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Abstract

A theoretical study has been made of the blanket that must surround a thermonu-
clear plasma to provide energy conversion and removal, neutron and gamma-ray
shielding, and regeneration of the tritium burned in the D-T reaction. Power distribu-
tions and heat transfer have been calculated and materials problems analyzed for blan-
ket assemblies that A. J. Impink, Jr. has shown are capable of tritium regeneration.
The blanket arrangement chosen as a model consisted of a molybdenum vacuum wall in
the form of a long cylindrical shell, cooled by fused Li 2 BeF4 and surrounded by an

annulus, 55 cm thick, consisting of fused Li 2 BeF4 and graphite to channel the flow of

coolant. This inner blanket is the region from which tritium and thermal energy must
be recovered at temperatures of 500-620°C. It is surrounded by an annulus of cooled
lithium hydride, lead, and borated water which shields the superconducting solenoid
whose magnetic field confines the plasma. Nuclear heating was calculated on a digital
computer for neutron flux distributions calculated by Impink. In vacuum walls of 1, 2,
and 3 cm of molybdenum, 16, 25, and 31%, respectively, of the D-T neutron energy
are absorbed. The total heat liberated in the inner blanket is 17.5 Mev per fusion. The
absorption of secondary gamma rays accounts for half of the total heating and almost
all of the heating of the vacuum wall. Heat transfer and thermal stress limit the ther-

monuclear power to 400-500 watts/cm 2 of neutron energy incident on the molybdenum
first wall, which is 2 cm thick. A total blanket thickness of approximately 120 cm will
reduce the power loss caused by nuclear heating in the magnet to 2% of the total power.
Thermonuclear reactor and power-plant costs are estimated to be as low as $300/kwe
for reactors with high fractional burnup. Experimental studies, particularly of radia-
tion damage, are recommended.
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PREFACE

This is the second in a series of five reports on Fusion Blanket research.

Appendix C of this report describes the computer codes used in this study of the

thermonuclear blanket problem. The actual code listings (in the IBM Fortran II language)

have been omitted but are available on application to the Research Laboratory of Elec-

tronics, Massachusetts Institute of Technology, Cambridge, Massachusetts, 02139.

A list of the authors and titles of the other four reports in this series follows.
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Albert J. Impink, Jr., "Neutron Economy in

Fusion Reactor Blanket Assemblies"

Laszlo N. Lontai, "Study of a Thermonuclear

Reactor Blanket with Fissile Nuclides"

Patrick S. Spangler, "Fusion Reactor Blan-

ket Experiment"

Lester M. Petrie, Jr., "Gamma-Ray Spectra

in Fusion Blanket Mock-ups"
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I. INTRODUCTION

The development of practical thermonuclear power is a major goal of American

nuclear research. The bulk of the effort thus far has been directed to the solution of the

complex problems of the injection and containment of plasmas in high magnetic fields.

Relatively little study has been made of the energy-conversion region or blanket that must

surround a practical thermonuclear power reactor. This report deals with energy deposi-

tion and heat transfer in this thermonuclear blanket, and with the associated problems of

structural and chemical integrity.

Since it is impossible to study all conceivable plasma and blanket configurations, cer-

tain choices must be made at the outset. Before we can begin a detailed study, we must

answer four basic questions about the plasma and magnet:

(a) What fusion reaction will be used?

(b) Will the plasma be pulsed or at steady state ?

(c) Where and what will the confining magnet be ?

(d) What will be the approximate size and shape of the plasma?

The answers to these questions have been based on reasonable choice (when there is a

choice) and partly on preliminary estimates borne out by detailed calculations. These

answers follow.

(a) Of the two possible thermonuclear reactions,

2 + 2 . He3 + n+ 3.27 Mev
H +H 2H (1)

H3 + H 1 + 4.03 Mev

and

H2 + H3 He 4 + n+ 17.58 Mev, (2)

Eq. 2, the D-T reaction, was chosen. For a fixed plasma pressure and temperature,

the D-T reaction rate is approximately two orders of magnitude greater than the D-D

rate.1 In view of the present difficulties of confining plasmas at high density and tem-

perature, and the economic requirement of high power densities, the D-T reaction

appears much more likely to provide practical power than does the D-D reaction.

(b) The requirement of high power densities, coupled with the considerable thermal

and chemical difficulties anticipated in the blanket, makes a steady-state plasma pref-

erable to a pulsed one. Since many steady-state results can be extrapolated to pulsed

systems, our limitation to the steady state is not important.

(c) If the magnet coils are inside the blanket, there will be large power losses and

a serious cooling problem. Perhaps, even more important than this will be the adverse

effect of the coils on neutron economy and tritium breeding. We choose, therefore, to

place the coils outside of the blanket and assume that they will be superconducting. The

power savings obtained by use of superconductors are expected to outweigh by

1
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far their higher cost. 2

(d) Since almost all of the plasma devices that are being studied are either long cyl-

inders or tori, the plasma and blanket are assumed to be cylindrical and infinitely long.

Neutron cross sections and magnet cooling efficiencies indicate that the blanket must

be approximately one meter thick to provide adequate shielding of the coils. Since stable

plasma confinement probably cannot be achieved if the ratio of coil to plasma diameter is

much more than three, the plasma has been assumed to be 1. 33 meters in diameter. The

inner diameter of the blanket is taken to be 2 meters to allow for protection of the blanket

wall from charged-particle bombardment which, if not prevented, would make long-term

structural integrity impossible. Thus we have a system of only modest curvature, and

the calculations to follow should be generally applicable to many other low-curvature con-

figurations.

For the thermonuclear device that we have chosen, the blanket must perform three

tasks. First, it must regenerate tritium fuel by means of nuclear reactions at at least

the same rate at which it is consumed. Second, it must provide for conversion of the

neutron energy to thermal energy and removal of this energy to a power plant. Third,

the blanket must provide neutron and gamma shielding for the superconducting magnet

coils.

The first of these requirements has been studied by Impink, 3 who has calculated neu-

tron economy and tritium breeding with the help of a 50 lethargy group neutron trans-

port code developed especially to treat the energy range from 14. 2 Mev to thermal. He

has shown that neutron economy is critical, and that the materials used in the blanket

must be selected carefully if adequate tritium production is to be achieved. The second

requirement above is the principal subject of this report. The third requirement has

been studied jointly with Impink and is also discussed in considerable detail.

The work discussed here may be divided into two subjects, the first of which is the

evaluation of structural and coolant materials for use in the thermonuclear blanket. The

physical, chemical, and nuclear properties of several materials and their advantages

and disadvantages for blanket application are explored in Section III. The system chosen

for detailed study is presented in Section IV, together with a discussion of the properties

of the materials selected and their effects on the functioning of the blanket. The second

subject considered is the calculation of nuclear heating rates in the blanket structure.

The methods of treating primary nuclear heating and the production of secondary gamma

radiation are discussed in Section V. Nuclear model assumptions are described, and

experimental evidence used in combination with these assumptions is cited. In Sec-

tion VI, the two methods used to approximate the transport and absorption of secondary

gamma rays are described, and the effects of simplifying assumptions that have been

made are analyzed. The results of nuclear-heating calculations are given in Section VII.

General conclusions regarding the ultimate economy of thermonuclear power are

stated in Section VIII. These conclusions are based on results presented in previous

sections, on some of the results of Impink,3 and on unpublished studies of nonblanket

2

__ �__I __



aspects of thermonuclear reactors by Professor David J. Rose. Rough estimates of the

probable cost of thermonuclear power are made. Section IX summarizes the important

information that is needed but is now lacking, and suggests research which must be per-

formed before a thermonuclear reactor can be designed.

Considerable work on the thermonuclear blanket problem is still in progress at the

Massachusetts Institute of Technology. The use of U2 3 8 and Th2 3 2 , which can be fis-

sioned by fast neutrons, is being studied by Lazlo N. Lontai with the help of methods

and computer codes developed by Albert J. Impink, Jr. and the author. Experimental

studies of tritium production and gamma spectra are being made by Patrick S. Spangler

and Lester M. Petrie, Jr. with mock-ups of the blanket configurations described in this

report. They are bombarding these blanket assemblies with 14-Mev neutrons produced by

the D-T reaction with deuterons accelerated by a Van de Graff generator. The research

described in this report was performed with the close cooperation of A. J. Impink, whose

studies of neutron economy and tritium breeding have already been mentioned.

Because his work is often referred to in this report, Impink's name will be mentioned

without further reference when the material cited is included in his thesis.3

3
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II. BLANKET PROBLEM LITERATURE SURVEY

A survey of earlier work on the thermonuclear blanket problem will help to place the

present work in proper perspective. This survey includes material published while this

study was in progress.

The first relatively detailed examination of the thermonuclear blanket problem was

made by Spitzer and his co-workers 4 for the Stellarator systems, based on the D-T reac-

tion. Blankets composed of natural lithium and of lithium and water in adjacent pipes

were studied. In the claculations, five volume per cent of beryllium was assumed to be

homogenized with the lithium-water blanket to provide neutron multiplication by (n, 2n)

reactions. Tritium production in these blankets from the reaction Li6 (n, t) He4 was cal-

culated with the aid of age-diffusion theory with inelastic scattering neglected. The ratio

of tritium atoms produced to neutrons incident on the blanket turned out to be always less

than 1. 0. The possibility of including other materials to provide multiplication of 14-Mev

neutrons was suggested but not elaborated. Nuclear heating was calculated approxi-

mately, and rough estimates were made of the cost of thermonuclear power. Among the

disadvantages of this system were ohmic losses in pumping lithium, neutron capture,

and thermal stresses in the pipes. These lithium and lithium-water blankets were recal-

culated by Kinney 5 with the aid of a multigroup diffusion code. His results for tritium

production agree well with those calculated by the simpler method. He also estimated

that the addition of more beryllium would increase the tritium production ratio as much

as 1.45.

In a later study of the blanket problem for the Stellarator, Johnson 6 suggested

replacement of the lithium by fused lithium nitrite to avoid the hydromagnetic pumping

losses associated with liquid lithium. Studies of the physical and chemical properties

of molten lithium nitrite were recommended.

Christofilos et al.,7 in a study for the Astron device, suggested further modification

of the lithium nitrite blanket. A "Bremsstrahlung shield" of thin inconel tubes cooled

with the nitrite was proposed. This shield was to be placed just inside the vacuum wall

to relieve the heat load and thermal stress on the wall. The addition of a gamma-ray

shield of 1 ft of lead, water, and cadmium was also suggested. Neutron economy was

calculated by means of a 21-group fission reactor code for a homogenized, 24-inch thick

blanket containing 40% Li6NO2 , 13% Monel metal, and 47% water by volume. The ratio

of tritons produced to neutrons entering was calculated to be 1. 02. Power costs were

estimated, with a result of 11 mills per kwh for the total cost.

A report on the Oak Ridge thermonuclear program 8 proposed the use of molten

LiF-BeF2 for tritium production and heat removal. Several advantages of this system

were cited, including probable ease of tritium separation. The use of tungsten for mod-

eration by inelastic scattering, and water or zirconium hydride for elastic moderation,

were suggested. A blanket consisting of 2 or 3 inches of tungsten and 5 or 6 inches of

moderator was thought to be adequate for the breeding of tritium. Among the problems

4



considered possibly to be serious were radiation damage and diffusion of tritium through

container materials.

Rose and Clark 9 outlined the requirements for the thermonuclear blanket and sum-

marized some of the early work of the blanket project at the Massachusetts Institute of

Technology. They also discussed the problem of the vacuum wall and compared the prop-

erties of several possible wall materials. Barton and Strehlowl0 reviewed the require-

ments for the thermonuclear blanket and made a thorough survey of earlier literature

of the subject. They concluded that molten LiF-BeF 2 was the most promising of the

materials considered for heat removal and tritium breeding and advocated an experi-

mental study of relevant chemical properties.

Chemical problems in the blanket have been the subject of considerable discussion.

Robinsonl suggested that formation of free fluorine and oxygen might lead to serious

corrosion problems if BeF 2 or BeO were used for neutron multiplication, and recom-

mended beryllium metal and LiD. Davisl was also concerned about possible corrosion

resulting from nuclear transmutation if compounds of lithium or beryllium were used.

The possibility of developing an electrically insulating coating which would be resistant

to liquid lithium was mentioned as a partial solution to the problem of hydromagnetic

pumping loss. Gruenl3 made a theoretical study of the chemical problems associated

with the use of a mixture of LiNO 3 and LiNO2 and Li20; he considered thermal and radi-

ation stability and tritium hold-up, as well as transmutation effects.

The use of enriched or depleted uranium in the blanket has also been suggested.

Barrettl4 proposed the combination of the thermonuclear reactor with an independently

critical fission reactor. The last, consisting of a water solution of enriched uranium,

would be used for preheating the vacuum chamber and could be operated in a subcritical

condition as a plutonium and tritium breeder while the thermonuclear reactor was in

operation. Fast fission of U2 3 8 was mentioned by Powelll5 in connection with a proposal

for a beam-driven thermonuclear reactor. He suggested that excess neutrons could be

used for the breeding of plutonium and tritium. The use of an unused by-product,

depleted uranium, was cited as a further advantage of this system.

Interim reports and conference papers have been prepared by Impink jointly with the

author. 1 6 2 0 Some material from these five sources has been incorporated in this report

without reference.

5
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III. SELECTION OF MATERIALS

Before we can begin a discussion of blanket materials, we must have a clear picture

of the over-all arrangement of the thermonuclear reactor. The basic configuration is

shown in Fig. 1, and the approximate temperatures of the several regions are indicated.

Our interest is centered on the inner blanket, extending from the first wall to the inner

edge of the coil shield, in which all recoverable thermal energy and tritium are produced.

The first wall and its coolant channel are the most important parts of the blanket because

energy densities are highest there. Approximately one-fourth of the kinetic energy of

the thermonuclear neutrons and all of the Bremsstrahlung and cyclotron radiation from

the plasma are absorbed in the first wall, making the total heat load on this wall equal

to one-fourth of the total nuclear reaction energy. The selection of materials for the

first wall and the wall coolant are thus the most critical choices to be made in the devel-

opment of a thermonuclear blanket. Since half of the neutron energy is absorbed and

most of the tritium is produced in the primary attenuator, the choice of materials for

this region is also important. The materials that were considered for use in the inner

blanket as coolants, structural members, and neutron multipliers and moderators will

be discussed here, and the advantages and disadvantages of their use will be pointed out.

3. 1 COOLANT FLUIDS

The cooling efficiency of the wall coolant is of major importance since economic con-

siderations, as we shall see, demand the highest possible power densities at the vacuum

wall. Because high neutron densities coincide with high power densities, the nuclear

properties of the coolant are also important. The coolants considered are molten lith-

ium, molten lead, water, organic liquids, gases, fused lithium nitrate, and fused flu-

oride salts.

a. Liquid Lithium

Liquid lithium is a natural choice for a blanket coolant, since lithium in some form

will have to be present for tritium production through the reaction Li6 (n, t) He4 . The

physical properties of lithium (see Table 1) make it an excellent high-temperature cool-

ant. Although it is highly corrosive to many materials, lithium can be stably contained

at high temperatures by pure iron or molybdenum.21 The separation of lithium tritide

has been studied and found to be feasible.22 The disadvantage of liquid lithium as a cool-

ant is its high electrical conductivity which, when coupled with a high magnetic field,

results in ohmic pumping losses. The seriousness of this problem can be indicated by

a simple calculation.

If the electrical resistance of the inlet duct is small compared with that of the liquid

metal, the ohmic heating power density is

P =(vXB) o, (1)
o

6
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where is the fluid velocity, B is the magnetic induction, and a- is the electrical con-

ductivity. To remove heat from the first wall, a coolant must twice cross the magnetic

field that permeates the blanket. The maximum power that can be removed from the

first wall per unit volume of fluid flowing across the magnetic field is

- 2
p(vX B) C AT

p
P 2 ' (2)

2vB S

where p is the fluid density, Cp is the heat capacity, S is the perpendicular distance

across the magnetic field, and AT is the coolant temperature rise per pass.

The term (vX B) /v B , which is implicit in Eq. 2, is proportional to the square of

the sine of the angle between the vectors, and reduces heat removal if coolant flow is

not perpendicular to the magnetic field. It accounts for reductions in the duct cross sec-

tion (for a fixed volume of fluid in the magnetic field) and in the rate of transport of the

fluid across the magnetic field (for a fixed velocity). These two effects prevent our

reducing the ohmic heating losses by slanting coolant flow across the magnetic field.

From Eqs. 1 and 2, the ratio of ohmic heating to coolant heat removal is

2B2 a Sv (meters
Ro PC AT - V ( sec )

if B = 30 kgauss, S = 1 meter, and AT = 200°C. Since the combined efficiency of con-

version of heat to electricity and of electricity to pump work cannot be much greater than

0. 1, the lithium fluid velocity must be much less than 1 meter per second for economical

operation. For flow at such low velocities in channels of a few centimeters, heat-transfer

coefficients are an order of magnitude lower than those obtainable with nonmagnetic cool-

ant fluids (see Appendix A).

Passing lithium across the magnetic field at low velocity in a large channel, and

along the field (for wall cooling) at high velocity in a small channel, appears at first sight

to be a possible solution. Unfortunately, the ratio of coolant channel area to wall area

would be inconveniently large (>1/10) for practical power densities. Electrically insu-

lating the lithium from its channel walls would greatly reduce this problem, since the

only current return path would be the laminar boundary layer. Unfortunately, there is

no known insulating coating that is stable in the presence of liquid lithium, and there is

no evidence that such a coating could be developed for this most electropositive element.

Neither of these solutions can be more than partial, since hydromagnetic losses caused

by fluid turbulence are unavoidable.

b. Liquid Lead

The use of lead is attractive because of its nuclear properties. It is an excellent

inelastic moderator and a good source of neutron multiplication through the (n, Zn)

9
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reaction with 14-Mev neutrons. Like lithium, it is a good high-temperature coolant but

suffers ohmic losses in high magnetic fields. Although lead can be contained in such

electrical insulators as beryllia or silica,2 8 '2 9 fabrication difficulties would probably

make this impractical. Another disadvantage of lead is its high density, which would

make structural support difficult. Because of these problems, liquid lead was not con-

sidered in detailed calculations. Its positive effects on neutron economy, however, may

be sufficiently great to warrant its consideration at a later time. The use of stagnant

lead cooled by some other fluid might be attractive if additional (n, 2n) multiplication is

required.

c. Water

The properties of water are well known and are listed in Table 1. In addition to being

a good coolant, water is a good neutron moderator. Its major drawbacks are its low

critical temperature and high vapor pressure, which limit blanket temperature and

necessitate thick stainless steel tubing. On the basis of Impink's results for tritium

breeding, it seems unlikely that sufficient tritium could be produced in a blanket of which

stainless steel is a major constituent. Neutron economy in a heterogeneous water-

lithium system would be especially poor, because neutrons thermalized in the water

would have to pass through heavy steel tube walls before they could be captured in lith-

ium. A water-cooled system with large numbers of small tubes would also be difficult

to fabricate and still more difficult to maintain. Exchange of hydrogen and tritium after

diffusion through tube walls could be serious in some circumstances.

d. Organic Coolants

Little can be said in favor of organic coolants. While their neutron absorption cross

sections are small, physical and chemical properties weigh strongly against their use in

the thermonuclear blanket. Thermal stability severely limits their maximum tempera-

ture and consequent thermal efficiency. Vapor pressures would be high and radiation

damage severe. A typical organic fluid is included for comparison in Table 1.

d. Gases

The properties of a typical gaseous coolant (CO2) are listed in Table 1. It is evident

that gases are not sufficiently good heat-transfer fluids to remove the high power den-

sities expected in the thermonuclear blanket. The use of gaseous coolants would also

involve all the problems and construction difficulty of a pressurized system and, because

of low gas density, would increase the required blanket thickness.

e. Lithium Nitrate

Lithium nitrate has many advantages for blanket application. Its vapor pressure,

electrical conductivity, and melting point are low. It is relatively noncorrosive, and

experience with similar salts indicates that its heat transfer properties are good. 3 0

10
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Tritium separation has been estimated 6 to be feasible. One possibly serious difficulty

has been partially investigated 3 1 but not fully evaluated: Thermal and radiation decom-

position of the nitrate radical will produce oxygen and oxides of nitrogen. In the absence

of experimental evidence with 14-Mev neutron radiation, the seriousness of decomposi-

tion and the resultant corrosion and tritium separation problems is a matter of con-

jecture.

The results obtained by Impink indicate a more serious disadvantage of lithium

nitrate. High energy (n, a) and (n, p) reactions in oxygen and nitrogen will reduce the

production of tritium, and a large quantity of beryllium would be needed for tritium

regeneration.

Although lithium nitrate is clearly superior to the coolants we have considered pre-

viously, no detailed heating or heat-transfer calculations were made for this salt because

of its nuclear disadvantages. The advantages of fused fluoride salts seem to be sufficient

to make further study of lithium nitrate or the less stable nitrite unnecessary.

f. Fused Fluorides

The coolant that appears to be most promising from both the nuclear and heat-

removal standpoints is a mixture of lithium and beryllium fluoride in the molar ratio

66:34. This fluid, which we shall refer to as Li 2 BeF 4 , has good heat-transfer prop-

erties, low vapor pressure and low electrical conductivity. It can be contained in

graphite, pure nickel, a specially developed alloy INOR-8, or possibly molybdenum.

Since the chemical compounds are ionically bonded, they will be stable against radiation

except for transmutation effects. In view of the small solubility of tritium in Li 2 BeF 4 ,

its separation appears easy. Nuclear properties are excellent, and neutron capture by

(n, p) and (n, a) reactions in fluorine is almost exactly offset by (n, 2n) multiplication in

beryllium.

The only important disadvantage of this fused fluoride is its high melting point. It

appears certain, however, that this difficulty can be overcome by careful thermal design.

The properties of Li2 BeF4 are discussed in greater detail in Section IV.

3.2 VACUUM WALL MATERIALS

The vacuum wall is the most important part of the blanket structure for both neutron

economy and heat transfer. The first-wall material must have good mechanical prop-

erties, high thermal conductivity, and low vapor pressure at temperatures near 1000°C.

Its vapor pressure is particularly important because metal atoms vaporized into the high

vacuum will cause severe plasma energy losses by Bremsstrahlung. 3 2 The wall mate-

rial must also be resistant to corrosion by the coolant or capable of being clad with a

resistant material. Since the vacuum wall is in the region of highest neutron flux, it

must have a low neutron capture cross section. Multiplication of 14-Mev neutrons by

(n, Zn) reactions is also a desirable property.
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a. Refractory Metals

Refractory metals clearly have better high-temperature properties than any other

materials. Both tungsten and molybdenum have, in addition, relatively large (n, 2n)

cross sections for 14-Mev neutrons. This multiplication far outweighs neutron capture

losses, particularly in the case of molybdenum. The only serious disadvantage of the

refractory metals is their brittleness at room temperature and the consequent difficulties

of fabrication. On the basis of present experience with powder metallurgy and hot

working,21 it seems reasonable to assume that molybdenum could be fabricated in thick

curved sheets, although with some difficulty. If molybdenum is not by itself resistant

to fused fluoride corrosion, cladding with a resistant alloy has been demonstrated to be

feasible (see Section IV). Since tungsten has less favorable nuclear properties and is

more brittle and more costly than molybdenum, molybdenum is strongly favored.

b. Nickel

If brittleness of molybdenum proves to be too serious a problem, nickel would be a

possible substitute. It can be easily fabricated and is resistant to fluoride corrosion. As

shown in Table 2, it has the disadvantages of a much higher vapor pressure than the

refractories and lower strength and thermal conductivity. Also, nickel has a relatively

large (n, p) cross section and negligible (n, Zn) cross section for 14-Mev neutrons, as

well as a thermal absorption cross section of 4. 5 barns. Neutron economy, tritium

breeding, and vapor pressure (nickel vapor pressure at 700'C= 3(10) 1mmHg) demand

the thinnest nickel wall that is capable of withstanding pressure stresses. At the high

wall temperatures anticipated, the creep strength of nickel would be limiting.

c. INOR-8

The alloy INOR-8 offers better tensile properties than nickel at some sacrifice in

vapor pressure and thermal conductivity. Its plastic properties at high temperatures are

good, similar to those of Type 316 stainless steel.27 It is a nickel-base alloy containing

approximately 16. 6% molybdenum, 7. 4% chromium, 4. 8% iron, and 0. 06% carbon by

weight. INOR-8 was developed to resist fluoride corrosion and is believed to be indefi-

nitely stable in fused fluoride environments at temperatures below 620'C. 6 It appears

to be the most suitable material for fabrication of fused fluoride ducts, heat exchangers,

and pumps and for cladding other materials to prevent fluoride corrosion.

3.3 OTHER STRUCTURAL MATERIALS

Because of the stringent requirements of neutron economy and resistance to fluoride

corrosion, only one other structural material has been seriously considered.

a. Graphite

Graphite is an attractive structural material because of its nuclear and chemical

properties. It is the only material known which has both a small absorption cross section

12
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for neutrons of all energies and resistance to corrosion by fused fluorides. Although its

strength is low, this is not a serious disadvantage in low-pressure, low-density fused-

salt systems. Its function would be largely that of providing channels to direct coolant

flow. Thus it would have to withstand only thermal stress and pressure stresses from

changes in coolant flow velocity.

3.4 NEUTRON MULTIPLIERS

a. Beryllium and Beryllium Oxide

By far the most effective neutron multiplier, aside from fissionable materials, is

beryllium. It has a large (n, 2n) cross section at neutron energies down to 3 Mev. Beryl-

lium oxide can also be used as a multiplier, but it is much less efficient because it has

a lower beryllium atomic density by a factor of nearly two, and absorbs fast neutrons

by (n, a) and (n, p) reactions in oxygen. Both the metal and oxide have acceptable mechan-

ical properties for low-stress application (Table 2) but are rapidly corroded by fused

fluorides. Beryllium metal clad with INOR-8 appears to be the most advantageous choice

when additional neutron multiplication is required. The use of beryllium would raise

the capital cost and involve difficulties with health hazards and with radiation damage

from the reaction Be9 (n, 2n) 2He 4

b. Heavy Elements

Multiplication may also be provided by (n, 2n) reactions in most heavy elements. The

materials of chief interest in this respect have already been discussed.

3.5 NEUTRON MODERATORS

Because it is important, for economic reasons, to reduce the blanket thickness as

much as possible, materials with a high density of hydrogen or deuterium appear to be

attractive. The serious difficulties associated with the use of two of these materials

are discussed below.

a. Lithium Deuteride

The use of lithium deuteride would not only provide neutron moderation but also avoid

corrosion caused by nuclear transmutation. The tritium deuteride product could pre-

sumably be used directly as fuel. It seems unlikely, however, that tritium separation

could be achieved at low concentration. A considerable fraction of the tritons produced

in the reaction Li 6 (n, t) He 4 can be expected to combine with lithium atoms, which they

have ionized in slowing down, rather than with deuterium atoms. The resulting lithium

tritide could be removed from the lithium deuteride only by isotope separation. This

exchange reaction would probably make tritium separation from any hydrogen or deute-

rium compound of lithium highly impractical.

b. Zirconium Hydride

Zirconium hydride is an excellent moderator for neutrons of all energies. It has a

14



higher hydrogen density than water and provides inelastic moderation in zirconium. The

most important drawback of zirconium hydride appears to be loss of tritium by exchange

with hydrogen. Although tritium will be formed in the fused salt as a fluoride, some

fraction or all of it will be reduced to the element before it can be removed. The tritium

separation process will remove tritium at the same rate at which it is formed, main-

taining the tritium pressure in equilibrium with the fused salt at some low level deter-

mined by the cost of separation.

The rate of tritium loss will depend on the rate of diffusion of tritium through the

cladding on the zirconium hydride. Diffusion of hydrogen through Hastalloy B, an alloy

similar to INOR-8, has been measured 3 5 and found to obey the equation

1810p1/2
J = X exp (- 84Z2) (4)

where J is the rate of flow (cm 3 at NTP/cm hr), P is the pressure (atmospheres), X is

the thickness (mm), and T is the temperature (K). For a thickness of 1 mm, a tem-

perature of 600°C and a pressure of 0. 1 atmosphere, the rate of hydrogen leakage is

5. 6(10)14 atoms/cm 2 sec. Reducing the pressure to 10 - 4 atmosphere reduces this loss

to 1. 7(10) 1 3 atoms/cm 2 sec. The tritium production rate for a typical power density,

1 Mw/m 2 of 14. 2-Mev neutron energy flux, is only 4. 4(10) 1 3 atoms/cm2 sec, based on

the first-wall area.

The use of zirconium hydride is thus clearly incompatible with the requirements of

tritium recovery. This result may be generalized to exclude from blanket application

all solid metals forming a hydride that is stable under the intended operating conditions.

3. 6 SUMMARY

Fused salts appear to be superior to all other coolants considered. Liquid metals

cannot be pumped across the magnetic field economically; water limits temperatures

and requires much neutron-absorbing pressure tubing; organic compounds have poor

thermal and radiation stability; gases have too little cooling ability and too low density.

Fused lithium beryllium fluoride is preferred over lithium nitrate, because of its thermal

and radiation stability and lower parasitic neutron capture.

Molybdenum appears to be the best first-wall material. It has a low vapor pressure

and good mechanical properties at high temperature. It provides (n, 2n) multiplication

at high neutron energies without serious thermal neutron capture. Tungsten is too brittle

and captures more thermal neutrons than molybdenum; nickel and INOR-8 have higher

vapor pressures, poorer high temperature mechanical properties, and absorb fast neu-

trons by (n, p) reactions without multiplying by (n, 2n) reactions.

Graphite is recommended as a structural material within the blanket. It does not

absorb fast or slow neutrons and is stable in the presence of fused fluoride salts.

Beryllium is the best nonfissile neutron multiplier. Beryllium oxide simply dilutes

beryllium with an absorber of fast neutrons.

15
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Lithium deuteride, lithium hydride, zirconium hydride, and any metals that form

stable hydrides are not recommended because they will interfere with tritium

recovery.

4C
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IV. THE BLANKET SYSTEM

A single type of blanket system was selected for detailed analysis because of its

superior physical, chemical and nuclear properties. This system is described here, and

questions of heat transfer, thermal stress, corrosion, radiation damage, tritium separ-

ation, and fabrication are discussed. For ease of comparison, all neutron and heating

effects are expressed in terms of a "standard" source, a 1 Mw/m 2 flux of 14-Mev neu-

tron kinetic energy on the first wall. This energy flux should not be confused with a neu-

tron flux. It is actually the product of a neutron current and an average neutron energy.

The heat flux on the first wall is considerably less than this energy flux, since a large

fraction of the neutrons passes through the wall uncollided. Results presented in Sec-

tion VII indicate that approximately one-fourth of the energy of the "standard" source

is converted to heat in the first wall. Cyclotron radiation and Bremsstrahlung from the

plasma, which are absorbed in a negligible distance in a heavy solid, add another heat

load to the first wall. If we assume that half of the kinetic energy of the D-T alpha par-

ticle is converted to radiation before the particle can be removed from the plasma, the

contribution of plasma radiation is one-eighth of the "standard" source strength. The

total first-wall heat load is therefore three-eighths of the "standard" source strength.

4. 1 BLANKET CONFIGURATION

The configuration of the standard blanket system is shown in Fig. 2. The inner blan-

ket, which consists of the first wall, first-wall coolant, and primary attenuator, is the

only part of the blanket from which nuclear heat and tritium can be recovered. Its thick-

ness is determined by neutron leakage and tritium production in the fused salt, rather

than by energy loss to the shield, which is almost negligible. The shielding region is

separated from the primary attenuator by a wall of INOR-8, thermal insulation, and a

cold stainless-steel wall. Maintenance of a lower temperature in the coil shield permits

the use of lead, borated water, and solid lithium hydride without corrosion or support

problems. Lead provides inelastic neutron moderation and gamma shielding, while borated

water and lithium hydride provide elastic moderation and nonradiative neutron cap-

ture. One of the two shields in this study consisted of a region of lead cooled by borated

water followed by a lithium hydride region and a thin lead-gamma shield. In the other

shield, the lithium hydride region and the region containing lead and borated water were

interchanged, and the gamma shield was deleted.

In the high-temperature inner blanket, all of the problems peculiar to the thermo-

nuclear blanket are encountered. High power densities must be removed at high tem-

peratures in the presence of strong magnetic fields and high nuclear radiation levels,

while tritium is simultaneously produced and removed. The most interesting part of

this region is shown in detail in Fig. 3. The primary coolant enters the blanket at 500°C,

cools the first wall while rising to a temperature of 560 ° C, and then passes outward

through the graphite channels, leaving the blanket at 620°C. The graphite walls serve
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only as baffles to direct coolant flow and eliminate stagnant regions and local overheating.

Flow rates through the graphite channels are low, since most of the nuclear heating takes

place within the coolant, and wall cooling is unimportant.

The distance between inlet and outlet ducts, L (or 2L if inlet and outlet ducts are

combined) depends upon the total heating rate per unit area in the first wall and coolant,

Q, on the coolant channel width, S, and on the velocity, u, density, p, heat capacity,

Cp, and temperature rise, AT, of the coolant fluid:

SupC AT

L Q (5)

Here, we have neglected the small correction for curvature. For a fixed system, the

heating rate is directly proportional to the neutron source strength, and the required

coolant velocity is determined solely by this source strength (see section 4. 2 and Appen-

dix A). For the "standard" source L = 36 meters, while for four times this "standard"

source L = 52 meters. A reactor, 100 meters long, would therefore require no more

than four openings, and as few as one opening in the magnet for coolant passage.

The blanket configuration illustrated in Figs. 2 and 3 was chosen because, on the

basis of present knowledge, it appears most practical. The capabilities and limitations

of this blanket arrangement and possible problems associated with its use are discussed

here.

4.2 HEAT TRANSFER

The most critical region for heat transfer is the first wall and its coolant channel.

The coolant flow pattern and temperatures shown in Fig. 3 are chosen largely to allow

adequate cooling in this region. The upper limit of 620°C on coolant temperature is set

by long-term corrosion resistance of INOR-8. 3 6 The lower limit of 500°C is set by the

Li 2 BeF 4 melting point of 450°C. The temperature rise in first-wall cooling is chosen

in anticipation of a result presented in Section VII, that approximately half of the thermal

energy liberated in the blanket is released in the first wall and its coolant channel. If

the temperature at the coolant-wall interface is not to exceed 620°C, the difference

between this temperature and the mixed mean coolant temperature must not exceed 60°C.

This film temperature difference of 60°C is used in all heat-transfer calculations dis-

cussed below, although-a bulk coolant temperature of 600°C, rather than 560'C, was used

in preliminary calculations.

First-wall cooling for several fluids, temperatures, and channel dimensions is illus-

trated in Figs. 4 and 5. The dimensionless ratio of the coolant power dissipation by

viscous friction to the rate of thermal energy removal is plotted against the first-wall

heat flux. The calculations on which these figures are based are outlined in Appendix A.

Figure 4 illustrates one of the reasons for the selection of LizBeF4 as a first-wall

coolant. It is the most efficient coolant of the fused salts considered. The effects of

variation of the coolant channel width and of the bulk coolant temperature are shown in

20



47 ZrF4 - 53NaF

34BeF -66LiF
46.5LF- 1 .5NaF- 42KF

q/A (Mw/m2)

Fig. 4. Comparison of four fused-fluoride coolants in 6. 25-cm channels at 600°C.

560°C
,\ \ 10 cm

A 6.25 cm

3.125 cm

6000C

q/As( Mw/m')
2

Fig. 5. Effect of channel width and temperature of Li2BeF 4 coolant on heat transfer.
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Fig. 5. Although wider coolant channels appear to be favored, they would raise the

fractional heating in the first wall and coolant, lowering the maximum film temperature

difference. The marked effect of coolant bulk temperature on heat transfer indicates

that considerably higher heat loads could be removed economically if a slightly higher

maximum temperature were permitted.

The dimensionless power ratio plotted in these figures gives an indication of the

power cost of pumping the first-wall coolant. Coolant frictional losses in other parts of

the blanket system (at lower fluid velocities) will probably be approximately of the same

size as first-wall losses. If the combined efficiency of conversion of heat to electricity

and electricity to pump work is 10%, a power ratio of 0. 5(10) - 3 would amount to a total

power loss of 1%. From the shape of the 560°C curve in Fig. 5 (note the logarithmic

scale), we conclude that no more than 2 Mw/m z of heat can be removed from the first

wall if losses are to be no more than a few per cent. This corresponds, as we shall

see in Section VII, to approximately 5 times the "standard" source. Fluid veloc-

ities and heat-transfer coefficients are of the order of 10 meters/second and

5(10)3 BTU/hrft F.

4.3 THERMAL STRESS

The high power densities of the thermonuclear blanket make thermal stress an impor-

tant problem; the vacuum wall is clearly the most critical region. The first wall has

two independent heat loads: nuclear heating by neutrons and secondary gammas, and

heating by absorption of Bremsstrahlung and cyclotron radiation from the plasma. The

former can be well approximated by a constant-volume heat source, while the latter is

very nearly a plane source at the vacuum boundary. The first wall may be treated as

a large unconstrained plate. For a constant-volume heat source of strength H in a plate

of thickness t which is insulated at one side (the vacuum side) and maintained at con-

stant temperature at the other, the maximum thermal stress is

aEHd2

(6)(max)H 3k(1-v)'

where a is the linear expansion coefficient, E is the elastic modulus, v is the Poisson

ratio, and k is the thermal conductivity. For a plane heat source of strength Q on one

side of a similar plate that is maintained at constant temperature at the other side, the

maximum thermal stress is

aEQd

("max)Q = 2k(1- v)' (7)

Since the stresses are superposable and the maximum tensile stress occurs at the

coolant-wall boundary in both cases, we may combine Eqs. 6 and 7 as follows:
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aEd
(max)T 6k(1-v) (3Q+3Hd)

= 41d(3Q+2Hd), (8)

if we use mechanical and 'physical properties tabulated in the Reactor Handbook.2 1

For the "standard" source and a vacuum wall, 2-cm thick, heating rates (see Sec-

tion VII) are ~12 watts/cm 3 . If half of the kinetic energy of a-particles from the D-T

reaction is converted to Bremsstrahlung energy, the corresponding plane source strength

is 12. 5 watts/cm2, and the maximum thermal stress is, from Eq. (4. 4),

( max)T = 41(2) [3(12. 5) + 2(12)(2)] = 7000 psi. (9)

For the first-wall thicknesses of 1 cm and 3 cm, the maximum thermal stresses are

2550 and 12,300 psi, respectively. The temperature difference across the wall is

d(3Q+ 2Hd)
AT = = 39°C (10)

for a 2-cm wall; 16°C for a -cm wall; and 67. 5°C for a 3-cm wall. Both the temper-

ature difference and the thermal stress are proportional to the source strength.

Thermal stress may also be a problem in the graphite channel walls of the primary

attenuator. This case differs only from volume heating in the first wall in that the two

sides of the plate are maintained at constant temperatures. With the same notation we

have

aE(Hd 2/k+ 6AT
(max 12(v) = 0. 167(Hd /k+6AT), (11)
max 12(1-w)

where AT is the temperature difference between the two sides, and the mechanical and

physical properties are obtained from Tipton21 (k is taken to be 0. 1 k unirradiated).

Nuclear heating in the graphite wall adjoining the first-wall coolant channel is

2 watts/cm3 . If the graphite wall is 4 cm thick and AT is 80°C, the maximum thermal

stress is 135 psi.

For a 5-cm beryllium wall adjoining the first-wall coolant channel, the heating rate
is 2. 6 watts/cm2, and the maximum thermal stress is 15000 psi, more than 85% of
is .6 watts/cM , and the maximum thermal stress is 15, 000 psi, more than 85 of

which is caused by the temperature difference. The maximum thermal stress for 9 cm

of beryllium oxide in the same location is 50, 000 psi.

Comparison of these results with tensile strengths recorded in Table 2 indicates that

the first-wall thermal stress is more serious than that in graphite. The stress limitation

for the 2-cm wall is similar to the heat-transfer limitation, since 5 times the "standard"

source could be tolerated with a safety factor of approximately 2. While the safety fac-

tor on beryllium stress would be smaller, this is unimportant for a clad wall with no

other stress loading. The use of beryllium oxide appears certain to result in thermal-

stress cracking.
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4.4 CORROSION

Corrosion by fused fluoride salts has been the subject of much study by the Aircraft

Nuclear Propulsion Project and the Molten Salt Reactor Project and in the development

of the fluoride volatility process. Early work on this subject revealed that the salts were

corrosive to most alloys, including inconel and the hastalloys. No attack on pure nickel
37-38

or molybdenum has been noted, although these metals have not been tested thor-

oughly, probably because of the development of a resistant alloy, INOR-8, with superior

mechanical properties. The corrosion resistance of this alloy appears satisfactory,

although there has been some difficulty with chromium mass transfer along temperature

gradients. 27

Fused-fluoride corrosion can be inhibited by the addition of many different materials.

Hydrogen is effective against INOR-8 corrosion by zirconium-uranium fluoride saturated

with hydrogen fluoride. 3 9 Zirconium hydride, 4 0 calcium, beryllium, and the alkali

metals37 have been demonstrated to suppress corrosion in inconel.

Graphite appears completely compatible with the fused fluoride salts at temperatures

as high as 700°C. A one-year test with a similar (but uranium-bearing) salt indicates

no appreciable dimension or weight changes but a slight tendency for beryllium ions to

concentrate in the graphite.41 A composite system of graphite, INOR-8, and fused

lithium-beryllium-uranium fluoride has also been tested.42 Several brazing alloys suit-

able for joining graphite to INOR-8 have been shown to have good corrosion resistance

to fused fluorides. 4 3

While some radiation corrosion studies have been made, 7 effects peculiar to the

thermonuclear blanket have not been investigated. Since all lithium salts used in in-pile

tests have contained only the isotope Li 7 , the effects of tritium fluoride formation on

corrosion are unknown. The effects of the formation of free fluorine by the Be(n, 2n)2He4

reaction of BeF 2 are also unknown, since fission neutron spectra contain few neutrons

with energies above the (n, Zn) threshold.

The high magnetic field may also be a source of corrosion in the blanket. Although

high magnetic fields by themselves can be expected to have little effect on physical and

chemical processes,44 induced voltages can be important. When a conducting fluid

crosses a magnetic field, B, with a velocity, v, an electric field, E, is generated:

E = v X B. (12)

For a magnetic field of 30 kgauss and a perpendicular fluid velocity Qf 10 meters/second,

the induced field is 30 volts/meter, perpendicular to both the magnetic field and the fluid

velocity. For a duct 10 cm wide in this direction, there will be a voltage difference of

1. 5 volts between the walls and the adjacent fluid.

The importance of this electrolytic corrosion can be minimized by avoiding, wherever

possible, high fluid velocities perpendicular to the magnetic field. Where flow across

the magnetic field is necessary, the duct dimension perpendicular to the magnetic field
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can be kept small, possibly by using a series of parallel ducts. Experimental data on

long-term corrosive effects of small voltages will be necessary before a system can be

designed.

Another voltage source in the blanket, the Nernst effect, is small. When a magnetic

field and a temperature gradient cross, an electric field is observed perpendicular to

both:

E = QVTX B. (13)

Here, Q is the Nernst coefficient,

37rkv
Q 16e' (14)

with k, Boltzmann's constant'; e, the electronic charge; and v, the ionic mobility. For

a completely ionized salt, the ionic mobility is

v - Ne ' (15)

where is the electrical conductivity, and N is the atomic density. If the thermal gra-

dient across the laminar boundary layer at the first wall is approximated by the ratio of

the heat flux to the thermal conductivity of the fused salt, the Nernst field for the "stan-

dard" source is 7(10) - 8 volts/meter. Even if the degree of ionization of the salt is as

low as 10- 4 the field is only 7(10) - 4 volts/meter, which is negligible. In any case, the

direction of the electric field is around the cylindrical blanket wall so there should be no

net voltage produced.

High fluid velocities in the blanket may also produce a mechanical erosion effect.

Although experiments have been performed with forced convection loops,27 fluid veloci-

ties have been lower than those required for economical blanket operation. Erosion

should be particularly serious in graphite and might make cladding with INOR-8 neces-

sary in regions where the direction of coolant flow is reversed.

Although present experience with fused fluorides gives cause for optimism regarding

corrosion, considerable experimental work will be necessary before a blanket can be

designed with any degree of confidence. Radiation, electrolytic, and erosion effects

must be studied. If fabrication of a molybdenum first wall appears to be fea-

sible, more thorough corrosion testing of molybdenum will be necessary. The

compatibility of graphite, molybdenum, INOR-8, and fused salts must be inves--

tigated. Carburization of molybdenum by graphite has been observed 4 5 in high-

pressure systems at 700°C, and might be troublesome in fused salt systems. The

usefulness of corrosion inhibitors, particularly lithium and beryllium, should also

be studied. Their effectiveness in limiting inconel corrosion indicates that they

may be capable of greatly reducing, if not eliminating, corrosion by tritium flu-

oride and free fluorine.
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4. 5 RADIATION DAMAGE

It is impossible to evaluate the seriousness of radiation damage. Neutron radiation

levels at the vacuum wall of any practical thermonuclear reactor will be larger by more

than an order of magnitude than those encountered in fission reactors, and the available

data are for fission neutrons with an average energy of 2 Mev, rather than of 14 Mev.

In molybdenum, two processes are important: displacement and transmutation.

Recoil from elastic and inelastic scattering will cause displacement of atoms in the crys-

tal lattice, which is probably the more serious effect, since it has a much higher fre-

quency of occurrence. Net chemical transmutations result from most (n, p) and (n, np)

reactions, since the niobium isotopes that are most likely to be produced are stable or

decay by electron capture to zirconium and have little probability of P decay to molyb-

denum. Most (n, 2n) and (n, y) reactions, on the other hand, produce stable isotopes of

molybdenum, and transitions to technetium and niobium are expected to occur for only

a few per cent of these reactions.

Since 14-Mev neutrons will increase both displacement and transmutation effects,

extrapolation of thermal neutron data is unreliable. Irradiation with an integrated thermal

flux equal in magnitude to the integrated fast flux on the first wall in 10 days of operation

with the "standard" source was reported to have had little effect on the physical proper-

ties of molybdenum. 21 The tensile strength of irradiated specimens was slightly

increased, and the temperature of transition between brittle and ductile behavior was

raised to ~80°C.

For graphite, the same two processes, displacement and transmutation, are impor-

tant. Transmutation, however, may be the more critical of the two. Helium nuclei are

produced by C 12 (n, n') 3He 4 and C12(n, a) Be 9 reactions in graphite, and the accumula-

tion of gas within the graphite crystal structure may have serious effects. The properties

of graphite have been shown to be much more sensitive to neutron irradiation than are

those of molybdenum. 2 1 Irradiation at room temperature with an integrated flux of fission

neutrons, which corresponds to approximately 10 days of blanket irradiation by a "stan-

dard" source, reduces the thermal conductivity of graphite by a factor of as much as 30.

Irradiation under stress has been found to produce a maximum permanent set of 1-3 parts

per thousand. 4 6 Fortunately, a large part of the physical property deterioration is

reversed upon annealing. Annealing is particularly effective if performed simultaneously

with irradiation. Since all of the irradiation in the blanket will be at temperatures of

-600°C, physical property changes will probably be very slow. Here, again, extrapola-

tion is difficult because of the small integrated fluxes and the scarcity of fission neutrons

with energies above the threshold for the C 1 2 (n,n') 3He4 reaction.

Although there is no radiation damage to the salt, one effect of transmutation should

be noted. The chosen fused-salt composition represents a compromise between low

melting point with higher beryllium concentration and low viscosity with higher lithium

concentration. Very small changes in composition result in large changes in melting

26



point and, if ignored, could cause freezing of the salt in heat exchangers.

Beryllium is expected to undergo severe radiation damage, because of its large cross

section for the Be9 (n, Zn) 2He 4 reaction which results in formation of helium atoms in

the beryllium crystal structure. This damage will probably make it necessary to pro-

vide cladding that is capable of supporting the beryllium it contains.

Although radiation damage may be an important limitation on the thermonuclear

reactor, it is impossible to make reliable extrapolations of present data because they are

for neutron energies and flux times that are both too low. To minimize difficulty with

radiation damage, a largely fluid blanket system is recommended. Pressures should

be low and safety factors on material stresses large.

4.6 TRITIUM SEPARATION

Tritium removal at low concentrations must be possible if a small inventory of trit-

ium is to be maintained. Tritium fluoride will be formed initially in the fused salt by

the reactions

Li6F + n H3F + He (16)(16)

and

Li7F + n - He 4 + H3 F + n. (17)

If beryllium or lithium metal is used as a corrosion inhibitor, tritium will be rapidly

reduced by the reaction

3 32H3F + Be -- H2 + BeFz, (18)

or the reaction

3 1 3
H F + Li H + LiF. (19)

The reaction of tritium fluoride with metallic containing walls will also produce free trit-

ium

xH 3 F + M - -X- H 2 + MFx, (20)

but at a slower rate.

The solubilities of hydrogen fluoride and helium in the lithium beryllium fluoride salt

at 600°C are reported to be 12. 6(10)- 6 and 11. 3(10)- 8 moles/cm 3 atmosphere, respec-

tively.2 7 No measurements of hydrogen solubility in fused fluorides have been reported,

but the solubility of hydrogen should be less than that of hydrogen fluoride, and may pos-

sibly be as low as that of helium.

For the standard system the hold-up of tritium is 38 gm-atoms per atmosphere of

tritium pressure per meter of length if the solubility of hydrogen fluoride is used. With a

"standard" source the tritium production is 0.4 gm-atoms/meter/day. The tritium hold-up
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in equilibrium with one atmosphere of tritium fluoride pressure represents 90 days' pro-

duction, while that in equilibrium with 0. 1 atmosphere is 9 days' production.

A more important source of tritium hold-up is adsorption on graphite crystal sur-

faces. The maximum volume of hydrogen adsorbed on reactor grade graphite at 600°C

was found to be 0. 3Z1 cm 3 at NTP per gram of graphite. 4 7 The total tritium adsorption

on graphite for the system shown in Fig. 2 is 49 gm atoms per meter of length, which

represents 124 days' production by the "standard" source. This hold-up is only 31 days'

production if the reactor power level is four times the "standard" source.

Tritium diffusing through the outer wall of the high-temperature region of the blanket

cannot be economically separated and is effectively lost. The loss rate can be made

small, however, because diffusion rates are low at the temperature of the shield. A

pressure-tight wall will be required on the shield side of the thermal barrier. Thermal

insulation that absorbs little or no hydrogen should be used to avoid unnecessary tritium

hold -up.

Loss of tritium by diffusion through coolant ducts, heat-exchange surfaces, and other

parts of the fused-salt heat-transfer loop that are external to the blanket could be serious.

The variables that can be used to control this are tritium pressure, wall thickness and

composition, and, in some instances, wall temperature.

Tritium removal at low concentration appears to be practical and should be relatively

inexpensive. Because of the low concentration of tritium, a sweep gas will probably be

necessary to reduce entrainment. Helium will be a natural choice for this, since it is

produced in the blanket more rapidly than is tritium. For the system of Fig. 2 and a

source strength four times that of the "standard" source, the tritium inventory should

be less than 40 days' production and may be reduced by reducing the volume of graphite

in the system. The processing rate for a reactor, 100 meters long, would be 160 gm-

atoms per day and the total inventory 6. 4 kilogram-atoms.

4. 7 FABRICATION

There is little point in discussing any blanket system if it cannot be constructed. We

shall now make a few remarks about the feasibility of building the high-temperature

region of the system that has been used as a model. No serious difficulties are expected

in the shielding region.

The vacuum wall will certainly present the most serious fabrication problems.

Although the brittleness of molybdenum at room temperature will be a handicap, exper-

ience with hot working 2 1 indicates that molybdenum could be produced in thick curved

sheets by hot rolling. Because of the high anticipated operating temperatures, the first-

wall sections will have to be joined by welding. Molybdenum welds produced by standard

methods are characterized by porosity, cracking, and low ductility, although there is

some return of ductile behavior at elevated temperatures. 2 1 Plasma arc welding offers

hope of producing welds as strong as the parent metal,4 8 although there may be technical

difficulties in working with large sheets.
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The construction of the graphite channels or baffles should be easy. Flat sheets of

graphite could be assembled to approximate cylindrical shells by polygonal prisms. Since

the graphite serves only to baffle coolant flow, leakage is unimportant, and assembly by

pins, keys or other simple methods would be adequate. The feasibility of joining graph-

ite to INOR-8 or to molybdenum by brazing has been demonstrated. 2 7

Welding of INOR-8 has been found to be satisfactory. 4 9 Little difficulty is anticipated

in constructing coolant ducts and the outer wall of the high-temperature region of the

blanket. Heat exchangers and pumps have been fabricated of INOR-8.2 7

The fluoride salt density is less than twice that of water and the anticipated pressures

are low. There will be a uniform compressive stress on the first wall, because of the

internal vacuum, but this will be less than a thousand psi per atmosphere of pressure of

the fused salt. The most serious mechanical load on the blanket structure is a vertical

compressive force tending to deform the cylindrical vacuum wall. This force is equal

to the weight of coolant fluid displaced by the vacuum and plasma and is approximately

two tons per foot of length. Occasional support posts connecting the top and sides of the

first wall to the outer wall of the high-temperature region should be sufficient to prevent

deformation of this wall. These compression members, which might be of INOR-8,

could also serve as supports for the graphite structure. The thick molybdenum wall will

be highly resistant to deformation by creep.

We conclude that the blanket system could be fabricated without major advances in

present technology. Molybdenum forming and welding is the only process anticipated to

be difficult. The system should be easy to support.

4. 8 SUMMARY

For the blanket configuration shown in Figs. 2 and 3, both heat transfer and thermal

stress limit the power level to 4-5 Mw/m 2 of D-T neutron energy flux. Although present

experience with containment of fused fluoride salts entitles us to some optimism

regarding corrosion, the effects of irradiation, erosion, and induced voltages must be

investigated. Compatibility of all materials in the blanket with one another must be

studied, and the effectiveness of corrosion inhibitors should be evaluated. Radiation

damage will probably be serious, but there are now no available data that can be extrap-

olated. A fluid system with large safety factors therefore appears to be desirable. Trit-

ium removal at low concentrations will probably be feasible, although adsorption on and

diffusion through structural materials must be studied. Hold-up in the blanket in graph-

ite and the fused salt should be less than 40 days' production. The blanket structure will

probably be easy to fabricate, although the molybdenum first wall may present some

difficulties. On the basis of available data, the blanket configuration chosen as a model

appears to be practical. A great deal of development work, however, will be necessary

to evaluate this fully or, for that matter, any other blanket arrangement. The work that

will be required is discussed in greater detail in Section IX.
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V. NUCLEAR HEATING AND GAMMA-RAY SOURCES

To estimate blanket power densities and the total thickness of blanket required to

shield the magnet, it is necessary to calculate nuclear heating rates throughout the blan-

ket structure and coil. The determination of heating rates is complicated by the fact that

half of the heating results from the attenuation of secondary gamma rays. The methods

used to estimate gamma source strengths and spectra and rates of heating by charged

particles are explained here. Approximations to photon transport are described in Sec-

tion VI.

Neutron fluxes calculated by Impink were used to determine nuclear heating sources.

The use of these multipoint 50 neutron group results, the numerical integrations required

to apply the statistical model to gamma emission, and the complexities of approximating

gamma transport by point-to-point calculations all required the use of a digital computer.

The codes written to perform the numerical calculations are described briefly in Appen-

dix C.

Nuclear models used in these codes are described in the first part of this

section. Then there will be a discussion of the specific assumptions made for

each nuclide.

5. 1 GENERAL METHODS

Energetic heavy charged particles are produced by nonelastic neutron reactions and

by recoil from elastic and inelastic scatterings. Beta particles result from decay of

unstable reaction products. These charged particles are slowed by ionization and have

very short path lengths in solids or liquids. They are assumed to produce heating at the

point of the reaction. The average P energy is assumed to be 0. 3 of the maximum energy.

Gamma spectra resulting from thermal neutron capture have been measured by many

workers, and the extensive results have been tabulated. 5 0 Unfortunately, most of the

gammas produced in the thermonuclear blanket result from fast neutron nonelastic col-

lisions for which there are little data. When data were lacking nuclear model assump-

tions have been used. Nonelastic collisions were treated in two stages: the neutron

reaction which leaves the nucleus in an excited state, and gamma decay from this

excited level.

For high-energy (n, n') and (n, 2n) reactions with heavy nuclides, the statistical model

was used to determine residual nuclear excitation. An empirical model was used for

(n, p) reactions and was combined with the statistical model for (n, np) reactions. For

(n, n') reactions of neutrons with energies too low for the statistical model to be appli-

cable, a Gaussian excitation function was assumed when experimentally determined level

excitation functions were not available.

Experimental data were generally used to estimate gamma spectra from nuclear de-

excitation. In one case, however, the statistical model was applied to the estimation

of gamma spectra.
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a. The (n, n') Reaction: Statistical Model

The treatment of the (n, n') reaction is very simple. If recoil is neglected, the resid-

ual excitation is simply the difference between the kinetic energies of the incident and

emergent neutrons. The distribution of the energy, En, of the first neutron emitted

from an excited level is obtained from the statistical model 5 1

E E
P1(E) N1 2 exp O <E Ex, (21)P(E) = N1 p-- nex

T1 1

where

N1 = 1 + exp x

is a normalization constant, and T1 = (Ex/as)/2 is the nuclear temperature. The

nuclear temperature constant, a s , is a property of the nuclide, and Ex is the incident

neutron energy. The probability of a residual excitation of energy Er is obtained from

Eq. 21 by difference

E -E E-E
x (ErNexp 0 <E < E (22)

Plr(Er) = N 1 21r 1 /2 r x
1

b. The (n, 2n) Reaction: Statistical Model

The residual excitation after an (n, 2n) reaction can be obtained in a similar manner,

once the probability that two neutrons carry off a certain total amount of kinetic energy

is calculated. The probability of emission of a neutron (first or second) from an excited

nucleus, according to Lang and Le Couteur, 5 2 is

5/11

PZ(E ) =N- ( T En exp (En 0 < En < Ex, (23)

where P 2 is normalized to the total neutron yield, and

R
N. =

r(16/11)

with

a + +2o
n, n' n, 2n

R
n,n' n, 2n

The double-particle nuclear temperature is
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72 (E /2
T2 =

where aD is, as before, a property of the nuclide.

From (21) and (23) we obtain the probability that the two neutrons have total energy

Et:

P(Et) = N3 SE Et - E d N /E N1E PE e x 1 //exp - T Xp
X 1 ( ) z T 1

1
(24)

Here, the term in square brackets is the probability that the second neutron will have

energy E. The normalization constant N3 is defined by the relation

N 3 = max P(Et) dEt]

with Emax the difference between Ex and the neutron binding energy.

If T1 T2, the integral in (24) cannot be readily evaluated. For the nuclides con-

sidered, however, 1 and T2 do not differ greatly, and T2 has not been accurately deter-

mined. The substitution of T, the average of T1 and T2, should make little additional

error, unless the two terms in square brackets are nearly equal. The constant N1 is

approximately one if the incident neutron energy is high enough to permit (n,2n) reactions;

N2 depends upon the ration of the (n, 2n) and (n,n') cross sections and is 1. 13 when the

(n, 2n) cross section is zero, is 1. 7 when the two cross sections are equal, and is 2. 26

when the (n, n') cross section is negligible. We anticipate serious relative errors only

when the (n, 2n) cross section is very small or when E is much greater than T1 and T2,

but in both of these cases the amount of energy involved is negligible. The normalization

factor, N3 , will eliminate cumulative errors that would affect the magnitude of the dis-

tribution, leaving only small errors in shape. If we make the substitution of an average

T and apply the convolution theorem for Laplace transforms, we obtain

N31 _( )exp ) exp1 N exp
N3 \ T

r(16/11) 1

L (s+1)38/11 (s+1)s)(s+

Inverting this equation yields

P - 3 [N4 ( / exp ) (25)
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where

r(16/11) R
N4 = N 2 r(38/11) r(38/11)

c. Proton Emission Reactions

The treatment of (n, p) and (n, np) reactions requires a knowledge of the proton energy

spectra from these reactions. The proton spectrum resulting from the bombardment of

molybdenum with 14-Mev neutrons was obtained by Colli et al.5 3 They assumed that all

protons of sufficiently low energy have come from (n, np) reactions, and consequently

were able to obtain (n,p) and (n, np) cross sections. These cross sections have been

used by Impink in blanket neutronic calculations.

.P1

Pp(Ep)

PO

P3

E2 E3

E
P

Fig. 6. Proton energy spectrum for molybdenum.

The experimental data of Colli et al. may be fitted within their error limits by three

straight line segments as shown in Fig. 6. The ordinates are chosen so that the area

under the curve from E to E 2 is equal to the (n,np) cross section, while the area

between E 2 and E 4 is equal to the (n, p) cross section. For neutron energies below

14 Mev, E2 and E 4 are moved to the left to account for the lower initial excitation. When

E 4 < E3, the curve is truncated from the right. The value of E is increased linearly

with incident neutron energy at such a rate that the (n, p) cross section will be zero for

neutrons of energy less than 6. 5 Mev.
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Qualitative justification for this procedure is based on the existence of a high cou-

lomb barrier which prevents emission of low-energy protons, except in special cases.

One such special case is the probable cause of the surprisingly high (n, np) cross section

of molybdenum for 14-Mev neutrons. In Mo 9 2 (15. 86% of natural Mo), the binding energy

of the least tightly bound neutron can be expected to be much greater than that of the least

tightly bound proton, owing to the small neutron excess in this lightest isotope. Following

emission of a neutron from a Mo 9 3 compound nucleus, the Mo 9 2 residual nucleus is fre-

quently left at an excitation above the binding energy of a proton, but below that of a neu-

tron. While the probability that low-energy protons penetrate the coulomb barrier is very

small, the probability of gamma de-excitation is even smaller, and no other transition

(besides positron decay - a very slow process) is energetically possible. Thus the cou-

lomb barrier for proton emission (represented by Eo) appears lower for 14-Mev incident

neutrons than it does for neutrons of lower energy, where there is less (or no) proba-

bility that the Mo 9 2 nucleus be left at an energy an Mev or more above the threshold for

proton emission.

The manner of truncation of the proton energy curve is arbitrary, since there are no

data available for lower incident neutron energies. Errors from this source should be

negligible, because the neutron flux in the first several neutron energy groups below the

highest is relatively small, and the proton emission cross section is less than 10% of

the total nonelastic cross section.

With these assumptions on the shape of the proton energy curve, the total proton

energy is readily calculated by integrating the energy distribution weighted by the energy.

The linear fit that is used facilitates this integration.

The residual excitation spectrum for (n, p) reactions is obtained from the proton

energy spectrum in the same manner as the (n, n') excitation spectrum was obtained. For

(n, np) reactions, the statistical model may be used in conjunction with the assumed pro-

ton spectrum. The probability of emission of a neutron and a proton of total energy Et is

P t(E ) = E t Pn(En) Pp(Et-En) dEn 0 <E <E - n,np o' (26)

where Pp(E) is the probability of emission of a proton of energy E from an (n,np) reaction.

From Fig. 6, and simple mensuration,

Ep E F E - El H(Ep

P p(Ep) =Po + (P1-Po) E -E H(EpEoE) + (-P2 ) E2 I H(E 1 2

where

0, if E <A
P

H(EpA B) = 1, if A < E < B

0, if Ep > B.
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Integration of Eq. 26 yields

Ppt(Et) = (I1+I 2 )N 1 , (27)

where

Et ( rE'\ (ex E
I1 = Po + (P1-Po) E) 1 e T )TI . (P P + exp - + exp

(PPo) Eo E E TI(P E + 1 ] Zexp - + + 2 exp(
E 1 - E° T T T T

with E = Et if Et < E1 and E = E 1 if Et > E 1 , and

2 1 2 E2 E 1 1 T 1 

if Et < E1 and I = 0 if Et > E1

d. The (n,n') Reaction: Gaussian Model

The statistical model can be expected to break down for low nuclear excitations. In

the absence of detailed level excitation functions, some approximation must be made to

obtain neutron spectra from inelastic scatterings at low energies. Impink has assumed

that the levels are evenly spaced and have identical excitation functions each with the

shape of the normal error curve. Average residual nuclear excitation can be obtained

from this model by assuming that the levels are continuous. Averaging of the sharp

spikes in residual nuclear excitation should have negligible effect on the resultant gamma

spectrum, since the levels are closely spaced and decay by a cascade of gamma rays.

The probability of excitation of a level at EL by a neutron of energy Ex is, from this

Gaussian model,

Px(EL= K expxE -
P(EL) K expL A + 1 EL )j ' Emin <A + 1 EL Emax' (28)

where a, b, E max and E min are constants, and K is a normalization factor obtained

from the requirement that the integral between E in and Emax be unity. This approxi-

mation allows for recoil energy; therefore, it is necessary to calculate this recoil energy
AE

in order to conserve total energy. If we make the substitution E = A 1 the total

excitation energy is
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E maxAE

ELt = S Px(EL) EL dEL = K m AE + 
mln

] - [ a(E - b)]2 d,

which reduces to

K 2~~~~~
K e[a(Emax-b)]Z

ELt= 2e
2a

The total neutron energy after collision is

E = K Emax E'e-[a(E-b)]2 dE AK max
nt E A+1 mi nmin min

e-[a(e-b)] 2 E dE,

where E is the energy of the collided neutron ~ AE a so thatwhere E' is the energy of the collided neutron A + 1'

Ab KA [a(maxb)]
nt= A+ 22a (A+ 1) 1

_[e a(E min b)] }

The recoil energy is

r=x1tnt A { Xb 2e ma 2
E EE I___L A1 + b - e - [a(Ema x -b)]ER= Ex Lt- ntA+ x 2a

-[a(E in-b) 
- (3 3

AE
The value of E is taken to be 2b - E mi n if 2b - mi n < - E beingmax min min A + 1 L . L e

min min
the energy of the lowest experimentally resolved level. In this case the Gaussian curve

is symmetrical, and Eq. 31 reduces to

ER A 1 [E+b] (34)

The first term in brackets represents recoil from collision of the fast neutron, while the

second term accounts for recoil from re-emission of the neutron.

Recoil from inelastic scattering was only accounted for in neutronic calculations with

the model just described. This correction to emergent neutron energy was neglected in

the statistical model calculations and for low neutron energies where experimentally

measured level excitation functions were used. For molybdenum the effect is little more

than 1% of the incident neutron energy and is much smaller than errors inherent in the

nuclear model assumptions. To conserve total energy in the blanket system, recoil

was also neglected in heating calculations. Recoil should be accounted for, espe-

cially in the case of light elements, in future improved work of this kind. The

average recoil energy from inelastic scattering is the sum of the incident neutron

energy and the scattered neutron energy divided by the mass number of the com-

pound nucleus.
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e. Gamma-Ray Spectra for Molybdenum

Gamma-ray spectra resulting from the de-excitation of excited levels in molybdenum

nuclei were estimated with the aid of the statistical model of the nucleus. The calcula-

tional method was based on the formalism of Troubetskoy 5 4 with one simplification. It

was assumed that the nuclear levels are continuous from the initial excitation to ground,

making the level transition probability a simple analytic function of the two level ener-

gies. Equation (2) of Troubetskoy5 is an integral equation expressing the excitation

population density, R(E), as an implicit function of the initial excitation density, Ro(E),

and the level transition probability

R(E) = R(E) + R(E') S(E',E) dE', (35)

where the transition probability, S(E', E) = f(E')(E'-E)3 p(E), the level spacing, p(E) =

B exp[2(aE) / Z], the normalization constant f(E)= [oE (E-E') p(E') dE'] , a = . 1 times

the mass number, and E is a constant upper limit on the excitation energy. This equa-

tion is of the Volterra type5 5 and may be solved numerically for R(E) by a straight-

forward noniterative procedure. The spectral distribution of the gamma rays,

P(E) =) R(E) S1(E, E-E) dE, (36)

Y

is obtained by numerical integration. In the code written to perform these numerical

calculations, provision was made for initial excitations, Ro(E), in the shape of either

delta or step functions of energy.

Some results of the calculations are shown in Figs. 7-10. The statistical model

curves in Figs. 7, 8, and 9 were calculated by using as the initial excitation a delta func-

tion at a level corresponding to the binding energy of a captured neutron. The smoothed

experimental curves in these figures were adapted from Groshev's Atlas 5 0 by averaging

over spikes from individual levels. The comparison with experiment indicates that

statistical-model calculations consistently underestimate the photon energy. This error

is a result of the continuum assumption which allows the calculation of photon energies

lower than the actual level separation. Because of this error, statistical model pre-

dictions could not be used directly. They were, nevertheless, useful in estimating the

relative effect of different initial excitations (Fig. 10).

The excitation energy spectrum of molybdenum was divided for convenience into eight

ranges (see Appendix B), and the total energy in each of these ranges was calculated

by means of the methods described previously. Statistical model calculations were per-

formed by using initial excitations in the form of unit steps over each of these eight

excitation ranges. Each of the eight gamma-ray spectrum curves thus obtained was then

redrawn with the maximum at a higher energy to correct for the continuum assumption
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Fig. 7. Calculated and measured spectra for Cd
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error. A ninth gamma-spectrum curve, for neutron capture, was taken directly from

Groshev's Atlas. These nine curves were graphically integrated over appropriate pho-

ton energy ranges and renormalized to unity. Their use in the calculation of gamma

heating is illustrated by the example shown in Appendix B.

5.2 HEAVY ELEMENTS

The neutron reactions of the two heavy elements considered in this study of the ther-

monuclear blanket problem, molybdenum and lead, are discussed below.

a. Molybdenum

Molybdenum, which undergoes (n, n'), (n, 2n), (n, p), (n, np) and (n, y) reactions, was

treated by applying all of the models described. The statistical model was used for neu-

trons of energy above 2. 2 Mev, the Gaussian model for nuclear levels above 0. 204 Mev,

and measured excitation functions for lower levels.

b. Lead

The treatment of lead, which undergoes (n,n'), (n, 2n), and (n, y) reactions, required

only the statistical model. For neutron energies below 3 Mev, measured excitation func-

tions were used. Gamma-ray spectra from decay of excited levels below 4 Mev were

obtained from measured level energies and transition probabilities. For higher exci-

tations it was necessary to assume gamma-ray transition probabilities.

5.3 LIGHT ELEMENTS

For most light elements the statistical model is a poor approximation because of

the large spacing of nuclear levels. Fortunately, there are considerable experimental

data for these elements, permitting relatively accurate estimates of gamma production

and nuclear heating.

Nonelastic reactions often result in charged-particle emission. The general forms

of the reactions are (n, CP), (n, nCP), and (n, 2nCP), where CP represents a charged

particle. The residual nuclei are usually left in their ground state, although gamma

rays are sometimes emitted, particularly from the heavier elements. For the (n, CP)

reaction, the total of gamma and charged-particle kinetic energy is equal to the sum of

the incident neutron energy and the reaction Q-value

E+ ECP = En + Q (37)

For the (n, nCP) and (n, 2nCP) reactions, the right side of (37) must be decreased by the

average energy of the emitted neutron (or sum of the average energies of the emitted

neutrons)

E+E E~+QE (38)Ey + Ecp = En + Q Ent (38)

This average energy of the emitted neutron (or neutrons) was obtained directly from
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Impink's results by summing the products of the neutron yield in each energy group and

the characteristic energy of the group

50

En = YiEi. (39)

i=l

Elastic scattering was treated uniformly for all nuclides except hydrogen. For high

neutron energies the average recoil for incident neutrons in each group was calculated

by subtracting the average energy of the scattered neutrons from the incident neutron

energy

Er =E -E (40)r n n

This average energy of the scattered neutron was obtained from elastically scattered

neutron yields by means of Eq. 39, as described above for the nonelastic case. For low

neutron energies (<500 kev) where scattering is nearly isotropic in the center of mass

systems, the recoil energy was calculated from the logarithmic energy decrement i

(see, for example, Glasstone and Edlund5 7 ) by means of the formula

E r = E 1[1 -exp(-a)], (41)

where E 1 is the characteristic energy of the incident neutron group.

a. Lithium-6

The isotope Li6 can undergo (n,t), (n, dn), (n, 2np), (n,n') and (n,p) reactions with

neutrons of 14-Mev or less. The (n,p) reaction, which has a cross section of only

approximately 6 millibarns for 14-Mev neutrons, was neglected in the neutronic calcu-

lations. Products of the first three reactions above must be in their ground states, since

they possess no excited levels stable to particle emission. The charged-particle kinetic

energy was calculated from Eqs. 37 and 38 with E = 0. The only excited level of Li6
Y

known to be stable against particle emission decays by a single 3. 56-Mev gamma to the

ground state. The strength of the line spectrum of inelastic gamma rays was obtained

directly from the excitation function assumed by Impink. Radiative capture of thermal

neutrons (c < 10 nt) was neglected.

b. Lithium-7

For Li7 , the principal nonelastic neutron reactions are (n, tn), (n,n') and (n, y). The

(n,tn) reaction, which must go to the ground state, was treated in the same manner as

the (n, dn) reaction in Li 6 For inelastic scattering from the 0. 478-Mev level, excitation

functions assumed by Impink were used. Impink has also assumed the presence of ine-

lastic scattering levels above 9 Mev. Because of the scarcity of levels of lithium-7 sta-

ble against particle emission, these high levels were assumed to decay directly to ground

by emission of a single photon.
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Radiative capture of thermal neutrons in Li7 produces a 2. 035-Mev gamma 5 8 from

de-excitation to the ground state of Li 8 . Lithium-8 decays with a half-life of less than

one second by a P- of 13. 1 Mev maximum energy to the 2. 90-Mev level of Be 8 which

decays instantaneously to two alpha particles with a total kinetic energy of 2. 994 Mev.

c. Beryllium

For beryllium the principal non-elastic reactions are (n, 2n), (n, a), and (n,t). All

of these reactions proceed to the ground states of the product nuclides without gamma-

ray emission. The charged-particle kinetic energy for these reactions was calculated

from Eqs. 37 and 38. An additional contribution to local heating was provided by the

(n, a) product He 6 which decays to the ground state of Li 6 by emission of a single

3. 5-Mev P with a half-life of less than one second.

d. Carbon

For carbon, which is assumed to consist entirely of C1 2 , the possible reactions are

(n,n'), (n, 3an), and (n, a). Since the nuclear levels of carbon above 9 Mev are closely

spaced, the statistical model was used by Impink for inelastic scattering in this range.

The average emergent neutron energy was assumed to be twice the nuclear temperature

for neutron emission. For incident neutrons above 9 Mev, the probability is very small

that the residual nucleus will be left at an energy as low as 4. 43 Mev, which is the only

excited level of C 1 2 known to be stable against alpha emission. It is therefore assumed

that all of these high-energy inelastic scatterings are actually (n, 3an) reactions, and

the resultant local heating is calculated by using the Q-value for this reaction..

Scattering from the 4.43-Mev (n,n') level and an (n, 3an)level at 9.61 Mev are treated

by applying the level excitation functions used by Impink. The (n, a) reaction must pro-

ceed to the ground state of Be 9 , since the other possible state, the 2. 43-Mev level, is

unstable with respect to particle emission and excitation of this level would appear as

an (n, 3an) reaction.

e. Fluorine

For fluorine, the statistical model was used for inelastic scattering of neutrons of

energy 5. 25 Mev or greater. The spectrum of residual excitations was obtained in the

same manner as was done for heavy nuclides. The resultant gamma-ray spectrum was

obtained from experimentally measured level transition probabilities 5 6 or, when these

data were lacking, from guesses based on measured level spacings. For neutron ener-

gies below 5. 25 Mev, measured excitation functions and level transition probabilities

were used. The (n, 2n) reaction, because of its small cross section (less than 10% of
the (n,n') cross section) and large negative Q-value (-10. 4 Mev), produces approximately

1% of the gamma-ray energy produced by the (n, n') reaction. For simplicity, the (n, n')

cross section was simply increased by 10% of the (n, Zn) cross section; the change is

well within the error limits of the (n,n') cross section.
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The (n, a) and (n, p) cross sections were taken from the measurements of Marion and

Brugger 5 9 for neutron energies below 8 Mev. For higher energies the cross sections

were extrapolated, with the restrictions that they agree with the total absorption cross

section 6 0 and with a relative cross-section measurement at 14 Mev. 6 1 For both the (n,a)

and (n, p) reactions, the kinetic energy of emitted charged particles and the gamma-ray

spectrum from de-excitation of the product nucleus were unknown. The proton and alpha

were each assumed to have an average energy of 4 Mev, and the gamma-ray spectra

from de-excitation of the product nuclei were assumed identical to that from fluorine-19

at the same excitation. Nitrogen-16 and 019 decay from their ground states byp- to 016

and F19 respectively, with half lives of less than one minute. The complex and y

decays of both radionuclides are tabulated,58 and were used without modification.

f. Oxygen

For oxygen the principal nonelastic reactions are (n,a), (n,p), (n,d), and (n,n').

Residual excitation of C 1 3 after the (n, a) reaction was measured by Lillie. 6 2 His results

are combined with measured level transition probabilities 5 8 for C13 to obtain gamma-

ray spectra from (n, a) reactions of 14-Mev neutrons. For lower incident neutron ener-

gies the ratio of the number of excitations of the 3, 3. 68, and 3. 86-Mev levels to the

number of reactions going to the ground state was decreased. Reactions with incident

neutrons of energy less than 6 Mev were assumed to go entirely to the ground state of
13

C.

Measurements of excitation of N 16 following the (n, p) reaction 6 7 are in disagreement

with measured level energies. For simplicity all (n, p) reactions were assumed to go

to the ground state of N 1 6 . The large negative Q-value (-9. 619) and small cross section

(82 millibarns at 14 Mev) of this reaction minimize any errors from this assumption.

The decay of N1 6 to o16 was treated as it had been for fluorine.

Since the (n, d) reaction has a Q-value of -9. 884 and the lowest level of the product

N1 5 nucleus is at 5. 28 Mev,5 8 all reactions must proceed to the ground state. For ine-

lastic scattering, measured level energies and transition probabilities were used.5 8

g. Boron

For boron the statistical model was used for inelastic scattering of neutrons of energy

greater than 9 Mev. In the energy range 6-9 Mev, the Gaussian excitation function

approximation was used. For lower neutron energies excitation of lumped levels of B1 0

and B 1 1 at 4. 46 and 2. 14 Mev, respectively, was assumed. Gamma-ray spectra were

obtained from measured level energies and transition probabilities, and the assumption

that the probability of exciting individual levels at about the same energy is proportional

to the isotopic abundance.

Five nonelastic reactions of neutrons with boron isotopes are treated. They are
10 4 10 7 10 4 11 9 11 8B1 0 (n,t) He, B (n, a) Li 7 , B10 (n,dn) 2He4 , B (n,t) Be, and B (n,a) Li . None

of these reactions can be expected to produce gamma rays. The only reaction product
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that has an excited level that is stable against particle emission is Li 7 , and there is no

evidence for excitation of the 0. 478-Mev level of this nucleus. Energy from the beta

decay of Li 8 and subsequent break-up of Be8 was included in local heating. The average

neutron energy from the (n, dn) reaction was assumed to be twice the nuclear tempera-

ture for inelastic scattering, in accordance with assumptions made by Impink.

h. Hydrogen

For hydrogen there are only two neutron interactions. Elastic scattering is isotropic

in the center-of-mass system for energies of 14 Mev or less; the average recoil energy

is therefore one-half of the incident neutron energy. Neutron capture yields a single

2. 23-Mev gamma.

5.4 SUMMARY

The nonelastic reactions of neutrons with the materials studied are summarized in

Table 3. The symbols I and U indicate important and relatively unimportant reactions,

respectively; upper and lower case letters indicate high and low neutron energies,

respectively. It is obvious from this table that there are many more reactions possible

with 14-Mev neutrons than there are with less energetic neutrons, and that the relative

importance of the reactions is much different. In particular, we note that for 14-Mev

Table 3. Summary of neutron reactions.

Nuclide
or Reaction Products

Element

y n' 2n p np a 2np d nd t nt n3a

Mo i U I U U

Pb u U I

Li6 U U I U, i

Li7 u u I

Be I U U

C u U I

F I,i U U U

O I, i U U U

B i I I

B I U

H u
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neutrons radiative capture is nonexistent, the (n,t) reaction is only a small part of the
6

total cross section of Li , and there are many reactions in which charged particles are

emitted.

Nuclear excitation following nonelastic neutron reactions was calculated for several

elements with the aid of the statistical model of the nucleus. An empirical proton emis-

sion model and a model approximating level excitation functions by the normal curve of

error were also used for this purpose. The statistical model was used to calculate

gamma spectra from decay of excited levels in molybdenum.

Experimental data were used whenever available to obtain both nuclear excitation and

resultant gamma-ray spectra. Care was taken in the use of nuclear models and experi-

mental data to maintain consistency with the work of Impink and conserve energy with

his codes. Cross sections and scattered neutron energy spectra were taken directly

from his work on neutron reactions.
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VI. APPROXIMATIONS IN THE TREATMENT OF GAMMA-RAY TRANSPORT

The treatment of the transport and attenuation of secondary gamma radiation is par-

ticularly important in the thermonuclear blanket. Since approximately half of the nuclear

heating in the structures that were studied is caused by secondary gamma rays, errors

in gamma-ray transport can significantly affect calculated power distributions in the

blanket. We whall present a discussion of the problem of gamma-ray transport and of

the two approximate methods used in the calculations. The computer codes with which

the calculations were made are described briefly in Appendix C.

6. 1 Photon Cross Sections

Gamma rays, just as all energetic photons, are attenuated by three processes: the

photoelectric effect, Compton scattering, and pair production. All other photon reactions

have negligibly small cross sections in the energy range of interest.

In the photoelectric effect the photon energy is transferred entirely to an electron,

which is slowed down by ionization. In solids the electron path lengths are very short,

and the photoelectric effect can be considered to produce local heating at the site of the

reaction. This effect is most important for photon energies less than 1 or 2 Mev and

for heavy elements. In pair production the photon energy is divided between a positron

and an electron; 1 Mev is needed to produce the pair, and the remainder appears as

kinetic energy of the charged particles. The kinetic energy may be assumed to cause

local heating, but the pair production energy is reconverted to photon energy; when the

positron is annihilated by combination with an electron, two 0. 5-Mev photons are pro-

duced. The pair production reaction is important for photon energies above 3 or 4 Mev

and for heavy elements. The Compton effect is the only important one for light elements

and comprises a large part of the total photon cross section for heavy elements. In

Compton scattering, only part of the photon energy is transferred to an electron, and

the collided photon continues at some lower energy in a new direction. It is convenient

to regard the Compton effect as consisting of two processes, absorption and scattering.

The cross sections for the photoelectric effect (T), pair production (K), Compton

scattering (as), and Compton absorption (a-a)have been calculated by White 6 3 and have been
64

tabulated for all elements and photon energies of interest. For convenience, they are

frequently lumped into an energy absorption cross section (a = + K + -a), which is

distinguished from the scattering cross section (-s). The attenuation coefficient (o =

~ta + ars) is the sum of the absorption and scattering cross sections.

6.2 BUILD-UP FACTORS

For all but the lightest elements, the absorption cross section is larger than the

scattering cross section. Gamma-ray transport, therefore, has been treated as a

single-collision beam attenuation process with corrections for scattered or "built-up"

photons. The energy absorption build-up factor is defined at any point as the total energy
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absorption at that point divided by the energy absorption caused by the primary photons

only. The build-up factor varies from one position to another, the variation depending

upon the ratio of primary to secondary photons. It is a function of the source energy,

the atomic number of the attenuator, and the source geometry and distance. Energy

absorption build-up factors for monoenergetic, isotropic point sources in infinite homo-

geneous media have been calculated by the moments method.65 The source energies and

materials considered were 0. 5, 1, 2, 3, 4, 6, 8, and 10 Mev, and water, aluminum,

iron, tin, and lead; the build-up factors were calculated at source distances of 1, 2,4,

7, 10, 15, and 20 mean-free paths. These tabulated build-up factors formed the basis

of one of the two methods applied to the calculation of gamma-ray heating.

6.3 GEOMETRIC APPROXIMATIONS AND CALCULATIONS

Since the inside diameter of the blanket considered here is large, the cylindrical

blanket was approximated by infinite slabs. This approximation was also necessary

because the neutron fluxes determining the gamma sources could only be calculated in

slabs for systems of interest. The probable effects of the slab assumption are discussed

below.

The gamma-ray sources were assumed to be a series of uniform volume sources in

the shape of infinite slabs of thickness equal to the point spacing used in the neutron flux

calculations. The source strength in each slab was taken to be the arithmetic average

of the source strengths at the edges. Gamma-ray sources resulting from resonance sur-

face absorption were homogenized across the adjoining slab of the absorber. Since the

point spacings are small and source densities do not change greatly across the slab,

homogenization can be expected to produce little error.

If, as in Fig. 11, we have a uniform-volume gamma-ray source of strength W in a

slab of thickness L, the heating rate in the external sourceless region at distance

x from the slab is

-(loDX+ oA y ) sec

iL =Tr/2 d+ B[(oDX+I 1oAy) sec ] tan e
H = WiLaD L dy b 2

BWliaD
2BWA [E ([IoDX)-E Z(ODx+oAL)], (42)

where B is some suitably chosen average value of the build-up factor, E(x) is the sec-

ond exponential integral of x,the attenuation and absorption coefficients are consistent

with our previous definitions, and the subscripts A and D refer to regions A and D.

Equation 42 may be generalized if we recognize that the arguments of the exponential

integral function are actually the optical distances (or distances expressed in mean-free

paths) to the two sides of the emitter slab. The total heating at any point may be cal-

culated by superposing all of the slab sources in the blanket. Each slab is assumed to
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Fig. 11. Heating by slab sources.

contain eight monoenergetic sources of energy 0. 5, 1, 2, 3, 5, 6, 8, and 10 Mev. The
strengths of these sources are determined by the energies in each of eight photon energy

ranges (see Appendix B).

6.4 EXPONENTIAL FITTING OF BUILD-UP FACTORS

The rigorous calculation of an appropriate average value of the point isotropic build-

up factor would be very difficult. Taylor 6 6 has suggested that point isotropic build-up

factors be fitted by a sum of exponentials

B = A. eaP °x (43)

i

This approximation permits the build-up factor to be absorbed into the point isotropic

kernel so that the solution including build-up is expressed in terms of the same functions

as is the solution for the uncollided photons. Substituting (43) in (42) yields

H ao E oD(1 -ai)] - - a. E 2[(LoDx+oAL)(1 -ai)] (44)_2CoA a 1 11

The build-up factors of Goldstein and Wilkins 6 5 may be fitted with considerable

accuracy by the sum of two exponentials

-alox a2 o
x

B = A e + (1-A) e (45)

The constants A, al, and a 2 were calculated for the elements Z = 1 to 82 and for the
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eight photon source energies mentioned above by a series of numerical steps. The build-

up factors for intermediate values of Z were first obtained from the tabulated values by

third-order polynomial interpolation. Build-up factors for all integral values of the

optical distance between 1 and 20 were then calculated, also by third-order polynomial

interpolation. The values of a1 , a2 , and A could then be calculated by least-squares
67

fitting with the help of Prony's method. Several weighting-factor schemes were used

in the least-squares analysis. The most satisfactory was one corresponding approxi-

mately to minimization of the mean-square relative error in B.

In several cases, particularly with light elements, the best values (in the least-

squares sense) for a and a 2 were complex numbers. In these cases a2 was set equal to

zero and Eq. 45 was replaced with

B = 1 + A(e lO x 1) (46)

The (real) values of a and A were then determined similarly by least squares. Com-

parison of the build-up factors calculated from (45) and (46) with the original tabulated

values revealed that the maximum error in the worst cases was approximately 20%. For

most cases, however, the maximum error was less than 5%.

6. 5 HOMOGENIZATION

The build-up factors obtained from Goldstein and Wilkins65were derived for infinite

homogeneous media consisting of a single element. For homogeneous multielement sys-

tems, we can, as explained there, determine an equivalent value of Z by matching the

shape of the curve of cross section versus energy and make little error in the results.

For heterogeneous systems, however, these build-up factors are not so readily

applicable. Although we can homogenize the entire system and choose an equivalent

value of Z (as was implied by the use of a single set of coefficients, al, in Eq. 44), we

would thereby introduce considerable error. Claiborne et al.6 8 point out that this

approximation underestimates heating in heavy elements and overestimates heating in

light elements. For the blanket system, in which half of the power results from gamma

heating, additional errors can be serious. When a heterogeneous system is homogenized,

total energy is not necessarily conserved. Although there must be at least one value of

Z that will conserve energy, the proper choice is a complicated function of configuration

and source distribution and cannot be expected to be determined by the equivalent Z

method. Even if this value of Z were determined by trial and error, it is unlikely that

it would give the correct spatial dependence of energy deposition.

6.6 INTEGRAL SPECTRUM METHOD

The integral spectrum method 6 9 ' 7 0 is much simpler than the build-up factor method,

and its use in heterogeneous systems has several advantages. It is based on the two

assumptions that all Compton scatterings are straight ahead and that the energy spectrum
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of the photons is independent of the distance from the photon source. Errors from a

third assumption, that positron annihilation radiation is absorbed at the site of the pair

production event, should be negligible. All elements with an appreciable pair production

cross section have a large photoelectric cross section for 0. 5-Mev photons. Since the

two annihilation photons are emitted in opposite directions, the effects of short transports

will largely cancel.

In applying the integral spectrum method, an average energy absorption coefficient

is obtained by averaging over the energy spectrum of source photons

fEyP(E ) a(E ) dE (47)

'a fEyP(E ) dEy

where P(Ey) is the number spectrum of emitted photons, and the integral is over the

entire photon spectrum. This average absorption coefficient, which is a function of the

source energy distribution and the absorber region, is used as both an energy absorption

coefficient and an attenuation coefficient, and the heating rate becomes

H = [Ez2(4aDX)-E2(aDX+iaAL)] (48)
2 aA

with the same notation as in Eq. 42. Since the attenuation and absorption coefficients

are identical, energy must be conserved.

The effects of the assumptions used in this method may be evaluated by comparison

of the integral spectrum method with the build-up factor method. The integral spectrum

assumptions are equivalent to fitting build-up factors by positive exponentials

B = exp(Isx). (49)

Since the integral spectrum method conserves energy, it must be correct at at least one

other point besides the source point. Comparison with tabulated build-up factors 6 5

reveals that build-up is slightly underestimated by the integral spectrum method near

the source and greatly overestimated at large source distances where photon energy

fluxes are low. The underestimation is attributable almost entirely to the straight-ahead

scattering approximation, while the overestimation is also a result of the assumption of

a constant spectrum,which ignores the fact that the built-up flux is hardened in radiation

for which there is a low energy absorption coefficient.

For gamma heating in regions with well-distributed sources, most of these errors

will cancel, and this method should be quite accurate. Further justification for its use

is given in Section VII.

6.7 GEOMETRIC CORRECTION

When an infinite cylindrical annulus is approximated by infinite slabs, neutron and

energy conservation require that fluxes and heating rates at any point be divided by the
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Fig. 12. Geometric corrections.

ratio of the distance of this point from the center of the cylinder to the radius

of the point of source normalization (r/ro in Fig. 12). In the limiting case

of uncollided flux from a central line source, this conservation method is rig-

orously correct. In other cases, fluxes will be very slightly overestimated

shortly beyond the normalization point and somewhat underestimated at greater

distances.

Since the neutron source is normalized to the first-wall area, there should be little

geometric error in the high-temperature inner blanket. The case of coil shielding, how-

ever, deserves some discussion.

For a very large spherical assembly with isotropic fluxes (the diffusion case)

geometric attenuation is known to be inversely proportional to r, the distance from

the central source. One might expect that for the cylindrical diffusion case, which is

intermediate between that of the sphere and slab, geometric attenuation would go

approximately as (r) 1 / 2 Thus the maximum fractional error anticipated would be

[1 - ( r') ], where r is the radius of the first wall. If the first-wall radius is 1 meter

and the coil radius 2. 25 meters, the maximum error is 35%.

In the case of the thermonuclear blanket, in which there is a central source of 14-Mev

neutrons, the bulk of the heating at large distances from the source is caused by ener-

getic neutrons that have not been scattered or have undergone only small angle elastic

scatterings before suffering a major collision locally. Thus the geometric correction

will be much smaller than the maximum, and it has been assumed that the l/r correc-

tion underestimates heating in the coil by only 10%.
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6. 8 SUMMARY

Gamma-ray heating was calculated by an 8 energy group build-up factor method, with

infinite medium build-up factors derived by the moments method. The equivalent Z

method was used for the homogenized system to determine the appropriate build-up fac-

tors. These were fitted by the sum of two exponential functions of source distance to

permit their application to the infinite slabs that approximated the annular blanket.

The integral spectrum method was also used to calculate gamma heating. In this

method a photon energy absorption coefficient averaged over the source spectrum is

used as both attenuation and absorption coefficients.

A 1/r geometric correction was applied to conserve energy. Use of this correction

was estimated to understate coil heating by approximately 10%.
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VII. RESULTS OF NUCLEAR HEATING CALCULATIONS

Nuclear heating rates throughout the thermonuclear blanket were calculated by the

methods described in Sections V and VI. Heating rates are important in two regions,

which will be discussed separately. In the high-temperature inner blanket we are inter-

ested in the amount of recoverable energy, and in the power distribution and its effect

on heat transfer and thermal stress. In the magnet coils we are interested in the amount

of heat which must be removed from a heat sink at 4°K.

Most of the results presented here were calculated by the integral-spectrum method.

Comparisons with the build-up factor method and reasons for the presumed greater reli-

ability of the integral-spectrum results will be given.

Both graphical and tabular results have been uniformly normalized. Graphical results

give the volume heating rate in watts/cm 3 caused by a "standard" source of 1 Mw/m 2 (or

100 watts/cm 2 ) of 14. 2-Mev neutron energy incident on the first wall. Tabular results

give the percentage of this "standard" source energy deposited in each blanket region

(which totals more than 100%, because of an excess of exothermic over endothermic neu-

tron reactions). The percentage of the heating in each region that is caused by gamma-

ray absorption is indicated in brackets. The 1/r geometric correction factor discussed

in Section VI has been applied to all results.

7. 1 GENERAL NATURE OF THE RESULTS

The general nature of the nuclear heating results is shown in Figs. 13 and 14. We

observe from Fig. 13 a sharp rise in heating rate on the side of the vacuum wall facing

the coolant channel, which is caused by the absorption of gamma rays produced in the

coolant channel and primary attenuator and not strongly absorbed in these regions of

light elements. The discontinuities in heating rates at region boundaries are caused by

differences in gamma energy absorption cross sections and in neutron cross sections

for reactions that produce local heating.

Figure 14 shows many of the features of heating in the inner blanket, coil shield, and

coil. We note the approximately exponential decrease in heating rate in the homogenized

region which represents the wall coolant and primary attenuator, and observe that this

exponential trend is continued, but with steeper slope, in the coil shield. The sharp

peaks in the curve all have simple physical explanations. The peaks at the boundaries

of lead regions are caused by the attenuation of photons produced in the adjoining regions

where they are not as strongly absorbed as in lead. There is no peak at the boundary

of the lead region with the inner side of the lithium hydride region because relatively

few gamma rays are produced in lithium hydride. The sharp peak at the inner boundary

of the lithium hydride region and slight rise at the outer boundary of the fused-salt region

are caused by the absorption in Li 6 of slow neutrons which are produced by scattering

of fast neutrons in the lead-borated water region and are not strongly absorbed by the

small amount of boric acid which is soluble in the water.
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7.2 EFFECT OF FIRST-WALL THICKNESS

A comparison of power distributions for molybdenum first walls of 1, 2, and 3 cm,

respectively, is shown in Fig. 13 and Table 4. In thicker walls, gamma heating rates

Table 4. Effect of first-wall thickness.

Heating and Gamma-Ray Percentages

First-Wall First Walla First-Wall Primary
Thickness Coolantb Attenuatorc Total

(cm)

1 15. 7(97) 31.9(33) 75. 7(39) 123. 3(46)

2 25. 0(9 6) 28. 3(30) 69.5(38) 122. 8(48)

3 31. 2(96) 27. 3(28) 62. 1(34) 120. 6(50)

aof Mo

b6.25 cm Li BeF 4

c 0 . 21C-0. 79 Li BeF 4 to 64.25 cm from vacuum wall

are substantially lower, but the total of first-wall heating is higher; in a 3-cm wall the

total energy deposition is almost twice that in a 1-cm wall. In the 2-cm wall, which is

the standard configuration, heating is one-fourth of the 14-Mev neutron energy flux on

the wall, and almost all of this heating results from the absorption of secondary gamma

rays. It is because of the preponderance of gamma heating that heating rates at the

vacuum interface are lower for thicker walls. The added wall thickness shields the

vacuum boundary from gamma rays that are produced in the fused-salt and graphite

regions by inelastic scattering. Heating in the inner blanket exceeds the neutron energy

incident on the first wall by nearly one-fourth, because of the excess of exothermic neu-

tron reactions over endothermic reactions. This additional nuclear heating, which is

largely produced by the (n,t) reaction with Li6 , raises the recoverable energy to

17. 4 Mev per incident neutron; almost half of this total is liberated by the absorption of

secondary gamma rays. Thinner walls reduce problems with heat transfer and thermal

stress, but at the expense of neutron multiplication and of long-term structural integrity

under mechanical loads and neutron irradiation at high temperatures.

7.3 VARIATION OF SALT COMPOSITION

The effects of enriching the lithium in LizBeF 4 to 50% Li 6 and of substituting LiBeF3

(with natural lithium) for the standard salt are shown in Table 5 to be small. Lithium

enrichment reduces heating in the first wall approximately 15% by reducing thermal
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Table 5. Effect of salt composition.

Percentage Heating and Gamma-Ray Percentage

Salt 1st Walla Wall Coolantb Primary
C,

Composition Attenuatorv

Li BeF 4 (Nat.) 25. 0(96) 28. 3(30) 69. 5(38) 122. 8(48)

Li 2 BeF4 (50% Li 6 ) 21.3(96) 34.8(22.5) 66.2(38) 122. 3(44)

LiBeF 3 (Nat.) 25. 9(97) 27. 8(32) 70. 0(39) 123. 7(49)

a2-cm Mo

b6. 25-cm fused salt

C5 6 -cm 0. 21 - 0.79 fused salt

Table 6. Effect of neutron multipliers.

Percentage Heating

Multiplier First Wall Multiplier Primary Total
Added Walla Coolantb Attenuatorc

None 25.0 28.3 - 69.5 122.8

5 cm Be 24.4 33. 7 13. 8(25) 56.5 128.4

9 cm BeO 24 9 36. 3 26. 1(41) 36.9 124.2

a2-cm Mo

b6. 25-cm LiBeF4

o. 21C + 0. 79 Li 2 BeF 4 to 64. 25 cm distance from vacuum boundary
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neutron leakage into the wall and hence gamma heating. The small differences in total

heating are due to differences in tritium production. The Q-value of the (n, t) reaction

is less than the binding energy of a neutron in molybdenum.

7.4 ADDITION OF BERYLLIUM AND BERYLLIUM OXIDE

The effects of the addition of beryllium or beryllium oxide behind the first-wall cool-

ant are shown in Table 6. We see that heating in the first wall is almost unchanged, but

that heating in the wall coolant is increased 20% by addition of Be and 30% by addition of

BeO. This increase is caused by leakage of slow neutrons from the multiplier (which

is also an excellent moderator) into the wall coolant where they are captured by the (n, t)

reaction in Li 6 . The increase in total heating with addition of beryllium is caused by an

increase in tritium production, since the (n, t) Q-value is greater than the binding energy

of the last neutron in beryllium. Heating rates in beryllium oxide are higher than those

in beryllium because of increased ray absorption (which is 41% of the total heating as

compared with 25% for Be) and of (n, a) and (n, p) reactions in oxygen. These parasitic

captures in oxygen reduce total heating, as well as tritium production, since their

Q-values are negative. Heating rates in both Be and BeO are substantially lower than

in the fused salt, because of the absence of heating by (n, t) captures of neutrons in Li6 .

7.5 COIL SHIELDING

Two coil shields were considered. The first consisted of 20 cm of LiH, followed by

30 cm of lead homogenized with 20 volume per cent of borated-water coolant. In the sec-

ond shield, the order of the two regions was reversed and a 6-cm lead gamma-ray shield

was added. The superconducting magnet was assumed to be 10 cm of molybdenum

because approximately this thickness of structural alloy will be necessary to restrain

the magnetic force.

The arrangement shown in Fig. 14 was found to be the more efficient coil shield. Coil

heating for the other shield is shown by the dotted curve in Fig. 14. The considerable

difference in efficiency of the two shielding configurations is not surprising, since lead

is a very effective inelastic moderator of fast neutrons but allows slow neutrons to build

up. The total heating in the coil for the Pb-LiH-Pb shield, corrected for the cylindrical

configuration and leakage, is 2 X 10-5 of the recoverable heat; for the LiH-Pb shield it

is 7. 5(10) . Because of the difficulty of removing heat from a sink at 4K, these

heating rates represent power losses of approximately 2% and 7. 5% of the output power,

respectively. From the slope of the curve in Fig. 14, we see that an additional 10 cm'

of shield will reduce these losses to negligible proportions and reduce the cost of refrig-

eration equipment.

Heating in the shield was found to be approximately 3% of the total blanket heating.

Reduction of the inner blanket thickness by 10 cm results in an additional energy loss

to the shield of less than 2 per cent. If adequate tritium breeding could be achieved, per-

haps with the help of added beryllium, it would be practical to reduce the inner-blanket
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thickness and thereby slightly reduce the total blanket thickness. Shield optimization

should also produce some reduction in the required blanket thickness. From the expo-

nential shape of the curve in Fig. 14, however, it appears unlikely that the required total

blanket thickness could be reduced by more than 10 cm.

The total blanket thickness necessary to shield superconducting coils is concluded

to be 110 to 120 cm. This thickness is independent of the thermonuclear reactor power,

since the governing factor is the ratio of coil heating to total power.

7.6 COMPARISON OF THE INTEGRAL SPECTRUM AND BUILD-UP FACTOR

METHODS

The integral spectrum and build-up factor methods were compared in several cal-

culations. Build-up factor results based on different schemes of homogenization were

also compared.

Inner-blanket power distributions were calculated by the build-up factor method

by homogenizing the first wall and wall coolant (regions 1 and 2) and by homog-

enizing the entire inner blanket (regions 1, 2, and 3). The results of these cal-

culations are compared with integral-spectrum results in Table 7. We observe

that heating in the first wall calculated by the build-up factor method differs

from that calculated by the integral-spectrum method by 13% and 7%, respec-

tively, when regions 1 and 2 and regions 1, 2, and 3 are homogenized for cal-

culation of the equivalent Z. Homogenization of all three regions is the more

realistic of the two homogenization schemes, since regions 2 and 3 both contain only

light elements and permit a great deal of photon transport to all parts of the inner blan-

ket. We note that the total heating calculated with build-up factors for all three regions

homogenized agrees more closely with that calculated by the integral-spectrum method

(which conserves energy), differing by less than 1 per cent. The build-up factor method

is known to underestimate heating in heavy elements (i. e., the first wall) and overesti-
68mate heating in light elements (i. e., the coolant and primary attenuator). Since the

heating rates calculated by the integral-spectrum method are slightly higher in the first

wall and slightly lower in the coolant and primary attenuator, we can expect the integral

spectrum results in the inner blanket to be a very good approximation to the actual

heating rates. The errors incurred by the integral-spectrum method of underestimating

heating near a gamma-ray source and overestimating heating at large source distances

apparently cancel in this case, when the strongest gamma-ray sources are in a thin slab

of a relatively heavy element.

Coil-heating rates calculated by means of the build-up factor method for the LiH-Pb

shield by homogenizing the lead and molybdenum coil regions and by taking the molyb-

denum coil alone are shown in Table 8. Because of the short mean-free path of photons

in lead, there is reason to suspect that the best homogenization scheme for coil heating

would be to combine the 10-cm molybdenum coil with part of the 30-cm lead region. This
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Table 7. Comparison of integral spectrum and build-up factor
calculations in the inner blanket.

Percentage Heating

Region of
homogenization

for build-up
factors

Integral
Spectrum

First Wall (1) Wall Coolant

25.0 28. 3

(2) Primary
Attenuator

69.5

Build-up 1 and 2 (Z=36)

Build-up 1, 2, and
3(Z=24)

Table 8. Comparison of integral spectrum
calculations in the magnet coil.

Method Region of
Homogenization

Integral
Spectrum

Build-up Coil only (Z=42)

and build-up factor

Percentage Heating
in Coil

0. 0082

0. 0092

Build-up Coil and Lead-water
(Z=54) 0. 0072

is a compromise between the two homogenization schemes that were chosen, and will

probably give results close to those of the integral-spectrum calculations. For gamma

heating in the 6-cm lead region, the two methods were also in good agreement. By using

build-up factors for lead alone, calculated heating rates agreed within 2% with the

integral-spectrum results.

The two methods compared favorably for all cases for which they were both applied,

and the comparison increased our confidence in the integral-spectrum method. Because

of this and of the considerable saving in computer time afforded by use of this one-group

method, integral-spectrum calculations alone were used for most of the blanket config-

urations considered.

7.7 ACCURACY OF NUCLEAR HEATING RESULTS

Errors in gamma-ray transport are expected to affect calculated power distributions

by no more than a few per cent. This conclusion is based not only on the close agree-

ment of integral-spectrum andbuild-up factor results but also on calculations in which

gamma-ray sources in certain blanket regions were deleted. The most convincing case
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was the calculation of heating in the molybdenum coil caused only by neutrons and by

gamma-rays produced by neutron reactions in the coil. For this case, heating rates in

the coil at 3 cm or farther from the shield were lowered by less than 1%. The calculated

gamma-ray heating rate in the magnet coil is thus relatively independent of gamma-ray

transport and of errors in the treatment thereof. The calculation of the total recoverable

energy is almost completely independent of gamma-ray transport errors, since the

integral-spectrum method conserves energy and there is very little energy leakage out

of the inner blanket.

The effects of errors in gamma-ray spectrum assumptions were also studied. The

use of molybdenum gamma-ray spectra which were not corrected for discrete level

spacing (see Section V) was found to increase calculated heating rates by a maximum of

5. 5%. From Figs. 7-9, the uncertainty of redrawing the statistical model curves with

higher maxima appears to be approximately 1/3 of the difference between the curves. The

probable error from molybdenum gamma-ray spectrum assumptions is therefore 2% or

less. For other elements, with transition probabilities measured for low levels but not

for higher ones, errors from the assumption of transition probabilities should be much

smaller. Part of the spectrum is known in these cases, and the remainder is determined

by a series of estimates whose errors will largely cancel.

Assumptions were made in several cases of the division of neutron reaction energy

between excitation and kinetic energy of the products. Although total energy is conserved

by these assumptions, power distributions may be subject to some error. Errors in

the statistical-model calculations of scattered neutron energy spectra have been dis-

cussed by Impink. Tritium production calculations are expected to be much more criti-

cally dependent on the validity of the statistical model than are power distribution

results. The division of energy between protons or alphas and excitation was estimated

in only a few cases for fast neutron reactions with low cross sections. Errors from this

source should be negligible.

The most serious errors in heating rates are undoubtedly caused by uncertainties in

fast neutron cross sections. Here, errors in relative cross sections of reactions with

high and low Q-values are important. Heating rates should not be as critically depen-

dent on cross sections as is tritium production. For a discussion of the accuracy of the

cross sections used, the reader is referred to the work of Impink, from which the cross

sections were taken.

7.8 GAMMA-RAY FLUXES

Although the methods employed for the calculation of gamma heating do not permit

the calculation of gamma spectra, the gamma energy flux may be estimated within 10%

or 20% from the average energy absorption coefficient and the calculated heating rate.

For the "standard" source and blanket configuration, gamma fluxes at the vacuum boun-

dary are 1. 1(10) 1 4 Mev/cm 2 sec, and in the wall coolant are 2. 1(10) 1 4 Mev/cm 2 sec.

Gamma fluxes in the center of the magnet coil for the Pb-LiH-Pb shield are
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1.0(10) 9 Mev/cm 2 sec.

7.9 SUMMARY

The variations of heating rates in blanket systems with variation of molybdenum

first-wall thickness, with changes in salt composition and lithium-6 enrichment, and

with additions of multipliers are shown in Tables 4-6 and in Fig. 13. Heating in the coil

shield and magnet coil are shown in Fig. 14. A total blanket thickness of 110-120 cm

will be necessary to shield the superconducting coil, thereby indicating that plasma and

magnet dimensions will have to be large.

Heating rates calculated by the integral-spectrum and build-up factor methods, which

are compared in Tables 7 and 8, were in good agreement. The integral spectrum method

was used for most calculations because of its inherent energy conservation and because

its small differences from build-up factor results were consistent with errors known to

be associated with the build-up factor method.

The probable error in the results caused by gamma transport errors and gamma

spectrum assumptions is estimated to be less than 5%. The effects of nuclear-model

assumptions for nonelastically scattered neutron spectra and of uncertainties in fast neu-

tron cross sections have not been studied, but are probably less than 10%.

Gamma energy fluxes in the blanket produced by the "standard" 1 Mw/m 2 source are

~2(10)14 Mev/cm 2 sec near the first wall, and 109 Mev/cm 2 sec in the magnet coil.
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VIII. THE COST OF THERMONUCLEAR POWER

Some tentative estimates of the cost of power produced by a thermonuclear reactor

are presented here. The blanket is considered in detail and modifications are compared.

A generalized system for plasma injection, confinement and exhaust is discussed, and

parameters are chosen to represent extrapolations of mirror and Stellarator devices.

Capital costs are calculated for each of these hypothetical reactors at power levels cor-

responding to the "standard" source and to the maximum power set by heat transfer and

thermal stress. Although it is too early to estimate costs accurately, approximate costs

are important and comparisons can be made with some confidence.

8.1 COST OF THE BLANKET

Table 9 summarizes the costs of the blanket structure and coolant and the additional
6

costs of a beryllium multiplier, 5 cm thick, and of enrichment of the salt in Li 6 . The

costs of molybdenum, graphite, and beryllium were obtained from Tipton 1 and include

the cost of fabrication. Metallurgical progress may lower the costs of molybdenum and

beryllium, but no allowance has been made for this because the amount of future

Table 9. Cost of blanket materials.

Cost Weight/length Cost/length
Material ($/lb) (103 lb/meter) ($10 3 /meter)

Mo 30. 0 2.80 84.0

Graphite 0. 65 3.76 2.45

Pb 0. 15 67.0 10.05

LiH 10.0 4.41 44.1

INOR-8 4. 5 9.25 41.6

Li 2 BeF4 4.0 18.02 254. 1
254. 1

Be 100 0.755 69.0 a

Additional cost of using
Li2BeF 4 containing:

50% Li6 16.9 305

20% Li 6 3. 94 - 71.0

20% Li 6 in wall
coolant only 6.8

aNet cost of replacing innermost 5 cm of primary attenuator with Be.
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reduction is uncertain. The costs of Li2BeF4 and INOR-8 are extrapolated future costs

which anticipate large-scale production and, in the case of INOR-8, include fabrication. 7 1

The costs of Pb and LiH were obtained from published material, 7 2 ' 7 3 with assumed fab-

rication costs of $0. 055 and $0. 50 per pound, respectively. The cost of enriched lithium

($1.89/gm atom for 50% Li6 and $0.478/gm atom for 20% Li6 ) has been extrapolated, 7 4

with the help of isotope separation cascade theory, from the cost of natural lithium and
7

the AEC price for separated Li

Table 9 shows that the two most expensive parts of the blanket are the molybdenum

and Li2BeF4 , which account for more than half of the total cost. Lithium hydride and
INOR-8 also make important contributions to the cost of the blanket. We note that the

use of beryllium or enriched lithium to increase tritium production will be expensive.

Enrichment to 50% Li6 more than doubles the blanket cost, while enrichment to 20% Li6

or addition of 5 cm of beryllium increases the blanket cost nearly 25 per cent. The most

economical method of increasing tritium production appears to be enrichment to 20% Li6

of the first-wall coolant only, even though the requirement of two separate primary cool-

ant systems will raise the total cost of making this change above that shown in Table 9.

The use of Li 6 enrichment or beryllium to reduce the thickness of the inner blanket is

clearly uneconomical, since no more than 10-15 cm is likely to be saved, and the total

thickness of blanket and coil shield could be reduced only approximately 5 cm. The only

use of these materials which can be justified economically is to offset unavoidable losses,

for example, to Stellarator stabilizing windings or a nickel first wall.

8.2 PLASMA CONFINEMENT AND CYCLING

Up to this point, we have considered the thermonuclear plasma to be a source of

14-Mev neutrons that are produced in some unspecified manner. In order to estimate

the cost of thermonuclear power, however, we must consider this region in greater

detail. We shall discuss the plasma and fusion cycling in general terms, without spec-

ifying a particular device. By our choices of parameters we shall select two types of

devices: those with rapid charged-particle loss and low fractional burn-up of tritons and

deuterons, and those with small particle losses and high fractional burn-up. For brevity,

we shall refer to these two types of devices as mirrorlike devices ("mirrors") and

Stellerator-like devices ("Stellarators"), respectively, since they correspond most

closely to extrapolations of these well-known devices. It should be understood, how-

ever, that our derivations and conclusions apply to all devices with similar parameters,

and the names are taken only for convenience. The entire reactor is summarized below.

a. Cross Sections and Temperatures

In a plasma containing an equal number of deuterons and tritons, the D-T reaction

rate per cm3 per second is

2

WDT = nDnT UvDT = 4 V (50)
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where n represents the ion density (cm- 3 ) and ovDT, the reaction-rate parameter

(cm3/sec), is the product of the D-T cross section and the relative velocity of the deu-

teron and triton averaged over the velocity distribution at a given plasma temperature.

If the plasma pressure is fixed, the density, from the ideal gas law, is inversely propor-

tional to the temperature, and Eq. 50 becomes

TVDT
WDT X v2 (51)

T

The reaction rate parameter, vDT, increases rapidly with increasing plasma tempera-

ture up to a kinetic temperature of 15-20 kev, after which it rises more gradually to a

broad maximum at 60-70 kev. 75 The reaction rate per unit volume will be at maximum at

-20 kev, which is the optimum temperature for a device such as a Stellarator, in which

losses by coulomb scattering are unimportant. Since coulomb scattering, like the D-T

reaction rate, is inversely proportional to the square of the plasma temperature, a

higher plasma temperature is required in mirrorlike devices in which coulomb scattering

causes loss of plasma ions. A plasma temperature of 60 kev appears to be approximately

the optimum in this case.

b. Confining Magnet

The solenoid that confines the plasma is more than 4 meters in diameter and is

assumed to be superconducting. The attainable current densities in solenoids of niobium-

zirconium alloy are -60, 000 amp/cm2, so the thickness of superconductor required for

a 50, 000 gauss field is only 0. 66 cm. The magnetic bursting load on such a large thin

magnet would be much greater than the ultimate tensile strength of the superconductor,

and an additional band of some 7. 5 cm of stainless steel (at 50, 000 psi stress) would be

necessary. The costs of niobium and zirconium metal are now approximately $50/lb,

but are expected to decrease as much as an order of magnitude with advances in metal-

lurgical techniques. If we assume that the fabricated superconductor costs $50/lb, the

cost of the magnet is $83, 000/meter. The cost of the steel compression band, at $4/lb,

is $64, 000/meter. These numbers can be easily scaled, since the magnetic pressure

(and hence the cost of the steel) varies as the square root of the fusion power density,

while the magnetic field (and hence the cost of the superconductor) varies as the fourth

root of the power density. The power density and the magnetic field are related to each

other by , the ratio of plasma pressure to magnetic pressure. We shall assume that

the plasma can be confined stably with a of 0. 2, and note that the magnetic field

required for a given power density varies inversely with the square root of [.

c. Exhaust from the Plasma

Ions will be continually lost from mirrorlike devices by scattering out of the mirrors.

Stellarator-like devices will also lose ions, by diffusion into divertor streams. It is

convenient to define a quantity called the fractional burn-up, which is the ratio of the
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number of tritons burned in fusion to the number injected. Although it may be possible

to obtain fractional burn-ups of 0. 5 from a Stellarator-like device, the maximum that

can be obtained from a mirrorlike device is probably approximately 0. 1, which is near

the minimum required for economical tritium recovery and ion re-injection. Tritium

recovery from the "mirror" exhaust stream will have to be very efficient, since the

tritium must be recycled nine times before it is burned, and the losses per fusion will

be nine times the losses per cycle. We note that the recovery of the exhaust stream from

a mirrorlike or Stellarator-like device will be facilitated by the fact that the plasma is

a directed beam, and we assume that the cost of recovery equipment will be $1000/amp

of ion current. We also assume that 35% of the energy of the exhaust stream can be

converted to electricity at a capital cost of $100 per kilowatt.

The effect of the a -particle produced by the D-T reaction has been ignored. This

amounts to the assumption that a -particles are selectively removed from the plasma

in a time very much shorter than the time it takes for a deuteron or triton to escape.

Some such selective removal is almost certain to be necessary since build-up of helium

in the plasma would drastically increase the magnetic pressure required to sustain a

given fusion rate.

d. Ion Injection

Deuterons and tritons must somehow be injected into the plasma to offset losses to

the exhaust stream and fusion. We assume that the energy of the injected ions is equal

to the energy of the electrons, because it must be at least this high to overcome the

plasma potential; and we take 60% as the total efficiency of the production and injection

of the ions. The injection guns are assumed to be a battery of 5-amp guns which,

together with power supplies and feed pumps, cost $40, 000 each. Although this amount

is little more than a guess, it is, as we shall see, a small contribution to the total capi-

tal cost and can produce little error in the power cost.

8.3 POWER PLANT

The most expensive part of the thermonuclear reactor will be the power plant and

heat-exchange systems. Fortunately, published cost data enable us to estimate these

costs more accurately than those of other reactor components. The costs of heat

exchangers, pumps, and other equipment for fused fluoride systems have been scaled

up from costs estimated in a design study for a 30-megawatt experimental (fission) reac-

tor fueled with molten lithium-beryllium-uranium fluoride.7 6 The costs of standard

power plant equipment such as turbines, generators, and feed water systems were taken

from a power cost normalization study for fast, sodium-cooled (fission) reactor plants 7 7

at a power of 300 Mw of electricity. The cost of the fused-salt components and stream

generator are probably conservative, since they were scaled linearly from 30 Mw ther-

mal power. The power plant was assumed to operate on the Loeffler cycle which uses

low-grade steam from the turbine to perform all evaporation. The low-pressure steam
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that is generated is pumped to 1500 psi and superheated from 600°F to 1000F by pri-

mary heat from the blanket. This cycle minimizes the danger of the fused salt freezing

in the heat exchanger. We assume that the primary coolant transfers heat directly to

the superheater, since this coolant will not be highly radioactive. Beta-emitters pro-

duced by (n, a) and (n, p) reactions of fluorine have short half-lives and will decay almost

completely before reaching the superheater. Tritium concentrations must be kept low

for economic reasons. The thermal efficiency of the power plant is assumed to be 35%.

8.4 SUMMARY OF REACTOR

A schematic diagram of the thermonuclear reactor is shown in Fig. 15, and flows

are indicated. Solid lines represent material flow and dotted lines power flow. The num-

bers are for reactor D, the Stellarator-like device at its maximum power density. The

individual components of the reactor have been discussed.

8. 5 CONCLUSIONS

The important parameters of the reactor models are shown in Table 10. Reactors

A and B are "mirror" devices, while C and D are "Stellarators." The most important

Table 10. Parameters of thermonuclear reactors.

A B C D

("Mirror" ("Mirror" ("Stellarator" (" Stellarator"
Parameter w. Standard at Maximum w. Standard at Maximum

Source) Power) Source) Power)

Ion temperature
(kev) 60 60 20 20

Electron temperature
(kev) 50 50 20 20

P 0.2 0. 2 0.2 0.2

Magnetic field
(kilogauss) 48 68 33 43

Fractional conversion 0. 1 0. 1 0. 5 0.5

First-wall energy flux

(Mw/m 2 ) 1 4 1 3

First-wall heat flux

(Mw/m 2 ) 0. 37 1.5 0.5 1.5

Length (meters) 130 33 95 32

Number of injection
guns 230 233 34 34
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Table 11. Power balance of reactors.

Electrical Power (Mw)

A B C D

(" Mirror" (" Mirror" (" Stellarator" (" Stellarator"
w. Standard at Maximum w. Standard at Maximum

Source) Power) Source) Power)

Inputs

Power from
blanket 390 395 309 312

Power from plasma
exhaust 35.4 35.8 1. 1 1. 1

425.4 430.8 310. 1 313. 1

Losses

Guns 115.4 116.8 5.7 5.7

Gun pumps 1 1 0. 1 0. 1

Exhaust pumping 4 4 0.3 0. 3

Magnet refrigeration 4 4 3 3

Salt pumps 1 5 1 4
125.4 130.8 10.1 13.1

Net Power 300 300 300 300

numbers in this table are the magnetic fields necessary for "mirror" devices. An aver-

age magnetic field of 48, 000 gauss will probably be impossible to obtain with a "mirror"

device, since the magnetic field in the mirrors would have to be of the order of

500, 000 gauss and the magnetic pressure would be enormous. The requirement of high

magnetic field is a consequence of the high ion temperature, which is necessary if a

fractional burn-up as high as 0. 1 is to be achieved. Reactors A and C have "standard"

sources while the power of B and D is the maximum set by heat transfer and thermal

stress.

The power summary, Table 11, shows that, as expected, the only important dif-

ference between the two reactor models is the amount of power required by guns and

supplied by the plasma exhaust stream. In Stellarator-like devices, which have lower

electron temperature, there is much more transfer of a -particle energy to the electrons,

and much greater Bremsstrahlung production. We assume that all of the a -particle

energy is transferred to the ions or to Bremsstrahlung, which raises the relative power

in the first wall of the blanket and limits the maximum power to 3 Mw/m2 of energy

flux on the first wall (column D).

The capital costs are summarized in Table 12. We find that the costs of mirrorlike
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Table 12. Capital cost summary.

Heat Production Equipment

Blanket

Magnet

Guns and accessories

Exhaust recovery

Exhaust power recovery

Total

Cost of heat production

($/Kwe)

Heat Transfer and Power
Conversion Equipment

Salt pumpsa

Superheatera

Fuel dump tank, piping, etc.a

Steam generator and feed

watera

Turbine generatorb

Instrumentation

Electrical accessoriesb

Land, buildings, etc.b

Total

Cost of heat transfer and power
conversion ($/Kwe)

Total direct construction cost
($ /Kwe)

Indirect construction,
contingencies, etc.

(40%) b ($/Kwe)

Total capital cost ($/Kwe)

A

34.9

17.8

9.2

1.2

3. 5

66. 6

222

4. 2

7. 2

3. 5

14. 7

20.5

1.5

1.5

3. 0

56. 1

187

409

164

573

Cost ($10 6 )

B C

8.8 25.4

7.5 7.8

9.3 1.3

1.2 0. 1

3.6 0.1

30.4 34.7

116

3. 0

5. 7

2. 6

11.6

16. 3

1.5

1.5

3. 0

45. 2

151

267

107

374

101

11.9

7. 2

0.9

14.9

20.8

1.5

1.5

3. 0

61. 7

206

307

123

430

aAdapted from L. G. Alexander et al. 7 5

bAdapted from Sargent and Lundy 7 6
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D

8. 7

3. 8

1. 3

0. 1

0. 1

14. 0

47

8. 6

5. 7

0.9

11.8

16. 4

1.5

1.5

3. 0

49. 4

1-65

212

85

297

_



devices per kilowatt are much higher than those of Stellarator-like devices. This is a

result of the higher costs of ion injection both in power and in capital investment. We

conclude that there is little hope of obtaining power from mirrorlike devices at costs

competitive with fission power, because of both the high magnetic fields that would be

required and the high costs of ion injection. The most economical power source will be

a Stellarator-like device that has somehow been rendered stable and is operated at a

power level near the limit imposed by heat transfer and thermal stress. The capital

cost of this reactor would be approximately $300 per electrical kilowatt and the fuel cost

would be negligible.

73

___ll__·II__ I �__ i _1�--_11-.·1111 -�-1� �--·



IX. RECOMMENDATIONS FOR FUTURE WORK

A great deal of research and development will be necessary before a thermonuclear

blanket can be designed or can even be demonstrated to be practical. The problems that

must be solved are principally in the realm of materials technology, and it is upon the

solution of these problems that the ultimate feasibility of the blanket and hence of ther-

monuclear power depends. We shall briefly discuss work that must be done in three

areas: radiation damage, corrosion, and tritium recovery.

9. 1 RADIATION DAMAGE

If there is any one materials problem that will make the achievement of practical

thermonuclear power impossible, it will almost certainly be radiation damage. Neutron

radiation in the thermonuclear reactor will be much greater than that in fission reactors

in both average energy and total flux. The higher neutron energy is forced upon us by

the energy of the D-T reaction, while the higher flux level is required by economic con-

siderations. In the thermonuclear reactor, which consists of a central reaction zone

surrounded by an energy absorber, there will be a large difference between the average

power (or flux) and the maximum. In order to have an economically high average power

(or low capital cost per kilowatt), we must tolerate a very high maximum power. Also,

the neutron flux level in the thermonuclear blanket will be an order of magnitude higher

than that in a fission reactor at the same power, since 200 Mev are released per fission.

Unfortunately, radiation damage is not only likely to be the most serious materials

problem in the thermonuclear reactor, but is also certain to be the most difficult to eval-

uate. The neutron current of the" standard" source on the first wall is -4(10) 13/cm 2 sec.

Developing a neutron source of this size will not be much easier than confining a thermo-

nuclear plasma. It is possible, however, that useful estimates and extrapolations can be

obtained from less costly experiments.

The effects of transmutation of molybdenum can be estimated with the help of simple

metallurgical experiments. Almost all transmutation is to niobium by the (n, p) and

(n, np) reactions, and the rate of transmutation can be calculated from the cross sections

and flux. One year of irradiation by the "standard" source will convert about 2(10) - 4

of the molybdenum atoms in the first wall to niobium. A study of the effects of small

additions of niobium and hydrogen on the properties of molybdenum should give an indi-

cation of the importance of transmutation.

The study of the effects of atomic displacement caused by collisions of fast neutrons

will obviously require irradiation experiments, and extrapolation from low experimental

fluxes to the high fluxes anticipated in the blanket is certain to be difficult. A combined

experimental and theoretical study of the microscopic processes and their macroscopic

effects will be necessary if reliable estimates of the importance of atomic displacement

are to be made. There is hope that displacement effects will not be serious, since they

saturate after moderately high flux times and will probably be reduced considerably by
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annealing at the high wall temperature anticipated.

The combination of mechanical stress, high temperature, and intense fast neutron

radiation may cause slow deformation of the molybdenum first wall. The mechanism

here is "nuclear annealing," a localized melting phenomenon that relieves local stress

in the metal and thus produces a slow permanent strain. It should be possible to eval-

uate this effect approximately by irradiation with thermal neutrons. This can be done

by taking advantage of the high fission cross section of U23 5 or Pu239 for thermal neu-

trons and of the high thermal neutron fluxes available in fission reactors. Samples of

molybdenum alloyed with a small percentage of one of these fissile nuclides could be

irradiated at high temperatures and under mechanical stress; and the effects of temper-

ature, stress, and flux time on the amount of permanent set could be determined. The

chief advantage of this mock-up would be the high reaction rate that could be achieved

while the major disadvantages would be the difficulty of separating the effects of trans-

mutation and nuclear annealing and the much higher specific energy of the fission reac-

tion as compared with recoil from 14-Mev neutron collisions.

We have confined ourselves in the discussion above to the first wall. Radiation

damage in graphite will also be important because of the relatively low radiation stability

of graphite, but this is not critical, since graphite could probably be replaced by a more

stable material with a small sacrifice in tritium production.

Radiation damage to the first wall is unavoidable, and its importance should be deter-

mined as soon as possible. The development of a controlled fusion reactor will not be

worth the great investment of time and money required if the fusion reactor can be

nothing more than the ultimate radiation testing machine.

9.2 CORROSION

The corrosive effects peculiar to the thermonuclear blanket can be studied with a

modest expenditure of time and money. The importance of induced voltages can be

determined without magnetic fields by simple static tests. Electrodes of INOR-8 can be

immersed in fused Li 2 BeF 4 and small DC voltages applied. Small, high-frequency per-

turbations can be superimposed on the DC field to simulate the effects of fluid turbulence.

The study of erosion will be somewhat more difficult, but the difficulties are minor

compared with those anticipated in radiation testing. Forced convection loops with

fluoride salt velocities of approximately 10 meters/second will be necessary to evaluate

the erosion resistance of graphite, molybdenum, and INOR-8.

The important effects of nuclear radiation on corrosion in the blanket can be studied

by irradiation in a fission reactor without the use of 14-Mev neutrons. Neutron irradi-

ation can be expected to increase corrosion by three processes:

1. Free fluorine is formed by the (n, Zn) reaction on BeF 2, in which the beryllium

atom breaks up into a neutron and two helium atoms;

2. Tritium fluoride is formed by the (n, t) reaction on LiF;

3. Charged particles produced near a wall by nuclear reactions and elastic neutron
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scattering strike the wall and cause ionization of the surface.

The first two of these processes are almost certain to be serious unless corrosion

inhibitors, such as metallic beryllium or lithium, are used. The second process, how-

ever, as well as the third, can be studied by irradiation with fission neutrons of Li 2 BeF 4

which is enriched with Li 6 . We anticipate that the metallic corrosion inhibitors, which

reduce fluorine and tritium fluoride before they can reach containing walls, will be more

effective against fluorine, the stronger oxidant. It will therefore probably be safe to

assume that, if lithium or beryllium effectively inhibits corrosion by the last two proc-

esses, it will inhibit all corrosion. If we make this assumption, all radiation corrosion

tests can be performed in a fission reactor, and the results scaled to allow for such

factors as higher elastic recoil energies and lower (n, t) cross sections. Here again, the

neutron flux levels will be lower than desired, but micrometallurgical inspection will

permit much greater extrapolations of corrosion data. Corrosion tests, including radi-

ation corrosion studies, will have to be made not only for all materials being studied

but for all combinations of these materials to determine whether there will be any elec-

trolytic interactions or carburization effects.

9.3 TRITIUM RECOVERY

Although our calculations have indicated that tritium separation from graphite and

the fused salt will probably not be difficult, other problems must be considered. Tritium

adsorption on INOR-8 and molybdenum may possibly increase the tritium hold-up in the

system by a large amount. Probably more important than this will be loss of tritium

by diffusion through INOR-8 walls. This will be especially serious in heat exchangers

which have a large surface area at a high temperature. Although this problem could be

solved, in large part at least, by the use of duplex or triplex tubing with an evacuated

annulus, this would be an unwieldy and inefficient solution. A thorough experimental

investigation of hydrogen or, preferably, tritium adsorption and diffusion in INOR-8

is necessary.
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APPENDIX A

Outline of Heat-Transfer Calculations

The heat-transfer calculations made in the present study of the thermonuclear

blanket problem are outlined here. A glossary of symbols is appended. The two types

of coolant fluids considered were liquid lithium and fused fluoride salts.

A. 1 LIQUID LITHIUM

For molten lithium the Prandtl number is

C I
p

NPr- k = 0. 0478, (A. 1)

and the Reynolds number is

N _Deup= 5.5(10) 3 (A.2)
Re ~±

for a coolant velocity of 5 cm/sec and a channel width of 5 cm. For heat transfer in the

transition range between laminar and turbulent flow (2100< NRe < 10,000), experimental
78data are usually more reliable than empirical correlations. McAdams gives data for

mercury in tubes in terms of the Peclet (Npe) versus the Nusselt (NNu) number

3
Ne = NprNRe = 2. 63(10), (A. 3)

hD
NN ek 6. (A. 4)

The heat-transfer coefficient then is

kNNu cal BTU
h - 0. 054 =400 2 (A. 5)

e see cm C hr ft °F

In order to cool the first wall, liquid lithium must twice cross the magnetic field. The

rate of heat removal per unit cross section of combined inlet and outlet duct is

upC AT
q _P 3 watts

2 10 2' (A. 6)
x cm

if u is 5 cm/sec, and AT is 200°C. A reasonable first-wall heat flux is 100-

200 watts/cm2. The ratio of inlet-outlet duct area to wall area then is 1:10 or 1:5.

A. 2 FUSED FLUORIDE SALTS

Preliminary comparisons of different fluoride coolant fluids and of varied

coolant channel dimensions were made by using the simple heat-transfer relationship
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for turbulent flow

0.8 0.4
N = 0. 023 N N r 4 (A. 7)

Nu Re Pr

where all physical properties are evaluated at the bulk fluid temperature. For the study

of the lithium beryllium fluoride mixture in the standard system, the viscosity change

in the warmer laminar boundary layer was accounted for by a viscosity ratio in the more

accurate formula

0.8 /3/b0.14
N 0. 023 N i (A. 8)

Nu - 0 Re Pr 1 b e

where all other physical properties are at the bulk temperature.

The heat-flow rate into the fluid was calculated from the film coefficient and the

film temperature difference

q
hAT. (A. 9)

s

The frictional pressure drop is

2fu2Lp
APf D (A. 10)

c e

and the resulting power loss per unit channel cross sectional area is

Wf 2fu3 Lp
Af.- (A. 1)A D

x gcDe

The ratio of channel cross section to first-wall surface area is

A D D
Asx (+e4Re ) (A. 12)A =~ l+
s

From (A. 9), (A. 11), and (A. 12), the dimensionless ratio of friction loss to heat trans-

fer is

Wf fu 3 p(l+De/4R)
q g~hAT (A. 13)

If the dimensions of the system, the physical properties of the coolant, and the first-

wall film temperature difference are fixed, (A. 13), (A. 9), and (A. 7) or (A. 8) provide an

implicit relationship between the rate of first-wall power removal and the ratio of fric-

tion loss to heat removal. This relationship is plotted in Figs. 3 and 4.
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The treatment outlined in Eqs. A. 7-A. 13 ignores the effect of volume heating in the

coolant. This case has been treated by Poppendiek and Palmer who present a graphical

relationship 9 between the Reynolds and Prandtl numbers and a third dimensionless

number

PP Hr /k Res p (A. 14)

For the standard system and source, the film temperature difference caused by volume

heating is

AT = 5(10) Hr /k = 0.4°C. (A. 15)
0

Higher neutron fluxes require a higher Reynolds number for the coolant and result in an

even smaller film temperature difference. Such a small correction is completely neg-

ligible in comparison with probable errors in physical property measurements and in the

estimation of film coefficients by (A. 8) or friction losses by (A. 10).

The effect of the magnetic field on heat transfer has also been ignored. The magnetic

field can be expected to suppress turbulence in the fluid and raise the Reynolds number

of transition between laminar and turbulent flow; this effect will be appreciable80 if

MH2 z>> pu 2. (A. 16)

The average velocity of the turbulence eddies is difficult to estimate. If we use the bulk

flow velocity, the term on the left of (A. 16) is more than two orders of magnitude

greater than the term on the right. Eddy velocities are apparently very much higher

than the bulk velocity, since Bader and Carison 8 1 report little effect of a 15-kgauss mag-

netic field on the transition Reynolds number for mercury in glass tubes. Their mag-

netic field was only half that anticipated in the blanket, but their fluid bulk velocities

were less than half of those anticipated for first-wall cooling. On the basis of their

results, the effect of the magnetic field on heat transfer has been neglected.

The effect of the magnetic field on coolant pressure losses has also been neglected.

The electrical conductivity of fused fluorides is less than 10 - 4 that of liquid lithium, and

the salts are electrically insulated from the walls by the redox reaction potential.

A. 3 SAMPLE CALCULATION FOR FIRST-WALL COOLING

A sample calculation will now be given for cooling of the first wall by Li2 BeF 4 at a

bulk temperature of 560'C. The width of the coolant channel in this example is 6.25 cm,
the film temperature difference is 60°C, and the heat flux on the first wall is 2 Mw/m 2 .

The Prandtl number is

CpR
Np = k = 4. 23, (A. 17)
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and, if the coolant velocity is 8.93X 102 cm/sec, the Reynolds number is

D up 5
N. = e =2.38X 10

Re p.

From (A. 8), the Nusselt number is

NNu = 0. 023(2. 38X 105) 0 .8 (4. 23)1/4 9. 15) 0. 14 = 687,

and the heat transfer coefficient is

kNu cal BTU
h Nu = 0. 796 = 5870

e se cm 0C hrft ° F

From (A. 9), the heat flux is

q cal Mw
A = 0. 796(60) = 47. 7 2, = 2.0--
s sec cm m

and, from (A. 13), the ratio of friction loss to heat transfer is

(3. ZX10 3)(8. 93X102) 3 (1. 95)[1+12. 5/400]

(1)(0. 796)(60)(4. 187X107)

= 2.29(10) .

GLOSSARY

Definition

area of cooled surface

cross-section area of coolant channel

heat capacity

equivalent diameter = difference of diameters for annulus

function of x

Fanning friction factor = F(NRe)

force-mass conversion factor = 32.2 lbM ft/lbF sec 2 =

1 gm cm/dyne sec2

volume heating rate

heat-transfer film coefficient

thermal conductivity

length of coolant flow

Peclet number

Dimensionless number used by Poppendiek and Palmer 7 9

80

(A. 18)

(A. 19)

(A. 20)

W
f=

q

Symbol

(A. 21)

A
5

A
x

C
p

D
e

F(x)

f

9c

H

h

k

L

Npe

Npp
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GLOSSARY (continued)

Symbol Definition

Npr Prandtl number

NRe Reynolds number

q rate of heat flow (units of power)

R radius of first wall

r half-separation of parallel plates (or large-diameter annulus)

u fluid bulk velocity

u2 mean-square velocity of turbulence eddies

Wf power consumption by friction

AT difference between wall temperature and mixed mean
fluid temperature

[iJ fluid viscosity

liM magnetic permeability

p fluid density
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APPENDIX B

Matrices Used in Gamma-Heating Calculations

Several matrices were used in calculating gamma-ray spectra and other information

necessary for determination of gamma-ray heating rates. These matrices are illus-

trated below. The size of each matrix (rows X columns) is indicated in brackets beneath

the description of the characteristic term. The first array, matrix A, was obtained

from the models used to treat high-energy neutron interactions and from measured cross

sections and binding energies. The excitation ranges were varied to suit individual

nuclides. Those illustrated are the ones used for molybdenum.

Matrix A

Excitation Energy Range (Mev)
Neutron
Group 0.-1. 5, 1. 5-3, 3-4, 4-5, 5-6, 6-7, 7-8. 5, 8. 5-13, capture

1 Excitation energy (Mev) (within the
2 excitation range) per unit volume,

per second, per unit group neutron

flux, per unit atomic density X 1024

50 (50X9)

Matrices B and C were obtained from corrected statistical model calculations for

gamma spectra or from measured level energies and transition probabilities. Matrix B

was used for integral spectrum calculations, while Matrix C was used for build-up fac-

tor calculations.

Matrix B

Photon Energy Range (Mev)
Excitation
Energy Range 0-. 1,. 1-. 3,....... 7-9, 9-11

0-1.5 Fraction of photon energy
in each photon range

capture (9X13)

(Maximum energies of photon groups above are 0. 1, 0. 3, 0. 5,

0. 7, 0.9, 1.25, 1.75, 2.5, 3.5, 5, 7, 9, and 11 Mev.)

Matrix C

Photon Energy Range (Mev)
Excitation
Energy Range 0-0. 75, 0. 75-1.5, 1. 5-2. 5, 2. 5-3. 5, 3. 5-5, 5-7, 7-9, 9-11

0-1. 5 Fraction of photon energy
in each photon range

capture (9X8)
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The sum of the terms in each row of matrices B and C is unity.

Matrix D was obtained from a compilation of calculated photon energy absorption

coefficients. 82

Matrix D

Absorber Symbol
Photon
Energy Li Be ........... Mo F

0.05
0. 25 Energy absorption coef-
0.4 ficient in barns/atom
0. 6
0. 8 (13 X number of
1.0 absorbers)
1. 5
2.0
3. 0
4. 0
6. 0
8. 0

10. 0

Matrix E is obtained by premultiplying D by B and premultiplying the product by A.

Matrix E

Absorber Symbol

Neutron Group Li Be ........... Mo F

z Average energy absorption coeffi-
cient (b/atom) X excitation energy
(Mev) per unit volume, per second,
per unit group neutron flux, per unit

50 atomic density X 1024

(50 X number of absorbers)

Matrix F was obtained by premultiplying C by A.

Matrix F

Photon Energy Range (Mev)

Neutron Group 0-0.75, 0.75-1.5 . . . . . . . 9-11

1 Photon energy (Mev) in each photon
range per unit volume, per second,
per unit group neutron flux, per unit

50 atomic density X 1024
(50X8)

Matrices E and F must be derived for every element present in the blanket structure

in which gamma-ray heating rates are to be calculated. Every element in the blanket

structure must also be among the absorbers in the E matrices.
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For build-up factor calculations the atomic densities (1024 atoms/cm 3) of each ele-

ment in a homogeneous blanket region are multiplied by the F matrix for this element,

and the resultant matrices are summed. This procedure is repeated for each homogene-

ous blanket region, producing a set of n matrices, Gi , one for each of n blanket regions.

Matrix G

Photon Energy Range (Mev)

Neutron Group 0-0.75 0. 75-1.5 . . . . . . ... 9-11

1
2 Photon energy (Mev) in each photon

range per unit volume, per second,
per unit group neutron flux

50 (50X8)

Matrix H was calculated by means of neutron transport codes developed by Impink.

Matrix H

Neutron Group

Space Point 1 2 ........ 50

2 Neutron flux at each space
point in each neutron group

m (mX50)

Space points are numbered outward from the vacuum interface to the outer edge of the

outermost blanket region. The spacing of the points is uniform within each homogeneous

blanket region, but may differ among blanket regions. Since reaction rates and heating

rates are discontinuous at region boundaries, two space points are taken at each bound-

ary, one just within the inner region and one just within the outer region.

Matrix I was obtained by postmultiplying H by the set of matrices G., by using G1

when the space point is in region 1, G2 when the space point is in region 2, etc.

Matrix I

Photon Energy Range

Space Point 0.0-75 0. 75-1.5 ...... 9-11

1
2 Photon energy (Mev) in each photon

range per unit volume, per second

m (rmX8)

Matrix I is used in the eight group build-up factor calculations described in Section VI,

and in Appendix C.

For integral spectrum calculations, a set of matrices, Ji. one for each blanket

region, was derived from the E matrices and atomic densities in the same manner

as the G matrices were derived.
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Matrix J

Absorber Symbol

Neutron Group Li Be .... Mo F

1
1 Average energy absorption coefficient
2 (b/atom) X excitation energy (Mev) per

unit volume, per second, per unit group
50 neutron flux

(50 X number of
absorbers)

Matrices K. were calculated from the corresponding matrices J. and the atomic
1 1

densities in each region. The first column of K i is obtained by multiplying each column
1

of Ji by the atomic density in region one of the element which this column of Ji repre-

sents and summing the rows of this multiplied matrix. Successive columns of Ki are

calculated in the same manner by using atomic densities of elements in successive

regions.

Matrix K

Blanket Region

Neutron Group 1 2 ..... n

2 Average energy absorption coefficient
2 -1

(cm ) in each blanket region X excita-
T ion energy (Mev) per unit volume, per

50 second, per unit group neutron flux

(50Xn)

Matrix L was obtained by postmultiplying H by the set of matrices Ki, using K

when the space point is in region 1, K2 when the space point is in region 2, etc. Each

term in the product matrix is then divided by the sum of the eight terms in the corre-

sponding row of Matrix I.

Matrix L

Blanket Region

Space Point 1 2 ....... n

1
2 Average energy absorption coefficient2 -l

(cm ) in each blanket region for pho-
tons emitted at each space point

m (mXn)

Matrix L is the matrix of the energy absorption coefficients which are used as

attenuation coefficients in integral spectrum calculations. Source strengths at each

space point are obtained by summing the eight terms in each row of Matrix I.

Local nuclear heating by charged particles is included by adding a ninth column to
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Matrix F which gives the local heating (Mev) per unit volume, per second, per unit

group neutron flux, per unit atomic density X 10 . This column is simply carried along

in successive calculations as though it were a part of Matrix F.

Matrix Operations

Matrices A through L and their derivation are summarized below in matrix notation.

The summation convention is not used, since some repeated indices are not summed.

Many sets of similar matrices are used, and are treated as three-dimensional arrays.

(A glossary for the subscripts will be found at the end of this section.)

1. Derivation for the Integral Spectrum Method

Matrices A are calculated from input data for each element. Each term is the sum

of the nuclear excitation probability densities (before gamma-ray emission) for each

nonelastic neutron reaction; each probability density is weighted by the excitation energy

and by the appropriate neutron cross section. There is a term for each neutron group,

i; for each excitation energy range, j; and for each element or nuclide that absorbs

neutrons, n. Matrices B are input data and contain the energy-weighted and normalized

probability densities of emission of gamma rays from the decay (to the ground state) of

excited nuclei. There is a term for each excitation energy range, j; for each photon

energy range, k; and for each element or nuclide that absorbs neutrons, n. Matrices D

are input data and contain photon energy absorption cross sections. There is a term for

each photon energy range, k; for each element that absorbs photons, m; and for each

element or nuclide that absorbs neutrons, n. Matrices E contain the photon energy

absorption cross sections integrated over the energy spectrum of photons produced by

interaction of a unit group neutron flux with a unit atomic density of element or nuclide

that absorbs neutrons.

E.imn jA ijn( Bjk kmn) (B. 1)
j k

There is a term of matrices E for each neutron group, for each element that absorbs

photons, and for each element or nuclide that absorbs neutrons. Matrices J are cal-

culated for each blanket region by multiplying the E matrices by the matrix p of nuclide

or element atomic density in each blanket region, p.

Jimp = EimnPnp' (B.2)
n

The terms of matrices J are the photon energy absorption cross sections for each ele-

ment integrated over the energy spectrum of photons produced by the interaction of a

unit group neutron flux with the nuclides in the homogeneous region p. Matrices K are
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calculated from the J matrices by multiplying them by the matrix p of atomic density

of photon absorbers in each blanket region, q.

K. E. mp q. (B. 3)Kiqp = Eimpmq (B. 3)
m

Each term of the K matrices is the photon energy absorption cross section for each

blanket region, q, integrated over the energy spectrum of photons produced by the inter-

action of a unit group neutron flux with the nuclides in the homogeneous region p.

Matrix H, which is used as input, consists of neutron fluxes in each neutron group, i, and

at each space point, r. It is produced by Impink's neutron transport codes. Matrix L

consists of the photon energy absorption cross section averaged over the photon energy

spectrum for each region that absorbs photons, q, and for each space point from which

photons are emitted.

Lrq HriKiqp pr 4)
i,p

Here, 6 is one if the point r is in region p, or is zero if r is not in p. In order to
pr

use matrix L for integral spectrum calculations, a linear array is derived by summing

the terms in each row of matrix I (see below). This array contains the rate of emission

of photon energy at each blanket point. Each of its terms is divided into every term in

the corresponding row of matrix L to obtain the average energy absorption coefficients

(>a in Eq. 48). Pairs of adjacent terms in this linear array are averaged to obtain the

photon source strength (W in Eq. 48) in each slab of the blanket. These .a's and W's

are then used in the slab to point calculations of gamma heating in the blanket by means

of Eq. 48.

2. Derivation for the Build-up Factor Method

For build-up factor calculations, the matrices A, described above, are also used.

Matrices C are input data and contain the energy-weighted and normalized probability

densities of emission of gamma rays from the decay (to. the ground state) of excited

nuclei. There is a term for each excitation energy range, j; for each photon energy

range, 1; and for each element or nuclide that absorbs neutrons, n. Matrices C differ

from matrices B only in that the photon energy ranges differ in number and in size.

Matrices F contain the amount of photon energy in each photon energy range produced

by the interaction of a unit group neutron flux with a unit atomic density of an element or

nuclide that absorbs neutrons.

Fi n AijnCjin (B. 5)
j
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There is a term of matrices F for each neutron group, for each photon energy range,

and for each element or nuclide that absorbs neutrons. Matrices G are calculated for

each blanket region by multiplying the F matrices by the matrix p of the nuclide or ele-

ment atomic density, n, in each blanket region, p.

Gilp = k FilnPnp (B. 6)
n

Each term in matrices G is the photon energy in each photon energy range produced by

the interaction of a unit group neutron flux with the nuclides in the homogeneous region p.

Matrix H and 6 , which are described above, are used to calculate matrix I.
pr

Ir = HriKilp 6pr (B. 7)
i,p

Each term of matrix I is the rate of production of photon energy in a photon energy

range, 1, at a point, r, in the blanket. Adjacent rows of matrix I are averaged to obtain

the strengths of the eight coincident slab sources of photons described in section 6.4 (W

in Eq. 44).

GLOSSARY

Subscript Reference

i neutron group

j nuclear excitation energy range

k photon energy range for integral spectrum method

1 photon energy range for build-up factors

m element that absorbs photons

n element that absorbs neutrons

p region of blanket (for neutron absorption)

q region of blanket (for photon absorption)

r space point in blanket
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APPENDIX C

Outline of Computer Codes

The computer programs that were written to calculate nuclear heating rates and

power distributions in the thermonuclear reactor are outlined here. The basic codes

and their relation to one another are shown in a flow diagram, Fig. C-1, and the indi-

vidual codes are discussed and diagrammed in successive figures. Rectangular blocks

in Fig. C-1 represent codes, and ovals represent input or output. All of the codes above

ENERGY in Fig. C- are concerned with producing the matrices E and F (see Appendix B)

for each element. GAMMAS or LITGAM and LEVELS or LEVELS II together calculate

matrix A; MATMPY combines this matrix with matrices B, C, and D to produce

matrices E and F; and OUTPUT punches matrices E and F on cards which can be used

by LI6MIX or ENERGY. LI6MIX combines the Li 6 and Li 7 matrices to produce matrices

for lithium of any specified isotopic composition. ENERGY combines the E and F

matrices for all elements used in the blanket with neutron fluxes and with information

about the blanket configuration to obtain the matrices I and L. It then calls INSPEC and

BILDUP to perform integral spectrum and build-up factor calculations.
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Yes

Fig. C-1. Flow diagram of computer codes.
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Code GAMSPC (Fig. C-2)

In order to solve Eqs. 35 and 36, the energy range between 0 and E is divided into

a large number of equal intervals. Numerical integrations are performed by use of

Simpson's rule and, when the number of energy intervals is odd, by a third order poly-

nomial fit at the low-energy end of the integral. We observe that the integrand in Eq. 35

must be zero at the lower limit, and that the value of the integral at any energy, E, thus

depends only on the value of R(E') at energies E' greater than E. Thus, if the energy

interval is AE,

R(E) = Ro(E),

R(E-AE) = Ro(E-E) + R(E) S(E, -AE) E,

(C. 1)

(C. 2)

4
R(E-2AE) = R (E-ZAE) +R(E-AE) S(E-AE, E-2E) AE

+ R(E) S(E, E-2AE) AE, etc.,
3

(C. 3)

where the trapezoidal rule is used for the two-point ,integration in (C. 2). Once the values

of R(E) are calculated, P(Ey) can be calculated for each value of E by numerical inte-

gration of Eq. 36. The quantity EyP(E ) is calculated, numerically integrated between

0 and E, and divided by this integral to normalize the total energy to 1. 0.
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Fig. C-2. Flow diagram of GAMSPC.

92

Start

j



Code GAMMAS (Fig. C-3)

The main program GAMMAS applies the statistical and proton models described in

Section V to the calculation of part of matrix A (see Appendix B). Several nuclear exci-

tation energy ranges are chosen (see matrix A), and these are subdivided into integration

ranges. These integration ranges are further subdivided into a large number of small

intervals to permit accurate numerical integration by Simpson's rule. The probability,

P (Er), of a residual excitation of energy Er is calculated from the nuclear models for

the (n, n'), (n, 2n), (n, p), and (n, np) reactions for values of Er corresponding to each of

the integration points. These excitation probability functions for the (n, 2n) and (n, np)

reactions are normalized by multiplication of each of their terms by the appropriate

ratio of the reaction cross section to the integral over all E .

The excitation probability functions, P (E ), for each of the four reactions are
r r

summed and multiplied by E r, and the result is integrated over each integration range.

The integrals over integration ranges are combined to obtain the totals of excitation in

each excitation range, which are the terms of matrix A. This process is repeated for

each neutron group for which these models are used. The data inputs to GAMMAS include

the energies of neutrons in each group and their (n, y), (n, n'), and (n, 2n) cross sections,

the excitation and integration ranges, the number of points in each integration range,

and the statistical and proton model parameters.
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.s
Ix

Neutron Group?

Fig. C-3. Flow diagram for GAMMAS.

94

Stop



Code LEVELS (Fig. C-4)

The subroutine LEVELS completes the derivation of matrix A (Appendix B) by

applying the Gaussian model described in Section V, measured level energies and exci-

tation functions, and the neutron binding energy and capture cross sections. The amount

of energy in each excitation range is calculated from the Gaussian model by integration

of Eq. 29 over the interval of the excitation range. Since the solution is expressed in

terms of error functions, the SHARE library subroutine ERF1, which calculates error

functions, must be used with LEVELS. Local heating by neutron reactions in which

charged particles are released is also accounted for by LEVELS, which reads charged

particle data. These data consist of a single number for each neutron group which is a

sum over all neutron reactions of the products of the reaction cross section and the

kinetic energy of charged particles produced by the reaction (see Eqs. 37 and 38).
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Fig. C-4. Flow diagram of LEVELS.
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Code MATMPY

The subroutine MATMPY reads matrices B, C, and D, and performs the matrix

algebra necessary to derive matrices E and F. These matrices are discussed in

Appendix B.

Code OUTPUT

The subroutine OUTPUT punches matrices E and F, together with the charge par-

ticle kinetic energy data, on a single set of cards which is used in nuclear heating cal-

culations by the code ENERGY. This subroutine also prints out the matrices A, E, and

F (see Appendix B).

See Fig. C-5 for flow diagrams of MATMPY and OUTPUT.

97

---- -- I-
- - -- � ��I-----� I I" �c~T�I��-l''



Start of Start of
MATMPY OUTPUT

£iI� ULU.ki Return

LW U UAI L Return
to GAMMAS to GAMIAS

Fig. C-5. Flow diagram of MATMPY and OUTPUT.
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Code LITGAM

The main program LITGAM replaces GAMMAS for light elements where the statisti-

cal and proton models are not used. It reads in the element name and the excitation

ranges and calls the subroutines LEVELS II, MATMPY, and OUTPUT.

Code LEVELS II

The subroutine LEVELS II replaces LEVELS when the Gaussian model is not used,

and treats only measured level excitation functions, radiative neutron capture, and

charged particle data.

Code LI6MIX

The main program LI6MIX combines the decks punched by OUTPUT for Li 6 and for

Li , producing decks of punched cards for lithium of any desired isotopic composition.

These decks are used in nuclear heating calculations by the code ENERGY.

See Fig. C-6 for flow diagrams of LITGAM, LEVELS II, and LI6MIX.
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Fig. C-6. Flow diagrams of LITGAM, LEVELS II, and LI6MIX.
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Code ENERGY

The main program ENERGY combines the matrices E and F, which have been cal-

culated for each element and punched by OUTPUT, with atomic densities and other infor-

mation about the blanket configuration and with neutron fluxes (matrix H) to obtain the

matrices I and L (see Appendix B). These matrices are modified to obtain the source

strengths and averaged photon energy absorption cross sections used for build-up factor

and integral spectrum calculations of gamma heating. ENERGY also calls the subroutines

INSPEC and BILDUP to calculate heating rates and prints the results of these calcula-

tions. Some of the matrices calculated by ENERGY can be printed, but this print-out,

which was intended only for testing purposes, is made after the performance of the heating

rate calculations which modify the matrices. The code ENERGY is used, with INSPEC

and BILDUP, for the calculation of nuclear heating in all of the blanket configuration (see

Fig. C-7).
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Code INSPEC

The subroutine INSPEC performs gamma heating calculations by the integral spec-

trum method. It first initializes the results array by setting the heating rate at each

blanket point equal to the rate of primary heating by charged particles at that blanket

point. INSPEC then calculates tables of two useful quantities appearing in Eq. 48.

These are

WgaDA = (C.4)

and

X' =aDAX, (C. 5)

where AX is the point spacing in the region D. We note that there is a term of A and a

term of X' for each blanket region and for each source slab (since each source slab has

a different gamma spectrum). INSPEC then uses these tables to calculate the rate of

gamma heating in the blanket caused by all of the slab sources in the blanket. Since the

blanket is symmetrical about the vacuum interface, heating is calculated in only half of

the blanket. The heating rate at each point in the half-blanket, however, is the sum of

the heating rates caused by source slabs in both halves of the blanket. Thus it is nec-

essary to include heating caused by the mirror image slabs in the other half of the blan-

ket.

See Fig. C-8 for the flow diagram of INSPEC.
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Code BILDUP

The subroutine BILDUP performs gamma-heating calculations by the build-up factor

method (see Fig. C-9). BILDUP reads photon attenuation coefficients for each blanket

region and for each photon energy range. Tables of the following useful quantities (see

Eqs. 44 and 45) have been prepared:

[ 1 = oDAX(1 -a ) (C. 6)

12 = oDAX(l-a 2 ) (C. 7)

A' = A a (C.8)
1

and

B t l-A (C. 9)- a

where AX is the point spacing in the region D. There is a 1 and a L2 for every blanket

region and every photon energy range, and there is an A' and a B' for every photon

energy range. The gamma-heating calculations are then performed with these tables

used in the same manner as they are by INSPEC, except that the more complicated Eq. 44

is used instead of Eq. 48, and the calculation is repeated for each of the eight photon

energy ranges.
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Code EXPFIT

The main program EXPFIT fits the build-up factors for infinite homogeneous media

calculated by the moments method 8 3 with Eqs. 45 or 46. Equation 46 was used only when

the best values (in the least squares sense) of a1 and a 2 in Eq. 45 were complex numbers.

The build-up factors at 1, 2, 4, 7, 10, 15, and 20 mean-free paths were calculated from

Eqs. 45 or 46 to facilitate comparison with the original build-up factors, which had been

calculated for these source distances.

See Fig. C-10 for the flow diagram of EXPFIT.
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Fig. C-10. Flow diagram of EXPFIT.
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Listings of Computer Codes

Listings of the computer codes used in this study of the thermonuclear blanket prob-

lem have been omitted (see Preface). These codes are in IBM Fortran II or in FAP

language. The data input required for each program is described on the page(s) immed-

iately preceding the listing. The programs are in the following order: GAMSPC,

GAMMAS, LEVELS, ERF1, MATMPY, OUTPUT, LITGAM, LEVELS II, LI6MIX,

ENERGY, BILDUP, INSPEC, ESER, and EXPFIT.

Unless otherwise stated, all energies used as input data are in Mev; all distances

are in centimeters; all cross sections are in barns; and all atomic densities are in
24 -3

10 cm . The format of the data card(s) is given beneath the description of the num-

bers or symbols on the card(s). The IBM FORMAT system, as described in Fortran

reference manuals, is used throughout.

Data Inputs to GAMSPC

Data inputs to GAMSPC consist of as many cards as desired, one for each case that

is to be calculated. The information on a typical card is the following.

(1) a number used in testing-- should be zero (0);

(2) the mass number of the gamma-ray emitter;

(3) the maximum energy of initial excitation;

(4) the point spacing for integration (which must be evenly divisible into the maxi-

mum energy);

(5) the width of the range of initial excitation in energy units (0. 0 gives a -function

at the maximum energy);

(6) a number used in testing-- should be 2. 0; and

(7) the point spacing for printed output (which must be equal to the point spacing for

integration or a multiple thereof).

FORMAT (I1, F7.2, F6.2, 4F5. 2)

The total number of intervals, entry (3) divided by entry (4), must be less than 279

for the program as written, but this limit can be raised as desired by increasing all

dimensions of 280 in all routines. A comparison of point spacings showed that this num-

ber of points was adequate.
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