac h to prev en t the attac k er's missiles from giving m unitions a

v elo cit y that w ould carry them to the United States. In order to determine the p oten tial

in tercept v olume, the defense m ust ha v e at least some information ab out the t yp es and

p erformance c haracteristics of all the missiles that migh t b e a v ailable to the attac k er.

Coun tries of concern for this study ma y or ma y not ha v e tested the missiles used in an

attac k (see Chapter 3). Consequen tly , the defense ma y not kno w in adv ance the relev an t

c haracteristics of all the ICBMs that ma y b e launc hed against the United States b y a giv en

coun try , or ev en whether they use liquid or solid prop ellan ts. Suc h uncertain ties increase

the p oten tial in tercept v olume the defense m ust b e able to co v er.

In addition to the uncertain ties in tro duced b y the defense's lac k of complete infor-

mation on the c haracteristics of p oten tially threatening missiles, further uncertain ties are

in tro duced b y the defense's lac k of kno wledge of the particular tra jectory a giv en attac king

missile has b een programmed to 
y . A missile attac king a target with a range signi�can tly

less than its maxim um range could 
y an y of a broad sp ectrum of b o ost-phase tra jectories.

Ev en if the missile's maxim um range is not m uc h greater than the range to the target, the

v ariet y of p ossible tra jectories is signi�can t.

The tra jectories 
o wn ma y b e designed to attac k a particular target or to ev ade the

defense. Examples include tra jectories that are lofted or depressed relativ e to the maxim um-

range tra jectory , tra jectories that ha v e single or m ultiple v ertical or lateral deviations suc h

as dog-legs, and tra jectories that include energy-exp ending maneuv ers to hit a particular

target

3

. All suc h p ossibilities m ust b e considered in determining the in tercept v olume the

defense m ust co v er.

The sp ectrum of b o ost-phase tra jectories that attac king missiles ma y 
y is also imp or-

tan t in determining the minim um kill-v ehicle p erformance required to ha v e a high prob-

abilit y of hitting them. Because the defense do es not kno w whic h of the man y p ossible

b o ost-phase tra jectories a giv en attac king missile has b een programmed to 
y , it m ust

observ e the p osition of the missile as a function of time, estimate its state (p osition, v e-

lo cit y , and acceleration), use a guidance la w that predicts, either explicitly or implicitly ,

2

One of the w a ys in whic h this study di�ers from studies published previously in the op en literature is

that it considers a full sp ectrum of feasible tra jectories and maneuv ers and do es not assume that the defense

kno ws in adv ance the tra jectory the attac king missile will follo w.

3

Ev ery missile has a so-called \maxim um-range" tra jectory , whic h is the tra jectory for whic h the impact

p oin t of the pa yload is farthest from the launc h site. The shap e of a missile's maxim um range tra jectory

dep ends on the missile's shap e, structure, acceleration pro�le, and pa yload mass (see App endix B). F or

tactical reasons, an attac k er ma y program a missile to 
y a tra jectory that is higher (\lofted") or lo w er

(\depressed") than the missile's maxim um range. As sho wn b elo w, the range p enalt y for deviating from the

maxim um-range tra jectory b y a mo dest amoun t is small. \Dog-legs" are maneuv ers in whic h the missile

starts out in one direction and then v eers o� in another, making it di�cult for the defense to an ticipate the

in tended missile tra jectory . The missile ma y maneuv er in the v ertical direction, remaining in the plane of its

previous tra jectory , in the horizon tal direction, or in an arbitrary direction. Energy-exp ending maneuv ers

reduce the �nal v elo cit y of the missile b y causing the missile to mak e excursions around the tra jectory to the

target. Solid-prop ellan t missiles in p o w ered 
igh t can and sometimes do rotate and 
y nearly nose-bac kw ard

at v ery high altitude where atmospheric friction is unimp ortan t, to enable them to burn all their prop ellan t

and still hit a target at less than their maxim um range.
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the future p osition of the missile, and guide the kill v ehicle so that it hits the missile.

The p erformance of the kill v ehicle's sensors, guidance and con trol system, and propulsion

system that is required to ha v e a high probabilit y of hitting the missile dep ends on the

sp ectrum of tra jectories and maneuv ers the missile ma y execute.

4

V ertical or lateral de-

viations ma y b e programmed in to the missile's 
igh t to obfuscate the missile's 
igh t path

and in tended target, to ev ade the kill v ehicle, or simply to manage the missile's propulsiv e

energy . Energy-managemen t maneuv ers could include in-plane and out-of-plane dog-legs

or the generalized energy managemen t maneuv ers (GEMS) that are used on mo dern U.S.

solid-prop ellan t missiles to a v oid ha ving to terminate the thrust of the solid ro c k et motor.

5

Ev asiv e maneuv ers could include dog-legs, lunges, or jinking maneuv ers. (These are de-

scrib ed in Chapter 12). They could b e emplo y ed alone or in concert with deco ys to exhaust

the kill v ehicle's prop ellan t or increase the probabilit y that it will miss its target. Most

of these maneuv ers, suc h as lofting or dog-legs, could b e executed b y an y missile, whether

liquid- or solid-prop ellan t. Other maneuv ers, suc h as GEMS, could b e executed only b y

solid-prop ellan t missiles.

T o understand the implications of b o ost-phase tra jectory v ariations for the p erformance

of BPI systems, w e in v estigated a v ariet y of tra jectories and maneuv ers.

T rajecto ries used in the Study

The tra jectories used in the Study w ere computed as describ ed in App endix B. Sev eral

computer programs w ere used to compute missile and in terceptor tra jectories. They w ere

v alidated b y comparing their results for selected cases and b y c hec king selected runs against

the results giv en b y a six-degree-of-freedom computer co de at Sandia National Lab oratories

that has b een carefully v alidated o v er y ears of use in ro c k et design. Most of our analysis

is based on calculations of planar missile and in terceptor tra jectories o v er a spherical, non-

rotating Earth. These can b e used to analyze out-of-plane engagemen ts (engagemen ts in

whic h the missile and in terceptor tra jectory planes do not coincide), as sho wn in Chapter 4.

In addition to lofted and depressed tra jectories, w e also sim ulated a v ariet y of planar missile

tra jectories pro duced b y c hanging the missile's 
igh t path angle after the pa yload shroud

w as ejected. A few non-planar, dog-leg tra jectories w ere also sim ulated. These calculations

con�rmed that the e�ect on a missile's range of mo derate out-of-plane maneuv ers, suc h as

dog-legs, can b e estimated b y analyzing similar in-plane maneuv ers. W e also sim ulated a

generalized energy-managemen t (GEMS) maneuv er. The results of these sim ulations are

describ ed in this c hapter. In addition, w e sim ulated separately a v ariet y of smaller-scale

in-plane maneuv ers as part of our analysis of the homing phase of b o ost-phase engagemen ts.

These maneuv ers included tra jectory c hanges pro duced b y a sudden increase or decrease

in the missile's angle of attac k, switc h bac k maneuv ers in whic h the target switc hed from a

p ositiv e to a negativ e angle of attac k, sudden lunges, and �sh tail-lik e jinking maneuv ers in-

tended to ev ade the kill v ehicle. The results of these sim ulations are describ ed in Chapter 12

and App endix C.

4

W e note that ev en if the defense knew exactly the c haracteristics of the attac king missiles and the

tra jectories they ha v e b een programmed to 
y , the in tercept p oin ts w ould still b e uncertain b ecause the actual

tra jectories 
o wn b y the missiles w ould b e a�ected b y unpredictable v ariations in prop ellan t form ulation,

winds aloft, and other factors.

5

T erminating the thrust of a solid-prop ellan t ro c k et b efore all the prop ellan t is exp ended is c hallenging; it

in v olv es blo wing a hole in the missile case, whic h can b e di�cult to con trol. By comparison, liquid-prop ellan t

ro c k et motors can easily b e throttled bac k b y reducing the 
o w of prop ellan t to the com bustion c ham b er.
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15.2.1 Maximum-range and lofted trajecto ries
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Figure 15.1. Maxim um-range b o ost-phase tra jectory of liquid-prop ellan t ICBM mo del L in the

altitude-range plane. The �rst- and second-stage b o ost-phase tra jectories are sho wn resp ectiv ely

b y the hea vy and ligh t lines. Inset: Acceleration pro�les of the t w o stages. The acceleration of the

second stage reac hes 12 g b efore it burns out.

The nominal maxim um-range tra jectory of liquid-prop ellan t ICBM mo del L and the

acceleration time history of its t w o stages are sho wn in Fig. 15.1. The tra jectories during

�rst- and second-stage b o ost are indicated b y the hea vy and ligh t lines, resp ectiv ely . The

second stage ignites 120 s after launc h, the pa yload shroud is ejected at 146 s, and the second

stage burns out at 240 s. Because of the lo w 
igh t-path angle of the missile's maxim um-

range tra jectory and the high acceleration of its second stage during the last half of its

burn, di�erences of a few seconds in the time at whic h the second stage burns out or has its

thrust terminated and small c hanges in its 
igh t-path angle ha v e a v ery large e�ect on the

missile's range. F or example, terminating the thrust of the second stage 15 s b efore normal

burnout w ould reduce the missile's range b y more than 50 p ercen t. Lofting the missile's

tra jectory w ould reduce this time sensitivit y sligh tly .

The nominal maxim um-range tra jectory of solid-prop ellan t ICBM mo del S1 and the

acceleration time history of its three stages are sho wn in Fig. 15.2. Also sho wn is the lofted

tra jectory pro duced b y increasing the initial 
igh t-path angle (measured relativ e to the lo cal

horizon tal) from 19

�

to 27

�

. The tra jectories during �rst-, second- and third-stage b o ost

are indicated b y the hea vy , ligh t, and dotted lines, resp ectiv ely . The second stage ignites

65 s after launc h, and the shroud is ejected at 102 s. The third stage ignites at 130 s and

burns out at 170 s.

The nominal maxim um-range tra jectory of solid-prop ellan t ICBM mo del S2 and the

acceleration time history of its three stages are sho wn in Fig. 15.3. As in Fig. 15.2, the

lofted tra jectory w as pro duced b y increasing the initial 
igh t path angle from 19

�

to 27

�

.

The tra jectories during �rst-, second-, and third-stage b o ost are indicated b y the hea vy ,

ligh t, and dotted lines, resp ectiv ely . F or this mo del, the second stage ignites at 60 s and

the shroud is ejected at 103 s. The third stage ignites at 120 s and burns out at 170 s.

Figure 15.4 sho ws missile altitude as a function of range for the maxim um-range b o ost-
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Figure 15.2. Maxim um-range and lofted b o ost-phase tra jectories of solid-prop ellan t ICBM mo del S1

in the altitude-range plane. The tra jectories during �rst-, second- and third-stage b o ost are indi-

cated b y the hea vy , ligh t, and dotted lines, resp ectiv ely . The 
igh t-path angle measured from the

lo cal horizon tal is 19

�

for the maxim um-range tra jectory and 27

�

for the lofted tra jectory . Inset:

Acceleration pro�les of the three stages.
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Figure 15.3. Maxim um-range and lofted b o ost-phase tra jectories of solid-prop ellan t ICBM mo del S2

plotted in the altitude-range plane. As in Fig. 15.2, the tra jectories during �rst-, second-, and third-

stage b o ost are indicated b y the hea vy , ligh t, and dotted lines, resp ectiv ely . The 
igh t-path angle

measured from the lo cal horizon tal is 19

�

for the maxim um-range tra jectory and 27

�

for the lofted

tra jectory . Inset: Acceleration pro�les of the three stages.
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Figure 15.4. Comparison of the missile's altitude as a function of its range for the maxim um-range

b o ost-phase tra jectories of the three primary ICBM mo dels. (The n um b ers in paren theses indicate

burn times.)

phase tra jectories of the three primary ICBM mo dels. Because of its lo w er acceleration and

longer burn time, a liquid-prop ellan t ICBM similar to mo del L exp eriences more gra vit y

drop than a solid-prop ellan t missile with the same range. As a result, its altitude during

second-stage 
igh t is lo w er and its en tire tra jectory is 
atter (the 
igh t-path angle of ICBM

mo del L is 11.5

�

at burnout, whereas the 
igh t path angles of solid-prop ellan t mo dels S1

and S2 are 19

�

at burnout).

Figure 15.5 sho ws elapsed time as a function of range for the maxim um-range b o ost-

phase tra jectories of the three primary ICBM mo dels. The solid-prop ellan t ICBMs burn out

closer to their launc h site and m uc h more quic kly than the liquid-prop ellan t ICBM. This

mak es them more di�cult to in tercept during their b o ost phase and driv es a BPI system

to use faster in terceptors and base them closer to p oten tial ICBM launc h sites.

15.2.2 Other trajecto ries

An almost in�nite v ariet y of maneuv ers is p ossible for an ICBM attac king a target that is at

a range less than the missile's maxim um range. In c ho osing whic h maneuv ers to consider,

w e used practical considerations to circumscrib e the p ossibilities. First, with the exception

of GEMS maneuv ers and dog-leg maneuv ers of ICBMs launc hed from North Korea against

targets in Alask a, no maneuv ers w ere considered that w ould reduce the ICBM's range b y

more than 1500 km from its maxim um. Second, no planned maneuv ers w ere considered

that w ould increase the structural loading or heating of the missile. Accordingly , all ma jor

maneuv ers w ere initiated only after the shroud w as ejected, whic h w as assumed to b e done

once the dynamic pressure fell b elo w 0.5 psf. Finally , limits w ere placed on transien t or

oscillatory accelerations b y assuming an outer con trol lo op corner frequency of 2 Hz or less

and a thrust-v ector-con trol corner frequency of ab out 20 Hz.

T rajecto ry-shaping maneuvers An ICBM attac king a target that is closer than its maxi-

m um range can b e programmed to follo w a wide v ariet y of tra jectories, esp ecially after it has

clim b ed ab o v e the atmosphere. The range p enalt y for small deviations from the missile's
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Figure 15.5. Comparison of time after launc h as a function of range for the maxim um-range b o ost-

phase tra jectories of the three primary ICBM mo dels. (The n um b ers in paren theses indicate burn

times.)

maxim um-range tra jectory is second-order in the deviation and is therefore relativ ely small.

Figure 15.6 illustrates the v ariet y of planar tra jectories that are p ossible for solid-prop ellan t

ICBM mo del S1 b y lofting it sligh tly at launc h or b y c hanging its 
igh t-path angle after

shroud eject. T ra jectory v ariations lik e these are also p ossible for liquid-prop ellan t ICBM

mo del L and solid-prop ellan t ICBM mo del S2. The cases sho wn are as follo ws:

1. The nominal maxim um-range tra jectory for ICBM mo del S1. The missile w as

launc hed with an initial 
igh t-path angle of 81.5

�

and conducted a gra vit y turn

6

from launc h through shroud eject, whic h o ccurred during second-stage 
igh t, 102 s

after the missile w as launc hed.

2. The tra jectory pro duced b y lofting the missile so that its 
igh t-path angle at burnout

is 27.5

�

. The range of the missile (when all of its propulsiv e energy is used) is

shortened b y 1,000 km, relativ e to its nominal maxim um range.

3. The tra jectory pro duced b y launc hing the missile as in Case 1 but increasing its angle

of attac k b y 20

�

from shroud eject through second-stage burnout.

4. The tra jectory pro duced b y launc hing the missile as in Case 1 but increasing its angle

of attac k b y 10

�

from shroud eject through third-stage burnout.

5. The tra jectory pro duced b y launc hing the missile as in Case 1 but decreasing its

angle of attac k b y 15

�

from shroud eject through second-stage burnout.

None of these tra jectory v ariations reduce the missile's range b y more than 1,500 km

(12 p ercen t). Out-of-plane deviations b y similar distances reduce the range b y a similar

amoun t, as con�rmed b y computing sev eral out-of-plane tra jectories. Th us, the missile can

6

If the thrust v ector of a ro c k et ha ving a 
igh t-path angle less than 90

�

is k ept aligned with its v elo cit y

v ector, gra vit y will cause its 
igh t path angle to decrease gradually , i.e., the missile will gradually turn

to w ard horizon tal 
igh t; this e�ect is called a \gra vit y turn."
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Figure 15.6. Examples of the v ariet y of planar tra jectories that are p ossible for solid-prop ellan t

ICBM mo del S1 b y lofting it sligh tly at launc h or b y c hanging its 
igh t path angle after shroud

eject. (The n um b ers are k eys for the text.) The large-scale tra jectory v ariations sho wn reduce the

range of the missile b y at most 12% of its maxim um range. Out-of-plane deviations b y similar

distances reduce the range b y a similar amoun t. T ra jectory v ariations lik e these are also p ossible for

liquid-prop ellan t ICBM mo del L and solid-prop ellan t ICBM mo del S2, with similar range p enalties.

The v olume in space that these tra jectories span illustrates the v olume that in terceptors m ust b e

able to co v er to ensure that a b o ost-phase in tercept is p ossible.

easily v ary its azim uth b y � 10

�

b efore cut-o� with little loss of range. T ra jectory-shaping

maneuv ers lik e these are routinely p erformed b y some U.S. missiles.

Figure 15.6 sho ws the large-scale tra jectory v ariations that are p ossible for a giv en range

p enalt y span an appro ximately conical v olume in space cen tered on the maxim um-range

tra jectory . The diameter of the cone at the missile's burnout p oin t can b e 120{150 km if

a 10 p ercen t reduction in the missile's range is acceptable, or as large as 250 km if a 50

p ercen t reduction in the missile's range is acceptable. The latter w ould still allo w an y of

the mo del missiles used in the Study to reac h targets an ywhere in Alask a from launc h sites

in North Korea. The kill v ehicles of a BPI system m ust b e able to reac h p oin ts an ywhere

in this v olume within the time a v ailable to ensure that an in tercept is p ossible (to actually

ac hiev e in tercept, the kill v ehicle m ust then hit the missile).

Energy-management maneuvers Generalized energy-managemen t steering (GEMS) ma-

neuv ers ma y b e p erformed late in a solid-prop ellan t ICBM's b o ost phase in lieu of thrust

termination to reduce the missile's e�ectiv e range, allo wing it to hit a target closer than

its maxim um range. Figure 15.7 sho ws an example of a GEMS maneuv er p erformed to

reduce the impact range of ICBM mo del S2, whic h has a third stage similar to that of the

Min uteman I. In suc h a maneuv er, the cen terline of the missile ma y deviate from its 
igh t

path b y up to 120

�

. The need to cop e with maneuv ers lik e this, whic h are quite t ypical for

solid-prop ellan t missiles that ha v e no thrust termination, increases signi�can tly the p erfor-

mance requiremen ts for the guidance and con trol systems, and also the propulsion systems,
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Figure 15.8. Comp onen ts of the acceleration of the third stage of ICBM mo del S2 along the x , y ,

and z axes during an illustrativ e GEMS maneuv er.

of the kill v ehicle.

During a GEMS maneuv er, the time-v arying thrust v ector can b e assumed to b e ap-

pro ximately coaxial with the cen terline of the v ehicle. The v ehicle's attitude is de�ned b y

its Euler angles, whic h are sho wn as functions of time in Fig. 15.7 for an illustrativ e GEMS

maneuv er. W e express the thrust v ector, whic h v aries in b oth magnitude and direction, b y

sp ecifying its Cartesian comp onen ts as functions of time in the reference frame of the missile

at launc h. W e c ho ose the z axis in the v ertical direction, the x axis along the pro jection

of the �ring direction in to the horizon tal plane, and the y axis p erp endicular to the x � z

(�ring) plane. F or the example sho wn, the �ring direction is ab out 25

�

east of north. Using

the thrust acceleration of the third-stage of ICBM mo del S2 to �x the magnitude of the

missile's acceleration and the Euler angles sho wn in Fig. 15.7 to determine its comp onen ts

along the x , y , and z axes, w e obtain the results sho wn in Fig. 15.8. This GEMS maneuv er

reduced the v elo cit y of the third stage of ICBM S2 along its 
igh t path b y 970 m/s, de-

creasing its impact range from 12,000 km to 6,280 km. The latter is the range from North

Korea to just south of the southern b oundary of Alask a, so a GEMS maneuv er similar to

this one w ould b e appropriate for an ICBM launc hed from North Korea against targets in

Alask a.
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Since the defense do es not kno w the ICBM's in tended target or ho w its maneuv er will

unfold, to b e sure of hitting the ICBM, the kill v ehicle m ust matc h or exceed the ICBM's

unpredicted acceleration normal to the line-of-sigh t from the in terceptor to the ICBM at

ev ery momen t.

7

Hence the in terceptor m ust exp end prop ellan t, regardless of the direction

of the ICBM's acceleration. T o b e sure of hitting the ICBM, the kill v ehicle m ust c hange

its v elo cit y b y an amoun t equal to the in tegral of the absolute magnitude of the ICBM's

unan ticipated acceleration normal to the line-of-sigh t.

F or the GEMS maneuv er sho wn in Figs. 15.7 and 15.8, an in terceptor approac hing the

ICBM from a direction appro ximately p erp endicular to the ICBM's tra jectory plane w ould

ha v e to b e able to c hange its v elo cit y b y ab out 1,200 m/s in order to b e certain of hitting

the missile, assuming that the state of the target ICBM can b e determined instan tly and

exactly and that the kill v ehicle can c hange its acceleration instan tly to matc h that of the

ICBM. In realit y , errors and lags in estimating the state of the target and the latency in

the kill v ehicle's dynamical resp onse m ust also b e considered in determining the required

p erformance of the kill v ehicle.

Implications fo r b o ost-phase intercept systems The results presen ted in this section

illustrate the large unpredictabilit y in p erformance of an attac king ICBM that increases the

p oten tial in tercept v olume that the defensiv e system m ust b e prepared to co v er. Figures 15.4

and 15.5 sho w that the burnout altitude and range of liquid-prop ellan t ICBM L di�er from

those of solid-prop ellan t ICBM S2 b y more than 50 km and more than 100 km, resp ectiv ely .

Ev en the burnout ranges of the t w o solid-prop ellan t ICBM mo dels di�er b y more than 50 km.

The b o ost phases of the solid-prop ellan t missiles are 70 s shorter than the b o ost phase of

the liquid-prop ellan t missile.

The tra jectory v ariations and maneuv ers that w ere sim ulated sho w that ev en if the

p erformance c haracteristics of the attac king ICBM are kno wn precisely , the defense's lac k

of kno wledge of the tra jectory the missile has b een programmed to 
y increases the required

p erformance of the in terceptor and kill v ehicle b ecause they o ccur after the in terceptor has

b een �red and has completed its b o ost. Figure 15.6 sho ws that the large scale tra jectory

v ariations p ossible for a 10-p ercen t reduction in the missile's range �ll an appro ximately

conical v olume ha ving a diameter at the burnout p oin t of 120{150 km; for a 50-p ercen t

reduction in the missile's range, the diameter can b e as large as 250 km. The latter reduction

in range w ould still allo w an y of the mo del missiles used in the Study to attac k targets

an ywhere in Alask a from launc h sites in North Korea.

The tra jectory v ariations sho wn in Fig. 15.6 underscore another imp ortan t p oin t ab out

the design of a BPI system: there is a do wnside to using in terceptors ha ving v ery short

b o ost times or committing them early . As long as the in terceptor is in its b o ost phase,

it can comp ensate for deviations of the ICBM's tra jectory from the tra jectory exp ected

when the in terceptor w as �red with little additional exp enditure of prop ellan t, pro vided the

in terceptor receiv es nearly con tin uous up dates ab out the target missile's p osition from o�-

b oard sensors, suc h as space-based IR detectors or radars. Ho w ev er, once the in terceptor's

�nal b o ost stage burns out, whic h o ccurs 85{105 s after the launc h of the target ICBM for

an in terceptor with a 40-s b o ost phase �red 45{65 s after the ICBM w as launc hed, the kill

v ehicle m ust use its o wn propulsion to comp ensate for an y unpredicted maneuv ers b y the

ICBM.

7

As discussed in Chapter 12, acceleration-matc hing minimizes the total v elo cit y c hange the kill v ehicle

m ust b e able to ac hiev e if the target's maneuv ers are unpredictable and arbitrary .
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F or example, if the ICBM initiates a 15

�

out-of-plane dog-leg b eginning immediately

after it ejects its shroud and con tin uing un til its third stage has burned out, the kill v ehicle

w ould ha v e to c hange its v elo cit y b y ab out 840 m/s to comp ensate, assuming that the kill

v ehicle has p erfect kno wledge of the target's acceleration without an y time lag. In realit y ,

the total v elo cit y c hange required will b e larger, b ecause of random and systematic errors

and dela ys in estimating the state (p osition, v elo cit y , and acceleration) of the target and

latency in the dynamical resp onse of the kill v ehicle to commanded accelerations.

Our sim ulation of a GEMS maneuv er sho w ed that the kill v ehicle w ould ha v e to b e able

to c hange its v elo cit y b y ab out 1,200 m/s to b e certain of hitting the missile, assuming

that the state of the target ICBM can b e determined instan tly and exactly and that the

kill v ehicle can c hange its acceleration instan tly to matc h that of the ICBM. As with the

dog-leg maneuv er, the total v elo cit y c hange required will b e larger, b ecause of the errors

and dela ys in estimating the target's state and latency in the dynamical resp onse of the kill

v ehicle to commanded accelerations.

W e emphasize that the ICBM tra jectory v ariations and maneuv ers discussed here are

merely examples of a broad sp ectrum of p ossible maneuv ers. An ICBM could execute an y

one of these maneuv ers or a com bination of them, but could not execute more than one of

the extreme examples without reducing its impact range to signi�can tly less than 6,000 km.

The kill-v ehicle p erformance required to in tercept an ICBM executing maneuv ers lik e

these is analyzed quan titativ ely in Chapter 12. The resulting p erformance requiremen ts

are then used in Chapter 14 to determine the required sizes and masses of kill v ehicles for

b o ost-phase in tercept.

15.3 Mo dels of Medium-Range Ballistic Missiles

T o explore the issues asso ciated with BPI of shorter-range missiles launc hed o� the coast

of the United States, the Study Group constructed t w o mo dels of medium-range theater

ballistic missiles:

1. A 1300-km, single-stage, liquid-prop ellan t missile ha ving a 95-second burn time,

ha ving c haracteristics similar to those that ha v e b een rep orted [170 ] for Shahab-3,

No Dong, and Ghauri missiles. W e denote this mo del M1.

2. A 600-km, single-stage, solid-prop ellan t missile ha ving a 65-second burn time, ha ving

c haracteristics roughly similar to the solid-prop ellan t Chinese M-9. W e denote this

mo del M2.

The maxim um-range tra jectories of these mo dels are sho wn in Fig. 15.9 and their ph ys-

ical c haracteristics are summarized in T ables 15.6 and 15.7.
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Figure 15.9. Maxim um-range tra jectories of the t w o medium-range missile mo dels listed in T a-

bles 15.6 and 15.7. M1 has a range of 1,300 km and burn time of 95 s; M2 has a range of 600 km

and a burn time of 65 s.

T able 15.6. Characteristics of 1300-km M1

a

A ttribute Units Stage 1

Mass fraction 0.85

I

sp

s 265

I

t

MN-s 35.5

W

p

tonne 13.6

m

inert

tonne 2.4

m

initial

tonne 17.1

m

�nal

tonne 3.4

� V added (ideal) km/s 4.17

� V added (actual) km/s 3.22

Burn time s 95

Thrust (a v erage) kN 374

Diameter m 1.85

a

P a yload: 975 kg; shroud mass: 66 kg;

ejected after burnout.



S276 Chapter 15. Ballistic Missile and T rajecto ry Mo dels

T able 15.7. Characteristics of 600-km M2

a

A ttribute Units Stage 1

Mass fraction 0.85

I

sp

s 265

I

t

MN-s 17.7

W

p

tonne 6.8

m

inert

tonne 1.2

m

initial

tonne 9.1

m

�nal

tonne 2.26

� V added (ideal) km/s 2.84

� V added (actual) km/s 2.20

Burn time s 65

Thrust (a v erage) kN 273

Diameter m 1.0

a

P a yload: 2,176 kg; shroud mass: 66 kg;

ejected after burnout.
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No in terceptors suitable for use in a b o ost-phase defense exist to da y . Consequen tly ,

to analyze b o ost-phase engagemen ts, the Study Group had to create computer mo dels

of in terceptors. Tw o sets of in terceptors w ere created: in terceptors in the �rst set w ere

unconstrained in size, whereas those in the second set w ere constrained to �t an existing

launc h system. The in terceptors w ere c hosen to span the range of p erformance relev an t

to the BPI problem and to explore a v ariet y of issues, including the abilit y of in terceptors

ha ving di�eren t 
y out v elo cities and accelerations to engage the mo del target missiles in

the suite dev elop ed in Chapter 15.

The mo del in terceptors dev elop ed here are emplo y ed throughout P art A of this rep ort

and in the engagemen t sim ulations in App endix C. The in terceptor's tra jectories w ere

computed as describ ed in App endix B.

16.1 Analytical App roach

A set of notional dynamic mo dels for in terceptors w ere dev elop ed to de�ne plausible 
y out

c haracteristics for a v ariet y of scenarios of in terest. As a �rst step, a rough estimate of

the in terceptor p erformance required to reac h the target during its b o ost phase ma y b e

obtained using a kinematic equation for R

i

, the distance the in terceptor m ust 
y to reac h a

desired nominal in tercept p oin t on the b o ost-phase tra jectory of the target missile, namely

R

i

=

1

2

at

2

b

+ V

bo

( t

i

� t

b

) ; (16.1)

where a is the nominal mean acceleration of the in terceptor, t

b

is the total duration of the

in terceptor's b o ost phase, V

bo

is the in terceptor's burnout v elo cit y , and t

i

is the desired

S277
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in tercept time measured from time at whic h the in terceptor w as launc hed. The time a v ail-

able to in tercept the target missile is the burn time the target missile needs to ac hiev e the

v elo cit y required to deliv er its pa yload to the nearest defended area, less the in terv al from

time the missile w as launc hed to the time the in terceptor w as �red.

Equation (16.1) presumes the in terceptor's acceleration is constan t during its b o ost

phase, whereas the actual acceleration of an in terceptor v aries con tin uously during its 
y out

b ecause of v ariations in its thrust, the decreasing mass of the prop ellan t, staging ev en ts, the

c hanging dynamic pressure, and tra jectory shaping, as w ell as the e�ect of gra vit y . There-

fore, to compute an in terceptor's tra jectory accurately , the time history of the in terceptor's


igh t to the in tercept p oin t m ust b e carefully mo deled. T o accoun t for these complex factors,

notional in terceptors w ere initially de�ned using rough estimates of the required kill-v ehicle

mass and then 
ying them out on a v ariet y of tra jectories through a standard atmosphere

and the cen tral gra vitational �eld of a spherical mo del Earth. These initial studies w ere

used to establish the \
y out fan" or �eld of �re needed to engage the target ICBMs during

their b o ost-phases. Lik e the target missile tra jectories used in the Study , the in terceptor

tra jectories w ere v alidated b y comparing sample tra jectories with tra jectories computed b y

Sandia National Lab oratories using co des that ha v e b een carefully v alidated during y ears of

use. The results of the Sandia sim ulations matc hed the Study Group's results v ery closely .
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Figure 16.1. F an of planar 
y out tra jectories computed for the notional 6.7-km/s in terceptor I-3,

whic h has a 75-second b o ost phase.

Figure 16.1 illustrates one set of tra jectories that ev olv ed from the analysis of a t w o-stage

in terceptor ha ving a 6.7-km/s v ertical burnout v elo cit y ( V

bo

) and a total burn time of 75 s.

The radial lines are sp eci�c 
y out tra jectories, and the circumferen tial curv es are con tours

of constan t time after the time of in terceptor launc h. This in terceptor also has a burnout

v elo cit y of ab out 6.4 km/s on t ypical shallo w in tercept tra jectories. It w as c hosen to compare

with results of prior analyses using an in terceptor of similar p erformance [171 , 172 ]. The

ph ysical and p erformance c haracteristics of this in terceptor are summarized in T able 16.1.
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T able 16.1. Characteristics of the 6.7-km/s In terceptor I-3

a

A ttribute Units

b

Stage 2 Stage 1 T otals

Mass fraction 0.85 0.85

I

sp

s 270 265

I

t

MN � s 4.82 27.3

W

p

tonne 1.82 10.5

m

inert

tonne 0.32 1.85

m

initial

c

tonne 2.25 14.60 14.60

m

�nal

tonne 0.43 4.10

� V added (ideal) km/s 4.37 3.31 7.67

� V added (actual) km/s 4.05 2.61 6.66

Burn time s 40 35 75

Thrust (a v erage) kN 121 781

Diameter(a v erage) m 1.0 1.2

a

Kill v ehicle mass 91 kg; shroud mass 22 kg; eject after burnout.

b

Units: MN � s = Meganewton s, kN = kilonewton; tonne = 1000 kg.

c

Cum ulativ e from left to righ t.

The initial in terceptor mo dels w ere constructed without regard to size or launc h platform

constrain ts, a reasonable assumption for ground-based in terceptors or in terceptors based on

large ships. In terceptors ha ving di�eren t burn times and burnout v elo cities V

bo

w ere consid-

ered to understand the implications of burn time, 
y out v elo cit y , and acceleration pro�les

for the BPI problem. The �rst step in that pro cess w as to size sev eral in terceptors with an

initial set of mass prop erties, stage con�guration, thrust, and aero dynamic c haracteristics,

to meet a range of p erformance criteria. The in terceptors w ere then used to analyze engage-

men ts and establish kill-v ehicle sizing requiremen ts. The kill v ehicle masses that resulted

from that analysis (Chapter 14) w ere then used to dev elop the �nal mass prop erties of the

in terceptors.

16.2 Mo dels of Unconstrained Intercepto rs

The unconstrained in terceptor mo dels had burnout v elo cities ranging from 6.5 km/s to

10 km/s (v ertical). Sp eci�cally , these in terceptors included:

1. In terceptor I-3: a 6.7-km/s, t w o-stage b o oster ha ving a 75-second burn time and a

large kill v ehicle capable of a total v elo cit y c hange (�V) of 2 km/s for div ert and

homing.

1

2. In terceptor I-4: a 6.5-km/s, three-stage b o oster ha ving a 40-second burn time and

the same kill v ehicle as I-3. This mo del represen ts a missile that burns out v ery

quic kly .

3. In terceptor I-5: a 10-km/s, three-stage b o oster ha ving a 45-second burn time and

a larger kill v ehicle ha ving a div ert v elo cit y of 2.5 km/s to accoun t for the higher

closing v elo cities asso ciated with this faster in terceptor.

1

Throughout the Rep ort w e refer to the in tegral of the absolute magnitude of the kill v ehicle's acceleration

from the time it is deplo y ed un til the end of the engagemen t as the total velo city change � V (see Chapter 12).
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Figure 16.2. Notional pro�les of the in terceptor mo dels used in the Study; the dimensions are

in meters. These dra wings are in tended only to represen t the appro ximate ph ysical sizes of the

in terceptors that w ere mo deled; they do not represen t actual missiles. In terceptor mo dels I-2, I-4,

and I-5 w ere used in the analysis.

The notional dimensions of the three unconstrained in terceptor mo dels are sho wn in Fig. 16.2.

The capabilit y of an in terceptor is sometimes describ ed b y the ideal v elo cit y from the

ro c k et equation, but this do es not accoun t for aero dynamic drag e�ects or gra vit y and

can o v erstate actual p erformance b y 20 p ercen t or more. In this study , w e c hose to de�ne

in terceptors b y their burnout v elo cit y when �red v ertically from the surface of Earth through

the atmosphere, a b etter standard for comparing the actual 
y-out p erformance of di�eren t

in terceptors.

In the early phase of the engagemen t analysis, it w as found that the 75-second acceler-

ation time of the 6.7-km/s in terceptor I-3 limited its range to suc h an exten t that it w as

not useful in most engagemen ts, particularly against solid-prop ellan t ICBMs. The 6.5-km/s

in terceptor I-4, whic h has a b o ost time of 40 s, w as found to b e m uc h more e�ectiv e than

in terceptor I-3. The basic ph ysical and p erformance c haracteristics of in terceptor I-4 are

listed in T able 16.2. Figure 16.3 sho ws a 
y out fan of planar tra jectories and the acceleration

pro�le calculated for in terceptor I-4.

Engagemen t analyses done b y the Study Group indicated that in some cases v ery fast

in terceptors w ere needed to reac h the target in time. Those cases either required large

stando� distances for geographic reasons or required early in tercepts and short engagemen t

times. The fastest in terceptor considered in this study w as the 10-km/s in terceptor I-5,
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T able 16.2. Characteristics of the 6.5-km/s In terceptor I-4

a

A ttribute Units

b

Stage 2 Stage 1 T otals

Mass fraction 0.83 0.83

I

sp

s 280 270

I

t

MN � s 3.5 33.8

W

p

tonne 1.28 12.73

m

inert

tonne 0.26 2.55

m

initial

c

tonne 1.63 16.91 16.91

m

�nal

tonne 0.36 4.18

� V added (ideal) km/s 4.19 3.71 7.90

� V added (actual) km/s 3.56 2.94 6.50

Burn time s 15 25 40

Thrust (a v erage) kN 234 1350

Diameter (a v erage) m 1.2 1.4

a

Kill v ehicle mass 91 kg; shroud mass 9.1 kg; eject after burnout.

b

Units: MN � s = Meganewton s, kN = kilonewton; tonne = 1000 kg.

c

Cum ulativ e from left to righ t.
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Figure 16.3. A 
y out fan of planar tra jectories and the acceleration pro�le computed for the

6.5-km/s in terceptor I-4.
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whic h has a 45-second burn time. The basic ph ysical and p erformance c haracteristics of

this in terceptor are listed in T able 16.3. Figure 16.4 sho ws a 
y out fan of planar tra jectories

and the acceleration pro�le calculated for in terceptor I-5.

T able 16.3. Characteristics of the 10-km/s In terceptor I-5

a

A ttribute Units

b

Stage 3 Stage 2 Stage 1 T otals

Mass fraction 0.90 0.85 0.85

I

sp

s 280 280 270

I

t

MN � s 1.9 13.7 132.6

W

p

tonne 0.68 5.00 50.0

m

inert

tonne 0.08 0.88 8.80

m

initial

c

tonne 0.92 6.80 65.60 65.60

m

�nal

tonne 0.24 1.80 15.60

� V added (ideal) km/s 3.71 3.65 3.81 11.18

� V added (actual) km/s 3.38 3.24 3.38 10.00

Burn time s 15 15 15 45

Thrust (a v erage) kN 125 917 8840

Diameter (a v erage) m 1.32 1.50 2.20

a

Kill v ehicle mass 136 kg. Shroud mass 27 kg; eject after burnout.

b

Units: MN � s = Meganewton s, kN = kilonewton, tonne = 1000 kg.

c

Cum ulativ e from left to righ t.

Although building suc h a fast in terceptor ma y b e p ossible within the next 10 y ears, it

w ould b e tec hnically c hallenging. The in terceptor w ould ha v e a mass of 66 tonnes, whic h is

as hea vy as an ICBM, and y et m ust reac h a sp eed 50 p ercen t faster than an ICBM in only

one-quarter of the time. Suc h a missile has nev er b een built.

An y ro c k et mo ving faster than ab out 7 km/s w ould ha v e the range of an ICBM and could

therefore b e mistak en for an ICBM. In terceptor I-2 is slo w er than this, and there w ould b e

no danger of suc h a mistak e. Ho w ev er, In terceptor I-4 (6.5 km/s) and I-5 (10 km/s) could

b e mistak en for an ICBM. The in terceptor tra jectories from North Korea are generally to

the north w est, and head across China to Russia. Th us, an in terceptor �red in defense runs

the risk of inadv erten tly triggering a retaliatory action b y another coun try . This scenario

is of particular concern for defense of missiles from North Korea, where the in terceptors

w ould b e on tra jectories headed for China and Russia. While b o ost-phase in terceptors 
y

a 
at tra jectory , ev en a 4000-km-range w ould b e a threat to most of eastern Russia and all

of China, so ev en a 5-km/s in terceptor could b e a problem.

16.3 Mo dels of Constrained Intercepto rs

The Study Group also dev elop ed mo dels of three in terceptors constrained in v olume and-or

mass so that they could b e based on ships or aircraft. Those mo dels include:

1. In terceptor I-1: A 1.7-km/s, t w o-stage in terceptor ha ving a dual-thrust second stage

that is similar to the existing Standard Missile SM-2, curren tly deplo y ed on U. S.

Na vy Aegis cruisers and destro y ers. While m uc h to o slo w to in tercept ICBMs, this

in terceptor could b e used to in tercept theater-range missiles launc hed from ships o�

U.S. coasts, pro vided that the Aegis ship could b e lo cated close to the missile launc h
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Figure 16.4. A 
y out fan of planar tra jectories and the acceleration pro�le computed for the 10-km/s

in terceptor I-5.

platform. There w ould b e no kill v ehicle on this in terceptor; instead, it w ould use

the blast-fragmen tation w arhead on the Standard Missile SM-2.

2. In terceptor I-2: A 5-km/s, three-stage in terceptor ha ving a 21-inc h diameter that

w ould �ll the en tire v olume of the v ertical-launc h-system (VLS) tub es in Aegis ships.

It w ould carry the same 2-km/s kill v ehicle as in terceptors I-3 and I-4. This missile

w ould ha v e a launc h mass of ab out 2,200 kg. Note that it w ould b e a new missile

and not a mo di�cation of the existing Standard Missile SM-2, curren tly deplo y ed on

U.S. Na vy cruisers and destro y ers.

3. An air-launc hed in terceptor constrained for b om b er carriage with a gross w eigh t of

ab out 2,000 kg, similar to the size and w eigh t of an Air-Launc hed Cruise Missile

(ALCM) that is carried b y B-52H b om b ers [173 ]. This in terceptor w ould carry the

same 2-km/s kill v ehicle as in terceptor I-2. Due to time constrain ts, w e did not

dev elop a detailed mo del of this missile. Ho w ev er, it w ould b e only sligh tly smaller

than the 5-km/s VLS mo del (I-2) and w ould ha v e ab out the same capabilities (the
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smaller size w ould b e comp ensated b y its b eing launc hed at an altitude of ab out

13 km where the atmosphere is thinner and the drag is less). Therefore, w e used I-2

as a surrogate for the range capabilities of the ALCM-sized in terceptor.

In terceptor I-2 w as an imp ortan t in terceptor in our analysis b ecause it could b e deplo y ed

in a VLS tub e on Aegis ships|a basing mo de commonly suggested for BPI. In our view, an

in terceptor similar to I-2 w ould b e the most capable in terceptor that could b e deplo y ed on

an Aegis ship without making signi�can t mo di�cations to the ship. The basic ph ysical and

p erformance c haracteristics of this in terceptor are listed in T able 16.4. Figure 16.5 sho ws a


y out fan of planar tra jectories and the acceleration pro�le calculated for in terceptor I-2.

T able 16.4. Characteristics of the VLS 5-km/s In terceptor I-2

a

A ttribute Units

b

Stage 3 Stage 2 Stage 1 T otals

Mass fraction 0.80 0.90 0.67

I

sp

s 270 265 256

I

t

MN � s 0.24 3.21 1.14

W

p

tonne 0.091 1.23 0.45

m

inert

tonne 0.023 0.137 0.224

m

initial

c

tonne 0.21 1.58 2.26 2.26

m

�nal

tonne 0.11 0.35 1.81

� V added (ideal) km/s 1.56 3.98 0.57 6.10

� V added (actual) km/s 1.22 3.32 0.49 5.02

Burn time s 20 20 6.5 46.5

Thrust (a v erage) kN 12 160 176

Diameter m 0.53 0.53 0.53

a

Kill v ehicle mass 91 kg; shroud mass 9.1 kg; eject after burnout.

b

Units: MN � s = Meganewton s, kN = kilonewton, tonne = 1000 kg.

c

Cum ulativ e from left to righ t.

16.4 Summa ry of Intercepto r Mo dels

The �v e in terceptors describ ed in this c hapter are cen tral to the analysis in the remainder

of this Rep ort. T able 16.5 compares them. Most of the analysis in the Rep ort fo cuses

on in terceptor mo dels I-2, I-4, and I-5. In terceptor I-3, whic h has a 75-second burn time,

accelerates to o slo wly to b e v ery useful against ICBMs. In terceptor I-1 could b e used only to

defend the United States against medium-range ballistic missiles (MRBMs) launc hed from

forw ard-based platforms suc h as ships. An airb orne in terceptor w ould ha v e a p erformance

similar to in terceptor I-2, whic h is appro ximately the size of an ALCM.

T able 16.5. In terceptor Mo dels Used in the Study

Burnout Lifto� Mass Num b er of

Mo del V elo cit y (km/s) Bo ost Time (s) (tonne) Stages

I-1 1.7 47 1.57 2

I-2 5.0 47 2.26 3

I-3 6.7 75 14.60 2

I-4 6.5 40 16.91 2

I-5 10.0 45 65.60 3

Note: Burnout v elo cit y is that for a v ertical tra jectory .
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Figure 16.5. A 
y out fan of planar tra jectories and the acceleration pro�le computed for the 5-km/s

in terceptor I-2.

Figure 16.6 compares the sizes of the �v e mo del in terceptors to other missiles that

ha v e b een built in the past. Notice that the faster (6.5-km/s to 10-km/s) in terceptors are

comparable in size to most ICBMs, or ev en larger. In terceptors I-2 and I-3 are ab out half

the w eigh t of the Min uteman I I I; I-5 is t wice as hea vy as the Min uteman I I I and ab out

10 p ercen t hea vier than the T riden t I I. All are hea vier than the Spartan in terceptor used

in the ground-based an tiballistic missile (ABM) system the United States deplo y ed near

Grand F orks, North Dak ota in the early 1970s.

16.5 Intercepto r Basing Options

W e conclude our discussion of in terceptors for b o ost-phase defense b y commen ting brie
y

on some of the options for deplo ying them. These include basing on land, on ships at sea,

and on aircraft. Basing in terceptors in space w ould in v olv e quite di�eren t considerations;

discussion of this option is therefore giv en in Chapter 6. The discussion here fo cuses c hie
y
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Figure 16.6. Comparison of mo del in terceptors with v arious existing missiles. The lifto� mass of

eac h in terceptor or missile in tonnes (1 tn =1000 kg) is listed b eneath the name of the in terceptor

or missile.

on in terceptors for defending against ICBMs, but w e discuss brie
y some deplo ymen t op-

tions for in terceptors in tended to defend the United States against MRBMs launc hed from

platforms o� the coasts of the United States.

Although command, con trol, and comm unications are vitally imp ortan t, they are outside

the scop e of the Study and are not discussed.

16.5.1 Land basing

It can b e assumed that 6.5-km/s in terceptors lik e I-4 could b e air-transp orted and deplo y ed

with �eld arm y units. T ransp orter-erector-launc her v ehicles for land-basing of missiles in

this class should b e feasible and should not require adv ance construction of sp ecial sites

or launc hing pads. In terceptor I-5 ma y b e road-transp ortable, but its mass is 66 tonnes

(73 tons), more than t wice the mass of a Min uteman I I I, and its diameter is three m. It

could not b e transp orted readily b y air and migh t require �xed launc h pads or silos. (See

Fig. 16.2).
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16.5.2 Sea basing

Basing b o ost-phase in terceptors on sea-going v essels w ould o�er some p oten tial adv an tages

o v er land-based systems, but w ould also imp ose some limitations. An arc het yp e for a sea-

based b o ost-phase system is the Aegis system, whic h is curren tly deplo y ed on man y cruisers

and destro y ers in the U.S. 
eet. These ships ha v e the normal complemen t of com bat systems,

including systems for launc hing T omaha wk cruise missiles as w ell as Standard Missiles,

whic h are designed primarily to defend the 
eet against unmanned air-breathing threats

(often called cruise missiles). The Standard Missile SM-2 blo c k 4A w as designed to engage

short-range tactical ballistic missiles (SRBMs) reen tering the atmosphere as w ell as cruise

missiles. Ho w ev er, its pro duction w as recen tly cancelled. Another v arian t, the SM-3, is in

the early stages of protot yp e dev elopmen t and is in tended to pro vide \theater-wide" defense

against MRBMs.

The Aegis VLS can launc h only missiles ha ving diameters of 21 inc hes or less. Our

analysis indicates that giv en a capable kill v ehicle with the necessary on-b oard sensors,

acceleration, and �V capabilit y , an in terceptor lik e mo del I-2, whic h has a burnout v elo cit y

of 5 km/sec, is the largest that could b e launc hed using the VLS. It is p ossible the system

could b e mo di�ed to tak e a sligh tly larger, and hence faster, in terceptor.

The Aegis system con tains three additional organic comp onen ts: a capable, large,

phased-arra y radar (the SPY-1), whic h is closely in tegrated in to the ship's sup erstructure;

a w eap on battle-managemen t and �re-con trol system capable of engaging m ultiple targets

sim ultaneously; and the comm unications suite required for t ying in to a larger, in tegrated

defense structure within the theater of com bat.

The 6.5-km/s in terceptor I-4 w ould b e the size of a P olaris A3 missile, to o large to

b e launc hed b y the VLS. Hence, if this in terceptor w ere to b e deplo y ed on ships, a new

launc hing system m ust b e dev elop ed.

There is some practical limit to the size of an in terceptor that could b e carried ab oard

ships other than Aegis platforms. With steam-eject launc h, missiles suc h as the 74-inc h-

diameter, � 70,000-lb. P oseidon C3 missile w ere launc hed from tub es on the USS Obser-

v ation Island in the late 1960s. T riden t submarines carry 24 missiles w eighing more than

120,000 lbs. eac h and ha ving a diameter of nearly 90 inc hes. F or purp oses of comparison,

the mo del I-5-10 km/s in terceptor has a diameter of 127 inc hes and w eighs 144,000 lbs. (see

Fig. 16.2). T o accommo date suc h a missile, a ship larger than the existing Aegis w ould b e

needed|p erhaps a new ship or a con v erted cargo ship|as w ell as a new launc h system.

The primary b ene�ts of using submarines as the in terceptor launc hers are that they

w ould b e relativ ely di�cult to detect and could launc h their in terceptors in v ery p o or

w eather and sea conditions. Ho w ev er, a wide-band comm unication link b et w een the radar

and the ship launc hing the in terceptor w ould b e essen tial. A submarine w ould therefore

ha v e to ha v e an exp osed wide-band an tenna, whic h w ould compromise its stealthiness.

The adv an tages of sea basing include the abilit y to mo v e in terceptors to critical lo ca-

tions almost an ywhere in the w orld when a con
ict arises. In addition, suc h a defensiv e

system could remain on-station at suc h lo cations inde�nitely , taking adv an tage of the crew

infrastructure, replenishmen t, and protection of the host v essel and its asso ciated battle

group.
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16.5.3 Air basing

Previous studies of airb orne BPIs ha v e assumed that in terceptors ha ving burnout v elo cities

of 4 km/s to 5 km/s could b e based on aircraft, suc h as the B-52 [174 , 175 , 176 ]. A t the

same time this study has b een underw a y , Dean Wilk ening at Stanford Univ ersit y has b een

sp eci�cally studying airb orne b o ost-phase solutions and briefed our Study Group on his

in terim results [177 ].

There are three issues that m ust b e recognized with air-based ICBM BPIs|endurance,

pa yload limits, and self defense. In similar air op erations in v olving main taining one aircraft

con tin uously on station, t ypically �v e to six aircraft plus some tank ers are required. Hence

the op erational cost of main taining an air-based defense is quite high. In planning an air-

based BPI system, the vulnerabilit y of in terceptor-carrying aircraft to long-range surface-

to-air missiles (SAMS) w ould ha v e to b e considered.

The SA-5 (Russian S-200) SAM system has b een op erational since the mid-1960s, has

b een exp orted to hostile nations, and remains op erational to da y . It can in tercept large

aircraft op erating at high altitudes out to distances of 200 km or more from the SAM

site. More mo dern SA-12 (Russian S-300V) SAMs ha v e comparable range capabilit y cou-

pled with mobilit y that w ould p ermit surprise deplo ymen ts. There is a p ossible electronic

coun termeasure (ECM) defense against these long-range SAMs, but the risk in v olv ed in

stationing large aircraft within 200 km of hostile territory w ould probably prev en t suc h op-

eration for long p erio ds. In addition, the vulnerabilit y of suc h aircraft to air-to-air missiles

deliv ered b y enem y �gh ters w ould require con tin uous protection b y U.S. com bat air patrols

or long-range SAMs based within 50 to 100 km of the BPI aircraft, negating most of the

p oten tial basing adv an tage. In terceptors ha ving v elo cities in excess of 5 km/s app ear to b e

to o large to b e deplo y ed on aircraft.

While ha ving a radar at altitudes of 10{13 km o�ers some viewing adv an tages, the size

of the radar required to acquire these targets at ranges of 800 km is prohibitiv e for most

aircraft.

F or these reasons, and the fact that another study w as fo cusing on that approac h, w e

did not explore air-based solutions explicitly , but rather treated it generically .

16.5.4 Deplo yment fo r defense against SRBMs and MRBMs

If there is an ideal application of b o ost-phase defense in the near term, it is defending against

SRBMs or MRBMs launc hed from v essels p ositioned o� U.S. coasts

2

. Engagemen ts of a

t ypical SRBM and a t ypical MRBM launc hed from ships at sea are analyzed in Section 5.7.1.

There it is sho wn that the SRBMs and MRBMs could b e engaged b y in terceptor I-1, whic h

is similar to the U.S. Na vy's existing SM-2. This in terceptor w ould ha v e to b e stationed

within appro ximately 40 km of the v essel launc hing the ballistic missile.

During the Cold W ar, the U.S. Na vy main tained a large and e�ectiv e wide-area surv eil-

lance of surface v essels as w ell as submarines in U.S. coastal w aters. The assets used for this

purp ose, suc h as the P-3 Orion patrol aircraft and the U.S. Underw ater Sound Surv eillance

System (SOSUS), still exist. Susp ect or uniden ti�ed v essels could b e shado w ed b y Aegis

ships, whic h migh t b e able to in tercept SRBMs or MRBMs during their b o ost phase, b efore

they could deplo y subm unitions. It is unlik ely that an y unco ordinated preparation for or

actual launc h of a ro c k et from w aters near the U.S. could ha v e a p eaceful purp ose. It is also

2

Medium-range ballistic missiles encompass the missiles that, in a military con text, are sometimes called

\theater" or \tactical" ballistic missiles.
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unlik ely that suc h a launc h w ould in v olv e man y ships. Suc h launc hes could therefore b e

engaged immediately with pre-delegated authorit y , th us a v oiding three of the most serious

c hallenges facing most BPI systems|b eing close enough to the target launc h site to b e

able to in tercept the missile during its b o ost phase, ha ving the decision time required b e-

t w een the time a p oten tially threatening ro c k et is detected to the time in terceptors m ust b e

�red, and a v oiding shortfall of the missile's m unitions on friendly territory . With adequate

surv eillance, it can b e assumed that an Aegis ship could b e stationed in-shore of the susp ect

ship.
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Chapter 17

Overview of the Airb o rne Laser Analysis

Chapter 7 in P art A describ ed the fundamen tals of ABL engagemen ts and Chapter 8 pre-

sen ted conclusions on the co v erage the ABL could o�er for b o ost-phase ICBM defense

against North Korea, Iraq, and Iran. W e turn no w to the tec hnical considerations in v olv ed

in emplo ying the ABL in a b o ost-phase defense system.

Basing lasers on satellites w as an option discussed some y ears ago in the con text of

the Strategic Defense Initiativ e (SDI), but this tec hnology is not considered to b e a v ailable

within our time frame. The only laser tec hnology that could reasonably b e hop ed to b e ready

for deplo ymen t within the 10-y ear time frame of this rep ort is the ABL, whic h is curren tly

b eing dev elop ed. The high-p o w er laser of the ABL w ould b e carried b y a mo di�ed Bo eing

747. As a consequence of launc hing the laser b eam from an aircraft in the atmosphere, the

propagation of the b eam through the atmosphere is a ma jor issue.

As w as sho wn in Chapter 5, the time a v ailable for a kill-v ehicle in tercept is v ery short,

esp ecially if the 30-s decision time is imp osed b efore launc hing the in terceptors. This

compressed time line forces the defense in to using v ery high sp eed in terceptors to reac h the

target in time. The ultimate extension of this trend is tra v el at the sp eed of ligh t, whic h a

laser b eam do es.

The ABL is designed from the b eginning to b e a b o ost-phase-defense w eap on, although

its design mission is for use against theater missiles ha ving relativ ely short range, compared

with the long range of ICBMs. Nev ertheless, the same principles apply for theater missile

defense as for b o ost-phase defense against ICBMs. W e shall see that b ecause of the higher

burnout altitude of ICBMs compared with theater missiles, in tercepting ICBMs with a laser

is in some w a ys easier than in tercepting theater missiles.

W e ha v e adopted the ABL hardw are as b est w e can determine, sub ject to the limits of

classi�cation, as the basis of our analysis. No ma jor mo di�cations are considered. As a

consequence of classi�cation issues, some imp ortan t parameters are unkno wn, suc h as the

laser p o w er and the amoun t of energy required to b e deliv ered to disable a missile. W e

mak e what w e consider to b e reasonable estimates and sho w the sensitivit y to c hanges in

these estimates. In cases of doubt, w e ha v e tak en an optimistic view and giv en the ABL

the b ene�t of the doubt. W e compute the range from the ABL to the missile at whic h

the ABL could b e e�ectiv e against b oth liquid- and solid-prop ellan t b o osters. As exp ected,

the \sp eed-of-ligh t" w eap on is insensitiv e to the launc h dela y decision time that stressed

the kill-v ehicle p erformance, as sho wn in Section 5.1.2. Nev ertheless, the e�ectiv e range is

not as great as one w ould desire, but it is comparable to that of the v arious kill v ehicles,

dep ending on the circumstances.

Our discussion of the ABL starts with Chapter 18, whic h pro vides an o v erview of the

ABL hardw are, the airframe, the lasers on b oard, and the assumed p erformance. Chap-
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ter 19 describ es the issues related to propagating the laser b eam long distances through

the atmosphere and fo cusing it on the target. Doing this requires a sophisticated adaptiv e

optics (A O) system to comp ensate for the atmospheric distortions, and this is describ ed

in Section 19.4. Although the ABL has not y et b een �eld-tested, small-scale exp erimen ts

ha v e b een done to v alidate the sp eci�cations and the p erformance of the A O system. These

are describ ed in Section 19.5, and the results are used as the basis for the exp ected ABL

p erformance used in our calculations. Section 19.7 summarizes the limits of A O parameters

and engagemen t time to whic h all calculations are sub ject.

The damage mec hanism for a kill v ehicle is simple: The ph ysical impact dep osits a v ery

large amoun t of energy on the target in a v ery short time (less than a millisecond). If

impact is ac hiev ed, sev ere damage to the target is assured. Deliv ery of su�cien t energy to

the target b y a laser, ho w ev er, is more complex. A time measured in seconds is required,

and the amoun t of energy deliv ered to the target required to assure destruction dep ends on

man y things, suc h as the di�eren t mec hanical and optical absorption prop erties of liquid-

vs. solid-prop ellan t b o osters. Solid-prop ellan t b o osters require m uc h more energy densit y

(
uence) deliv ered b y the laser. Section 20.1 describ es ho w w e estimated the 
uence re-

quired. Section 20.2 discusses the problem of assessing whether and when an engagemen t

is successful.

Section 21.1 describ es the sequence of ev en ts of a laser attac k, from the initial observ ation

of the target through the deliv ery of the high-energy laser (HEL) b eam on to the target. The

optical engagemen t itself is complex, o ddly enough b ecause of the �nite sp eed of ligh t. The

A O system needed to fo cus the b eam on to the target after tra v ersal of a long air path

dep ends on receiving an image of the target at the ABL, and then returning the HEL

along the same air path (ideally) to the missile. During this round trip time for ligh t o v er

h undreds of km (a few milliseconds) the target, mo ving at sev eral km/s, will ha v e mo v ed

a few meters. Hitting the target at the selected sp ot imp oses serious constrain ts on the

engagemen t, as describ ed in Sections 21.3 and 21.4.

The results of the analysis in terms of the e�ectiv e range of the ABL against liquid- and

solid-prop ellan t missiles are giv en in Section 21.5. This analysis folds in the target 
igh t

pro�le (altitude, sp eed, and acceleration vs. time) with the missile hardness (
uence required

for destruction), the laser p o w er, and the p erformance and limitations of the A O system

to compute the maxim um range vs. in tercept altitude. The altitude is a k ey parameter,

b ecause it pla ys a ma jor role in the amoun t of atmospheric turbulence with whic h the ABL

m ust con tend. Figure 21.7 sho ws this relationship for b oth kinds of ICBMs. In broad terms,

w e estimate that liquid-prop ellan t missiles could b e in tercepted at distances up to ab out

600 km from the ABL, but solid-prop ellan t missiles could b e in tercepted only at ab out

300 km.

Because there are substan tial uncertain ties in basic parameters, suc h as the laser p o w er,

the b eam qualit y , the atmospheric turbulence, the minim um 
uence required to disable a

b o oster, and the e�ect of aim p oin t on A O p erformance, w e did a sensitivit y analysis for

these v ariables, whic h is presen ted in 21.5.2. W e �nd that our conclusions on useful range

are robust with resp ect to reasonable c hanges. F or example, decreasing the laser p o w er b y

a factor of 2 or, alternativ ely , doubling the 
uence required, reduces the e�ectiv e range b y

only 15{20 p ercen t. It is imp ortan t to note that this sensitivit y analysis applies to the ICBM

in tercepts w e studied; it ma y not apply to the TBM case for whic h the ABL is designed.

Chapter 22 describ es ho w the ABL migh t b e deplo y ed in the �eld. Section 22.2 discusses

p ossible problems caused b y high-altitude cirrus clouds, whic h could disrupt the laser b eam.

Section 22.3 brie
y treats the application of the ABL to the defense of the United States from
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missiles launc hed from ships o� its coasts. This discussion is analogous to the discussion of

Section 5.7.1 for kill v ehicles.

All the analysis w as done without taking in to accoun t coun termeasures that migh t b e

tak en to reduce the e�ectiv eness of the ABL. One e�ectiv e coun termeasure w ould b e to

destro y the whole airframe with aircraft or surface-to-air missiles (SAMs), as is discussed

in Section 9.2.1. Other measures that reduce the energy densit y absorb ed b y the target

are discussed in Sections 9.2.2{9.2.4. Eac h ABL airframe can, of necessit y , engage only one

target at a time, and m ultiple targets m ust b e engaged sequen tially . As a consequence,

m ultiple ABLs ma y b e needed to defend against m ultiple sim ultaneous missile launc hes, as

discussed in Section 9.2.5. The defense w ould require three or four ABLs to b e deplo y ed in

the region for ev ery ABL on station around the clo c k.

Finally , App endix D pro vides reference material and additional detail for topics treated

in Chapters 18{22. This material is pro vided for the reader wishing more detailed informa-

tion, particularly with resp ect to A O systems.





Chapter 18

T echnology of the Airb o rne Laser

Con ten ts
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This c hapter describ es the ABL hardw are as it has b een designed for use in theater

missile defense. The subsequen t c hapters use the same hardw are without mo di�cation as

a basis to examine the ABL's capabilit y for use against ICBMs. Here w e giv e a general

description of the airframe, the lasers, other ma jor systems that it carries, and some of their

parameters.

The ABL will use a high-p o w er c hemical o xygen-io dine laser (COIL) as a directed-

energy-b eam w eap on to disable missiles during their b o ost phase. The COIL laser b elongs

to a class of lasers that are driv en b y exothermic c hemical reactions. The c hemistry and

t ypical op erating parameters of a COIL are describ ed in Section 18.2. The laser b eam

energy deliv ered during a sev eral-second engagemen t on to a sp ot on the missile will cause

heating and a reduction in material strength of the missile's \skin." Because of in ternal

fuel tank pressure and structural stress in the missile during b o ost-phase acceleration, the

missile skin ma y then rupture, resulting in destruction of the missile or termination of

acceleration.

The atmosphere in whic h the COIL op erates is a non uniform medium, and its turbulence

w ould normally seriously degrade the fo cus of the laser b eam as it tra v els the long distance

through the atmosphere, m uc h lik e the distortion of images seen close to the surface of

a long, hot, pa v ed road. The ABL uses an adv anced system of adaptiv e optics (A O) to

measure the distortion and then adjust the high-energy-laser (HEL) b eam to fo cus it on

the target. T o do this, t w o other lasers are used to illuminate the target, whose image is

then transmitted to the ABL for this correction.

18.1 Overview of the Airb o rne Laser

The ABL uses a mo di�ed 747-400 freigh ter aircraft cruising at an altitude of ab out 12 km

as the platform for a complex system of optical devices that will target threat missiles with

laser b eams fo cused to tens of cen timeters at distances up to sev eral h undred kilometers

(see Fig. 18.1). The ABL is to ha v e a capabilit y of �ring tens of shots against threat missiles
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and an extended op eration p erio d (based on refueling). It could b e deplo y ed singly to a

threat area or in concert with other theater defense resources [178 ].

 Yb-Yag Track Illumi nator Laser

 Nd-Yag Beacon Illumi nator Laser

 COIL High Energy Laser

 CO2 Active Ranger  System

Figure 18.1. Sc hematic dra wing of ABL engagemen t, sho wing the four laser b eams on to

the target. F rom top to b ottom these are: (a) the CO

2

laser for range, (b) the Yb-Y A G

trac k illuminator laser (TILL), (c) the Nd-Y A G b eacon illuminator laser (BILL), and (d)

the COIL high-energy laser (HEL). Repro duced with p ermission from [183 ].

There are four ma jor sub-systems on the aircraft:

� The cw (con tin uous w a v e) high-p o w er COIL laser w eap on.

� The b eam con trol assem bly , whic h aligns and transp orts m ultiple laser b eams through

the aircraft and pro vides A O systems to comp ensate for atmospheric distortion of

the laser b eams.

� The battle managemen t and comm unications, command, con trol, and in telligence

system, whic h pro vides engagemen t and �re con trol.

� The nose-moun ted, gim baled turret assem bly , whic h can b e rotated to aim sensors

and laser b eams in horizon tal and v ertical planes, so as to lo cate, trac k, and target

missiles.

The initial Program De�nition and Risk Reduction phase of the ABL program includes

6 COIL mo dules in series in the aircraft, while the Engineering and Man ufacturing Dev el-

opmen t phase plans for 14 laser mo dules. Multiple-gain mo dules are used to pro vide higher

output p o w er than con v en tional COIL systems.

While op eration of the ABL COIL with b oth extremely high output p o w er and go o d

b eam qualit y is crucial to the ABL's abilit y to deliv er signi�can t energy to the surface of

a missile at relev an t target distances, w e ha v e not found an y reference to measured b eam

p o w er and b eam qualit y of the ABL COIL in the a v ailable literature. Lethalit y-based

requiremen ts for COIL p o w er and b eam qualit y are discussed in subsequen t c hapters.

Additional high-p o w er lasers in the ABL are used for missile trac king and A O comp en-

sation for atmospheric distortion. A kW-p o w er-lev el Yb-Y A G trac king illuminator laser

(TILL) pro vides illumination of the tip of the threat missile; return ligh t from this sharp-

edged feature is used for a trac king sensor and the �rst stage (tilt) of A O b eam corrections.

A kW-p o w er-lev el Nd-Y A G b eacon illuminating laser (BILL) pro vides an illuminated sp ot

on the missile; return ligh t from this sp ot is used in higher-order (phase) A O corrections

of atmospheric distortion for the cw COIL laser. Both the TILL and BILL are pulsed at

5 kHz.

The b eam-con trol system and transp ort of the three main laser b eams within the aircraft

is based on a common-path{common-mo de approac h. A shared set of optical comp onen ts
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and a coun ter-propagating alignmen t laser are used for alignmen t, targeting, fo cusing, and

b eam comp ensation, as w ell as sensing and con trol functions. This shared-ap erture design

o�ers adv an tages in trac king, jitter, and alignmen t con trol. Deformable and rapid-steering

mirrors pro vide high-bandwidth (500-Hz) b eam clean-up and atmospheric comp ensation

and p oin ting. Signi�can t demands on mirror and coating qualit y to handle high p o w er

loading [179 ] app ear to b e ac hiev able. Alignmen t and p oin ting at the lev el of 100 nanorad

is sough t to k eep the COIL fo cused on the missile. This is a c hallenging requiremen t, since

a 747 aircraft frame can exp erience signi�can t relativ e motion fron t-to-rear during 
igh t.

An activ e alignmen t system is planned [180 ].

The ABL ma y b e initially cued to a missile launc h b y IR searc h and trac k sensors lo cated

on the airplane, or b y satellite or radar detection systems. An activ e ranging system uses

a laser illuminator moun ted on top of the airplane to pro vide early p osition co ordinates of

the missile. Subsequen t engagemen t and �re con trol steps, including IR-based coarse and

�ne plume trac king, placemen t of the TILL, BILL, and COIL laser b eams on the missile,

and A O comp ensation of atmospheric distortions are discussed in Chapter 21.

The nose of the aircraft holds the appro ximately 6,000-kg turret assem bly that carries a

1.7-m-diameter windo w [181 ] and a 1.5-m-diameter fo cusing telescop e mirror. The gim baled

mirror assem bly p oin ts the three, nearly co-propagating laser b eams to w ard the missile in a

hemispherical �eld-of-regard, whic h is cen tered on the aircraft 
igh t path and whic h extends

bac k to w ards the wings. The turret windo w transmits the TILL, BILL, and COIL lasers,

as w ell as the images of the missile plume and the optical signals for the A O comp ensation

system. The windo w m ust b e constructed to minimize air turbulence and distortion for the

optical signals.

These are design goals for the HEL:

� Beam p o w er of sev eral mega w atts. The actual p o w er sp eci�cation is classi�ed, but

w e assume 3 MW for the purp oses of this rep ort.

� Beam qualit y: 1.2 times di�raction limit.

18.2 Description of COIL

The COIL w as �rst demonstrated at the Air F orce W eap ons Lab oratory in 1977. Chem-

ical o xygen-io dine lasers are curren tly b eing dev elop ed in sev eral coun tries for a range of

applications, including industrial uses, for reasons whic h include their high cw p o w er at rel-

ativ ely lo w cost and suitable w a v elength for �b er optics and in teraction with materials. An

example of demonstrated high-p o w er (30 kW), w as the RotoCOIL, whic h had an ap erture

of ab out 40 cm

2

and a gain length of 54 cm [182 ].

The primary c hemical reactions in the ABL COIL are:
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Reaction 18.1 in v olv es a m ulti-step pro cess for the pro duction of excited-state O

2

(a

1

�). In

an ABL-COIL gain mo dule, basic h ydrogen-p ero xide BHP , a mixture of h ydrogen p ero xide,
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p otassium h ydro xide,

1

and w ater, is spra y ed through holes in an injector plate, forming

a droplet �eld [183 ]. A helium-c hlorine gas mixture is forced through this droplet �eld,

and the resulting reactions yield O

2

(a

1

�) and c hlorine as dissolv ed salt. Remaining BHP

is recycled, w ater v ap or is remo v ed, and w aste heat and gases are exhausted b eneath the

airplane through a titanium exhaust system. Excited O

2

(a

1

�) is relativ ely long-liv ed in the

absence of collisions, and it is transp orted to the next reaction region b y helium gas 
o w.

The He-O

2

(a

1

�) mixture is accelerated through a sup ersonic nozzle and I

2

molecules

are injected in to the 
o w. In Eqs. 18.2{18.3, excited O

2

(a

1

�) disso ciates an io dine molecule,

forming atoms in the ground state through a m ulti-step collision pro cess. It is estimated

that sev eral O

2

(a

1

�) excited-state molecules are e�ectiv ely remo v ed in the disso ciation of

an I

2

molecule, a pro cess that probably pro ceeds through vibrationally excited I

2

(v).

In Eq. 18.4, the ground-state io dine atoms are excited to the spin-orbit split state

I(

2

P

1 = 2

) b y resonan t energy transfer from the excited O

2

(a

1

�). Large-diameter optics, sit-

uated transv erse to the reacting 
o w and placed out of the reaction zone, form a resonator

ca vit y structure that pro vides optical feedbac k, b eam-p o w er build up, and output coupling

of laser p o w er to the ABL b eam con trol systems and ultimately to the target missile. The

COIL lases at a w a v elength of 1.315 � m (Eq. 18.5). The cross section for stim ulated emis-

sion on the I(

2

P

1 = 2

!

2

P

3 = 2

) laser transition is ab out 10

� 17

cm

2

[184 , p. 330]. T ypical gain

in a COIL device is ab out 1%/cm [185 ] and a t ypical saturation in tensit y is 10 kW/cm

2

[184 ,

p. 334]. A laser system ha ving an ap erture of 25 cm and su�cien t gain length and appro-

priate mirror re
ectivit y should therefore b e capable of generating m ulti-mega w att output

p o w er. Large ap erture lasers of this t yp e t ypically op erate with unstable resonator mirror

structures, allo wing go o d spatial-mo de o v erlap with the gain region and a relativ ely high-

qualit y (transv erse mo de qualit y) output b eam. In the ABL, an arc hitecture that uses up

to 14 separate laser gain mo dules is planned. Figure 18.2 sho ws the la y out of the HEL

comp onen ts.

Chemicals are t ypically consumed in the c hemical reactions at a rate of ab out 100 kg

p er 10 MJ of energy pro duced b y a COIL [184 , p. 321].

18.3 Chronology of the Airb o rne Laser

The Air F orce launc hed the ABL program in FY 1994. It follo w ed the Airb orne Laser

Lab oratory (ALL) w eap ons program of the 1970s and early 1980s whic h used a CO

2

laser

system. In 1996, the Program De�nition and Risk Reduction (PDRR) phase con tract w as

a w arded to T eam-ABL (Bo eing, TR W, and Lo c kheed Martin).

Milestones of the ABL e�ort included a Preliminary Design Review (1998), Authorit y

to Pro ceed-1 (1998); System-Lev el Critical Design Review (2000); and deliv ery of the �rst

aircraft, Y AL-1A, (2001). Fligh t tests against a represen tativ e TBM in b o ost phase are

planned in 2004. F ollo wing successful demonstration of missile destruction, the Engineering

and Man ufacturing Dev elopmen t (EMD) phase is planned to b egin in the middle of this

decade. The PDRR phase includes 6 COIL-laser mo dules for eac h aircraft, while the EMD

phase plans 14 laser mo dules. Pro duction is planned for sev en aircraft. Initial op erational

capabilit y could b e �elded b y 2008{10; a date for full op erational capabilit y has not y et

b een determined [178 ].

F unding and program managemen t for the ABL w as transferred to the Ballistic Missile

Defense O�ce (BMDO) in 2001. In 2002, this o�ce w as renamed the Missile Defense

1

In practice a mixture of alk aline h ydro xides, LiOH, K OH, and NaOH, are used instead of simply K OH,

but for simplicit y , this discussion uses only K OH.
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Figure 18.2. Elemen ts of the High Energy Laser. Sc hematic diagram of laser (left); illustration of

laser gain mo dule (righ t). Repro duced with p ermission from [183 ].

Agency .

18.4 Airb o rne Laser P erfo rmance

Because the measured p erformance of the laser is classi�ed, little information is a v ailable

to ev aluate ho w nearly the ABL approac hes its design goals. F rom published information,

t w o areas deserv e atten tion:

� A recen t GA O rep ort [186 ] states that the presen t laser with 6 mo dules w eighs 180,000

p ounds (82 tonnes), compared with the design 
igh t w eigh t of 175,000 p ounds (79

tonnes) for the full laser of 14 mo dules. Eac h mo dule w eighs ab out 6,000 p ounds

(2.7 tonnes). Unless or un til this w eigh t problem is solv ed, the p o w er output is lik ely

to b e less than half of the design p o w er.

� It has b een rep orted b y GA O [187 ] that the laser mo dules ha v e ac hiev ed p o w er

output exceeding the design requiremen ts. Ho w ev er, these tests w ere p erformed

using a stable resonator rather than the unstable resonator that is called for in the

design. A later GA O rep ort [186 ] states that the laser mo dules ha v e not y et b een

tested with an unstable resonator. The unstable resonator is imp ortan t to ac hiev e

the high spatial mo de qualit y and for e�cien t extraction of energy from the laser

medium.
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Airb o rne Laser Beam Propagation

Con ten ts
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This c hapter la ys the groundw ork for understanding the requiremen ts for an e�ectiv e

laser w eap on to function in the atmosphere. Section 19.1 discusses the basic optics of

propagation in the absence of atmospheric disturbance. Section 19.2 giv es an o v erview

of atmospheric e�ects and brie
y describ es measures used to describ e the disturbances.

Section 19.3 c haracterizes the atmosphere in the framew ork of a widely used mo del. Sec-

tions 19.4 and 19.5 discuss the use and parameters of adaptiv e optics (A O) along with

b enc hmark exp erimen ts to test the A O design. Finally , Section 19.7 describ es the parame-

ters of the engagemen t \en v elop e" compatible with the ABL design presen ted in Chapter 18.

The sym b ols used in this c hapter are summarized on page S310.

W e assume that the ABL can deliv er the laser b eams meeting its sp eci�cations. Ho w ev er,

the atmosphere is not p erfectly homogeneous, whic h a�ects the size of the sp ot on the

missile that is illuminated b y the laser b eam. The b eam p o w er and sp ot size are crucial

parameters for deliv ering the 
uence (MJ/m

2

) required to cause the requisite damage to

disable the target. Th us, propagation of those b eams through the atmosphere requires

particular atten tion, and w e ha v e analyzed this problem in some depth. This c hapter

pro vides an o v erview, and details for the in terested reader are giv en in App endix D.

19.1 V acuum Propagation

F or a total p o w er P , an ideal di�raction-limited laser b eam of diameter D and w a v elength

� , fo cused on a target at a distance L , will deliv er an irradiance I , the p o w er p er unit area,

as a function of transv erse co ordinates r and � of

I ( r ; � ) =

�

4

�

D

�L

�

2

�

2 J

1

( � r D = ( �L ))

� r D = ( �L )

�

2

P ; (19.1)
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where J

1

is the Bessel function of order 1.

A real ABL laser b eam will not ha v e an exactly uniform pro�le, and there will probably

b e a \hole" in the cen ter as part of the optical design. The cen tral hole has a minimal

e�ect.

1

There will b e some imp erfections in the b eam qualit y , to o.

2

A measure of optical

p erformance of a system is the Strehl ratio S

R

, whic h is the ratio of the p eak irradiance

deliv ered divided b y the same quan tit y for a di�raction-limited system.

19.2 A tmospheric E�ects

Ev en v ery small v ariations of the index of refraction n of the atmosphere can signi�can tly

reduce the Strehl ratio, b ecause the path length is so long. These v ariations come ab out

b ecause of small 
uctuations in the lo cal temp erature, whic h in turn cause v ariations in the

densit y , and th us the index of refraction.

The simplest manifestation of phase v ariations is a \tilt" of the b eam. (\Tilt" refers to

the �rst momen ts in transv erse angle co ordinates around the x and y axes.) The tilt causes

the b eam sp ot to mo v e rapidly ab out its cen tral p oin t|the primary problem ground-based

astronomers ha v e with getting a go o d image. An y researc h-grade telescop e coming close to

the di�raction limit m ust do something to a v oid this problem. Adaptiv e optics ha v e b een

dev elop ed to o v ercome this problem, as w ell as some of the higher-order distortions (see

App endix D.3). Correcting for atmospheric e�ects for the ABL is more di�cult than for

astronomical telescop es b ecause the laser b eam tra v els through the atmosphere obliquely ,

giving it a m uc h longer atmospheric path than for astronomical viewing. This is discussed

in Section 19.4.

The v ariation of the index of refraction is a statistical problem. Kolmogoro v [188 ]

dev elop ed a mo del of the atmosphere used in man y analyses. The parameter C

2

n

is a lo cal

measure of the turbulence, and v alues of C

2

n

v ary with time, altitude, and atmospheric

conditions. The ABL 
ies at an altitude � 12 km, ab o v e the w orst atmospheric turbulence

and ab o v e most cloud co v er. Characteristically , C

2

n

� 5 � 10

� 18

m

� 2 = 3

at an altitude of

12 km, but it can 
uctuate b y an order of magnitude ab o v e or b elo w this v alue with ev en

small c hanges of altitude.

Maxw ell's equations for the b eam propagation are solv ed in the Ryto v appro ximation

(see D.1), whic h is v alid for lo w turbulence. F or man y calculations, in tegrals of C

2

n

are

computed along the path of propagation z with w eigh ting factors dep ending on z . The

follo wing quan tities are of primary in terest. App endix D pro vides additional details.

� r

0

(see Eq. D.6), the F ried parameter, is a measure of the transv erse c haracteristic

coherence length for an engagemen t. F or t ypical ABL engagemen ts, it ranges from

0.26 m at lo w altitudes to 0.8 m at high altitudes.

� �

t xy

(see Eq. D.7) is the rms tilt angle of a b eam caused b y turbulence, and it is

the dominan t cause of b eam sp ot spreading on target without A O. F or comparison,

the core of a di�raction-limited in tensit y pro�le is similar to a Gaussian ha ving a

standard deviation � = 0.45 �=D . The rms tilt ac hiev es this v alue for r

0

� D , whic h

is not reac hed, ev en for the highest altitude engagemen ts.

1

In Eq. 19.1, D

2

is replaced b y D

2

� d

2

, where d is the diameter of the cen tral hole, � 0.3 m, compared

to D = 1.5 m.

2

The b eam shap e is an o ctagon, not a circle. It is not clear if the corners are clipp ed. In addition, the

in tensit y pro�le across the ap erture ma y not b e uniform.
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� �

2

'

is the spatial v ariance of the phase of the b eam caused b y turbulence. Phase-

correction A O seek to minimize this quan tit y (see Eqs. D.8, D.10, D.27, D.29,

and D.32).

� �

2

R

(see Eq. D.12), the Ryto v v ariance, is the spatial v ariance of the log amplitude

of the electric �eld. It is the most widely used single measure of turbulence for

an engagemen t. The region of v alidit y of the Ryto v appro ximation is essen tially

�

2

R

� 0.5 np

2

.

( 3 )

� �

0

(see Eq. D.28), the isoplanatic angle, is a measure of ho w rapidly the phase

v ariations c hange with angle a w a y from the cen ter of view b ecause the b eam passes

through a di�eren t part of the atmosphere. Stated di�eren tly , it is a measure of the

�eld angle o v er whic h the A O can b e e�ectiv e.

F or large phase v ariances, e.g. b efore the application of A O, the Strehl ratio is giv en b y

an asymptotic series [189 , p. 164]

S

R

�

�

r

0

D

�

2

� 0 : 6159

�

r

0

D

�

3

+ 0 : 05

�

r

0

D

�

5

+ 0 : 00661

�

r

0

D

�

7

: : : ( r

0

=D < 1) : (19.2)

This expression is applicable for engagemen ts of in terest and sets a lo w er b ound for the

atmospheric part of the Strehl ratio without A O. This limit on S

R

ranges from 0.02 to 0.2,

dep ending on the engagemen t geometry . F or small v ariances, e.g. in lo w turbulence or after

application of A O, the Strehl ratio is giv en appro ximately b y [189 , p. 46]

S

R

� exp( � �

2

R

� �

2

'

) : (19.3)

This relation is called the extended Mar � ec hal limit, and it underestimates the Strehl ratio;

(see Section D.5.3). After A O, �

2

'

is used in Eq. 19.3 as appropriate for the degree of

correction ac hiev ed.

19.3 Cha racterization of T urbulence

Correctly c haracterizing the turbulence with whic h the ABL m ust con tend is critical. The

�rst question is ho w v alues of C

2

n

v ary with lo cale, season of y ear, and da y to da y . What

fraction of the time w ould the turbulence b e lo w enough for the ABL to p erform its mission

if called up on?

A standard mo del of atmospheric turbulence is called \Clear-1" [190 ]. The ABL sp eci-

�cation is that it m ust function prop erly despite turbulence as in tense as t wice this mo del.

The mo del is based on smo othed thermal measuremen ts made with ballo ons. The mo del

assumes that the C

2

n

dep ends only on altitude, and in particular it is indep enden t of time

and geographical lo cation. There is a broad plateau of C

2

n

� (0 : 5 � 1 : 0) � 10

� 17

m

� 2 = 3

for

altitudes b et w een 10 and 17 km. V alues fall rapidly at greater altitudes (see App endix D.2).

There has b een some con tro v ersy regarding C

2

n

. Measuremen ts of C

2

n

ha v e b een made

using optical metho ds [191 ], thermal metho ds [192 , 193 ], and radar metho ds [192 , 194 ]. The

consistency among v arious measuremen ts is not v ery go o d. A t least part of the discrepancy

results from the natural v ariations of C

2

n

itself; its v alues are not exp ected to b e static

in time. Geographical v ariations are also exp ected [195 ]. Tw o General Accoun ting O�ce

(GA O) rep orts [196 , 197 ] and the United States Air F orce (USAF) Scien ti�c Advisory

3

The unit np = nep er is used to emphasize the use of natural log instead of common log.
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Board [198 ] commen ted on this discrepancy and recommended that optical measuremen ts

b e the primary reference. The GA O rep ort [197 ] is critical of the state of the kno wledge

of turbulence in theaters of in terest. More measuremen ts ha v e b een made using ballo ons,

radar, and stellar scin tillometers [199 ] in southern Asia and the Middle East, but the results

ha v e not b een published [200 ]. As w e shall see in Section 21.5.2, whether the standard

C

2

n

= 2 � \Clear 1 Nigh t" or 4 � as adv o cated b y some critics is used mak es no qualitativ e

di�erence for the engagemen ts of in terest to this study , b ecause of the high engagemen t

altitudes.

It should b e noted that although the normal ABL op erating altitude of 12 km is ab o v e

most of the turbulence (whic h decreases rapidly ab o v e the trop opause), the altitude of the

trop opause v aries with season and lo cation. Greater turbulence and high-altitude cirrus

clouds ma y sometimes presen t problems (see Section 22.2).

An in teresting phenomenon is that of large-scale w a v es that are created in the atmo-

sphere as air masses 
o w across moun tains [201 ]. These w a v es ma y create un usually in tense

turbulence ev en at high altitudes. It is not kno wn to what exten t, if an y , this e�ect could

in
uence ABL engagemen ts.

19.4 Adaptive Optics

Although astronomers �rst suggested the use of A O [202 ], its �rst use w as for military

applications in the mid 1970s and early 1980s.

4

Astronomers no w use A O to comp ensate

for the image broadening due to atmospheric turbulence. Deformable mirrors are used in

conjunction with a reference signal (guide or reference star, either real or arti�cial) to largely

comp ensate errors, with impressiv e results. F or example, the Kec k telescop e's adaptiv e

optics system ac hiev ed a Strehl ratio of 0.30 at � =1.65 � m compared to an uncorrected

Strehl ratio of 0.006 [204 ].

Adaptiv e optics are essen tial to the ABL program. Ho w ev er, for a n um b er of reasons

A O is more di�cult to implemen t for the ABL than for astronomical applications. Here are

some of the A O c hallenges for ABL and ho w they di�er from the astronomical case:

1. Astronom y deals with optical paths through the atmosphere not far from the zenith

(of the order of 15 km). The ABL deals with a slan t range through the atmosphere

of the order of 100 km to 300 km.

2. The ABL requires a v ery high bandwidth A O op eration. Astronomical A O systems

run at a closed-lo op bandwidth of 10{100 Hz, whereas the ABL's A O system requires

a closed-lo op bandwidth of 500 Hz. This bandwidth requiremen t is more demanding

than has b een ac hiev ed on ground-based telescop es to date.

3. The isoplanatic angle �

0

is a measure of the c haracteristic angle o v er whic h the A O

corrections c hange. A separation of the \guide star" (b eacon) from the target b y an

angle larger than the isoplanatic angle substan tially degrades A O p erformance. The

isoplanatic angle is m uc h smaller for the ABL than for astronomical applications.

It can b e b et w een 1 to 10 times the di�raction limit angle for the ABL, dep ending

on the engagemen t. F or near-infrared 8{10 m telescop es, the isoplanatic angle can

b e sev eral h undred times the di�raction limit. This di�erence arises b ecause most

of the turbulence is distributed near the ground for the astronomical case, but it is

distributed o v er a m uc h longer length for the ABL.

4

A nice historical accoun t of the dev elopmen t of A O ma y b e found in Ref. [203 , p. 16 et seq.].
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4. Because of the long 
igh t path from the ABL to target and bac k, there is a signi�can t

dela y just from the propagation time of ligh t b et w een receiving an image to correct

with A O and deliv ering the b eam on target. In this time, the ABL and the target

mo v e, and the atmosphere ma y ha v e c hanged. This is another form of anisoplanatism.

5. F or the ABL, atmospheric turbulence causes large 
uctuations in the in tensit y of the

b eam, whic h is called scin tillation. The ABL program do es phase-only corrections

for the w a v efron t. With the large e�ect of scin tillation, the su�ciency of phase-only

A O could b e an issue.

6. Although astronomical telescop es su�er from vibrations due to wind-shak e and other

driv ers, the ABL has airframe 
exure and vibration that are of considerably larger

amplitude and that ma y b e of higher frequency as w ell.

19.5 Benchma rking Adaptive Optics Ha rdw a re and Algo rithms

Sev eral scaled test b eds ha v e b een set up to sim ulate the scaled ABL conditions. Those

sim ulations c hose the w a v elengths of the lasers, the size of the optics, the length of propaga-

tion, and the turbulence so that four dimensionless parameters matc h that of a c haracteristic

ABL TBM engagemen t [205 ]:

� F resnel n um b er D

2

= ( �L ) = 6.34,

5

� D =r

0

= 5.86,

� �

0

= ( �=D ) = 0.65, and

� �

2

R

= 0.49 np

2

.

Using suc h test b eds, the p erformance of the A O can b e tested quan titativ ely .

The MIT Lincoln Lab built the ABL Firep ond facilit y in hilly terrain to test A O o v er a

range of 5.4 km. By c ho osing the data during a calm p erio d shortly b efore sunset, turbulence

represen ting appropriate ABL parameters could b e obtained. A mo c k missile, a cylinder

ha ving a p oin ted end, serv ed as the optical target. Beam splitters at the target analyzed

the b eams inciden t on the target. Tw o ma jor results are rep orted [206 , 207 , 208 , 209 ] from

these measuremen ts:

� T rac king error (tilt) due to scin tillation and sp ec kle on the target could b e substan-

tially reduced b y the use of m ultiple, incoheren t target illuminator (TILL) lasers.

This is particularly imp ortan t to con trol tilt jitter in the direction along the missile.

� The Strehl ratio could b e impro v ed b y a factor as great as 4 b y the A O, ac hieving

S

R

as large as 0.15 for �

2

R

= 0.5 np

2

for a nearly ideal laser source. This is the w orst

case for the ABL design en v elop e. The Strehl ratio will b e b etter for engagemen ts

ha ving lo w er v alues of �

2

R

.

The ABL Adv anced Concepts T estb ed (ABL A CT) at the White Sands Missile Range

is also a facilit y scaled to ABL parameters, lik e Firep ond, but the range is 51 km. In this

case the laser w as �xed as in Firep ond, but the target w as carried on the side of an airplane.

The target pro vided a \co op erativ e b eacon," i.e., a laser dio de, instead of the unco op erativ e

5

F rom the F resnel n um b er, one can deduce L = 270 km. F or simplicit y this rep ort uses 300 km.
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re
ected image of a mo c k missile. Results from this test stand [210 ] rep ort the abilit y of

the A O to impro v e the Strehl ratio and cen troid jitter b y factors of ab out 4.

The Lo c kheed Martin Sunn yv ale \Brassb oard" is another v ery p o w erful exp erimen tal

sim ulator scaled to ABL parameters [205 , 211 ]. It is of lab oratory dimensions, ha ving a range

of only 16 m. It is also particularly elegan t, in that it can \mak e an atmosphere to order"

b y means of 7 rotating phase screens in the optical path. The A O closely follo ws the ABL

design, and the sim ulator emplo ys 80 p ercen t to 90 p ercen t of the ABL b eam con trol system

hardw are. There are four target-illuminator and four b eacon-laser sub-b eams. Brassb oard's

p erformance has b een b enc hmark ed against the ABL A CE and Firep ond. In addition to

the turbulence correction issues, Brassb oard also deals with the motion of the aircraft.

Since p oin ting accuracy is crucial and the 
igh t of the aircraft itself w anders and jitters

b y m uc h more than allo w ed, correction is necessary . The Brassb oard includes an inertial

reference transfer unit (IR TU) pro viding inputs to the steering mirrors. Tw o ma jor results

are rep orted from these exp erimen ts:

� Firep ond results are repro duced, S

R

� 0.15 for �

2

R

� 0.5 np

2

.

� Results of propagation co de are repro duced.

Another scaled lab oratory with a \made-to-order" atmosphere using rotating phase

screens similar to the Brassb oard is the Adv anced Concepts Lab oratory (A CL) at MIT's

Lincoln Lab. This set-up has a range of 10 to 28 m with 7 rotating phase screens. Its

feedbac k lo op has a bandwidth of 2.5 Hz, whic h scales to the ABL's design v alue of 500 Hz.

Unfortunately , only results for �

2

R

� 0.25 np

2

, or in a few cases 0.34 np

2

, are presen ted.

Rep orted results are: [212 ]

� Results of the propagation co de are repro duced.

� The tilt jitter p erp endicular to the missile axis is ab out the same as from a p oin t

source, but the jitter along the axis is 2 to 3 times as large, largely due to scin tillation.

� The main loss of Strehl ratio comes from trac king (tilt) errors.

� Extended b eacon sp ot sizes ha v e only a mo dest deleterious e�ect on the p erformance

of the A O.

It is w orth noting that none of these sim ulations can prop erly test e�ects in v olving

propagation dela y b ecause of the short baseline (20 m to a few kilometers) compared with

h undreds of kilometers in the actual ABL system. This issue will arise in subsequen t

discussion. In principle the results should not c hange, but part of the A O algorithm is not

tested.

There are rep orts that a test facilit y has demonstrated p oin ting correction for the aircraft

at the lev el of 100 nrad [213 ] and [214 , p. 4], but the rep orts ha v e to o few details to

ev aluate. Since no tests in an aircraft are y et p ossible, this test m ust b e some sort of scaled

measuremen t of the degree to whic h a feedbac k system could accommo date some assumed


exing, vibration, and w andering of the aircraft.

In summary , making the ABL b eam propagation w ork to the sp eci�cations stated will

b e a tec hnical c hallenge, but w e see no in trinsic reason these goals cannot b e reac hed if

adequate researc h and engineering resources are giv en to the pro ject. In particular, if the

engagemen t altitudes are appropriately c hosen, slan t ranges of 300 to 600 km against ICBMs
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should b e ac hiev able.

6

W e shall assume that a Strehl ratio � 0.13 can b e ac hiev ed for an

ideal laser in engagemen ts. It can b e substan tially b etter for high-altitude engagemen ts

where the turbulence is less. A large uncertain t y is the engagemen t time, whic h dep ends

on the hardness of the threat missile. See Section 20.1.

19.6 Other Issues

A p oten tial concern is the o ccurrence of un usually high-altitude cirrus clouds. See Sec-

tion 22.2 for more information.

Other issues ha v e b een raised, suc h as

1. The adaptiv e optics do a phase correction, but no amplitude correction.

2. Branc h p oin ts in the phase of the w a v efron t o ccur at zeros of the amplitude.

3. Chromatic anisoplanatism due to the di�erence of w a v elengths of the TILL, BILL,

and HEL.

4. Nonlinear phenomena.

5. Aerosol scattering.

None of these is seen as a serious problem; see App endix D.6 for discussion.

19.7 Engagement Envelop e

W e de�ne engagemen t requiremen ts in these terms, making an arbitrary c hoice that the

engagemen t time t

e

� 20 s:

� T urbulence � 2 � Clear-1 Nigh t,

� �

2

R

� 0.5 np

2

,

� r

0

� 0.26 m,

� �

t

� 1.8 ( �=D ),

� �

0

� 0 : 65 ( �=D ),

� t

e

� 20 s.

The limits on the parameters r

0

, �

t

, and �

0

(see App endix D.1 and D.4) are limits set b y

atmospheric turbulence and the abilit y to do A O corrections. The limit on t

e

is one of

practicalit y . If the engagemen t time is to o long, the target kinematics can c hange, suc h as

staging or burnout. In addition, the fuel magazine is limited, and the ABL needs to ha v e

the capabilit y of m ultiple shots.

F urther analysis of the problem of b eam propagation is presen ted in App endix D. W e

turn no w to examining the e�ect of the laser b eam on a missile.

6

This statemen t do es not necessarily apply to the theater defense role in whic h the burnout altitude of

a short range missile ma y b e lo w enough to in terfere with the minim um engagemen t altitude requiremen t.
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Bo x 19.1: Sym b ols Used in This Chapter

P laser p o w er (Section 19.1)

D b eam director mirror diameter (Section 19.1)

� w a v elength (Section 19.1)

L distance from laser to target (Section 19.1)

I irradiance (p o w er p er unit area) (Section 19.1)

C

2

n

lo cal measure of turbulence (Eq. 19.2)

r

o

F ried parameter (Eq. D.6)

�

t

rms tilt angle of laser b eam, due to turbulence (Eq. D.7)

�

2

'

optical v ariance of phase, due to turbulence (Eq. D.16 )

�

2

R

Ryto v v ariance (Eq. D.12)

�

0

isoplanatic angle (Sections 19.2, D.4.1 )

S

R

Strehl ratio (Eq. 19.2)

t

e

dw ell time of laser b eam on target (Section 19.7)
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The ABL w as designed for theater missile defense. F or that purp ose, it m ust engage

a v ariet y of missiles, from relativ ely short-range Scuds to longer-range missiles suc h as the

T aep o Dong 1. See T able 20.1 for a summary of the c haracteristics of b oth theater missiles

and ICBMs [215 , 216 , 217 , 218 , 219 , 220 , 221 ].

In some w a ys, in tercepting ICBMs is less di�cult than in tercepting theater missiles. The

time line is longer and the burnout altitude is greater. The short time line for a Scud B is

v ery stressing, but the longer-range missiles are m uc h less troublesome. Because the amoun t

of turbulence decreases at high altitude, a higher burnout altitude reduces the degradation

of laser p erformance b y atmospheric turbulence.

Section 20.1 of this c hapter describ es the requiremen ts for destro ying missiles using a

laser b eam. Estimates for the energy densit y (
uence) required to disable b oth liquid-

and solid-prop ellan t missiles are giv en. It is imp ortan t to kno w when and if an engagemen t

attempt resulted in a successful in tercept, and issues related to this v eri�cation are discussed

in Section 20.2.

T able 20.1. Summary of Missile Prop erties

Name Range t

a

bo

h

b

bo

(km) (s) (km)

Scud B 300 60 31

No Dong 1000 95 69

T aep o Dong 1 3000 165 150

Titan I I 12000 320 360

Liquid-prop ellan t ICBM

c

12000 240 175

Solid-prop ellan t ICBM

c

12000 170 200

a

Time at burnout.

b

Altitude at burnout.

c

Mo dels de�ned in Section 15.1.
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20.1 E�ects of Laser Beams on Bo osters and W a rheads

W e b egin b y using a v ailable information for the ABL in theater missile defense as an in-

tro duction. Unfortunately , there app ears to b e no de�nitiv e public statemen t of a theater

missile defense engagemen t for the ABL that could b e used to estimate p erformance of the

ABL. Putting together information from v arious sources, ho w ev er, pro vides a consisten t

scenario of a slan t range L � 300 km and an engagemen t time t

e

� 5 s. The exact laser

p o w er is classi�ed, but public statemen ts giv e it as \m ulti-MW"; w e assume P = 3 MW .

This rep ort deals with ICBM engagemen ts, and as an attac k on a liquid-prop ellan t missile

requires deliv ering a 
uence to the target of the order of 1 kJ = cm

2

= 10 MJ = m

2

. F or a

w a v elength � = 1 : 315 � m and a b eam-director diameter D = 1 : 5 m, the c haracteristic size

of the b eam sp ot at the target for a di�raction-limited optical system is of the order of

L�=D . The irradiance I

0

, the cen tral p o w er densit y on the target, w ould b e (see Eq. 19.1)

I

0

�

�

4

�

D

�L

�

2

P (20.1)

� 34

�

300 km

L

�

2

MW/m

2

: (20.2)

A real system will not b e di�raction-limited, and the b est p eak p o w er densit y the system

can deliv er is

I = I

0

� S

R

; (20.3)

where S

R

is the Strehl ratio. The ABL design goal is for a b eam qualit y of 1.2 \times

di�raction limited,"[222] whic h translates in to a Strehl ratio of S

R

= 1 = 1 : 2

2

= 0 : 69.

1

The

b eam exits the aircraft through a turret windo w, where it encoun ters uncorrectable turbu-

lence in the thin b oundary la y er there. An estimate of a Strehl ratio from this turbulence

alone is 0.8. There are other e�ects asso ciated with propagation in the atmosphere that

mak e S

R

for the system � 0.15 after A O for engagemen ts of in terest. The laser b eam is

unlik ely to hit the missile at a righ t angle, reducing the 
uence deliv ered b y a factor of

cos �

i

� 0 : 5 (attitude of b o oster with resp ect to the ABL plus curv ature of b o oster). Th us

an engagemen t dw ell time w ould b e of the order of t

e

� 10 = (34 � 0 : 15 � 0 : 5) � 4 s.

W e turn no w to consideration of the use of the ABL against ICBMs, ha ving a p ossibly

longer range.

The laser b eam sp ot fo cused on the missile ma y b e relativ ely large. A di�raction-limited

sp ot w ould ha v e a diameter of ab out �L=D , whic h is 0.44 m at a distance of 500 km. The

real sp ot size and shap e will b e larger, a�ected b y the optical p erformance of the laser,

and particularly b y the degree to whic h the A O can comp ensate for the deleterious e�ects

of atmospheric turbulence. Because of asymmetric uncomp ensated jitter, the sp ot will b e

elongated along the axis of the missile, with an asp ect ratio of roughly 1:2 [223 ].

Liquid-prop ellan t b o osters are large fuel tanks made of thin metal. Structurally , the

tanks are under mo derate in ternal pressure for fuel deliv ery , and they also are under a high

axial compression load from the acceleration of the whole ro c k et. Heating the metal to a

critical temp erature causes the metal to lose its strength and will lik ely cause the tank to

rupture or the missile to buc kle. Buc kling ma y w ell v en t the struc k fuel tank, but in an y

case, the cen ter of mass will b e sev erely a�ected, and the thrust will no longer b e in line,

1

It is not clear what is mean t b y the sp eci�cation, in ligh t of the less-than-ideal-parameters, suc h as the

shap e and in tensit y pro�le (see 19.1). W e tak e 0.69 as an upp er limit.
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causing the missile to tum ble. The critical temp erature to disable the missile is w ell b elo w

the melting temp erature of the metal. F or example, alumin um loses its strength at ab out

180

�

C and steel loses its strength at ab out 480

�

C [216 ]. Relating these temp eratures to

the absorb ed 
uence is complicated problem. The air friction during ascen t through the

atmosphere will ha v e substan tially raised the temp erature of the missile's metal skin ab o v e

the am bien t launc h temp erature, but the amoun t of heating dep ends on man y factors.

Con v ectiv e or radiativ e co oling will b e small for in teresting engagemen ts [224 , p. 120].

Co oling b y the liquid in a tank is not exp ected to b e large, b ecause the metal will rapidly

rise ab o v e the n ucleate b oiling p oin t of the liquid, forming an insulating la y er [224 , p. 125].

W e mak e a conserv ativ e assumption that the starting temp erature of the metal is only

20

�

C. F or a w all of 2 mm of Al, reac hing the critical temp erature requires absorbing ab out

0.8 MJ/m

2

. F or a w all of 1 mm of steel, ab out 1.6 MJ/m

2

m ust b e absorb ed.

It is not kno wn what fraction of the 
uence w ould b e absorb ed, but the re
ectivit y

R

e

migh t b e as large as 0.9. Note that R

e

refers to the total re
ectivit y , i.e., sp ecular

plus di�use. P erhaps the b est measure of this quan tit y is R

e

= 1 � � , where the � is the

emissivit y for the metal. V alues for � range from 0.05 to 0.2 [225 ], dep ending on the surface

condition, temp erature, and metal (excepting rusted iron, whic h is m uc h higher). The

absorb ed 
uence F (MJ/m

2

) is giv en b y

F = I

0

S

R

cos �

i

(1 � R

e

) t

e

: (20.4)

T able 20.2. Some Material Prop erties of Threat Missiles

Prop ert y Material

a

(a) (b) (c) (d)

Thic kness [mm] 2 1 5 6

F

abs

[MJ/m

2

] 0.8 1.6 60 50

F

c

[MJ/m

2

]

b

15 32 240 100

R

e

0.9 0.9 0.5 0.0

Densit y [g/cm

3

] 2.7 7.8 2 0.25

C

p

[J/(cm

3

K)] 2.4 3.5

� T [K] 160 460

Q

�

[kJ/g] 6 32

a

Materials: (a) alumin um, (b) steel,

(c) comp osite, (d) cork.

b

h cos �

i

i = 0 : 5

T able 20.2 summarizes the material prop erties relev an t to attac king missiles. F

abs

is

the 
uence that m ust b e absorb ed, and F

c

= F

abs

= [(1 � R

e

) h cos �

i

i ] is the inciden t 
uence

required b ecause of re
ectivit y and the a v erage cosine of the angle of incidence h cos �

i

i = 0 : 5.

It should b e noted that the material thic knesses giv en in the table are only rough estimates,

but thic knesses for real missiles are not lik ely to b e smaller than those presen ted in the

table. Th us, the v alues for the 
uence required are lo w er b ounds.

A ttac king a solid-prop ellan t missile is more di�cult and complex b ecause of its structure.

The b o dy is a v ery strong pressure v essel, and the primary load is a ho op stress rather than
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a compressiv e one. The amoun t of energy required to damage the w all is m uc h higher than

for the liquid-prop ellan t missile, b ecause the comp osite structure is m uc h thic k er and m uc h

energy m ust b e exp ended to melt or v ap orize the resin binder. Once su�cien t energy is

deliv ered to the w all, it is more lik ely to blo w out than to buc kle the whole structure. There

are substan tial uncertain ties in the 
uence required to damage the comp osite structure [224 ,

p. 126]. The critical 
uence p er unit mass Q

�

for �b erglass comp osite ranges from 6 kJ/g

at lo w er irradiance to 15 kJ/g at higher irradiance, with a rather sharp transition at ab out

10 MW/m

2

. F or a t ypical engagemen t Q

�

= 6 kJ/g. The re
ectivit y is not lik ely to exceed

0.5 [224 , p. 126]. A b o oster w all is ab out 1-cm thic k, and if half the thic kness is damaged

o v er the large area of the b eam sp ot, it probably will blo w out. T aking a densit y of ab out

2 g/cm

3

and a thic kness of 0.5 cm means an absorb ed 
uence of 6 kJ/cm

2

(60 MJ/m

2

) is

required.

The 
uence required to disable either a liquid- or solid-prop ellan t missile will dep end on

details of the construction at the aim p oin t of the laser. F or example, sti�ening mem b ers

of a liquid-prop ellan t missile w ould b e m uc h more resistan t to attac k than the v alues in

T able 20.2 indicate. As a consequence, some care ma y b e needed in selecting the aim p oin t

for the attac k, based on the t yp e of missile. F or the purp oses of this study , w e tak e the

required inciden t 
uence, F

c

to b e 32 MJ/m

2

for a liquid-prop ellan t missile and 240 MJ/m

2

for a solid-prop ellan t missile (T able 20.2, Columns (b) and (c)).

With the 
uence a v ailable from the ABL, attac king a w arhead hardened for re-en try

through the atmosphere (as opp osed to attac king the missile) is simply not feasible, b y a

large factor.

20.2 Kill Assessment

Kill assessmen t pla ys an imp ortan t role, not only to determine if an engagemen t w ere

successful, but also to kno w when the engagemen t can b e terminated and the HEL turned

o� or directed to another target. The latter is particularly imp ortan t in the case of m ultiple-

threat missile launc hes. Prev en ting w aste of laser fuel is also imp ortan t, since the magazine

(fuel run time) is limited.

The impact of a kill v ehicle on a target has a v ery clear signature. In con trast, the e�ect

of the HEL on the target ma y b e subtle. The simplest case is when a liquid-prop ellan t

missile su�ers catastrophic buc kling, whic h will lead, at minim um, to a drastic c hange in

the tra jectory of the missile and probably tum bling, b ecause the thrust is no longer along

the cen ter of mass. Buc kling an y stage of the missile, ev en one not under p o w er, w ould

probably ha v e similar catastrophic e�ects. Rupture of the fuel tank will b e a less clearcut

indication of successful engagemen t, since some time ma y b e required for the motor to lo ose

thrust.

F or the solid-prop ellan t missile, a blo w out on the side of the missile will c hange the

optical signature and p erhaps also induce tum bling. In the absence of tum bling, the sig-

nature of a successful engagemen t will most lik ely b e mark ed c hange in the acceleration of

the missile and the optical c haracter of the exhaust, caused b y gases exiting from the side

of the missile. W e ha v e not tried to estimate the di�cult y of suc h observ ations.
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Engaging missiles with a laser is quite di�eren t from engaging them with kinetic kill

v ehicles. The laser b eam propagates to the target at the sp eed of ligh t, i.e., in a few

milliseconds, in con trast to the t w o or three min utes required for a kill v ehicle to in tercept

the target missile. On the other hand, once a kill v ehicle reac hes the target, the damage

is done almost instan taneously , whereas the laser m ust fo cus its b eam on the target for a

minim um of sev eral seconds to deliv er enough energy densit y (
uence) to damage it.

This c hapter is dev oted to the issue of engaging targets in realistic geographic scenarios.

Section 21.1 describ es the sequence of ev en ts leading up to the deliv ery of an ABL b eam on to

the target, and Section 21.2 summarizes the parameters and assumptions made to complete

the optical engagemen t. Some quan tities can only b e roughly estimated. F or example, the

laser p o w er of the ABL is classi�ed, and w e can mak e only a reasonable assumption for it.

Similarly , there is substan tial uncertain t y in the 
uence required to destro y a missile, ev en

if its t yp e (i.e., liquid- or solid-prop ellan t) is kno wn to the defense.

Ev en though the laser b eam tra v els at the sp eed of ligh t, propagation dela y time pla ys

an essen tial role in carrying out an in tercept. Section 21.3 describ es the optical engagemen t

and its relation to the requiremen ts of adaptiv e optics (A O). V arious limiting cases are
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Bo x 21.1: Acron yms Used in This Chapter

A O adaptiv e optics

BILL b eacon illuminator laser

F O V �eld of view

HEL high energy laser

IRST infrared searc h and trac k sensor

IR TU inertial reference transfer unit

TILL trac king illuminator laser

describ ed in Section 21.4 to illustrate the e�ect of di�eren t constrain ts on the useful range

of the laser.

Section 21.5 describ es the v arious factors that a�ect the range of the ABL and giv es v al-

ues for the range in v arious t yp es of engagemen ts. It includes a discussion of the sensitivit y

of the e�ectiv e range to the parameters assumed for the engagemen t. Generally sp eaking,

the results are robust to mo derate v ariations.

Because some k ey p erformance parameters of the ABL are not kno wn, it is not p ossible to

mak e a detailed analysis of the ABL's capabilities in giv en defense scenarios. Nev ertheless,

the principles of suc h an analysis ma y b e illustrated b y considering defense p ossibilities

under a set of giv en assumptions.

21.1 Engagement Steps

The term engagement is used here in the same sense as in the kill-v ehicle analysis of Chap-

ter 5|an engagemen t is the sequence of ev en ts from �rst detection of a missile through

the �ring of the in terceptor. Ho w ev er, the term is also used to describ e the acquisition of

the target b y the ABL and the actual ABL �ring. F or instance, a \20-second engagemen t"

describ es an engagemen t in whic h the dw ell time (the time during whic h the ABL deliv ers

its 
uence to the missile) is 20 s. The sense in whic h engagement is used will b e clear from

the con text.

The ABL is conceiv ed as an autonomous w eap on, y et it is also mean t to b e in tegrated

in to an o v erall family of theater-missile defense systems [226 ]. It will loiter ab o v e the cloud

lev el (near 12-km altitude) with an air sp eed of ab out 600 mph and a 24-hour co v erage

time of p oten tial missile launc h sites, based on m ultiple-aircraft deplo ymen t and a refueling

option (Section 22.1).

Numerous acron yms are used in this section, and Bo x 21.1 summarizes the most com-

mon. Sym b ols used in this c hapter are summarized in page S336.

When a threat missile is launc hed, the ABL ma y b e cued b y IR-satellite detection of

missile exhaust, b y externally based radar, or b y m ultiple IR searc h and trac k (IRST)

sensors lo cated on the ABL. These surv eillance sensors pro vide wide-angle co v erage and

detect IR radiation from a missile's b o oster plume. This cue ma y app ear only after the

missile breaks through the cloud la y er, or earlier if there are no clouds. An activ e ranging

system (ARS), whic h uses a CO

2

10.6- � m laser illuminator in a p o d on top of the airplane,

then pro vides p osition co ordinates of the missile.

Information from the wide �eld-of-view (F O V) IRST sensors allo ws the turret-based
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telescop e, lo cated in the nose of the aircraft, to slew to w ards the missile. The telescop e will

b e used to collect b oth plume ligh t and laser-bac kscattered ligh t, and to p oin t and fo cus

b oth sensing and high-energy lasers. The aim-p oin ts of the telescop e are con tained in an

angle of ab out 240

�

in the 
igh t plane (nearly wing-tip to wing-tip) [227 ] and an unsp eci�ed

angle in altitude, cen tered on the 
igh t path.

A hando� is then made to the turret's IR co-b oresigh ted acquisition sensor, a medium-

F O V IR-sensing arra y that cen ters the missile plume in the ABL telescop e's F O V. T rac king

algorithms capture the target and direct the turret to follo w the missile tra jectory .

The missile plume then is detected b y the IR-sensing, narro w er-F O V plume trac k er,

whic h lo oks through the telescop e optics. The plume trac k er stabilizes the image of the

plume, establishes the trac k, and p oin ts a trac king illuminator laser (TILL) at the hardb o dy

of the missile.

The TILL b eam is \w alk ed" up the missile to illuminate the tip for the �rst stage of b eam

correction. The TILL is a solid-state, 1.030- � m, m ulti-kW laser that is dio de-pump ed at a

5-kHz rep etition rate. Multiple b eams (probably four) are created with sev eral-nanosecond

optical path-length dela ys to create incoherence of the ligh t, and the m ultiple b eams prop-

agate through di�eren t air columns to reduce the deleterious e�ects of scin tillation and

sp ec kle in the re
ection from the nose of the missile that is observ ed b y the small-F O V �ne

trac k er arra y .

Return ligh t from the TILL-illuminated missile nose pro vides edge-feature information

to the �ne trac k er sensor, whic h stabilizes the image of the illuminated hardb o dy . The �rst

step in A O corrections (tilt) is done on the TILL b eams using the edge of the missile nose.

Con trol is transferred to trac king algorithms in a hando v er to the �ne trac king system, to

determine aim p oin ts for the b eacon illuminating laser (BILL) and the c hemical o xygen-

io dine laser (COIL) high-energy laser (HEL) at appropriate lo cations on the missile. The

lo cations of these aim p oin ts are imp ortan t in maximizing the vulnerabilit y of the threat

missile to the energy dep osited b y the HEL b eam, but their lo cations are constrained b y

limitations of the A O system.

The BILL pro vides an illuminated sp ot that is used as a b eacon to correct for atmo-

spheric distortion. The BILL is a dio de-pump ed, solid-state, 5-kHz and kW-lev el laser

op erating at 1.064 � m. Again, m ultiple time-dela y ed b eams reduce coherence e�ects, as in

the case of the TILL.

Ligh t from the TILL and BILL illumination acts as a b eacon or guide star for correcting

atmospheric distortion; return ligh t samples the atmosphere b et w een the missile and the

ABL. A w a v efron t sensor analyzes distortions of this returned ligh t, whic h ha v e resulted

from propagation through the atmosphere, on a pulse-b y-pulse basis at 5 kHz. This infor-

mation is pro vided at a rate of 500 Hz to a fast steering mirror and t w o m ultiple-elemen t

deformable mirrors: one for fo cus and one for higher-order terms. These mirrors place the

conjugate of the distortions on the outgoing HEL b eam. T o minimize the phase errors, the

HEL b eam attempts to return in an air column as close as p ossible to that b y whic h the

illumination arriv ed. The pre-distortion of the outgoing HEL b eam causes it to arriv e more

highly fo cused on target, as the phase distortion is \undone" b y the atmosphere.

The TILL-illuminated nose image pro vides tilt information, and the BILL image pro-

vides the higher-order A O corrections for the HEL. Neither the TILL nor the BILL b eams

are corrected to comp ensate for atmospheric distortions. The HEL's separate fast-steering

and deformable mirrors th us allo w comp ensation for atmospheric phase distortion as the

HEL b eam propagates to w ards the missile, pro viding an impro v ed fo cus and smaller sp ot

size for the HEL. Additional deformable and fast steering mirrors pre-comp ensate the HEL
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b eam for an y in trinsic phase distortions originating within the high-p o w er laser path in the

ABL.

An inertial reference transfer unit (IR TU), emplo ying a 0.83- � m laser system and a

suite of detectors, allo ws for alignmen t through the optical train and along the length of

the aircraft. T arget co ordinates are pro vided to the IR TU to de�ne the line-of-sigh t (LOS)

to w ard the target missile. Alignmen t and p oin ting at the lev el of 100 nrad are an ticipated

to k eep the HEL fo cused on the missile.

The time from missile launc h to initial detection is 45 s for ICBM L and 30 s for ICBM S2

(see Section 10.1.4). It is claimed that the pro cess of trac king con trol, from target detection

to the hando v er to the �ne trac k er, nominally tak es less than 10 s [226 ]. Dep ending on

the t yp e of missile, b o ost-phase engagemen t opp ortunities will end within sev eral min utes

after launc h, follo wing missile thrust termination at altitudes and ranges up to sev eral

h undred kilometers. It is claimed that the ABL could engage from 20 to 40 missiles [228 ],

sequen tially , b efore requiring refueling of the HEL.

The b eam con trol design is based on a common-path|common-mo de approac h [229 ]

whic h pro vides a shared set of optical comp onen ts for alignmen t, targeting, comp ensation,

and high-p o w er laser b eams, as w ell as sensing and con trol functions for optical comp onen ts

in the b eam path. This shared-ap erture design o�ers adv an tages in trac king, jitter, and

alignmen t con trol and reduces the complexit y and w eigh t of the optics.

The ab o v e c haracterization of the design and function of the ABL is based on a v ailable

public literature. It is consequen tly relativ ely fragmen tary and limited in scop e. Ho w ev er,

it is clear that there are signi�can t c hallenges for the ABL program, as p oin ted out in recen t

reviews, including Refs. [227 ], [228 ], [230 ], [231 ], [232 ], and [233 ].

These c hallenges include demonstration of sim ultaneous p erformance in a v ariet y of

areas, including laser output p o w er, b eam qualit y , A O comp ensation of atmospheric distor-

tion under realistic conditions, lethalit y on appropriate threat missiles, and in tegration of

all systems.

21.2 P a rameter Choices and Constraints

Man y v ariables en ter in to computing p ossible engagemen ts, and there are substan tial un-

certain ties in some of these quan tities.

� W e ha v e had to mak e an arbitrary c hoice of the HEL p o w er of 3 MW, b ecause the

design p o w er is classi�ed. The only public statemen t is \m ulti-MW" for all 14 gain

mo dules and > 1 MW for 6 mo dules. W e shall sho w the sensitivit y of successful

p erformance of the ABL to this assumption.

� W e assume that the laser b eam qualit y of 1.2 times di�raction limited can b e

ac hiev ed. W e shall sho w the sensitivit y to this assumption.

� The 
uence requiremen ts to disable the missile (see T able 20.2) are only reasonable

estimates. The thic kness and re
ectivit y of the w alls of the target missiles are un-

kno wn, and the precise damage mec hanism is uncertain. Measuremen ts of lethalit y

criteria, particularly for solid-prop ellan t missiles, are classi�ed, if they exist. W e

shall sho w the sensitivit y to this assumption.

� Coun termeasures that ma y increase the 
uence requiremen t ha v e not b een tak en in to

accoun t.
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Figure 21.1. Estimated Strehl ratio vs. �

2

R

ac hiev able for adaptiv e optics.

� The turbulence of the atmosphere is a fundamen tal v ariable (see Section 19.2) that

the A O is designed to handle. W e assume that the Strehl ratios in the presence of

turbulen t air that w ere ac hiev ed in the b enc hmarking exp erimen ts ([234 ], [235 ]) can

b e ac hiev ed in actual conditions. Most of the engagemen ts of in terest to this study

tak e place at higher altitudes than the theater missile defense scenarios for whic h the

ABL is designed. T urbulence e�ects b ecome less imp ortan t at our higher engagemen t

altitudes. W e shall sho w the sensitivit y to this assumption.

� W e assume maxim um engagemen t dw ell times t

e

of 20 s and 5 s to explore sensitivit y

to the c hoice of time.

� The purp ose of the calculations presen ted herein is to pro vide a scale, not precise

n um b ers.

In ligh t of these uncertain ties, w e ha v e tried to explore the p ossible capabilit y of the ABL

for in tercepting ICBMs. In case of a question, w e ha v e made an optimistic assumption.

Computing engagemen t times requires com bining 
uence requiremen ts from T able 20.2

with the geometrical information h

t

(altitude of the target) and L (slan t range from ABL

to target), that determine the laser propagation c haracteristics. The irradiance deliv ered

to the target is tak en from Eq. 20.3. The system Strehl ratio is computed using Eq. D.56,

with S

R � l aser

= 0.69, S

R � w indow

= 0.8, S

R � AO

, the estimated Strehl ratio ac hiev able b y

the A O, and S

R � aniso

, the anisoplanatic con tribution. The b est estimate of S

R � AO

without

anisoplanatism is from the exp erimen tal measuremen ts of Firep ond [234 ] and Brassb oard

[235 ]. The exp erimen tal p oin ts w ere smo othed, and the result is sho wn in Figure 21.1.

The anisoplanatic con tribution to the Strehl ratio S

R � aniso

is computed in the extended

Mar � ec hal appro ximation.

There ma y b e unaccoun ted A O shortcomings, suc h as uncorrected residual tilts, whic h

could lo w er the Strehl ratio. F or lac k of an y quan titativ e information, w e mak e the opti-

mistic assumption of ignoring suc h losses. The resulting Strehl ratio for the system v aries

from 0.1 to 0.5 for engagemen ts of in terest, dep ending on the geometry .
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21.3 Optical Engagement

21.3.1 Propagation dela y

The optical engagemen t is complicated b y sev eral factors. First, optical constrain ts set

b y the atmospheric turbulence, motion of the ABL and the target, and propagation dela y

of the laser b eam from the ABL to the target, imp ose limits. Second, considerations of

missile vulnerabilit y ma y limit the lo cation on the missile's surface where the HEL b eam

should b e directed, imp osing other restrictions. The optical constrain ts and missile vulner-

abilit y constrain ts ma y con
ict, requiring compromises. This section discusses the optical

constrain ts.

The simplest optical constrain ts are set b y the limits of the A O's abilit y to correct for

turbulence. The ABL design parameters (see Section 19.5) are �

2

R

� 0 : 5, and �

0

� 0 : 65 �=D .

These are of in terest mainly for lo w-altitude engagemen ts.

Engaging ICBMs is more e�ectiv e for high altitudes, b ecause of greater maxim um,

slan t range. Here, optimizing the Strehl ratio means minimizing anisoplanatic e�ects. The

isoplanatic length at the missile, �

0

L , ranges from 0.2 m for lo w-altitude engagemen ts to 3

m or more at high altitudes. Minimizing the anisoplanatic phase corruption means trying

to use the same column of air for the HEL return that the arriving \guide star" image used.

Because the target is mo ving and the propagation dela y is signi�can t, the HEL sp ot will

strik e a di�eren t place on the target than that from whic h the guide star image left.

This propagation dela y o�set, �

p

= 2 Lv =c , can b e large. F or example, an engagemen t

at a range of L = 300 km has a roundtrip time dela y of 2 ms. A t an altitude of 30 km,

a liquid-prop ellan t missile is mo ving at ab out 1.5 km/s, and a solid-prop ellan t missile is

mo ving at ab out 2 km/s. Th us, �

p

= 3 m to 4 m. F or an engagemen t at 500 km and

an altitude of 50 km, the missiles are mo ving at ab out 2 km/s and 3 km/s, resp ectiv ely ,

corresp onding to �

p

= 6.7 m to 10 m. The propagation dela y o�set is corresp ondingly larger

at ev en higher altitudes, when the missile sp eed is greater. As subsequen t discussion sho ws,

suc h large o�sets can limit the range of an engagemen t.

Recall that the tilt correction for the HEL uses the nose image for the b eacon and

the higher-order corrections for the HEL use the BILL image. Although the BILL is not

A O-comp ensated and su�ers jitter on the target, the orthogonalit y of the Zernik e functions

allo ws the higher-order terms to b e separated from the tilt. Both the TILL and BILL images

are sampled at a rate of 5 kHz on a pulse-b y-pulse basis. F or eac h pulse, the BILL image

is substan tially smaller than the time-a v eraged, tilt-smeared image. (See Section D.4.3 for

a discussion of the b eacon size).

The optical engagemen t is somewhat complex, and Figure 21.2 illustrates the situation.

The target is a distance L from the ABL and mo ving at a sp eed v .

� The TILL illuminates the nose at p oin t N, and the image is used for the tilt correction.

N 1B 24 3

dB dd dtde

dp = 2Lv/c d

Figure 21.2. Sc hematic of steps of an optical engagemen t.
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� P oin t B is the BILL image. Since A O is not used for the outgoing BILL b eam, it

can b e placed an ywhere desired on the target.

� P oin t 1, a distance �

p

= 2 Lv =c from the nose, is tilt-isoplanatic with the nose image

b ecause of propagation dela y .

P oin t 1 can b e higher-order isoplanatic, as w ell as tilt-isoplanatic, b y placing the BILL

at the nose, i.e., �

B

= 0 (or alternativ ely b y using the nose image itself ). P oin t 1 is optically

the ideal attac k p oin t, but it ma y b e unfa v orable from a missile vulnerabilit y standp oin t.

It is imp ortan t to ha v e some freedom of c hoice in the aim p oin t for t w o reasons. First,

some parts of the missile are more vulnerable than others. Second, the e�ect of hitting a

part of a b o oster that is not y et burning, suc h a later stage, ma y b e v ery di�cult to assess,

dep ending on the kill mec hanism.

It is relativ ely easy to c ho ose an aim p oin t (P oin t 2) farther do wn the missile than

P oin t 1, but doing so in tro duces tilt anisoplanatism. As discussed in Section D.4.4, the

c haracteristic angle for tilt anisoplanatism is �

t 0

� 3 �

0

. One can, ho w ev er, extend b ey ond

this b y exploiting the separation of the ABL's tilt correcting mirrors from the higher-

order A O mirrors to mak e P oin t 2 tilt isoplanatic with N. This is done b y in tro ducing a

programmed dela y � = �

d

=v b et w een the receipt of the nose image and the command to

the tilt mirror.

1

The cost of doing so is to in tro duce a dela y anisoplanatism caused b y the

motion of the aircraft during the dela y � . Dela y anisoplanatism is discussed in Section D.4.5.

Apart from the anisoplanatism in tro duced b y the dela y , P oin t 2 can b e made b oth tilt- and

higher-order isoplanatic b y c ho osing �

B

= �

d

.

The ab o v e c hoice of � is not optimal, b ecause a P oin t 3 can b e c hosen with some mixture

of dela y anisoplanatism and tilt anisoplanatism, ha ving a smaller total phase v ariance,

� �

2

' tot

( � ) = �

2

' til t

( � � �

d

) + �

2

' del

( �

d

) ; (21.1)

for a giv en total o�set � . As discussed in Section D.4.4, the tilt phase v ariance can b e

reduced, particularly for lo w-altitude engagemen ts. By c ho osing �

B

= � , there is no higher-

order anisoplanatic con tribution.

A more di�cult case is placing the b eam at P oin t 4, whic h is necessarily anisoplanatic

in b oth tilt and higher order, since the BILL image cannot b e placed farther upstream than

the nose and � cannot b e negativ e. The phase v ariance is giv en b y Eq. D.29 with the normal

�

0

, with correction for piston remo v al (see Section D.3).

The result is that there is m uc h freedom to place the HEL sp ot farther do wn the missile

than P oin t 1, but m uc h less freedom to mo v e to w ards the nose from P oin t 1.

21.3.2 T a rget aim p oint

Lethalit y considerations ma y fa v or some areas of the target, dep ending on the t yp e and

construction of the target missile. T yping the missile will b e imp ortan t in c ho osing an ap-

propriate p oin t to attac k. This information can b e obtained, to some degree, b y observ ation

of the acceleration of the target.

Some parts of a missile can b e esp ecially resistan t to optical attac k. F or example,

structural mem b ers or the com bustion c ham b er will b e m uc h more resistan t than the w alls

of the tanks of a liquid-prop ellan t b o oster. The in terface b et w een stages is also lik ely to

1

It is not kno wn if this metho d is used in the ABL design; suc h details of the optical engagemen t do not

app ear in the public literature.
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b e rather robust against attac k. Similarly , if the kill mec hanism assumes column collapse,

the attac k m ust b e directed to an area under large column loading, not an area near the

nose. Alternativ ely , if the kill mec hanism relies on v essel rupture, the e�ects of attac king

a stage that is not y et burning will b e di�cult to assess, since there will b e little e�ect on

the tra jectory at that time.

21.4 Limiting Cases

There are sev eral limiting cases that are useful to analyze to understand the b eha vior of

the maxim um range L

max

ac hiev able for engagemen ts. These are propagation dela y and

the length of the missile, propagation dela y and the acceleration of the missile, and an

engagemen t without using A O.

A successful engagemen t m ust deliv er an inciden t 
uence, F

c

of ab out 32 MJ/m

2

for

liquid-prop ellan t missiles and 240 MJ/m

2

for solid-prop ellan t missiles (see Section 20.1) .

F

c

=

Z

t

e

0

dtI

0

S

R

( t ) ; (21.2)

where S

R

( t ) is the total Strehl ratio for all e�ects, I

0

is tak en from Eq. 20.2, and S

R

is

determined as describ ed in Section 21.2.

21.4.1 Missile length

F rom the preceding discussion, w e see that the propagation dela y and A O requiremen ts

place some limits on the aim p oin t. Ob viously , if propagation dela y places P oin t 1 b ey ond

the end of the missile (or, more prop erly , the vulnerable p oin t farthest from the nose) large

anisoplanatic errors

2

cannot b e a v oided with resp ect to P oin t 1. Propagation dela y e�ects

can rapidly degrade the Strehl ratio. In simple terms, a limiting case is �

p

= l

m

= 2 L

max

v =c ,

where l

m

is the missile length (or the last vulnerable p oin t). Going b ey ond this limit

in tro duces anisoplanatic phase v ariance. The real limit o ccurs when the Strehl ratio is

degraded enough that the required 
uence can no longer b e ac hiev ed during a maxim um

acceptable engagemen t time t

e

.

Note that although this discussion concen trates on the missile length, in fact the lim-

itation on range is caused b y propagation dela y , compared with the length of the missile

divided b y the missile sp eed. F or this discussion, it is more con v enien t to talk in terms of a

length limit, b ecause the aim p oin t m ust b e c hosen, and the length c hanges discon tin uously

during staging ev en ts. The sp eed of the missile is prescrib ed b y the necessit y to deliv er its

pa yload to a giv en target.

21.4.2 Missile acceleration

Another constrain t arises from the acceleration a of the missile, causing �

p

to c hange with

time t during the engagemen t,

� ( �

p

( t )) = 2 L

� v

c

= 2 L

at

c

: (21.3)

If the aim p oin t is 3, i.e., b ey ond P oin t 1, comp ensating for this mo v emen t is p ossible with

little p enalt y . An attac k on P oin t 4, ho w ev er, cannot b e comp ensated, and the anisopla-

natism will increase during the total engagemen t time t

e

.

2

All Zernik e mo des except piston (see App. D.3).
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W e consider the case in whic h �

e

= 0 at t = 0. As time progresses, an angular o�set �

s

dev elops, and in the extended Mar � ec hal appro ximation, the con tribution to the Strehl ratio

S

R�

will b e

�

s

=

� ( �

p

)

L

=

2 at

c

(21.4)

S

R�

= exp

"

� �

�

�

s

�

0

�

5 = 3

#

(21.5)

= exp

"

� �

�

t

�

�

5 = 3

#

(21.6)

� =

c�

0

2 a

(21.7)

where � is the phase-v ariance reduction factor for piston remo v al de�ned in Eq. D.30. It

v aries from 1 for v ery small �

s

to ab out 0.5 during the engagemen t. The c haracteristic time

� ranges from as little as 5 s to as m uc h as 30 s for engagemen ts of in terest. A consequence

is that the 
uence deliv ered is not linear during the engagemen t time unless t

e

� � .

21.4.3 Engagement without A O

Because the c hoice of aim p oin t ma y require v ery large anisoplanatism, there will b e a p oin t

where A O pro duces a smaller Strehl ratio than not using A O, since the A O phase v ariance

saturates at t wice the uncomp ensated v alue (see App. D.4). T urning o� the A O results in

a Strehl ratio giv en b y Eq. 19.2.

21.4.4 Illustrative examples of A O limits

Figure 21.3 illustrates the e�ect of A O limits for the case of a liquid-prop ellan t missile and

a dw ell time of 20 s; the next section pro vides sp eci�c information on in tercept parameters.

The �gure sho ws the maxim um slan t range L

max

for an in tercept vs. the altitude h

t

of the

target at in tercept.

Line (a) sho ws what w ould happ en if there w ere no atmospheric turbulence, or alterna-

tiv ely if the A O w ork ed p erfectly and the target did not mo v e. Line (a) th us represen ts the

upp er b ound of the range for a giv en laser. The decrease of range at lo w h

t

is caused b y

the curv ature of Earth. The subsequen t lines include turbulence for 2 � Clear-1 Nigh t. Line

(b) assumes that the length and acceleration limits do not apply , or, alternativ ely , that the

target do es not mo v e. This line cannot reac h line (a) at large h

t

b ecause the ABL itself is

still in the atmosphere. Line (c) applies the acceleration limit, but not the length limit. The

kink at h

t

= 55 km is a result of the c hange in acceleration at staging for mo del ICBM L.

Line (d) applies the length limit, but not the acceleration limit. The kink at h

t

= 90 km

results from �

p

exceeding the length of the missile. Line (e) applies all the limits for a real

engagemen t. Line (f ) represen ts the case where no A O is used at all, and th us the lo w er

b ound of the range for a giv en laser and the assumed 2 � Clear-1 Nigh t turbulence. The

di�erence b et w een line (e) and line (f ) sho ws the impro v emen t from the planned A O. W e

note in passing that b ecause of the uncorrectable anisoplanatism, the range of the laser

ab o v e the kink at h

t

= 90 km in line (e) w ould hardly c hange if the A O p erformed ideally ,

rather than the assumed p erformance.

As w e shall see, the useful range against a solid-prop ellan t missile is substan tially less

than that for a liquid-prop ellan t missile. As a result, the ab o v e limits manifest themselv es



S328 Chapter 21. Airb o rne Laser Engagements

0

200

400

600

800

1000

1200

0 50 100 150 200

M
ax

im
um

 S
la

nt
 R

an
ge

  L
m

ax
 (

km
)

Target Altitude  ht (km)

ICBM L, Engagement time  te = 20 s

(a)

(c)

(d)

(b)

(e)

(f)(a) No turbulence
(b) Static target
(c) Acceleration only
(d) Length only
(e) Acceleration and Length
(f) Uncompensated

Figure 21.3. E�ect on maxim um slan t range b y applying v arious limits to the optical engagemen t

of a liquid-prop ellan t missile vs. altitude of the target.

in di�eren t w a ys. Figure 21.4 sho ws the equiv alen t information for the solid-prop ellan t

ICBM-S2. Note in particular that the maxim um range for no turbulence is only a little

longer than what can b e ac hiev ed in a real engagemen t, b ecause the Strehl ratio ac hiev able

at high altitude is large.

As an academic p oin t, it is in teresting to note that the propagation-dela y A O limitations

sho wn in Figures 21.3 and 21.4 could in principle b e o v ercome if a p oin t-ahead b eacon

w ere a v ailable. That is to sa y , if an arti�cial b eacon could b e pro vided, suc h as is used

no w in astronom y where no natural guide star is a v ailable within the isoplanatic patc h, or

more imp ortan tly , for deliv ering a ligh t b eam to a satellite. See Refs. [236 , p. 216 et seq.]

for an o v erview of arti�cial b eacons using Ra yleigh bac kscattering (relativ ely lo w-altitude

atmosphere) and bac kscattering from the mesospheric so dium la y er (altitude ab out 90 km)

and [237 ] for use of the mesospheric so dium la y er for correcting a b eam to a satellite. Once

the tra jectory of the missile is a v ailable, with the v elo cit y and an estimate of its acceleration,

an arti�cial b eacon could b e placed ahead of the missile to b e in sync hronism with the

propagation dela y of the HEL. Suc h a tec hnique could substan tially enhance the useful

range of the ABL against a liquid-prop ellan t missile [curv e (b) vs. curv e (e) of Figure 21.3],

but it w ould do little to help against a solid-prop ellan t missile. W e ha v e not attempted to

analyze what w ould b e required tec hnically to realize a useful p oin t-ahead b eacon for the

ABL nor ho w e�ectiv e an implemen tation migh t b e in o v ercoming the propagation dela y

limitation. F rom public do cumen ts, this capabilit y do es not app ear to b e included in the

ABL design.
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21.5 Missile Intercepts

Engagemen ts of b oth liquid- and solid-prop ellan t missiles ha v e b een mo deled where the

maxim um slan t range L

max

has b een computed for whic h the requisite critical 
uence F

c

can b e deliv ered in a giv en engagemen t time t

e

. V arious scenarios to ac hiev e this goal w ere

explored. Of primary in terest are the engagemen ts using the standard parameters, suc h as

laser p o w er, for t w o di�eren t engagemen t times, 20 s and 5 s. The 20-second engagemen t

time is view ed as a practical, although somewhat arbitrary , upp er limit. The 5-second

engagemen t w as c hosen to study the sensitivit y of L

max

to the engagemen t time.

The liquid-prop ellan t missile (ICBM L) is mec hanically mo deled after a DF-5 to de�ne

the vulnerable dimensions. The vulnerable length is 29 m for the whole missile and 12 m

for the second stage alone. First-stage separation o ccurs 120 s after launc h at an altitude

of ab out 55 km. Burnout of the second stage o ccurs 240 s after launc h at an altitude of

ab out 183 km.

Similarly , the solid-prop ellan t missile (ICBM S2) is mec hanically mo deled after a Min-

uteman I I I. The total length is 17 m; the second and third stages together are 10 m; and

the third stage is 6 m. First-stage separation o ccurs 60 s after launc h at an altitude of

ab out 29 km; second-stage separation o ccurs at 120 s at ab out 105 km, and the third stage

burns out at 170 s and ab out 199 km.

F or b oth missiles, the 
igh t pro�les of acceleration, sp eed, and altitude w ere used, as

sho wn in Figures 21.5 and 21.6. Figures 21.7 and 21.8 sho w the limitations on L

max

for laser

p o w ers of 1.5 MW, 3 MW, and 6 MW for engagemen ts times of t

e

= 20 s and 5 s resp ectiv ely .

In v arying degrees, evidence of the limiting cases previously discussed are apparen t.

� F or the liquid-prop ellan t missile at h

t

= 55 km and the solid-prop ellan t missile at

h

t

= 29 km, a \jump" o ccurs as a result of the decrease of acceleration during staging
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ICBM S2 (dashed line).

(Section 21.4.2).

� The length \limit" (Section 21.4.1) can b e seen at h

t

� 90 km ( t

e

= 20 s) or 110 km

( t

e

= 5 s) for the liquid- prop ellan t missile and h

t

� 105 km for the solid-prop ellan t

missile, but for di�eren t reasons. F or the liquid case, the anisoplanatism due to the

length o ccurs gradually as �

p

mo v es o� the end of the missile. F or the solid case,

staging suddenly reduces the missile's length.

� The decrease of L

max

with sp eed (altitude) due to the length is visible for the 5-s

liquid-prop ellan t missile engagemen t. F or other cases, the abilit y to engage with

little or no A O w ashes out the length limit at higher altitudes.

� The lines mark ed a and b in Figures 21.7 and 21.8 sho w resp ectiv ely �

0

= 0.65

�=D and �

2

R

= 0 : 5 np

2

. The ABL is designed to function in the region b elo w b oth

these curv es. These limitations on L

max

are imp ortan t primarily for lo w-altitude

engagemen ts.

The natural parameter for describing ABL p erformance is the altitude h

t

, but the time-

since-launc h of the missile is the imp ortan t parameter for understanding the time line.

Figure 21.9 sho ws h

t

vs. t for b oth the liquid-prop ellan t ICBM L and the solid-prop ellan t

ICBM S2. The v ertical lines (a), (b), and (c) sho w critical times and their relation to h

t

.

F or example, a useful engagemen t of the liquid-prop ellan t missile can b egin at 92 s at whic h

h

t

is 30 km and, from Figure 21.8, the useful range of the ABL w ould b e ab out 320 km.

The useful range is more than 500 km for t > 125 s.

21.5.1 Useful slant range

The maxim um distance for disabling a missile dep ends on the engagemen t time, t

e

, i.e.,

the dw ell time of the engagemen t during whic h the laser deliv ers energy to the missile. In

rough terms, liquid-prop ellan t missiles can b e in tercepted at a slan t range of ab out 600 km

for t

e

= 20 s and 450 km for t

e

= 5 s. Solid-prop ellan t missiles can b e in tercepted at ab out

300 km for t

e

= 20 s and 180 km for t

e

= 5 s.
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The slan t range for 20-s engagemen ts is only mo derately larger than for 5 s. The

di�erence is m uc h less than the naiv e estimate for v acuum propagation L

max

/

p

t

e

, b ecause

the relation b et w een the 
uence and t

e

is non-linear (Section 21.4.2), and the irradiance

do es not decrease as 1 =L

2

b ecause of the uncorrected b eam spreading caused b y turbulence.

In tercepting solid-prop ellan t missiles is substan tially more di�cult than liquid-prop ellan t

missiles for t w o reasons. The most ob vious reason is the greater hardness of the missile b o dy ,

a factor of 8 in F

c

required. In addition, the solid-prop ellan t missiles are substan tially

shorter, causing increased anisoplanatism from the length.

21.5.2 P a rameter sensitivit y

Sev eral assumptions ha v e b een made in the c hoice of engagemen t parameters. In this section

w e examine the sensitivit y to those assumptions.

The nominal laser p o w er w as assumed to b e 3 MW and the nominal critical 
uence

for in tercepts w as assumed to b e 32 MJ/m

2

for liquid-prop ellan t missiles and 240 MJ/m

2

for solid-prop ellan t missiles. Figures 21.7 and 21.8 sho w L

max

vs. h

t

for t

e

= 20 s and 5 s

resp ectiv ely . In the �gures, the laser p o w er has b een v aried from 3 MW up to 6 MW and

do wn to 1.5 MW. Alternativ ely , these v ariations can b e in terpreted as v arying the critical


uence do wn and up b y a factor of 2 with resp ect to the nominal v alues. The results are

sho wn to b e relativ ely insensitiv e to factor-of-2 c hanges. In particular, for factor-of-2 p o w er

v ariations, L

max

c hanges b y � 10 p ercen t to � 15 p ercen t for liquid-prop ellan t missiles and

t

e

= 20 s, and � 20 p ercen t for t

e

= 5 s. F or solid-prop ellan t missiles, the v ariation is

� 20 p ercen t for t

e

= 20 s and � 30 p ercen t for t

e

= 5 s. In rough terms, L

max

scales with

the p o w er as P

s

, where s ranges from 0.15 to 0.3 for the liquid-prop ellan t missile and 0.25

to 0.3 for the solid-prop ellan t missile. This b eha vior can b e far from the naiv e scaling for

v acuum propagation for whic h s = 0 : 5. One consequence of this slo w v ariation of L

max

with P is that the e�ectiv eness of the defense is decreased less than one migh t exp ect if the

laser p o w er is less than exp ected or the targets are somewhat harder than assumed. On the

other hand, the same b eha vior means that it is di�cult to c hange the e�ectiv e range v ery

m uc h b y increasing the laser p o w er. F or example, increasing the b eam p o w er from 3 MW to

30 MW and using the same algorithm for computing the range increases the range only from

ab out 600 km to ab out 750 km for the liquid-prop ellan t missile and from ab out 300 km to

ab out 550 km for the solid-prop ellan t missile. Ev en if suc h a p o w er w ere a v ailable, thermal

blo oming ma y prev en t its e�ectiv e utilization (App. D.6.2).

The nominal b eam qualit y of the laser is 1.2 times di�raction limited. Calculations w ere

done assuming 1.4 and 1.6 times di�raction limited to test the sensitivit y to this parameter.

The loss of range is small. F or the case of 1.6 times di�raction limited, the loss of range for

the liquid-prop ellan t missile is only 4 p ercen t for t

e

= 20 s and 15 p ercen t for t

e

= 5 s. F or

solid-prop ellan t missiles the loss is 12 p ercen t for t

e

= 20 s and 20 p ercen t for t

e

= 5 s. F or

1.4 times di�raction limited, the fractional loss of range is ab out half the ab o v e. The v ery

lo w sensitivit y for the liquid-prop ellan t missile and t

e

= 20 s is b ecause of the relativ ely lo w

Strehl ratio, whic h is dominated b y factors other than the laser. F or the other cases, the

loss of Strehl ratio is similar to a loss of roughly a factor of 1.5 in p o w er for the 1.6 times

di�raction limited case, and corresp ondingly less for 1.4 times di�raction limited.

A similar set of calculations w as done in whic h the turbulence w as v aried from the

nominal 2 � \Clear-1 Nigh t" to 1 � and 4 � . The c hange in L

max

w as less than that sho wn

in Figures 21.7 and 21.8 for a factor-of-2 v ariation of the laser p o w er, sometimes m uc h less.

The reason for the mo dest v ariation is that for the engagemen ts of in terest, whic h o ccur at
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Figure 21.10. Engagemen t of liquid- (upp er lines) and solid-prop ellan t missile (lo w er lines) b o osters

for t

e

= 20 s, in whic h the nominal length of the missile w as used (solid line), and an aim p oin t 3 m

shorter than the length w as used (dashed line).

high altitude, the Strehl ratios ac hiev ed are relativ ely high, so the e�ect of turbulence is

mo dest.

Finally , Figures 21.10 and 21.11 sho w ho w sensitiv e the engagemen ts are to the as-

sumption made of the optim um engagemen t, i.e., an engagemen t as close to isoplanatic as

p ermitted b y the length of the target. If, for example, the aim p oin t needed to b e 3-m

shorter than the target, additional anisoplanatism ma y b e in tro duced, dep ending on the

range. The �gures sho w the e�ect of a 3-m c hange. The e�ect is signi�can t, but not large.

21.5.3 Staging limits

Staging ev en ts will probably b e a v oided. Unless one relies on the buc kling failure mo de of

the missile, hitting a stage that is ab out to burn out is not fruitful. Also, there is an abrupt

c hange of kinematics, and some time will b e required to reestablish an acceleration pro�le

to k eep the b eam on target. Finally , kill assessmen t ma y b e di�cult during the staging

ev en t.

21.5.4 Engagement range

The p ossible 
ying areas for the ABL ha v e a somewhat di�eren t c haracter from the equiv a-

len t basing areas for b o ost-phase defense utilizing terrestrial-based in terceptors. The useful

range dep ends on the engagemen t altitude, b oth for atmospheric propagation reasons, pre-

viously discussed, as w ell as geometric reasons. An imp ortan t distinction m ust b e made

b et w een the slan t range L (ABL to target) used in the ABL propagation discussion and the

laser ground range, LGR =

q

L

2

� h

2

t

. A high-altitude attac k will use up some of the slan t
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Figure 21.11. Engagemen t of liquid- (upp er lines) and solid-prop ellan t (lo w er lines) missiles for

t

e

= 5 s, in whic h the nominal length of the missile w as used (solid line), and an aim p oin t 3 m
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Figure 21.12. T ypical engagemen t geometries for a liquid-prop ellan t missile, ICBM L, (top) and a

solid-prop ellan t missile, ICBM S2, b ottom, for a planar (maxim um stando� distance) engagemen t.

The missile altitude and ground range are sho wn b y the curv e rising from the lo w er left. The arro ws

sho w the path of the ABL b eam from its 12-km altitude at v arious distances to the missile. The

ABL ground range (LGR) is the pro jection of the arro w on the horizon tal axis. There are large

uncertain ties in the ABL range; the v alues are illustrativ e only .
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Bo x 21.2: Sym b ols Used in This Chapter

S

R

Strehl ratio (Eq. 19.2)

�

2

R

Ryto v v ariance (Eq. D.12)

t

e

dw ell time of laser b eam on target (Section 20.1)

� distance along missile (Fig. 21.2)

v sp eed of target (Section 21.3.1)

L distance from laser to target (Section 19.1)

� �

2

' tot

phase v ariance (Eq. 21.1)

F 
uence (energy p er unit area) (Section 20.1)

a acceleration of target (Section 21.3)

�

0

isoplanatic angle (Sections 19.2, D.4.1 )

� c haracteristic time for decrease of Strehl ratio (Eq. 21.7)

� phase reduction factor (Eqs. D.30, D.42)

� normalized v ariance (Eqs. D.31, D.43)

h

t

altitude of target (21.4.4)

range, reducing the ground range a v ailable. There is a limit on the altitude angle to whic h

the ABL ma y b e directed, but a n um b er is not a v ailable.

Figure 21.12 (a) and (b) sho w the maxim um ABL range in planar geometry of an ABL

engaging a liquid-prop ellan t missile and a solid-prop ellan t missile (ICBM S2), resp ectiv ely .

These are analogous to the engagemen t �gures for kill v ehicle in tercepts of Section 4.5,

sho wing the altitude vs. range of the missiles with arro ws for the ABL laser b eam from its

altitude of 12 km to the missile. The v alues of the ABL range are illustrativ e only , b ecause

of the large uncertain ties discussed.

F or a liquid-prop ellan t missile, the largest v alue of LGR � 600 km is for h

t

= 90 km at

a stando� range (ground distance from ABL to missile launc h p oin t) of ab out 750 km. The

largest stando� range is ab out 1050 km for h

t

= 175 km and LGR � 550 km.

The range for engaging a solid-prop ellan t missile is considerably more limited, b ecause

of the greater hardness of the missile's b o dy . The maxim um v alue of LGR � 300 km o ccurs

for h

t

= 105 km and a stando� range of ab out 500 km, just b efore the second stage burns

out. The largest stando� range is ab out 650 km for h

t

= 180 km and LGR � 300 km.
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Chapter 22

Deplo yment Considerations fo r the Airb o rne Laser

Con ten ts

22.1 P arameters of Op erations . . . . . . . . . . . . . . . . . . . . S339

22.2 Op erating Altitude and Cloud Co v er . . . . . . . . . . . . . S340

22.3 ABL Defense Against Short-Range Missiles . . . . . . . . . S340

This c hapter discusses ho w ABLs migh t b e deplo y ed in the �eld. Section 22.1 discusses

the 
igh t pattern and co v erage. Section 22.2 tak es note of p ossible limitations caused b y

high-altitude cirrus clouds. Finally , Section 22.3 brie
y discusses the use of the ABL against

MRBMs launc hed from ships o� the coast of the United States.

22.1 P a rameters of Op erations

The ABL is housed in a mo di�ed Bo eing 747 that patrols at an altitude of ab out 12 km to

minimize the e�ects of the atmospheric turbulence b et w een the ABL and the target. The

ABL can direct its b eam b y v arying the p olar and roll angles of the turret; pitc h angle with

resp ect the LOF m ust b e ac hiev ed b y means of the p olar and roll angles. The b eam can

b e directed an ywhere in a fan-lik e pattern extending ab out 120

�

in p olar angle on either

side of the LOF (Section 21.1). The a v ailable roll angle range is not published in the op en

literature. A limitation of this angle can seriously restrict some engagemen ts, particularly

in the near forw ard direction.

1

The optim um path that the aircraft 
ies dep ends on the geometrical exten t and dis-

p osition of the bases of the threat missiles. Most discussions assume t w o aircraft 
ying

together in a closed lo op at some stando� distance from the p oten tial missile launc h sites.

The c hoice of stando� distance w ould b e set b y the area in whic h the threat to the aircraft

is lo w. A �gure \8" lo op, orien ted with the long side facing the threat, allo ws the aircraft to

mak e a turn-around at the ends, suc h that it nev er faces a w a y from the threat area. With

appropriate phasing of the t w o aircraft, at least one aircraft will ha v e the threat ahead or

to the side of its 
igh t path at all times. The size of the 
igh t pattern will dep end on the

geometrical exten t of the threat area, but the minim um size is set b y the aircraft turning

radius, ab out 25 km. The aircraft can sta y on station for long p erio ds of time b y using

in-
igh t refueling, whic h requires descen t to lo w er altitudes. The ABL plan is to ha v e sev en

1

F or example, a target directly ahead in b earing, but higher than the ABL will require rotating the turret

to a 90

�

roll angle.
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aircraft to b e able to pro vide t w o aircraft in the air at all times. The strategy for managing

the 
igh t op eration is not treated in this study .

Just as for kill v ehicle in terceptors, tail-c hase in tercepts b y the ABL are unfa v orable,

but for di�eren t reasons. It is futile for the ABL to direct its laser b eam against the ro c k et

nozzle; the b eam m ust strik e the side of the missile. A grazing incidence on the side results

in reduced 
uence on to the surface. A cone with half angle of 11

�

from the missile axis

w ould limit the 
uence on target to ab out 20 p ercen t that of normal incidence. The criteria

in Section 20.1 ha v e assumed 50 p ercen t for this factor. A more subtle limitation is the

loss of a w ell-de�ned feature, suc h as the missile nose, for the A O comp ensation. The nose

itself ma y b e obscured b y an angle as large as 45

�

dep ending on missile geometry , although

the visible shoulder hiding the nose ma y serv e the role. This has not b een studied. Finally ,

the exhaust gases of the ro c k et motor are violen tly turbulen t, and it is p ossible that this

could stress the A O system. A mitigating factor is that the source of the turbulen t medium

is relativ ely near the target, so its e�ect is reduced. This p ossible problem has not b een

studied.

The fuels used b y the COIL are not exotic (Section 18.2), but they are precious to

the mission. The amoun t of fuel carried (called the magazine) allo ws a run time of only

100 s to 200 s [238 ]. Dep ending on the engagemen t time and the n um b er of engagemen ts a

single aircraft m ust execute, this asset m ust b e used carefully . A magazine of 100 s with an

engagemen t time of 5 s w ould allo w up to 20 engagemen ts, but an engagemen t time of 20 s

w ould allo w only 5 engagemen ts. F or t w o aircraft, the total n um b er of engagemen ts could

b e doubled.

Protecting the ABL from attac k constitutes a ma jor c hallenge to its deplo ymen t. The

ABL is vulnerable to attac k from the ground b y surface-to-air missiles, and also to aircraft

attac k. This issue is treated in greater detail in Chapter 9.2.

22.2 Op erating Altitude and Cloud Cover

A high op erating altitude for the ABL is necessary to minimize the e�ects of atmospheric

turbulence and to b e ab o v e as m uc h cloud co v er as p ossible. Cirrus clouds b et w een the ABL

and the target w ould b e a serious problem, b ecause the scattering of the b eam w ould b e

so sev ere as to mak e a successful engagemen t imp ossible. The ABL cannot \burn through"

the clouds.

Sub-visual and thin cirrus clouds o ccur quite frequen tly , from 40 p ercen t to 70 p ercen t

of the time [239 ] in mid latitudes. The altitude of these clouds v aries with latitude and

season, with the highest altitudes o ccurring in lo w latitudes and in summer. The mean

altitude is at ab out 80 p ercen t of the trop opause, whic h v aries from 18 km at the equator

to 8 km at the p oles. It is estimated [239 ] that suc h clouds exist ab o v e 12 km 50 p ercen t

of the time, and ab o v e 15 km 10 p ercen t of the time. The nominal altitude of the ABL is

12 km. It is not kno wn what the ceiling for the fully loaded ABL w ould b e, but 15 km ma y

b e close to the limit. Commercial 747 op erating ceilings are v ariously rep orted from 12.4 to

13.6 km (41,000 to 45,000 feet). Th us, there could b e a problem with the fraction of time

the ABL is a v ailable for engagemen ts.

22.3 ABL Defense Against Sho rt-Range Missiles

The discussion has concen trated on the use of the ABL against ICBMs. The threat of TBMs

and MRBMs launc hed from ships o� the US coast is an iden ti�ed problem; see Section 5.7.1.
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These cases ha v e not b een analyzed in detail, but lo w-altitude engagemen ts at close range

and v ery high irradiance, and therefore short engagemen t times, are p ossible.

Figure 5.18 sho ws the tra jectories of MRBMs M1 and M2, including time tics. F rom

this and the information in Fig. 21.8, the useful ABL engagemen t ranges ma y b e estimated.

Figure 21.8 strictly applies to the ICBMs whose 
igh t c haracteristics en ter in to the detailed

ABL p erformance, but it should b e a reasonable appro ximation to the p erformance against

MRBMs. The M1 presen ts a more stressing time line than M2, b ecause the total b o ost time

is only 65 s, and the missile burns out at an altitude of only 50 km. F or an engagemen t time

of 5 s, a liquid-prop ellan t M1 could b e engaged at a range up to 150 km when it reac hed an

altitude of 20 km, 35 s after launc h, or a range exceeding 200 km once it rose ab o v e 30 km,

44 s after launc h. As with the ship-b orne case, the shortfall problem has not b een analyzed

if the missile target is w ell inland.

Suc h a mission w ould lik ely not sub ject the ABL to attac k from enem y aircraft, but ships

could carry surface-to-air missiles whic h could b e a threat. The primary problem is lik ely to

b e logistical supp ort. As with ship-b orne kill v ehicle coastal defense (Section 5.7.1), cueing

information w ould b e required to kno w whic h ships migh t b e threatening. A disadv an tage

of the ABL with resp ect to a ship-b orne in terceptor is that the ABL could not tak e out a

ship that had already launc hed a missile and th us prev en t an y more launc hes.
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This app endix pro vides bac kground information that is imp ortan t for understanding the

Rep ort. Section A.1 explains ho w ballistic missiles are categorized b y range and prop ellan t.

These categories are used throughout the Rep ort. Section A.2 describ es the phases of the


igh t of a ballistic missile. This information is needed to understand the role of the b o ost

phase in the o v erall 
igh t of suc h a missile, and the relation of a b o ost-phase missile defense

to defenses that aim to destro y missiles or w arheads in the midcourse or terminal phases

of 
igh t. It also pro vides con text for the descriptions of missile tra jectories presen ted in

Chapters 15 and 5 and the discussions of the deplo ymen t of w arheads and p enetration aids

in Chapters 5, 13, and 9.

A.1 Classes of Ballistic Missiles

Ballistic missiles can b e classi�ed b y range, although the b oundaries are not rigid, and b y

the t yp e of prop ellan t used.

A.1.1 Sho rt- and medium-range ballistic missile (SRBMs and MRBMs)

The United States de�nes missiles with ranges of less than 1,000 km as short-range ballistic

missiles (SRBMs) and those with ranges b et w een 1,000 and 3,000 km as medium-range

ballistic missiles (MRBMs) [240 ]. SRBMs t ypically ha v e only a single b o oster stage.

Although SRBMs and MRBMs are usually in tended for tactical applications in a military

campaign and are therefore sometimes called tactical or theater ballistic missiles (TBMs),

they could b e used to attac k the territory of the United States and therefore can also b e

S343



S344 App endix A. Ballistic Missile T yp es and Phases of Flight

considered as p oten tial strategic w eap ons. In the presen t Study , w e categorize missiles b y

their ph ysical c haracteristics, suc h as their range, rather than b y the presumed in ten t of

the en tit y deplo ying them, whic h ma y b e unkno wn and could c hange on short notice.

The Russian Scud B is an example of a widely a v ailable SRBM. Its w eigh t at launc h is

ab out 6,000 kg, and it can deliv er a 1,000-kg pa yload to a range of 300 km [241 ].

If launc hed from a ship or other sea platform p ositioned within range of U.S. coastal

regions, SRBMs and MRBMs could attac k the territory of the United States.

A.1.2 Intermediate-range ballistic missiles (IRBMs)

The United States de�nes missiles with ranges b et w een 3,000 and 5,500 km as in termediate-

range ballistic missiles (IRBMs) [240 ]. These missiles usually ha v e t w o or more b o oster

stages.

In termediate-range ballistic missiles can b e emplo y ed for strategic as w ell as tactical

military purp oses. With additional stages added, some IRBMs could b e used to launc h

comm unications, surv eillance, or scien ti�c satellites.

The North Korean No Dong-1 is an example of an IRBM. It can deliv er its 1,200-kg

pa yload to a range of 1,500 km. Its launc h w eigh t is 16,250 kg [241 , 242 ].

A.1.3 Intercontinental ballistic missiles (ICBMs)

The United States de�nes missiles with ranges greater than 5,500 km as in tercon tinen tal

ballistic missiles (ICBMs) [240 ]. They can deliv er w arheads to large areas of Earth from a

single launc h site. Some authors sub divide the ICBM category in to limited-range ICBMs,

whic h ha v e ranges less than 8,000 km, and full-range ICBMs, whic h ha v e ranges greater

than 8,000 km.

There are t w o fundamen tally di�eren t t yp es of ballistic missiles: liquid-prop ellan t ICBMs

t ypically ha v e t w o stages and relativ ely long b o ost phases, whereas solid-prop ellan t ICBMs

t ypically ha v e three stages and m uc h shorter b o ost phases. The So viet SS-11 is an example

of an early , liquid-prop ellan t full-range ICBM. It had a total burn time of 267 s and could

deliv er an 800-kg pa yload to a range of 11,000 to 12,000 km. The Chinese DF-5 deplo y ed in

the 1980s is also a liquid-prop ellan t full-range ICBM. It has a total burn time of 231 s [241 ]

and can deliv er a 3,000-kg pa yload to a range of 12,000 km [243 ]. The Russian R T-2PM

T op ol (SS-25) is an example of a mo dern, solid-prop ellan t, full-range ICBM. Similar in size

to the U.S. Min uteman, it has three stages, probably has a total burn time of less than

200 s, and can deliv er its appro ximately 1,000-kg pa yload to a range of 13,000 km [244 ].

Most liquid-prop ellan t missiles ha v e tank age that is pressurized only to the exten t needed

to feed fuel and o xidizer to turb o pumps, whic h in turn feed the com bustion c ham b ers of

the ro c k et engines. Accordingly , the structural design of the stages is usually determined

b y acceleration and b ending loads asso ciated with con trolling 
igh t in the atmosphere. T o

minimize the structure w eigh ts, the optim um acceleration pro�les for these missiles tend

to b e lo w er, with corresp ondingly longer burn times, than a solid-prop ellan t missile ha ving

equal p erformance. These missiles are generally large, lik e the Titan I I or the Russian SS-18

whic h burn for more than 300 s, or the Chinese DF-5, whic h rep ortedly burns b et w een 220 s

and 250 s. The North Korean T aep o Dong 2 ICBM is also rep orted to burn for ab out 250 s.

The relativ ely lo w tank age w eigh t for liquid b o osters usually results in an optim um design

ha ving t w o stages to ac hiev e ranges in excess of 12,000 km.
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Long-range ballistic missiles using solid prop ellan t require the prop ellan t tanks to serv e

as the com bustion c ham b er; as a result, those v essels are designed for c ham b er pressures

on the order of 600 psi or more. The structures that result are inheren tly m uc h stronger

with resp ect to buc kling and b ending and are therefore capable of higher acceleration and

aero dynamic loads. Because of the densit y of their prop ellan t and the lac k of a fuel and

o xidizer expulsion system, these missiles are generally smaller than a liquid system with

similar p erformance, and usually optimize at three stages with m uc h shorter burn times

than their liquid coun terparts for the same maxim um ranges.

Once out of the atmosphere, either t yp e of missile can execute maneuv ers to shap e

the tra jectory at the exp ense of range, but liquid-prop ellan t missiles are somewhat more

constrained in this regard than solid b o osters due to structural limits and prop ellan t slosh.

Without these limitations, solid- prop ellan t missiles can mak e more radical maneuv ers.

F aster-burning solid-prop ellan t ICBMs are a natural coun termeasure to an y b o ost-phase

defense. In tercon tinen tal-range ballistic missiles based on �rst-generation (1960s) solid-

prop ellan t tec hnology t ypically ha v e total b o ost phases of 160 s to 180 s, 50 s to 100 s

shorter than early liquid prop ellan t ICBMs. Ho w ev er, these ICBMs w ere not designed to

cop e with b o ost-phase defenses. Studies p erformed in the mid-1980s [245 , Section 2.3.3]

suggested that with the solid-prop ellan t tec hnology then a v ailable, solid-prop ellan t ICBMs

ha ving m uc h shorter burn times that w ould burn out at altitudes of 80 to 100 km app eared

feasible. There app eared to b e no ph ysical barriers to ac hieving suc h p erformance; the only

issues w ere engineering tradeo�s. These studies also sho w ed that the pa yload mass p enalt y

for burning out this quic kly w ould b e relativ ely small. Ev en ICBMs ha ving total burn times

of 130 s w ould b e m uc h more c hallenging to a b o ost-phase defense than an y of the mo del

ICBMs considered in this study .

A.2 Phases of Ballistic Missile Flight

All ballistic missiles that rise ab o v e the sensible atmosphere (i.e., ab o v e ab out 100 km) ha v e

three stages of 
igh t: b o ost, midcourse, and re-en try

1

. Missiles that deplo y their pa yload

from a \p ost-b o ost v ehicle" (PBV) after the b o ost phase has ended are considered to ha v e

a fourth phase of 
igh t called the p ost-b o ost phase. This section pro vides a brief discussion

of the phases of ballistic missile 
igh t and their relev ance to missile defense (see also [246 ]).

A.2.1 Bo ost phase

The b o ost phase of a missile b egins when it is launc hed and lasts un til the ro c k et motor

of the missile's �nal stage is sh ut do wn or burns out. Dep ending on the missile, this stage

can last 2 to 5 min utes. During the early part of its b o ost phase, the missile is mo ving

relativ ely slo wly , but to w ard the end it is mo ving at a sp eed of 7 km/s or ev en faster. An

attac king missile will t ypically execute a series of maneuv ers during its b o ost phase to shap e

its tra jectory so that its m unitions reac h their in tended target or to ev ade an y b o ost-phase

defense (see Chapters 15 and 5).

The b o ost phases of ICBMs t ypically end at altitudes of 170{200 km, high ab o v e Earth's

atmosphere (the sensible atmosphere is generally considered to b e negligible for our purp oses

1

Some authors use the term \ascen t phase" to refer to the �rst half of the midcourse phase, i.e., from the

time the missile's �nal stage is sh ut do wn or burns out un til the w arheads reac h the highest p oin ts of their

tra jectories (their ap ogees). Others use the term \ascen t phase" to refer to the b o ost phase as w ell as the

�rst half of the midcourse phase.
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at ab out 100 km). Once a missile's b o ost phase ends, its �nal stage con tin ues on a ballistic

tra jectory , acted on primarily b y gra vit y .

A b o ost-phase in tercept (BPI) defense m ust in tercept and disable ICBMs during the few

min utes their ro c k et motors are burning. T o accomplish this, ro c k et in terceptors m ust b e

based close enough to reac h and disable the missiles b efore they ha v e reac hed a v elo cit y that

will allo w their pa yload to strik e a defended area. As they approac h the missile, b o ost-phase

in terceptors m ust shift from homing on the brigh t plume of the ro c k et motor to homing on

the missile b o dy , and th us m ust b e able to hit and disable the missile as it maneuv ers. A

missile defense system that can disable missiles launc hed from a particular launc h site can,

in principle, defend the en tire United States from attac k b y missiles launc hed from that

site.

A.2.2 P a yload deplo yment

The pa yload of a missile includes its m unitions and an y devices to aid in p enetrating a missile

defense (\p enetration aids"). The m unitions ma y consist of one or more c hemical explosiv e

w arheads, n uclear w arheads, or c hemical or biological m unitions. T o disp erse c hemical or

biological agen ts o v er a wide area, a missile ma y deplo y dozens or ev en h undreds of small

b om blets called \subm unitions."

The comp onen ts of an ICBM's w arhead, or \pa yload", could b e deplo y ed in sev eral w a ys

(see Chapters 15 and 9). One w a y is to release the pa yload after the missile's prop ellan t has

b een exhausted or its thrust has b een terminated, but while the attitude of the �nal b o ost

stage is still under con trol. In this case, the pa yload is separated \softly ." If the pa yload is

a w arhead, then the w arhead ma y b e reorien ted and spin-stabilized so that its tra jectory

during re-en try is more predictable. Sometimes a v ernier adjustmen t to the w arhead's

v elo cit y is made during the pro cess, and the w arhead is further separated from the sp en t

�nal stage.

Of particular signi�cance for b o ost-phase defenses, w arheads and p enetration aids could

b e deplo y ed while the �nal stage is still in p o w ered 
igh t. Historically , m ultiple re-en try

v ehicles (MR Vs) w ere sequen tially ejected from the accelerating b o oster. F or example, the

�nal stage of the So viet SS-9 Mo d 2 liquid-prop ellan t ICBM deplo y ed three re-en try v ehicles

(R Vs) as it con tin ued to burn. The �nal stage of the U.S. P olaris A3 solid-prop ellan t ICBM

deplo y ed b oth R Vs and coun termeasures while in p o w ered 
igh t. The small eject motors

of the R Vs had four nozzles that w ere can ted to impart the desired spin to eac h R V while

accelerating the R V to v elo cities relativ e to the b o oster of ab out a h undred meters p er

second. In b oth cases the guidance and con trol system remained on the �nal stage and

con tin ued to guide it; the R Vs lac k ed their o wn guidance and propulsion systems. Using

the m uc h smaller and c heap er inertial measuremen t systems and Global P ositioning System

(GPS) receiv ers that are widely a v ailable to da y , m ultiple R Vs, eac h with its o wn propulsion

and guidance, could b e deplo y ed sequen tially or in parallel at an y time during �nal-stage

b o ost, as long as cen ter-of-gra vit y symmetry is preserv ed.

Munitions and p enetration aids could also b e deplo y ed from a \p ost-b o ost v ehicle"

(PBV) or \bus" [245 , Section 2.3.4]. A PBV carries the primary missile guidance system

and has its o wn con trol and propulsion systems. It separates from the missile's �nal stage

after the �nal stage has b een sh ut do wn or burns out and then executes a series of maneuv ers

to sequen tially deplo y R Vs and p enetration aids ha ving di�eren t release conditions to attac k

di�eren t targets. Suc h R Vs are called \m ultiple indep enden tly targeted re-en try v ehicles"

(MIR Vs). The p erio d from the time the PBV has separated from the �nal stage un til it has



A.2. Phases of Ballistic Missile Flight S347

deplo y ed all its w arheads and p enetration aids is considered a fourth phase of 
igh t, called

the p ost-b o ost phase.

The MIR V systems of b oth the United States and the former So viet Union w ere some-

what ine�cien t from a propulsion and v olumetric standp oin t, but they allo w ed a single

large and exp ensiv e unit ha ving guidance and con trol and propulsion systems to target all

the R Vs. With tec hnology that is widely a v ailable to da y , R Vs ha ving their o wn individual

guidance and propulsion systems could b e deplo y ed in parallel simply and c heaply . Systems

of this t yp e (\m ultiple third stages") w ere ev aluated in the 1960s during preliminary studies

of the feasibilit y of MIR V systems and w ere found to b e as go o d in terms of w eigh t and

v olume e�ciency as a bus-t yp e system. The principal dra wbac k at that time w as the com-

plexit y and cost of m ultiple guidance systems that had to b e accessible for main tenance.

This constrain t w ould no longer b e a factor.

Deplo ying m unitions during the p o w ered 
igh t of the �nal stage is a natural coun termea-

sure to b o ost-phase defense of an y kind. When determining the time a v ailable to ac hiev e

in tercept, a b o ost-phase defense m ust assume that the missile's w arheads could b e deplo y ed

during the p o w ered 
igh t of the �nal stage, as w ell as after the �nal stage has b een sh ut

do wn or has burned out. No matter ho w a missile's m unitions are deplo y ed, the only w a y

the defense can b e certain of in tercepting the missile b efore it has deplo y ed its m unitions is

to in tercept it b efore it has ac hiev ed a v elo cit y that w ould carry them to the defended area.

A.2.3 Midcourse phase

The midcourse phase b egins once the missile's �nal stage or PBV has ceased �ring and

ends when the missile's m unitions b egin to reen ter Earth's atmosphere. This is the longest

phase of the 
igh t of a long-range missile and ma y last 20 min utes or longer for a full-range

ICBM.

During the midcourse phase the missile's �nal stage, its m unitions, and|if presen t|the

PBV and an y p enetration aids fall along ballistic tra jectories under the in
uence of gra vit y

(aero dynamic forces are negligible). These ob jects, called the \threat cloud," ascend to w ard

their ap ogees during the �rst half of the midcourse phase and then descend to w ard Earth

during the latter half.

The comp onen ts of the threat cloud can b e trac k ed b y radars or other sensors during

the midcourse phase. With su�cien t trac king information, their future p ositions can b e

predicted accurately . Because all the comp onen ts of the threat cloud, including p enetration

aids suc h as deco ys, remain close to one another during the midcourse phase, a midcourse

in tercept system m ust b e able to o v ercome an y coun termeasures and discriminate b et w een

w arheads and deco ys to in tercept and disable the w arheads. Correctly iden tifying w arheads

and deco ys is called the discrimination problem. A single missile defense site supplied with

long-range midcourse in terceptors could in principle defend a large geographic area against

missiles coming from a range of directions.

A.2.4 T erminal phase

The terminal phase of 
igh t b egins when the missile's w arheads reen ter Earth's atmosphere

and ends when they detonate or strik e Earth's surface. This phase lasts less than a min ute

for strategic w arheads, whic h can en ter the atmosphere at sp eeds of ab out 7 km/s, and

dep ending on their aero dynamic c haracteristics (ballistic co e�cien t), can impact at 1 to

3 km/s. W arheads can b e designed to maneuv er during their terminal phase using aero-



S348 App endix A. Ballistic Missile T yp es and Phases of Flight

dynamic forces. Their motion is also a�ected b y winds in the upp er atmosphere and near

Earth's surface.

Since aero dynamic drag causes less-dense ob jects to fall through the atmosphere more

slo wly than w arheads, ligh t w eigh t deco ys and coun termeasures are rendered ine�ectiv e dur-

ing the terminal phase. A missile defense designed to in tercept w arheads during the terminal

phase could defend a limited area against attac k b y missiles launc hed from an ywhere in the

w orld.
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Using in terceptor missiles to in tercept attac king missiles during their b o ost phases in v olv es

hitting ro c k ets in p o w ered 
igh t with other ro c k ets in p o w ered 
igh t. Analyzing suc h

engagemen ts requires computation of the 
y out tra jectories of b oth the attac king missiles

and the in terceptors. The purp ose of this app endix is to explain ho w the ro c k et tra jectories

used in the Study w ere computed.

A v ariet y of di�eren t computer co des w ere used to compute the tra jectories needed.

These co des w ere v alidated b y comparing their results with one another and with results of

computer calculations carried out at Sandia National Lab oratories using tra jectory co des

that ha v e b een v alidated o v er man y y ears of use. Illustrativ e missile and in terceptor 
y out

tra jectories are presen ted in Chapters 15 and 16, resp ectiv ely . Suites of tra jectory calcula-

tions are used to analyze engagemen ts in Chapters 4 and 5 and to analyze the problem of

managing the shortfall of debris and m unitions in Chapter 5.

Section B.1 discusses the forces that act on a ro c k et in p o w ered 
igh t and describ es ho w

they w ere treated in computing the tra jectories used in the Study . Section B.2.1 describ es

ho w tra jectories w ere computed b y �rst displa ying an illustrativ e set of di�eren tial equations

describing the ascen t of a ro c k et through the atmosphere and then discussing the appro xi-

mations t ypically adopted in solving suc h sets of equations. Man y of the ph ysical quan tities

and v ariables relev an t to tra jectory calculations are de�ned in this section. Section B.3

deriv es some simple scaling relations that are cited or used in v arious c hapters. Section B.4

discusses brie
y the tra jectories of ICBMs and in terceptor missiles for b o ost-phase defense.

Some of the commen ts and remarks in this section ma y help readers unfamiliar with ro c k ets

S349
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understand b etter some of the material in Chapters 15, 16, 4, and 5. In tro ductions to ro c k et


igh t ma y b e found in the recen t monographs b y Gri�n and F renc h [247 ] and Sutton and

Biblarz [248 ].

B.1 F o rces

The principal forces that act on a ro c k et during its ascen t through Earth's atmosphere are

the thrust generated b y its motor, the gra vitational attraction of Earth, and|when the

ro c k et is within the atmosphere|the aero dynamic lift and drag that it exp eriences.

1

B.1.1 Thrust

A ro c k et propulsion system accelerates the ro c k et b y burning prop ellan t (fuel and o xidizer)

in a com bustion c ham b er and then allo wing the burned prop ellan t to escap e as hot gas

through one or more nozzles. The total force pro duced b y the exhaust is the thrust of the

ro c k et motor. Its magnitude is [247 , x 5.1]

T = _m

p

�v

e

+ [ p

e

� p

a

( h )] A

e

: (B.1)

The �rst term on the righ t-hand side of Eq. (B.1) is the momentum thrust and the second

is the pr essur e thrust . The momen tum thrust is the pro duct of the prop ellan t mass 
o w

rate _m

p

and the a v erage v elo cit y �v

e

of the ro c k et exhaust relativ e to the v ehicle at the exit

plane of the ro c k et nozzle. The pressure thrust is the pro duct of the di�erence b et w een

p

e

, the pressure of the hot exhaust gas at the exit plane, and p

a

, the am bien t atmospheric

pressure at the altitude h of the ro c k et, and the cross-sectional area A

e

of the nozzle exit.

The p erformance of a ro c k et propulsion system is usually c haracterized b y its sp eci�c

impulse I

sp

, whic h is the thrust it generates p er unit w eigh t (at sea lev el) of prop ellan t

exp ended, i.e.,

I

sp

� T = _m

p

g

s

: (B.2)

Here g

s

is the acceleration of gra vit y at mean sea lev el. Sp eci�c impulse I

sp

has units of

seconds in b oth the metric and English Engineering systems.

A ro c k et motor's I

sp

dep ends on the am bien t pressure as w ell as its in trinsic prop erties

(compare Eqs. [B.1] and [B.2]). As a ro c k et rises through Earth's atmosphere, the am bien t

pressure decreases, causing the thrust and sp eci�c impulse of its motor to increase. The

thrust of a motor can b e 10 p ercen t-15 p ercen t greater at high altitudes than at sea lev el [248 ,

Fig. 2{2]. The sea-lev el I

sp

's of mo dern c hemical ro c k ets range from ab out 200s to ab out

400 s [248 , T able 2{1].

Another measure of the p erformance of a ro c k et motor is its thrust-to-w eigh t ratio

T =mg

s

. This measure is particularly relev an t to applications, suc h as space-based in tercep-

tors, where lo w w eigh t and high acceleration are v ery desirable.

The magnitude of the thrust generated b y a liquid-prop ellan t motor can b e adjusted

b y con trolling the 
o w of prop ellan ts in to the com bustion c ham b er. Although there is

a p erformance p enalt y for throttling the engine in this w a y , it is generally small [248 ,

x 3.8]. The thrust of a liquid-prop ellan t motor can b e terminated b y sh utting o� the 
o w

of prop ellan ts to the com bustion c ham b er or simply allo wing the motor to burn out when

the prop ellan t tanks b ecome empt y . In con trast, in a solid-prop ellan t ro c k et motor, the

1

W e did not study the rotational dynamics of the ro c k et b o dy , i.e., the torques that w ould cause the

ro c k et to rotate ab out an y of its three axes, and the ro c k et's resp onse to these torques.
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prop ellan t con tainer is also the com bustion c ham b er. Consequen tly , once the motor is

started it will burn un til the prop ellan t is exhausted (\burnout"). The thrust of a solid-

prop ellan t motor can b e pre-programmed to some exten t b y the design of the prop ellan t, and

it can also b e adjusted b y using exhaust de
ector devices in the nozzle, but this approac h

is not t ypical. The thrust of suc h a motor can b e terminated b efore burnout b y op ening

thrust termination p orts arranged to allo w hot gases and other burning pro ducts to escap e

without giving the ro c k et an y net impulse.

The direction of the thrust of a ro c k et motor can b e v aried b y , for example, gim baling

the motors, using thrust de
ector plates, or deforming the exhaust nozzle.

B.1.2 Gravit y

The e�ect of gra vit y on a ro c k et (or an y other mass) is giv en b y the acceleration of gra vit y ,

g ( h ) = g

s

[ r

s

= ( r

s

+ h )]

2

: (B.3)

Here g

s

is again the acceleration of gra vit y at sea lev el, r

s

is the radius of mean sea lev el

as measured from Earth's cen ter and h is the altitude of the ro c k et ab o v e sea lev el. This

expression neglects the nonspherical shap e of Earth and its seas and the gra vitational e�ects

of geographical features.

B.1.3 Aero dynamic fo rces

The most imp ortan t aero dynamic forces acting on a missile rising through the atmosphere

are lift and drag. The lift force

L =

1

2

�

a

V

0

2

AC

l

( �; M ; R e ) (B.4)

acts p erp endicular to the ro c k et's 
igh t path, whereas the drag force

D =

1

2

�

a

V

0

2

AC

d

( �; M ; R e ) (B.5)

acts parallel to the ro c k et's 
igh t path, opp osing the motion of the ro c k et through the

atmosphere. Here �

a

is the lo cal mass densit y of the atmosphere, V

0

is the sp eed of the

ro c k et relativ e to the atmosphere, A is a reference area usually related to a cross-sectional

area of the ro c k et b o dy , and C

d

and C

l

are the co e�cien ts of lift and drag. Both co e�cien ts

dep end on the ro c k et's angle of attac k � , de�ned as the angle b et w een its cen terline and its

v elo cit y v ector. The angle of attac k is p ositiv e if the pro jection of the cen terline is ab o v e

the pro jection of the v elo cit y v ector. The co e�cien ts also dep end on the ro c k et's Mac h

n um b er M � V

0

=c

s

, where c

s

is the lo cal sp eed of sound, the Reynolds n um b er R e , and the

c hoice of reference area A .

F or small angles of attac k ( � < 10

�

), C

d

is generally less than 0.5 at subsonic sp eeds but

increases sharply b y a factor of ab out 2 to 3 when M reac hes ab out 1, and then declines

steadily as M increases further. In con trast, C

l

is roughly indep enden t of M for M less

than ab out 1.5, but then declines steadily with increasing M . Both C

d

and C

l

increase with

increasing � for mo dest v alues of � . The aero dynamic forces, esp ecially the drag, are also

a�ected b y the 
o w and pressure distribution of the ro c k et exhaust gases, whic h tend to

increase the drag at subsonic sp eeds and decrease it at sup ersonic sp eeds [248 , Chapter 18].

In computing missile tra jectories for the Study , tabulated lift and drag co e�cien ts for similar

missiles, or �ts of simple analytical expressions to suc h tables, w ere used.
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B.2 Computing T rajecto ries

Equiv alen t equations describing the ascen t of a ro c k et through the atmosphere can b e

form ulated in terms of di�eren t ph ysical v ariables, with certain form ulations b eing more

con v enien t for some applications than others. The full tra jectory equations ma y also b e

appro ximated in di�eren t w a ys, dep ending on the asp ects of the ascen t that are of most

in terest. During the Study , sev eral computer co des using di�eren t form ulations of the ascen t

equations, di�eren t appro ximations, and di�eren t metho ds of solution w ere emplo y ed to

compute missile tra jectories for di�eren t purp oses. Rather than describing all the di�eren t

approac hes and co des that w ere used, w e presen t here a single form ulation that illustrates

most of the features of in terest.

All the computer co des that w ere used w ere v alidated b y comparing their results with

those of other co des dev elop ed indep enden tly and emplo ying di�eren t algorithms. The

co des used to compute ICBM and in terceptor tra jectories w ere also v alidated b y comparing

their results with the results pro duced b y computer co des at Sandia National Lab oratories

that ha v e b een v alidated o v er man y y ears of use.

B.2.1 Illustrative equations

The follo wing equations of motion describ e the ascen t of a ro c k et from the surface of a

rotating planet in three dimensions relativ e to Earth (see [249 , x IV]):

d�

dt

=

V cos 
 cos  

r cos �

(B.6)

d�

dt

=

V cos 
 sin  

r

(B.7)

dh

dt

= V sin 
 (B.8)

dV

dt

=

1

m

[ T cos ( � + � ) � D � mg sin 
 ]

+ r !

2

cos � [cos � sin 
 � sin � cos 
 sin  ] (B.9)

d


dt

=

1

mV

f [ T sin ( � + � ) + L ] cos � � mg cos 
 g +

V

r

cos 


+ 2 ! cos 
 cos  +

r !

2

V

cos � [cos � cos 
 + sin � sin 
 sin  ] (B.10)

d 

dt

= �

1

mV cos 


[ T sin ( � + � ) + L ] sin � �

V

r

tan � cos 
 cos  

+ 2 ! [cos � tan 
 sin  � sin � ] �

r !

2

V cos 


cos � sin � cos  (B.11)

dm

dt

= �

dm

p

dt

(B.12)

dm

p

dt

=

T

g

s

I

sp

: (B.13)

The v ariables in these equations are de�ned in Bo x B.1. In this form ulation, the angle of

attac k � , thrust gim bal angle � , and v elo cit y roll angle � are con trol v ariables, i.e., they

m ust b e sp eci�ed functions of the ro c k et's p osition during its ascen t.
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Bo x B.1: Sym b ols Used in This App endix

� Longitude

� Latitude

h Altitude ab o v e mean sea lev el

r Distance from the cen ter of Earth

! Rotational angular v elo cit y of Earth

V Sp eed relativ e to Earth

V

0

Sp eed relativ e to the atmosphere


 Fligh t-path angle relativ e to lo cal horizon tal

 Heading angle relativ e to lo cal W est

m T otal v ehicle mass

m

p

Prop ellan t mass

_m

p

Prop ellan t mass 
o w rate

A

e

Cross-sectional area of the nozzle exit

p

e

Ro c k et exhaust pressure at nozzle exit

v

e

Av erage exhaust v elo cit y at nozzle exit

I

sp

Sp eci�c impulse

T Thrust

L Aero dynamic lift force

D Aero dynamic drag force

M Mac h n um b er

C

l

Aero dynamic lift co e�cien t

C

d

Aero dynamic drag co e�cien t

R e Reynolds n um b er

�

a

Am bien t atmospheric densit y

p

a

Am bien t atmospheric pressure

� Angle of attac k

� Thrust gim bal angle

� V elo cit y roll angle

g

s

Acceleration of gra vit y at sea lev el

g Acceleration of gra vit y at the v ehicle's altitude

B.2.2 Solving the trajecto ry equations

The missile ascen t tra jectories used in the Study w ere computed b y solving a v ariet y of

tra jectory equations equiv alen t to Eqs. (B.6){(B.13), in v arious appro ximations. The missile

and in terceptor tra jectories sho wn in Chapters 15 and 16 are planar, i.e., the ro c k et follo ws

a path that lies en tirely in a single t w o-dimensional plane (the tra jectories of the target

missile and in terceptor missile need not b e in the same plane). Ho w ev er, some examples

of nonplanar tra jectories are sho wn in Chapter 5, to illustrate p ossible large-scale ev asiv e

maneuv ers b y the attac k er.

The lo cal tra jectories of ICBMs 
ying out of North Korea sho wn in Chapter 5 include

the e�ects of Earth's rotation, b ecause for these tra jectories, the rotation of Earth is signif-

ican t for assessing the imp ortance of geographic constrain ts on in terceptor basing. Earth's
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rotation w as neglected in plotting the lo cal tra jectories of ICBMs launc hed from Iraq and

Iran and in plotting all global tra jectories, including those from North Korea to the United

States, b ecause its e�ects w ould not alter an y conclusions deriv ed from these tra jectories.

In tra jectory computations, the thrust giv en b y Eq. (B.1) can usually b e mo deled using

the simpler expression

T = T

v ac

� p

a

( h ) A

e

; (B.14)

where T

v ac

� _m

p

�v

e

+ p

e

A

e

, the thrust of the motor in v acuum, is treated as a constan t.

With appropriate initial conditions, equations similar to Eqs. (B.6){(B.13) can b e used

to compute the tra jectories of space-based in terceptors when b o osted out of orbit. In this

case, aero dynamic forces can generally b e neglected.

B.3 Simple Scaling Relations

A simple, one-dimensional analysis is p ossible when a ro c k et is op erating in a gra vit y-free

v acuum en vironmen t and its thrust is alw a ys in the same direction. This analysis yields

sev eral useful scaling relations and insigh ts that remain appro ximately true more for more

general conditions.

In the absence of gra vit y and aero dynamic forces, conserv ation of momen tum yields

m ( dV =dt ) = T ; (B.15)

where m ( t ) is the total mass of the v ehicle at time t . The thrust T ma y b e rewritten as

T = _m

p

v

eq

; (B.16)

where _m

p

is the prop ellan t mass 
o w rate and v

eq

� �v

e

+ [ p

e

� p

a

( h )] A

e

is the so-called

equiv alen t v elo cit y (see Eq. B.1). It is the v elo cit y with whic h cold prop ellan t w ould ha v e

to b e ejected to pro vide a thrust equal to that pro vided b y the ro c k et motor. Expulsion

of prop ellan t reduces the total mass of the v ehicle b y the same amoun t [see Eq. B.12], so

T = � ( dm=dt ) v

eq

and hence

m ( dV =dt ) = � v

eq

( dm=dt ) : (B.17)

Equation (B.17) is the standard ro c k et equation. If the ro c k et's initial mass and sp eed are

m

i

and V

i

, the thrust is alw a ys in the direction of motion, and if v

eq

remains constan t as

the ro c k et accelerates, its sp eed at time t will b e

V ( t ) = V

i

+ v

eq

ln [ m

i

=m ( t )] : (B.18)

The c hange � V ( t ) � V ( t ) � V

i

in the ro c k et's sp eed is

� V ( t ) = v

eq

ln [ m

i

=m ( t )] : (B.19)

The maxim um v alue of � V that a ro c k et can ac hiev e under the ideal conditions assumed

in deriving Eq. (B.19) is

� V (ideal ) = v

eq

ln ( M R ) : (B.20)

Here M R � m

i

=m

f

is the ro c k et's mass ratio during its 
igh t, where m

f

is the its �nal

mass after its motor is sh ut do wn or burns out. The �nal mass includes the mass of all

comp onen ts other than useful prop ellan t, including an y un burned prop ellan t as w ell as the

propulsion hardw are, fuel tanks, p o w er supplies, guidance system, na vigational equipmen t,
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and pa yload. Ob viously � V (ideal ) is greater when a ro c k et's prop ellan t mass is a larger

fraction of its initial mass. A ro c k et's useful prop ellan t mass is denoted m

p

. If no shroud

or other equipmen t is ejected during 
igh t, m

p

= m

i

� m

f

. The ratio m

p

=m

i

= 1 � m

f

=m

i

is called the prop ellan t mass fraction. F or v alues of m

p

=m

i

near unit y , � V (ideal ) increases

rapidly with increasing m

p

=m

i

, whic h puts a high premium on minimizing the mass of a

ro c k et's tanks, motors, unexp ended prop ellan t, and other deadw eigh t.

The \ideal" v elo cit y c hange � V (ideal) is an upp er b ound on the sp eed that a missile

rising from Earth's surface can ac hiev e and is sometimes used as a measure of the missile's

p erformance. The actual sp eed that the missile can ac hiev e is less than � V (ideal ) b ecause

of the retarding e�ects of gra vit y and aero dynamic drag. The reductions in the ro c k et's �nal

sp eed caused b y these t w o e�ects are sometimes referred to as \gra vit y losses" and \drag

losses," resp ectiv ely , and denoted � V

g

and � V

d

. They dep end on the ro c k et's 
igh t path

and atmospheric conditions. F or long-range ro c k ets, the drag loss is t ypically 5 p ercen t to

20 p ercen t of the �nal v elo cit y [248 , x 4.2]. Gra vit y losses are a function of b o ost time and

are greater the longer the b o ost time. Rather than c haracterize the p erformance of a missile

b y � V (ideal ) � � V

max

, w e ha v e preferred to use its sp eed at burnout on its maxim um

range tra jectory (see b elo w), whic h w e call its \actual" v elo cit y c hange � V (actual ) (see

Chapter 15), whic h is a more accurate indicator of the v elo cit y that the missile will ac hiev e

at burnout when 
ying tra jectories of in terest in the Study .

The concept of a maxim um attainable c hange in the v elo cit y of a ro c k et is useful in

analyzing the abilit y of an in terceptor to reac h a target missile during the latter's b o ost

phase. Equation (B.20) can b e rewritten as m

i

= m

f

exp (� V (ideal ) =v

eq

), whic h sho ws that

the required launc h mass of an in terceptor with a giv en propulsion system and prop ellan t

mass fraction increases exp onen tially with the v elo cit y c hange � V that is required to ac hiev e

in tercept.

F or a giv en prop ellan t mass fraction, the �nal � V of a ro c k et can b e increased b y

sub dividing it in to stages and dropping o� eac h stage as its prop ellan t is exhausted. If a

ro c k et is sub divided in to n stages and eac h stage has the same mass ratio (an unrealistic

assumption), � V is increased b y a factor of n . In realit y , a ro c k et's �nal sp eed increases

more slo wly than this with eac h additional stage. Moreo v er, additional stages in tro duce

additional complications and tend to decrease the o v erall reliabilit y of the system. In

practice, longer-range ro c k ets generally ha v e t w o or three stages, whereas shorter-range

ro c k ets ha v e one or t w o stages. The prop ellan t tanks of solid-prop ellan t ro c k ets, whic h also

serv e as com bustion c ham b ers, m ust b e more robust and hence are generally more massiv e

than those of liquid-prop ellan t ro c k ets. As a result, long-range solid-prop ellan t ro c k ets often

optimize at three stages, whereas liquid-prop ellan t ro c k ets often optimize at t w o stages.

The w eigh t of a m ulti-stage ro c k et at lifto� is appro ximately prop ortional to the w eigh t

of its pa yload, ev en though the mass of the pa yload is t ypically a v ery small fraction of the

ro c k et's lifto� mass [248 , x 4.7]. Hence the w eigh t of the b o oster(s) required to accelerate

a giv en homing kill v ehicle to a giv en v elo cit y is appro ximately prop ortional to the kill

v ehicle's mass.

B.4 Discussion

B.4.1 Missile trajecto ries

The range of a particular ballistic missile dep ends on the mass of the pa yload it is carrying;

an y missile can in principle deliv er a ligh ter w arhead to a more distan t target. Th us, to
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b e useful, a statemen t of the range of a missile m ust accompanied b y a statemen t of the

pa yload mass assumed.

2

F or structural reasons, missiles are almost alw a ys launc hed nearly v ertically , and once

o� the ground b egin to turn to w ard the target b y making small, v ery brief adjustmen ts of

the thrust gim bal angle � . Once their 
igh t path angle 
 is less than 90

�

, gra vit y will cause

the missile to con tin ue to turn to w ard the target, ev en if its thrust v ector is aligned with

its v elo cit y v ector; this phenomenon is called a gra vit y turn.

Ev ery missile has a so-called maxim um-range tra jectory , whic h is the tra jectory for

whic h the impact p oin t of the pa yload is farthest from the launc h site, with e�ects of gra vit y

and aero dynamic forces included. The shap e of a missile's maxim um range tra jectory

therefore dep ends on its shap e and structure and its acceleration pro�le.

The range p enalt y for deviating b y mo dest amoun ts from a missile's maxim um-range

tra jectory is small, and hence it ma y b e adv an tageous for an attac k er to program the missile

to 
y a tra jectory that is higher (\lofted") or lo w er (\depressed") than the maxim um-range

tra jectory , for tactical reasons.

Altitude vs. range and time vs. range plots are sho wn in Chapter 15 for a v ariet y of

lofted and depressed tra jectories, as w ell as for the maxim um-range tra jectories of the

missile mo dels used in the Study .

B.4.2 Intercepto r trajecto ries

T o in tercept ICBMs during their b o ost phase, in terceptor missiles m ust ha v e high accel-

erations and high burnout v elo cities so that they can reac h the target missile as quic kly

as p ossible. A t w o-stage in terceptor ma y b e necessary (as explained ab o v e, if there are

t w o stages, the �rst stage can b e dropp ed after its prop ellan t has b een consumed, reducing

the inert mass of the missile's �nal stage and increasing its burnout v elo cit y). There are

practical limits to the accelerations and �nal v elo cities of in terceptor missiles.

High-acceleration, exoatmospheric in terceptors reac h m uc h higher v elo cities early in

their 
igh t than do ICBMs. Consequen tly , if they are launc hed from Earth's surface, they

are usually programmed to 
y a 
igh t path that is di�eren t from the t ypical 
igh t paths

of ICBMs: they initially rise more nearly v ertically to get out of the denser part of the

atmosphere as quic kly as p ossible and then pitc h o v er and accelerate to w ard the predicted

in tercept p oin t. T ypical altitude vs. range and time vs. range plots are sho wn in Chapter 16

for the mo del in terceptors used in the Study .

If the closing v elo cit y b et w een an in terceptor or kill v ehicle and the target is high and, as

in b o ost-phase in tercept applications, the target is maneuv ering, the in terceptor ma y ha v e

to b e capable of large accelerations p erp endicular as w ell parallel to its existing 
igh t path.

In principle, these accelerations could b e ac hiev ed using a single motor, if the in terceptor

w ere agile enough and could b e rotated in an y direction without losing its abilit y to trac k

the target. Ho w ev er, it is usually more practical to allo w the in terceptor to remain orien ted

more or less in the same direction to facilitate trac king the target and to use side thrusters as

w ell as an axial thruster to ac hiev e in tercept. Side thrusters are often called div ert thrusters,

b ecause they div ert the v ehicle's 
igh t from its curren t direction. Ho w ev er, from a more

2

In practice, the pa yload of a missile usually cannot b e altered signi�can tly without adjusting its design

or 
igh t pro�le. F or example, c hanging the mass of the pa yload will a�ect the cen ter of mass of the missile

and ma y a�ect its aero dynamic stabilit y . Decreasing the pa yload mass of a missile will increase its nominal

range but, other things b eing equal, will also increase the acceleration and aero dynamic loads exp erienced

b y the missile during its b o ost phase, whic h it ma y or ma y not b e able to withstand.
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general p oin t of view, an y thrust pro vides div ert capabilit y , in that it will cause the 
igh t

path of the v ehicle to depart from the ballistic tra jectory that it w ould otherwise follo w. If

the target maneuv ers so that it will arriv e at the originally predicted in tercept p oin t earlier

than exp ected, axial thrust ma y b e as imp ortan t as lateral thrust in ac hieving in tercept. All

thrusters m ust b e p ositioned so that the forces they apply are directed through the cen ter

of mass of the in terceptor or kill v ehicle to a v oid causing it to spin.
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The b o ost-phase in tercept is a complex problem that includes target missile, in terceptor,

space sensor system, surface-based sensor system (e.g., radar), kill v ehicle, and its suite of

on-b oard sensors. Detailed algorithms for the trac king of the target missile and the in tercep-

tor and the guidance and con trol sc hemes used b y the in terceptor and kill v ehicle m ust also

b e included in the mo deling. Using assumptions on the error mo dels for the di�eren t sensors

and statistical v ariations for the di�eren t systems (ro c k et motors, aero dynamics, actuator

resp onses, etc.), Mon te Carlo sim ulations can b e carried out to obtain the miss-distance

distribution of the in tercept.

The Study brok e the analysis in to sev eral parts and w ork ed them somewhat indep en-

den tly of eac h other. (The general approac h of the analyses is describ ed in detail in Chap-

ter 2.) In short, a set of p ossible target missiles w as �rst iden ti�ed and tra jectories w ere

generated for eac h of them (Chapter 15). Then a set of surface-based in terceptors and

their 
y out capabilities w ere constructed to coun ter these target missiles, based on three

geographic scenarios (Chapter 16). These in terceptor tra jectories w ere used to analyze the

areas of co v erage that eac h could pro vide (Chapter 5).

Space sensor measuremen t error mo dels and surface-based radar error mo dels w ere de-

riv ed (Chapter 10), so that they could b e used to driv e the trac king Kalman �lter (to b e

describ ed in this App endix). Using the results of this error analysis, the kill-v ehicle in-

tercept problem w as mo deled with guidance algorithms, actuator dynamics, time dela ys,

kill-v ehicle div ert capabilities, and homing sensor errors (Chapter 12). The output from
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those sim ulations w as the div ert v elo cit y required along with miss distance as a function of

these parameters.

This App endix describ es sim ulation results for t w o missile{in terceptor engagemen ts.

The �rst engagemen t discussed in this App endix is b et w een the ICBM mo del S1 (referred

to as ICBM S1 hereafter) and the 10-km/s in terceptor. The second engagemen t is b et w een

the ICBM mo del L (referred to as ICBM L hereafter) and the 5-km/s in terceptor. These

t w o engagemen ts w ere c hosen to illustrate the features of a faster-burning solid-prop ellan t

missile (the ICBM S1) and a slo w-burning liquid-prop ellan t missile (the ICBM L). F or these

t w o missiles, an aggressiv e 10-km/s in terceptor is needed for the ICBM S1 missile, while a

more feasible 5-km/s in terceptor is su�cien t for the ICBM L missile.

Chapter 15 describ es three target missiles and their tra jectories that w ere generated b y

the Study Group. They are the ICBM L, ICBM S1, and ICBM S2 missiles, and their mass

prop erties and c haracteristics are giv en in T ables 15.3, 15.4, and 15.5, resp ectiv ely . Three-

degree-of-freedom (3-DOF) sim ulations w ere used to generate these tra jectories. These

tra jectories closely matc hed the ones generated b y Sandia National Lab oratories, con�rming

the metho d of generating missile tra jectories used in this Rep ort.

In Chapter 16, three in terceptors and their tra jectories are discussed in detail. They are

the 10 km/s, 6.5 km/s, and 5 km/s in terceptors. The mass prop erties and c haracteristics

of the in terceptors are giv en in T ables 16.1, 16.2, and 16.3.

The ICBM-S1 engagemen t is presen ted �rst, follo w ed b y the ICBM-L engagemen t in

a separate section. F or eac h of the t w o engagemen ts, w e �rst discuss the missile and in-

terceptor tra jectories, then the accuracy of trac king the missile using di�eren t sensors.

Measuremen t errors of candidate space IR sensors, surface radars, and kill-v ehicle IR sen-

sors are discussed. These measuremen t errors are added to the true states to generate

measuremen ts that are used to driv e the Kalman �lter. Di�eren t sensitivit y runs are made

and the trac king p erformance is compared to assess the robustness of the Kalman �lter.

C.1 Engagement of ICBM S1 and the 10-km/s Intercepto r I-5

In this section, w e examine the engagemen t of the faster-burning solid-prop ellan t missile

ICBM S1 and the aggressiv e 10-km/s in terceptor, I-5.

C.1.1 Missile and intercepto r trajecto ries

Figure C.1 sho ws this engagemen t. The in tercept at 21 s b efore the missile's burnout is

c hosen for analysis in this section. The tra jectory b eing analyzed is lab eled as \c" in the

plot, ha ving an angle of attac k of � 30

�

for the third stage. Note that if an angle of attac k

of � 45

�

w ere used for the third stage, depicted b y tra jectory \d", the in tercept could tak e

place more than 40 s b efore missile burnout.

The space sensor is assumed to b e able to detect the missile when it breaks cloud co v er

at an altitude of 7 km (29 s after launc h of the ICBM S1). Note that this assumption migh t

b e sligh tly optimistic as cloud co v er could b e as high as 10 km.

When the in terceptor is launc hed 59 s after the target missile is launc hed, the space

sensor has trac k ed the target missile for 30 s (59 s � 29 s). The surface-based radar will

not b e able to acquire the missile un til 95 s after it is launc hed, after it clears the horizon

(but reliable measuremen ts will not b e a v ailable un til t = 99 s). Therefore, it is imp ortan t

to analyze the abilit y of the space-based sensor to trac k the missile when the radar is

not y et a v ailable. (Space-based sensor and trac king radars are discussed in Chapter 10.
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Figure C.1. (top) Engagemen t of the target missile ICBM S1 (on the left) b y m ultiple 10-km/s

in terceptors (on the righ t). The time tic ks on the tra jectories are 10 s apart. In terceptor tra jectories

lab eled a, b, c, and d ha v e angles of attac k of � 10

�

, � 20

�

, � 30

�

, and � 45

�

, resp ectiv ely , during

third-stage burn. The in terceptors are launc hed 59 s after the target missile is launc hed, whic h is

t=0 for the in terceptors. (b ottom) Detail of the engagemen t. The in terceptor tra jectory is tra jectory

\c" in the top plot.
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Figure C.2. (a) Do wnrange and v ertical v elo cities of the ICBM S1 target missile. (b) Do wnrange

and v ertical accelerations of the ICBM S1 target missile.

Actual missile trac king using space sensors and radar is describ ed in the next section.)

The in terceptor burns out after 45 s (104 s after target launc h) and reac hes an altitude of

100 km 9 s later at t = 54 s. Ab out t w o seconds later, the ICBM S1 also reac hes the 100-km

altitude. The 100 km altitude is signi�can t to b oth the missile and in terceptor b ecause the

shrouds for b oth normally come o� at ab out 80- to 100-km altitude, and coun termeasures

could b e deplo y ed or maneuv ers initiated b y the target missile and on-b oard sensors could

b e used b y the kill v ehicle along with div ert maneuv ers after this p oin t.

After reac hing 100-km altitude at ab out the same time, the in terceptor gains altitude at

ab out the same rate as the missile, but gains do wnrange distance at ab out t wice the rate.

The t w o v ehicles in tercept at t = 149 s, 21 s b efore missile burnout.

F or reference, the v elo cit y and acceleration pro�les of the ICBM S1 target missile are

sho wn in Fig. C.2, and those for the 10-km/s in terceptor are sho wn in Fig. C.3.

The question of t yping the target missile based on early tra jectory information is often

raised. Figure C.4 (a) sho ws that although the ICBM L has a more v ertical tra jectory

pro�le near cloud-co v er altitude (7 km), it ev en tually has a 
atter tra jectory ab o v e 100 km,

sho wn in Fig. C.4 (b). This example sho ws that it is di�cult to predict the o v erall tra jectory

based on early tra jectory-pro�le information.

C.1.2 Measurement mo dels

Before going in to the form ulation of the Kalman �lter for this engagemen t, w e will �rst

discuss the measuremen ts and their error c haracteristics.

C.1.2.1 Space-based IR senso r measurement erro rs

Based on the analyses of space-based IR sensors (see Chapter 10), w e can coun t on 500-m

1- � p osition errors in the direction p erp endicular to the sensing direction. W e assume that

three satellites are at equal in terv als in geostationary orbits. With an y t w o sensors, w e

should ha v e 500-m 1- � in all three axes.

In the sim ulations, white Gaussian noise with � = 500 m is added to the true missile

p ositions (in all three axes, although the tra jectory is in the do wnrange-altitude plane) to






























































































































