
LASER ISO'OPE SEPARATION FOR UPANIUM ENRICHMENT:

A TECHNOLOGY ASSESSMEN'I'

by

RICHARD KEITH LESTER

B.Sc., Inperial College of Science and Technology, London University
(1974)

SUBMITTED IN PARTIAL FULFTTTET
OF THE REQUIREENTS FOR THE

DEGREE OF

DOCTOR OF PHILOSOPHY

at the

MASSACHUSEIT'S INSTITUTE OF TECHNOLOGY

EF1ENTR, 1979)
A: A

Ii/

ARCHIVES
MASSACHUSETTS IN3ThT'TE

OF TECHNOLOGY

MAR 2 0 1-S

-4I-BRARIES

Signature of Author. ... ... ..... ..
Department of Nuclear Engineering, 9/24/79

Certified by......--.................... ..............
Thesis Supervisor

Accepted by .......................................................
Chairman, Department (or Interdepartmental) Coirittee



-2-

LASER ISOTIOPE SEPARATION FOR URPNIUM ENRICH4ENT;

A TECHNOLOGY ASSESSMENT

by

Richard K. Lester

Submitted to the Department of Nuclear Engineering
on Septenber 24, 1979 in partial fulfillment of the
requirements for the degree of Doctor of Philosophy

ABSTPACT

An assessment of the technical, economic, and political implica-
tions of the continued development of laser isotope separation (LIS)
processes for uranium enrichment has been carried out.

After almost a decade of development, there are increasingly
reliable indications that laser isotope separation technologies will
be capable of enriching uranium at costs substantially less than
those of existing alternatives; moreover, these technologies will
probably be able to recover a larger fraction of the fissile isotope
U-235 from natural uranium than is economically feasible in existing
enrichment plants. Like all uranium enrichment methods, however,
LIS technologies are potentially capable of producing highly-enriched
uranium suitable for use in nuclear weapons. A systematic, sustained,
public assessment of these and related issues.is necessary. This
study provides a framework for a more comprehensive public policy
debate than has occurred to date.

The principal technological features and problems of the two main
approaches to laser enrichment - the atomic process (AVLIS) and the
molecular process (MLIS) - are reviewed. Important design parameters
of comercial-scale laser enrichment plants of both types are estimated,
including energy requirements and dimensions of key process components.

The economic prospects for laser enrichnment technoloc 'es are
analyzed. Some preliminary laser enrichment cost estimates are
presented. It is shown that, for a range of plausible scenarios of
U.S. nuclear power development, the uranium savings achievable with
low tails-assay laser enrichment plants in cobination with other
resource conservation measures can substantially extend the life of
the present once-through fuel cycle in light water power plants, and
consequently delay the need for the large-scale introduction of spent
fuel reprocessing and breeder reactors. With or without the breeder,
laser enrichment techniques can play an important role in easing the
pressure on U.S. and world uranium supplies over the next few decades.

The proliferation risks posed by laser enrichment technologies
are assessed for a variety of scenarios. The available evidence
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suggests that the task of converting a commrcial laser enrichment plant
of either the atomic or molecular kind to the production of highly
enriched uranium will be more difficult technically than the equivalent
conversion of a cormrcial gas centrifuge plant. Moreover, to any
nation contemplating the construction of facilities solely for the
purposes of producing nuclear weapons material, a dedicated laser
enrichment facility of either kind will be less attractive than any of
several alternatives presently available, for at least the near-term
future. The same conclusion will almost certainly hold in the long
run for AVLIS plants. In the MLIS case, however, future advances in
laser technology or the development of new uranium material/laser
system combinations could substantially increase the relative attract-
iveness of MLIS facilities to potential proliferators.

Integration of the various elements of the present assessrent
leads to the following policy-oriented conclusions:

1. Existing LIS development programs in the United States should be
pursued vigorously. U.S. non-proliferation goals would not now
be served by a decision to halt development. The successful
conrercialization of LIS technologies could result in significant
new benefits for U.S. non-proliferation policies. In addition,
there are presently strong economic incentives for proceeding
with develop _nt.

2. There is a growing possibility of direct economic competition
between the later modules of the Portsmouth gas centrifuge
enrichment plant, which is currently intended to provide the
next increment of commercial enrichment capacity in the U.S.,
and the advanced enrichment technologies now under develoxprent.
The government's advanced isotope separation (AIS) program
should be reoriented to reflect this possibility. In general,
AIS program planning should be more closely integrated with
other aspects of U.S. enrichment policy. A premature commit-
nent to the Portsmouth centrifuge plant should be avoided.

3. Private ownership of laser enrichment technology and facilities
is not fundamentally incompatible with U.S. national security
and non-proliferation policy goals.

Thesis Supervisor; David J. Rose,
Professor of Nuclear Engineering
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CHAPTER 1

INTRODUCTION

A little under ten years ago, groups of scientists in the United

States and overseas began to investigate a new method for the separation of

isotopes of uranium. The method was based on a phenomenon well-known to

scientists: different isotopes of the same element absorb light at slight-

ly different frequencies. The same is true for molecules containing differ-

ent isotopic species. By irradiating an isotopic mixture with light of a

frequency chosen to coincide with an absorption frequency of one of the

isotopes but not the others, internal energy levels of the desired isotope

are selectively excited. Through further manipulations, the excited spa-

cies may then be made to enter readily into chemical reactions, or to res-

pond readily to physical stimuli, while the unexcited species remains can-

paratively inert. The light effectively magnifies minute differences bet-

ween the photoabsorption properties of different isotopes into much more

dramatic differences in physical or chemical behavior, thus allowing sub-

sequent macroscopic isotope separations.

The possibility that isot pe separation could be achieved by such

'photophysical' or 'photochemical' means was recognized many years ago, and

fran the 1930s on such separations were routinely performed in laboratories

for several isotopic species. It was not, however, until the invention of

the laser, same twenty years ago, that the industrial application of this

technique began to show promise. Because of their ability to provide very

high intensity, short bursts of highly monochromatic light, whose frequen-



cy can be tuned with great accuracy over a wide range, lasers are parti-

cularly well suited to function as the light source for photophysical and

photochemical isotope separation processes.

Today, by far the largest demand for isotope separation services is

generated in the nuclear energy sector, where for several applications,

peaceful and military, it is necessary to increase the concentration of the

fissile isotope U-235 in uranium isotopic mixtures. In naturally occurring

uranium, the concentration, or 'assay', of U-235 is about 0-7%. The remain-

der consists of the non-fissile isotope U-238.

In the United States, an experimental program to investigate laser

isotope separation methods for uranium enrichment was launched jointly by

Exxon Nuclear Company and the Avco Corporation in 1971. Shortly afterwards,

similar work began at two of the government's national laboratories, Los

Alanos Scientific Laboratory (IASL) , New Mexico, and Lawrence Livernre

Laboratory, California. In both the Exxon-Avco program, which was conduct-

ed under the auspices of a joint subsidiary, Jersey Nuclear Avco Isotopes,

Inc. (JNAI), and the program at Livermore, the emphasis was on the selec-

tive laser excitation of atomic uranium vapour. At Los Alamos, the work

concentrated on laser isotope separation of uranium-bearing nolecules, es-

pecially uranium hexafluoride, UF6"

Both the atomic and molecular laser isotope separation (LIS) schemes

offer one very important advantage over ivost other uranium isotope separ-

ation methods now known -- the possibility of a high degree of enrichment

in a single step.

Since the end of World War II, the gaseous diffusion process has

been the dominant method for uranium enrichment. This process is based
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on the preferential passage through a porous membrane of U 2 3 6 molecules,

which are slightly lighter and more mobile than molecules of U 238F6' The

mass difference between the two molecular species is less than 1%, however,

and the degree of separation that can be obtained in a single pass through

the membrane is very small; the U-235 assay is increased by a factor of about

1.0043. Consequently, many hundreds of steps, or 'stages,' must be combin-

ed in series in order to achieve a significant degree of enrichment in

U-235. The gaseous diffusion process is very energy intensive per unit of

output. Moreover, the econcnies of scale are such that very large facili-

ties requiring enormous amounts of electric power are necessary if enriched

uranium is to be produced by this means on a cammercial basis.

In recent years, the gas centrifuge process has emerged as an econo-

mically attractive alternative to gaseous diffusion. In this case, separ-

ation is achieved by the creation of very large pseudo-gravitational fields

in a rotor spinning at ultrahigh speeds. The rotor is filled with uranium

hexafluoride gas, and the heavier U 238F6 molecules drift preferentially to

the walls of the centrifuge. The gas centrifuge process is much less en-

ergy-intensive than gaseous diffusion, requiring only about one twentieth

of the electric power per unit of output. Furthernore, gas centrifuge fac-

ilities can be built economically in smaller sizes. Nevertheless, each

centrifuge machine is limited to a very low throughput, and camercial

centrifuge enrichment plants contain many thousands of interconnected ma-

chines.

If, as is expected, laser-based processes are able to produce a high

degree of separation in a single step, LIS plants may turn out to be small-

er, cheaper, 'and generally more convenient for uranium enrichment than
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either the gaseous diffusion or the gas centrifuge process.

* * *

Enrichment technology has played a pivotal role in the development

of nuclear energy for both peaceful and military purposes since the last

years of the second world war. Enrichment plants provided the fissile mat-

erial. for the first nuclear bomb, and have since figured prominently in the

nuclear weapons programs of each of the five 'official' nuclear powers. .At

the same time, these facilities have also supplied large quantities of en-

riched uranium fuel, the sine qua non of the rise to dominance throughout

much of the world's nuclear power industry of the light water reactor (LWR).

LWJRs cannot run on natural uranium, needing instead fuel enriched to 2 - 4%

in the fissile isotope U2 3 5; bombs need uranium enriched to much higher

levels, to 90% or more, but in principle the enrichment technology that is

used to produce LWR fuel can also be used to make nuclear explosives. En-

richment plants thus demonstrate vividly the duality inherent in nuclear

technology; in the anodyne terminology of the day, they are deemed 'sensi-

tive' facilities.

For many years, the evolution of the international uranium industry

was largely determined by two factors: the cumbersome, highly capital and

energy intensive character of gaseous diffusion technology, and the pre-

sence in the United States of three very large gaseous diffusion plants

whose military duties had declined to relatively low levels by the early

1960s. The latter factor enabled the United States Government to offer low

enriched uranium supplies for nuclear power reactors in plentiful quant-

ities and at low prices, thus reducing the incentives for other countries

to acquire their own enrichment facilities; and the former provided strong

disincentives for such acquisitions.
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These two factors allowed the United States to retain a virtual mono-

poly in enrichment supplies until fairly recently; the only other enrichment

plants to enter service during the first twenty-five post-war years were

those constructed by the Soviet Union, France, China and the United Kingdom

in connection with their military programs.

More recently, new enrichment suppliers have begun to emerge. The

United States monopoly has been broken, and enrichment supplies can now be

ordered frcm two multinational European concerns and the USSR, as well

as the U.S. Other prospective suppliers plan to enter the market during the

next decade. In parallel with these developments, and contributing to them

in part, gas centrifuge technology is seeing cormercial service for the

first time. The gas centrifuge process, as already noted, is less energy-

intensive and is economical in smaller sizes than gaseous diffusion. The

unit costs of enrichment fram gaseous diffusion plants decrease rapidly with

plant scale, and the smallest feasible cornmercial plant would be large

enough to meet the fuel needs of about 50 1000 Megawatt (MWe) light water

power reactors. Such a plant would consume about 2500 Me of power. In

contrast, the capacity of ctmmercial gas centrifuge plants need only be a

fifth as large, and each such plant would consume only about 25 MWe of pow-

er. These characteristics make the gas centrifuge process well-suited to

the trend towards greater diversification in the international enrichment

supply industry.

But while these econamic and technological trends have alleviated

international concerns over the risks of relying on a single source of

supply -- the United States - for a conmodity as vital as enrichment ser-

vices, they have also heightened fears that enrichment technology may aid
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the spread of nuclear weapons to additional countries.

LIS processes denonstrate, in microcosm, the tensions underlying

the enrichment sector as a whole. Economically, laser processes show2

several potential advantages over existing enrichment methods. Energy con-

sumption is likely to be low, much lower than for gaseous diffusion, and

perhaps as low as, or even lower than for the gas centrifuge process. Scale

econcmies are presently unclear, but the optimum plant size for one or other

of the processes may be small enough for plants scaled to meet the enrich-

ment needs of even a relatively small national UWR programme to be economic.

Laser enrichment proponents also claim significant capital cost advantages

over both centrifuge and gaseous diffusion processes. Finally, laser pro-

cesses offer the prospect of more efficient utilization of natural uranium

resources. Gaseous diffusion enrichment plants typically extract about 75%

of the fissible isotope U235 from natural uranium; the remainder is dis-

charged as waste, or 'tails,' since the effort required to increase the

extraction efficiency in such plants is economically unjustifiable. Laser

processes may, however, be capable of recovering a higher fraction of the

U235 economically, thus increasing the amount of energy that can be gener-

ated by UIRs fran a fixed stock of natural uranium.

On the other hand, the develomnent of laser processes, if successful,

might add to the existing array of routes to the acquisition of nuclear

weapons material. Mreover, fears have been expressed that laser enrich-

ment methods may eventually provide a route that is cheaper, technologi-

cally easier to follow, and easier to conceal than any other now known.

The Need for an Assessment

Despite the significance of these issues, remarkably fei independent
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assessments of laser enrichment technologies have been published during the

first decade of their development. Of those that have appeared, perhaps

the best-known are journal articles by Krass1 and Casper, 2 both of which

were published in 1977. More recently, Exxon Nuclear Company issued a re-

port written by a group of outside experts that had been asked by the firm

to assess the proliferation risks presented by the JNAI LIS process.3

The paucity of assessments is certainly not attributable to any lack

of interest in the subject. References to laser enrichment technologies

have been connon in discussions of various aspjcts of nuclear policy since

the early 1970s. Some have dwelt on the possibility that txisting or plan-

ned enrichment facilities utilizing conventional technologies may soon be-

come econamically obsolete if recent advances in LIS technologies are con-

tinued. Others have been concerned with the security risks arising fran the

new developments; the fear that laser isotope separation will fundamentally

alter the existing spectrum of proliferation risks has often been voiced.

Yet there has been no sustained, systematic, public assessment of these

technologies.

The most plausible explanation for this situation is the inaccess-

ibility of information: whether for security or proprietary reasons, LIS

developrent programs have been surrounded by secrecy effectively since

their inception. Government assessments which have been undei .aken remain

classified, and those with access to the results usually confine themselves

in public utterances to the vaguest of generalizations. For others without

such access, any independent studies must struggle with a discouragingly

high degree of uncertainty.

Secrecy notwithstanding, it is argued here that there is a clear need

for a careful analysis of the issues raised by the continued developmxent
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of laser enrichnent technologies, with as much of the analysis as possible

conducted in the public dcmain. In a short time, decisions will be taken

which will have profound consequences for the future course of this tech-

nological innovation. In the United States, important investment decisions

are shortly to be taken in both the private and public sectors. Exxon

Nuclear, which, together with Avco, has already invested $50 million in the

development of the JNAI process, is about to decide whether to cam-Lit a fur-

ther $50 million for the construction and operation of an experimental test

facility. For its part, the government currently plans to decide in two

years which of the two LIS processes under development at Los Alamos and

Liverimore and a third, laserless, advanced isotope separation process being

developed under contract to DOE by TEN,, Inc. will be selected for further
*

development and possible comercialization. By then, well over $300 mill-

ion will have been spent on the three processes. Meanwhile, other enrich-

ment policy decisions are being taken by the government which will heavily

influence the development timetable for all of the advanced isotope separa-

tion technologies.

Overseas, laser enrichment process development is roving ahead inde-

pendently in several other countries, including France, West Germany, the

Soviet Union, and the United Kingdom.

As will be shcwn subsequently, these decisions and developments may

have far-reaching consequences, from military security to the balance of

payments, fram the price of electricity in Chicago to the cost of bcmbs in

Brazil. In the United States, the pending decisions are on a sufficiently

small scale in terms of their immediate irrpct, budgetary or otherwise,

The TF process is briefly described in 'Appendix 1.1 at the end of the
Chapter.



-22-

that they could be taken with a minimu of public debate. In the view of

this author, that would be a mistake. The history of nuclear energy devel-

opment in this country is replete with examples of costly decisions taken

with the best of intentions but in closed fora. Sometimes the decisions

have proved to be wrong, and in retrospect would have benefited materially

fron a more open debate at the time. In other cases, while the substantive

issues themselves have not necessarily been misjudged, the process by which

the decisions were reached has led to a wider lack of confidence in

the outcome and distrust of its origins; both of these reactions

have had crippling effects on later efforts to implement the decisions on a

large scale, efforts which, in the United States, require broad political

consensus as a precondition for success.

Laser enrichment technologies may see widespread application in the

United States and elsewhere, or they may not. If large facilities are in-

deed to be constructed in the U.S., a public discussion of the merits and

disadvantages of laser enrichment technologies will be necessary. It is

not too early for that debate to begin.

'T be sure, not all of the issues can be discussed openly without

adverse effects on security. Nevertheless, what is needed at a minim= is

a framework for discussion which will enable distinctions to be made bet-

ween those assumptions and conclusions whose lack of public explanation

masks underlying policy deficiencies and others which genuinely cannot be

justified on security grounds.

The purpose of the present .mrk is to contribute to the development

of such a framework. A fundamental question raised in the study is whether,

given current information restrictions, a comprehensive public assessment
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of the policy issues raised by the continued developnent of laser-based

processes is possible. The following assessment, which has drawn exclusive-

ly on unclassified material, seeks to show that it is.

Nature of the Assessment

What kind of an assessment is needed, and how can it be carried out?

A few definitions of technology assessment provide a useful starting

point for this discussion. According to one definition cited by the Con-

gressional Office of Technology Assessment, technology assessment is defined

as:

a generalized process for the generation of reliable, com-
prehensive information about the chain of technical, social,
economic, environmental, and political consequences of the
substantial use of technology to enable its effective social
management by decisionmakers. 4

The Committee on Science and Public Policy of the National Academy of Sci-

ences has suggested that technology assessment:

may acceptably describe what occurs when the likely conse-
quences of a technological development are explored and
evaluated. The objective is to improve the quality of such
efforts at exploration and evaluation and thereby to foster
a more constructive evolution of our technological order. 5

And the Science Policy Research Divi son of the Congressional Research

Service has stated that:

[Technology] assessment includes forecasting and prediction,
retroactive evaluation, and current monitoring and analysis.
Measurements involve noneconomic, subjective values as well
as direct, tangible quantifications.6

General prescriptions for technology assessment based on these and

other definitions abound, but usually fail to convinca, because no two tech-

nologies are identical either in themselves or in their implications; each

problem tends to demand its own approach.7 The discussion here is there-
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fore confined to a brief presentation of several methodological leitrotifs

which characterize this particular study. In the next section, the organi-

zation of the remaining chapters is described.

The first priority is to establish a context for the assessment, and

to make it explicit. As Henry Nau has observed in somewhat different cir-

cumstances:

Any empirical attempt to describe present events in inter-
national politics is linked with the normative desire to
prescribe future events. Description is selective and what
we describe depends on what we are interested in explaining.
Furthermore, what we seek to explain suggests what we want to
predict, and prediction is a means of influencing the future
by affecting the conditions of present choices.

This linkage between description, explanation, prediction,
and prescription places an obligation on every analyst to
preface his investigation with a clarification of basic
assumptions. 8

Much the same reasoning applies to technology assessment. Here, the

assessment is approached -primarily within the context of U.S. -policy, and

from the perspective of U.S. policy-makers. This approach is justified on

two separate grounds. First, the vast bulk of publicly available informa-

tion on LIS technology describes the efforts that are underway in the

United States, and even this is in short supply. Very little information

on laser enrichment work in other countries is available, and what little

has been accumulated is presented and analyzed here in terms of its impact

on the foreign and dcestic policies of the United States. To adopt any

other perspective would be impractical. But in addition, given what ap-

pears to be the strong technological position held by the U.S. in the laser

enrichment field, and its praminent role in the international enrichment

industry more generally, the perspective chosen here is likely to be of

interest not only in the U.S. but also internationally.

The perspective is also limited in another important respect: the
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anphasis is on U.S. public policy, and on decision-making in the public

sector. As noted previously, the JNAI group has been a pioneer in the

development of laser enrichment processes, and Exxon corporate policy-makers

face a difficult agenda of their own. But there is no attempt to assess

the feasibility of the JNAI LIS process purely fran the point of view of

Exxon corporate strategy. The nature of the JNAI decision process is of

interest here only insofar as it bears on public sector issues, such as the

use of public funds, national security, foreign policy and national econcmic

questions, and the public health and safety. In fact, should JNAI decide

to build a production-scale laser enrichment plant, JNAI decision-making

would then be linked formally to the public policy process in any case, since

such a plant would have to be licensed by the Nuclear Regulatory Cammission

(NRC), and the NIC would have regulatory authority in at least same of the

preceding areas of concern.

* * *

As the preceding definitions and the accompanying discussion clearly

imply, technology assessment involves much mere than just the assembly and

presentation of relevant information. These tasks are always necessary,

nevertheless, and are especially important for the present assessment, where

reliable information is hard to find, and for which the limits of public

knowledge are themselves so important to establish.

Additionally, of course, the information must also be analyzed in con-

text, and over time. In the language of systems analysis, we seek to iden-

tify the 'perturbation' caused by the technoloqical innovation. The 'sys-

tem' is usually highly canplicated, and in this case consists of an elabor-

ate network of international political, econcmic, and military relationships

superimposed on heterogeneous naticnal circumstances. It is difficult
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enough even to define the system, to understand the interactions between all

of the various elements, and to maintain and apply that understanding

throughout the analysis. The problem is made all the more difficult by the

dynamic character of the system itself. The technological innovation of

interest is not the only changing aspect; the lead-tine required for the

development and cormnercialization of laser enrichment technology is long

enough for there to be significant change in most if not all other elements

of the policy environment in the meantime.

This suggests two objectives for the assessmient. First, not only must

the potential characteristics of mature laser enrichment technologies be

anticipated, but so too must broader economic, political and security trends.

Second, the technological innovation must also be analyzed fram a histori-

cal perspective. The course of an innovation is strongly influenced by the

political, and institutional environment in which it takes shape, and an

innovation may acquire mamentum in a particular technological direction for

reasons related less to its intrinsic scientific and technical 'logic' than

to the nature of its institutional supporting structure. Thus the current

state and direction of laser enrichment programs can only be fully under-

stood in terms of the historical influences on their development. In turn,

such an understanding is a necessary step in the planning of future stra-

tegies.

The need for a strong temporal dimension to the assessment is under-

scored by the probable gestation period for the laser technologies of

twenty years or more, and the rapidity with which the immediate political

and economic environment has evolved even during the last five years.

During this latter period, the position of the U.S. as a virtual monopoly

supplier of enrichment services to the rest of the unrld has evaporated;
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an upsurge of concern over the proliferation risks of nuclear power growth

has led, inter alia, to international consultations and controversies over

ways to increase the security of world supplies of low-enriched uranium fuel,

and to new U.S. legislation imp.osing nonproliferation-related conditions of

an unprecedented stringency on exports of U.S.-enriched fuel; the prospects

for private ownership of enrichment plants in the U.S. have swung fram being

generally favorable to their present, highly uncertain status; projections

of enrichment demand for the remainder of the century have fallen sharply

and fears of an enrichment 'gap' in the 1980s have yielded to firm expecta-

tions of a large supply surplus continuing throughout the decade; and, more

generally, there has been a dramatic intensification of the political uncer-

tainties now plaguing the nuclear power industry in the U.S. and many other

countries.

All of these developrents demonstrate not only the need for a dynamic

analysis but also the inevitability of great uncertainty. Consequently,

the assessment must also seek to identify the various sources of uncertainty

explicitly, if possible to bound them, and to determine which of them may be

reduced or removed, and at what cost.

* * *

Beyond analyzing the various consequences of LIS processes, there is

also a need to draw the various strands together, to simulate in advance

(and in part) the political and administrative processes of formulating,

evaluating, and choosing the policy options that will determine the course

of the innovation. The most convenient and also the most useful way to ac-

camplish this synthesis is to construct it around concrete policy questions,

real or postulated.

Same may argue that thisis an unwarranted venture beyond the stated
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objective of contributing to the developnent of a franework for a public

policy debate, that it strays too far from the definitions cited pre-

viously , and clearly oversteps the fuzzy but important line between tech-

nology assessment and policy analysis on the one hand and policy prescrip-

tion on the other. Yet such a step is necessary in order to breathe life

into the various policy conflicts and trade-offs identified in the analysis.

To be sure, the questions of technological choice can never be resolved by

pure reason alone; intuitive judgements and political and moral value choices

will always be involved. And in practice the different perspectives and

motivations of the relevant actors will ccmbine in the future in ways which

it is neither possible nor particularly desirable to represent in assessments

of this kind. But by synthesizing the analytical results in the form of ans-

wers to specific policy questions, the comprehesibility of the analysis is

increased; and provided that the judgements and value preferences are made

explicit, the integrity of the analysis need not be compromised, even if the

policy conclusions themselves are found elsewhere to be unacceptable.

Organization of the Study

The assessment is divided into six chapters. In Chapter 2, the sci-

entific literature on laser enrichment methods is reviewed, with the ob-

jective of providing a useful technical foundation for the subsequent eco-

ncmic and public policy analyses. A feature of this chapter is the attenpt

to develop approximate design specifications for comnercial-scale laser

enrichment plants.

Chapter 3 analyzes the economic prospects for laser enrichment tech-

nologies. First, recent laser enrichment cost estimates are presented;

the potential long-term econcmic benefits of laser enrichment are then
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projected for various scenarios of nuclear power development; and finally

some of the external economic factors which would be expected to influence

the rate of LIS ccmrcialization are explored.

Chapter 4 assesses the proliferation risks associated with laser en-

richment technologies. The chapter is divided into two parts. The first

consists of a technical assessment of the proliferation 'resistance' of LIS

processes compared with existing technologies. The second part examines

the incentives, disincentives and constraints which have influenced the

spread of enrichment technology and the evolution of the international en-

richment industry in the past; in addition, the effectiveness of present

policies and controls against the proliferation risks posed by laser enrich-

ment processes is analyzed.

Chapter 5 provides a historical perspective on the development of LIS

technologies in the U.S. In particular, it traces the origins and conse-

quences of some of the principal political and institutional influences on

the course of LIS development until now.

In Chapter 6, the results of the previous chapters are synthesized

around three policy questions: Should LIS development programs in the U.S.

be continued? If so, under what schedule, and with what objectives? And

what are the appropriate roles for the private sector and the government

in these developments?

In Chapter 7, general conclusions of two kinds are drawn from the

preceding assessment. First, some aspects of the future U.S. role in the

international nuclear order are reviewed; and in the second part some gen-

eral observations on the process of technology assessment are presented.
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Appendix 1.1; The Plasma Separation Process for Uranium Enrichment

The United States government is presently supporting the parallel

development of three advanced enrichment technologies for possible future

comrenrcial application: the molecular and atomic laser isotope separation

processes, for which development work is centered at Los Alanos Scientific

Laboratory and Lawrence Livermore Laboratory respectively; and a

'laserless' process being developed by TRW, Inc. under contract to the

U.S. Department of Energy. Current DOE policy is to bring all three

technologies to a roughly equivalent stage of development, and then to

choose one of the three for comrmrercial denonstration.

The scope of this study is confined to an assessment of the laser

enrichment technologies. Nevertheless, the TF process will receive

frequent mention in subsequent chapters, both directly and indirectly

(through general references to DOE's advanced enrichment program), and

a brief technical statement of the process principles is appropriate at

this stage.

Plasma Separation Process Principles

The process is based on the difference in ion cyclotron frequency

exhibited by ions of different isotopic species. A radio-frequency (RF)

electric field at the ion cyclotron frequency of one of the isotopic

species is applied to a stable uranium plasma immersed in a uniform

magnetic field. The ions of the desired species are resonantly excited,

and experience an increase in the cyclotron radius. Separation is

accauplished by the preferential condensation of the larger cyclotron

radius ions on the surfaces of a collector. The degree of separation
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achievable is limited by several factors, including the effect of

collisions between resonant and non-resonant ions, Nevertheless, there

are indications that it will be possible to enrich natural uranium to an

assay of 3% U-235 in a single step by this method. 1

A conceptual schematic diagram of the process is shown in Figure 1.1.1.

Note

1. Non-Proliferation Alternatives Systems Assessment Program, Final draft

report (August 1979), Table 4.3.1-2
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CHAPTER 2

THE TECHNOIDGY OF LASER ISOTOPE SEPARATION

2.1 Introduction: General Principles of Laser Isotope Separation

The purpose of this chapter is to review the current technological

status of laser isotope separation ethods applied to uranium enrichment.

The discussion is designed to provide the reader with a qualitative

understanding of the technology, and of the technological problems

associated with the development of conmercial laser enrichment processes.

The review presented here provides a necessary technical founda-

tion for the economic and public policy analyses undertaken in subsequent

chapters. In general, the treatment is descriptive in character.

Where possible, hoever, quantitative demonstrations are used to support

the discussion.

In the introductory section, same general technical criteria for

laser isotope separation processes are discussed, and a taxonomy of LIS

schemes is presented. The second part of the chapter reviews enrichment

methods based on selective laser excitation of atomic uranium vapour.

Molecular LIS methods are described in the third part. In both of these

sections, scme potential desi n problems and characteristics of commrcial-

scale LIS plants are explored. Finally, to set the preceding discussion

in perspective, some other actual or potential applications of laser

photochemistry are mentioned briefly.

* * **



-36-

Historical context:

In 1920, 6 years after the discovery of isotopes, the possibility

of isotope separation by photochemical methods was first recognized.

Atoms and molecules absorb light only at certain, well-defined wave-

lengths specific to each atomic or nlecular species. Absorption at a

particular wavelength leads to a well-defined change in the internal

state of the molecular or atomic system, i.e., the system is excited to

higher vibrational, rotational, or electronic energy levels. Different

isotopes of the same element absorb light at slightly different wave-

lengths. This "isotope shift" effect arises from the slight differences

in the nuclear properties of the isotopes, including mass, shape, size,

spin and nuclear magnetic or electric oments. By finely tuning the

irradiating light to coincide exactly with an absorption wavelength of

one of the isotopic species, thus causing it, but not the others, to

undergo a change of state, the excited species may enter preferentially

into chemical reactions, or respond preferentially to physical stimuli.

Thus, these minute differences between the light absorption properties

of the isotopic species can be greatly magnified, and macroscopic

isotope separation can then be achieved.

,The first successful experittent to separate isotopes photochemic-

ally was carried out in 1932, when molecules containing chlorine-35

were preferentially excited with light from an aluminium spark.2 Since

then, laboratory-scale photochemical separations of several other iso-

topes, including mercury, carbon, oxygen and hydrogen, using conventional

light sources have been reported. Under the auspices of the Manhattan

District during the 1940s, the photochemical separation of uranium

isotopes was studied, but it was found that such methods could not

compete with the gaseous diffusion process. 3
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In principle, the photochemical technique. offered a major advantage

over most other isotope separation methods - the possibility of a high

degree of enrichment in a single step. It was not until the invention

of the laser some twenty years ago, however, that the industrial applica-

tion of this technique began to show promise.

lasers show several advantages over conventional light sources

for the purpose of isotope separation:

(i) laser light is tunable over a wide range of frequencies,

increasing the probability that the source frequency can be

made to coincide with an absorption resonance frequency in

the desired isotopic species;

(ii) laser light is very highly monochromatic, facilitating the

selectivity requirement that the bandwidth of the exciting

source is -narrower than the isotope shift;

(iii) the very high intensity of laser light within these narrow

bandwidths permits large process throughputs;

(iv) the ability to generate laser radiation in the form of pulses,

whose duration can be much shorter than the lifetime of the

excited state, increases the efficiency of practical applica-

cations, wherein the excited atoms must be exposed to a

second (and sometimes a third) irradiation before th-y decay.

(v) the high collimation achievable with laser radiation permits

long optical paths in reaction cells, increasing process

throughput.

These same characteristics make lasers extremely attractive light

sources for many other applications in photochemistry, and while the

principal subject of this chapter is laser isotope separation, it should
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be remenbered that LIS is only one part of the much broader field of

laser-induced and laser-enhanced chemistry. Some of these other

applications are briefly reviewed in the last part of the chapter.

The potential of the laser in comrcial isotope separation was

recognized soon after its invention. As far back as 1963, the first

known patent application for uranium laser isotope separation was filed

in France. In the years since then, many applications of LIS have

been proposed, including the separation of isotopes of nitrogen, sulfur,

and carbon, which may be useful as non-radioactive traces in agriculture,

environmental protection and production control.

Taxonomy of LIS methods

There are many possible ways to achieve isotope separation by the

selective excitation of atoms and molecules. Letokhov and Moore have

presented a useful classification scheme for these methods.5  The

scheme is shown in Figures 2.l.a and 2.1.b.

Atomic Methods:

The atomic LIS classification scheme (Figure 2.1.a) shows that

isotope separation may be achieved either by a one-step (i.e. one-photon)

photochemical process or by a two-step (or multi-step) photophysical

process. In the latter, atoms of the desired isotope are selectively

excited to an intermediate electronic energy level. Then, through the

subsequent absorption of one or more photons of the same or different

wavelengths, the selectively excited atoms are further excited and

ultimately ionized. The ions of the desired isotope are then separated

from the unexcited neutral atoms of the unwanted species by the appli-

cation of electric and/or magnetic fields.
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When the process involves the absorption of two photons, it is

commonly referred to as selective two-step (STS) photoionization.

Ionization may also occur when a selectively excited atom under-

goes an internal rearrangement of excited electronic states with the

release of enough energy to emit an electron - a process known as

autoionization. Ionization of a highly excited state may also take

place under the action of an external electric field or by collisions

with electrophilic atoms or molecules.

In another photophysical scheme, based this time on the selective

transfer of photon momentum, atoms of the desired isotope in a collimated

beam of atomic vapour selectively absorb laser photons from a laser beam

positioned perpendicular to the vapour flow, and are thus photodeflected

in the direction of the light propagation.

Molecular Methods:

As shown in Figure 2.l.b laser isotope separation with nolecules

may be achieved by one or two-step photochemical reactions, and by

selective two-step photoionization or photodissociation of the molecule.

As the figure shows, the initial, selective absorption may involve the

excitation of vibrational levels with infra-red photons, or of electronic

levels with shorter wavelength radiation.

Figure 2.1.b also shows photopredissociation pathways, in which an

internal rearrangement of selectively excited molecular electronic states

leads to dissociation of the molecule. Photopredissociation is thus

analagous to the autoionization process. Internal electronic rearrange-

ment of excited rolecules may also result not in dissociation but in a

rearrangement of the atomic structure, a process known as photoisomeriza-

tion. An additional pathway shown in Figure 2.1.b involves the
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absorption of many infra-red laser photons by a. single molecule, leading

to selective photodissociation, photoionization or photochemical reaction.

General criteria for laser isotope separation

Six general criteria must be satisfied in any successful LIS scheme:

(i) The initial energy level configuration (partition function) of

the atomic or molecular mterial being irradiated must be such

that selective excitation of the desired isotopic species is

feasible. In general, this requires that the distribution of

populated energy levels prior to irradiation is minimized.

(Ideally, all the atoms or molecules should be in a single state.)

(ii) The absorption spectrum of the material must contain at least

one well-defined shift in an absorption line due to isotopic

effects, i.e., the transition linewidth must be narrow with

respect to the isotope shift, and the absorption spectrum should

not be so dense that the shifted line coincides with another

absorption feature of the unwanted isotope.

(iii) The exciting laser light source must be precisely tunable to

the wavelength of the shifted line, be stable at that wavelength,

and have a line width narrow compared to the magnitude of the

isotopic shift effect.

(iv) The laser must be efficient and powerful enough to pernit a

reasonably sized throughput without an excessive energy demand,

and the yield of excited isotope per photon should be high.

(v) There should be only modest energy and/or charge exchange

losses between the excited camponent and the rest of the system.
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(vi) The physical or chemical separation process should be sufficiently

selective and capable of producing a good yield of the desired

isotope.

Uranium Isotope Separation

The potential application of LIS to have received most attention

until now has been uranium enrichment. Several schemes have been

suggested, and they may be divided, along the lines of Figure 2.1, intO

those using atomic uranium vapor, and those which feature uranium in

molecular form (usually, but not always, as uranium hexafluoride).

All LIS schemes basically consist of four steps:

(i) Preparation of feed for the irradiation system, with suitable

geometric configuration, density, and energy level distribution.

(ii) Laser irradiation system for selective excitation of the desired

isotopic species.

(iii) Physical or chemical separation method for collection and reroval

of both the isotopically enriched product and of the depleted

tails.

(iv) Final product preparation.

In the next two sections, some of the atomic and nolecular nethods

that have been proposed until now are described in more detail. The

descriptions outline the spectroscopic characteristics of these scheres

and, where possible, address practical techniques for the four steps

above.

2.2 Atomic LIS Methods for Uranium Enrichnent

Out of the range of possible atomic LIS scheres in Fig. 2.1.a,
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photoionization methcds have received the most attention to date. Most

of this section is therefore devoted to these methods; however, some

alternative approaches are briefly described in the final paragraphs.

2.2.1 Laser photoionization methods: Spectroscopic considerations

Several possible uranium photoionization schemes have been proposed.

(See Figure 2.2.) In each case, the first excitation step is isotopic-

ally selective, since this minimizes the use of expensive laser photons.

Selectivity may also be desirable in subsequent excitations.

The simplest schene is selective two-step photoionization. Appli-

cation of this method in at least two instances - at Avco-Everett Research

Laboratory 6 and at Lawrence Livermore Laboratory 7 ' 8 - has resulted in the

successful separation of uranium isotopes on a laboratory scale.

Multi-step photoionization schemes have also been suggested. There

are two main motivations for increasing the number of steps. First,

three or more step processes permit the use of orange rather than blue

9
dyes, and the former are more efficient in dye lasers. Second, the

cross-sections for transitions to bound states are larger than for transi-

tions to free states or states with relatively short lifetimes; for

example, ionization cross-sections may be three orders of magnitude

smaller than resonant excitation cross-sections.10 Under Fvich conditions,

it is more efficient to excite the selectively excited atom once or twice

further with laser photons, this time to a bound state just below the

ionization level, and then use another, less expensive energy source to

ccnplete the ionization. For instance, the final ionization step could

be accoplished using efficient, high-power infrared CO2 lasers, whose

cost per photon is much lower than the cost of the visible or near ultra-
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violet photons from tunable dye lasers. Alternatively, ionization

can be achieved through the collisional effects of free electrons or

other particles (such as other excited atoms or electrophilic molecules).

Another three-step process leads to a highly excited autoioniza-

tion level in the atom, which subsequently ionizes. The autoionization

level is a bound state, and therefore the cross-section for a transition

to it from scme intermediate excited state is larger than for direct

ionization. The laser intensity requirement will thus be correspond-

ingly reduced. (Autoionization can also be induced by the application

of an external electric field.) 11

Figure 2.2 also shows that the first, selective transition may

involve the coupling of photons to some of the thermally populated

metastable states as well as the ground state. At 2500 K and thermal

equilibrium, only 47% of uranium atoms are in the ground state; a

further 28% are in the first excited state (620cm~ ), with the remainder

in higher energy states. 1 2

Selection criteria for photoionization schemes

Selective excitation is only possible if the line-width of the

excited state is narrow with respect to the isotope shift, and if the

uranium absorption spectrum in the region of the transition of interest

is not such that the shifted line coincides with another absorption

feature of the unwanted U-238.

Isotope shifts in the atomic uranium vapour absorption spectrum
0

are typically in the range 0.05 - 0.lA (See Table 2.1.) Thus, to

meet the linewidth criterion, the selective transition must be to a

bound state, and selective photoionization will involve two or more
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Table 2.1

Excited States of Atomic Uranium with Large Isotope Shifts'

Exciting Wavelength
in Air (10-10 m)

4013.8
4052.1
4070.4
4108.4
4133.5
4154.0
4191.9
4241.1
4246.3
4247.9
4256.5
4266.3
4306.8
4372.8
4426.9
4532.6
4592.6
4592.9
4620.4

J
Isotope Shift2

(10- 1 0 m)

-. 055
-. 061
-. 076
-. 059
-. 064
-. 072
-. 052
-. 076
-. 051
-. 054
-. 082
-. 057
-. 080
-. 061
-. 055
-. 081
-. 073
-. 090
-. 075

1. Source: G.S. Janes et al, IEEE J. Quant Electron., QE-12 (1976),

2, 111-120.

2. In other work, a typical isotope shift in the 6 00A region has

been given as 5.7GHz ( 0.072R) . (Source: "Laser Program Annual

Report - 1976", Lawrence Livermore Laboratory, UCRL-50021-76,

June 1977)

Energy

(cnf~1)

24 907
24 671
24 560
24 334
24 186
24 067
23 849
23 572
23 543
23 534
23 487
23 433
23 212
22 862
22 583
22 056
21 768
21 767
21 637

LifetiMe
(Nanosec)

60

155
170
135
130
300
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steps. Furthermore, the bound-state must be one in which line-broadening

is minimized. The absorption spectrum of uranium-235 is characterized

by a hyperfine structure, arising from its non-zero nuclear spin.

Figure 2.3 shows the isotope shift effect and U-235 hyperfine structure

for a particular transition. (U-238, with zero nuclear spin, shows no

hyperfine structure.) Also shown is the Zeeman and Doppler line spread-

ing for both U-238 and the hyperfine structure of U-235. The net effect

of hyperfine Doppler and Zeeman spreading inposes a laser linewidth

requirement of several gigahertz. Since lasers naturally tend to pro-

duce discrete frequencies associated with the nodes of the optical laser

cavity, this requirement presents problems. In the words of Janes et al

of the JNAI group, "...most of the problems associated with laser speci-

fications are related not to the fact that the lasers must be tuned to

the ultimate deqree of finesse, but rather to the requirenent that they

contain a significant number of frequency components to excite all of

the U-235 atoms." 1 3

The lifetie of the excited state should be long relative to the

duration of the laser pulse, so as to minimize losses due to decay or

non-selective energy transfer reactions. Moreover, in general, the

cross-sections should be as large as possible so as to minimize laser

energy requirements. Finally, of course, the availability of tunable

lasers with the appropriate frequency range, linewidth, intensity and

pulse length, and with sufficient stability, will also influence the

selection of the transition schere. Table 2.1 shows that the laser

involved in the selective transition must be nore stable than one part

in 105

The criteria which together determine the choice of the isotopic-
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ally selective transition are surmarized in Table 2.2. (Many of these

criteria will clearly also apply in choosing the subsequent transitions.)

Table 2.2

Criteria Governing Choice of Isotopically Selective Transitions

in Photoionization Schemes

- Large isotope shift in spectral region of low energy
level density.

- Narrow linewidth of target excited state. (Hyperfine
splitting, Doppler broadening, etc. minimized relative
to isotope shift.)

- Long lifetime of excited state compared with laser pulse
duration.

- Large cross-section for transition.

- Availability of suitable lasers.

Spctroscopic Data Requirements

Knowledge of uranium vapour spectroscopy is essential to the success

of atcmic LIS schemes. The optical spectrum of uranium is one of the

mst complicated of all atomic spectra. Of the 92 atcmic electrons, 86

occupy closed shells and are sufficiently closely bound no- to be affected

by optical excitation. The ground state configuration of the other six

electrons is 5f3 6d7s 2 . An early paper in the field noted that already

over 900 energy levels had been identified, 9000 transitions classified,

and that there were possibly up to 300,000 visible lines.14

Most of the 900 identified energy levels were within 4eV of the

ground state. 1 5 Information on the higher levels, which is particularly
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iffportant for three and four step schemes, was in much shorter supply.

Hoever, major efforts have been devoted to the identification and

spectroscopic assignment of energy levels. It is therefore certain

that the data base has been improved considerably over the past few

years, although the extent of progress is difficult to discern because

spectroscopic information in this area is tightly held.

Other data which are important in the selection of suitable photo-

ionization schemes are sunmrarized in Table 2.3. Details of the tech-

niques used to measure excited state lifetimes and photoionization cross-

sections have been reported in the literature.16,17

Table 2.3

Spectroscopic Data Requirements for Atomic LIS Schemes*

- Identification/assignment of energy levels (bound and non-bound).

- Excited state lifetimes and branching ratios.

- Excitations, ionization and autoionization cross-sections.

- Isotopic shifts and hyperfine splitting.

- Field-induced phencrmena including effects on ionization and
autoionization spectra.

- Electron-impact cross-sections (Rydberg levels)

- Excited state reaction and quenching cross-sections.

- Charge exchange and momentum transfer cross-sections.

Source: Lawrence Livermore Laboratory, "Laser program
annual report - 1976," Liverrore, California,
UCRL-50021-76, June 1977.
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2.2.2. Design Features of an Atomic Uranium Photoionization Process

Major research and developrc-nt efforts in atomic uranium LIS schemes

have been undertaken in parallel by two . S. organizations - Jersey

Nuclear Avco Isotopes, Inc. (JNAI), a jointly held subsidiary of Exxon

Nuclear Corpany and Avco, Inc., and Lawrence Livermore Laboratory in

California. Neither group has published a great deal in the open liter-

ature concerning the likely characteristics of a ccmmrecial plant based

on such processes. Nevertheless, on the basis of what has been pub-

lished, together with certain supplementary assumptions, it is possible

to speculate reasonably accurately on what a corercial plant might

ultimately look like.

In the following paragraphs, some of the key design features of

such a plant are either culled from the literature, or derived independ-

ently.

* * *

Figure 2.4 provides a visual guide for the subsequent discussion.

The diagram indicates the likely general geomtrical relationships

between the laser system, irradiation chanber, atomic vapour source and

collection system.

In this scheme, atomic uranium vapour flows upward fram a furnace

into a vacuum irradiation chamber, where it is excited and ionized by a

laser beam made up of optically combined light pulses of two or more

frequencies. The preferentially ionized uranium-235 is deflected from

the vapour stream electromragnetically, in a direction orthogonal to the

vapour flow and the laser beam, and is condensed on cooled collector

plates.
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In the next section, sorre general design objectives for an atomic

LIS plant are introduced.

chanber and laser system are discussed.

Then, the design features of the irradiation

Finally, the atomic vapour

source and ion collection systems are described.

General Design Criteria

Terms useful for the following discussion are defined in Figure 2.5.

In a cormiercial LIS plant, process efficiency requirements demand

that three criteria be satisfied.

(1) The recovery of the desired U-235 isotope, r, must be maximized,

where:

r = Pxp
Fxf

(2) The separation factor, , must be maximized (i.e., the dilution

of the product with unwanted U-238 isotope must be minimized),

where:
*

xP

p

Xf

1-xf

(3) The photon utilization efficiency, 0, must be maximized where:

= nunber of photons of frequency v usefully absorbed
number of photons of frequency v emitted by laser

* In practice, if is large, there may also be a requirement to
keep it below some maximum value, above which the enriched product
material constitutes a security risk (i.e., it is sufficiently
highly enriched for direct use in nuclear weapons). We discuss
this point further in Chapter 4.
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Thus, in a perfectly efficient S'I photoionization system, all

exciting photons would be absorbed by U-235 atoms in their ground

state, all ionizing photons by excited U-235, and no photons would be

absorbed in U-238. Furthermore, all U-235 atoms entering the irradia-

tion chanber would be excited and subsequently ionized. The design

task is to approach this situation as closely as possible.

Laser system requirements

The spectroscopic considerations which govern the selection of

the laser "colour scheme" have been described in section 2.2.1. The

efficiency criteria above determine the other characteristics of the

laser system, as shown below:

(i) Laser pulse duration:

The excited atoms ultimately decay to lower energy levels or to

the ground state, or alternatively transfer their internal energy

non-selectively to other atoms in collisions. The efficiency of

the process is therefore improved if the lasers are operated in

repetitive high-powered pulses, with the duration of the laser

pulses considerably shorter than the lifetime of the excited

state. Furthermore, the excitation and ionization pulses should

impinge on the vapour p.-actically simultaneously. For instance,

in the initial patent issued to JNAI, which suggests that the

5027.A excitation level could be used as the intermediate level

in a selective two-step photoionization scheme, the lifetime of

this state is given as approximately 100 nanoseconds. 1 8  The

pulse length of the excitation and ionization lasers, according

to the patent, should then be less than 55 nanoseconds. (The
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lifetimes of same other candidate excited states are given in

Table 2.1.)

(ii) Pulse repetition rate:

To maximize recovery, each U-235 atom in the vapour must "see"

at least one set of exciting and ionizing photons. Thus, the

required pulse repetition rate will be determined by the resi-

dence time of the vapour atoms in the irradiation volume, i.e.,

rep. rate - v
h

where h = vertical dimension of laser beam

v = mean atomic velocity perpendicular to the laser beam

For the atomic beam, iv is determined by the furnace emission

characteristics (including the temperature, T), which in turn are

influenced by the required atomic vapour density (p) in therradia-

tion volume. Typical values for p, T and T7 have been given by

13 -3 19Janes et al as 10 cm, 3000 K and 40,000cm/sec. (We discuss

the factors determining p shortly.) Assuming these values for

the present, and assuming furthermore a typical beam dimension (h)

of 1 cm, the required pulse repetition rate is 40 kiloherz.

(iii) Laser beam height (h) and laser repetition rate:

Repetition rates of A OkHz place stringent demands on laser

technology. One way of reducing the required repetition rate

while holding the recovery, r, constant is to increase the height

of the irradiation volume (h). At the same tire, however, as h

is increased, the degree of collimation in the atomic beam is

reduced, and non-selective thermal scattering of unionized atoms

(mostly U-238) onto the collector plates reduces the separation
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factor. A coxmromise value for h suggested by the JNAI group

is 4cm,20 which inplies a pulse repetition rate of 10kHz.

Even these repetition rates represent a formidable target for

laser technology. Pulsed tunable dye lasers would normally be

suitable for the visible/near ultra-violet spectral range of

interest in uranium photoionization schemes, but at such high

repetition rates it beccrnes difficult to exchange the dye fast

enough between pump pulses to remove the pump energy deposited

in the dye and prevent thermal distortion of the beam. Thus,

high repetition rates imrply some limit on the pump energy

deposited per pulse, and thus on the laser output power and the

atomic vapour throughput rate.

The Livermore group has described 6kHz flowing dye systems

(pumped by copper vapour lasers) with output powers of 0.5 watts,

(equivalent to 0.1 mrillijoule/pulse).

Oh the other hand, JNAI has opted for much slower repetition

rate dye lasers, in the 500 Hz range.21 In this case, same

20 lasers would be multiplexed to produce a 10kHz beam. Thus,

for a 3-step, 4-colour schem of the kind under consideration by

JNAI, (see Fig. 2.2.e), the output of 10000 x 4 = 80 lasers would
500

be combined spatially and temporally to provide the irradiation

source.

While the choice of a lower laser pulse rate permits a higher

pump energy deposition per pulse, (in fact, unlike the Livermore

scheme, JNAI uses flashtube pumping 22), and thus a higher overall

output power, the slower, more energy intensive systems tend also

to have longer pulse durations. In view of the requirement that
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pulse length must be shorter than the intermediate excited state

lifetime, the decision to opt for slower repetition rate lasers

might therefore rule out some potentially attractive, high cross-

section transition schemes, whose intermediate state lifetimes

are short.

Irradiation chamber design

Whilst it is the atomic vapour flow velocity whidh primarily

influences the laser repetition rate, a more fundamental process

parameter is the vapour density. A key design objective is to maxi-

mize the vapour density, since this will maximize the plant throughput.

Once the vapour density has been established, not only are the vapour

flow velocity and pulse repetition rate determined, but so, too, is the

minimum laser power requirement, as will be shown below.

The major limitations on vapour density arise from collisional

processes which adversely affect both recovery of the desired isotope

and selectivity (i.e. separation factor) during irradiation and sub-

sequent collection. The key reactions include resonant charge exchange

between selectively ionized U-235 atoms and neutral U-238 atoms;

mramentum exchange reactions between the same two species; excitation

energy exchange reactions between U-235 atoms in intermediate energy

states and unexcited U-238 atoms; and collective plasma phenomena.2 3

The resonant charge exchange reaction cross-section has been

reported to be in the range 10~ 4-10-15cm2.24 Assuming that charge

exchange is the dominant cause of recovery losses, it is easy to

estimate the maximum allowable vapour density.
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Consider a charge exchange cross-section, ace, of 1014M2. The

mean free path for a uranium-235 ion is given by:

Xmf p 1

P ace

where p is the vapour density of all uranium atoms. In order to retain

selectivity, X must be significantly greater than the distance that

must be travelled by the uranium-235 ion before leaving the atomic beam.
25

The atomic beam width is, typically, on the order of 1 cm (a typical

laser beam diameter). Thus, if the ions are to have, on average, a

90% chance of leaving the atomic beam without undergoing a charge

exchange reaction, Xmfp should equal 10 cm, and the vapour density

should therefore not exceed 1013/cm3

In practice, a number of techniques are available for increasing

the vapour density, some of which will be considered in the subsequent

section on collector design, and a realistic upper limit might be as

high as 10 /Cm 3

For a given process density, the maximum possible length of the

irradiation chamber (and thus the maximum vapour throughput) is

determined by a combination of three factors: the output rower of the

laser system; the attenuation of the laser radiation as a function of

distance; and the minimum beam power required to ionize a suitably

high fraction of U-235 atoms in the vapour stream.

Consider the last factor first. For laser pulses of energy

intensity I joules/cm2 , with photon energy hv, and an atomic photo-

absorption cross-section a, the absorption probability for an individual
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atom is given by

1 e -Ic/hv

Thus, the minimum laser pulse energy intensity required to sustain

a high probability of uraniumn-235 ionization or excitation J.I- of order:

I . 3hv
nun

and radiation of this intensity or less decays over a characteristic

interaction length (the "e - folding length") given by:

(0 -1
e 25

n a

where n2 5 is the atcaic density of uranium-235, and it is assumed that

no photon absorption takes place in uranium-238.

For a three-step autoionization scheme, hv might be ~ 2eV (the

ionization potential for uranium is 6.187eV), 26 and for typical

excitation and autoionization cross sections of 10-14 and 10-16 -

10~17m2 , respectively, the minimum pulse energy intensity would be

~ 0.lmJ/cm2 for the excitation lasers, and 10-100J/cm 2 for the

ionization laser. The corresponding interaction lengths for uranium

enriched in U-235 to 0.2% (a typical feed assay for a "tails stripping

LIS plant) of overall atamic density 10~14cM-3 would be 5 meters and

500-1000 meters, respectively.

But lasers of the type used by JNAI are capable of delivering
0.1-0.2 2 27

0.1-0.2 J/cm . In this so-called "strong saturation" case, in which

the intermediate excited states are saturated over most of the irradia-

tion length, the laser radiation penetrates much further than the

characteristic interaction length, and the penetration distance for



-62-

pulse energy intensity I is given by; 2 8

1min

Thus, for 0.2 J/cm2 excitation and ionization lasers, the

interaction length for each would be same 10 kilometers.*

However, there are other absorption and loss mechanisms for laser

photons, at least one of which can be shown to be a greater constraint

on the interaction length in same circumstances than absorption in

U-235 itself.

In order to fill the angle subtended by the vapour stream from

the oven/collimator source, the laser beam is folded back on itself

several times, using high reflectivity mirrors, as shown in Figure 2.6.a.

Typically, 10 channels might be arranged in parallel.32 In order

to ensure ease of maintenance and improved reliability, it will be con-

venient to construct the irradiation chamber frm essentially identical,

independent modules, where each module is vacuum tight and equipped

with a uranium oven and product and tails collection system.33

(See Fig. 2.4.) Each such module might be 2 meters in length and

contain 10 laser beam channels; the modules might be linked as shown

in Fig. 2.6.b.

Even using very high reflectivity mirrors (E-0.995, say), mirror

transmission losses would attenuate the laser radiation to 8% of its

*
One potential problem arising frm saturation is that the uranium
vapour column is itself on the verge of self-lasing, at a frequency
corresponding to the energy difference between the intermediate
excited and lower states. The JNAI group has predicted that lasing
difficulties may occur in vapour columns whose line-of-sight density
for U-235 atoms corresponds to more than 1015 atcms/cm2 .29 How-
ever, the actual value is dependent on a variety of factors, and it

over/
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original intensity after an irradiation length of only 1 kilomter

(50 such modules, 500 reflections), and for 0.2 J/cm2 lasers and an

ionization cross-section of 10-16a 2, Iin would be reached after some

1.2 kilometers (about 60 modules) .

These losses, ccabined with optical diffraction effects and other

forms of beam loss, place much lower limits on irradiation length than

that suggested by the strong saturation distance.

Nevertheless, even with these limitations, an atomic LIS plant

would not be small, chiefly because of the meagre concentration of the

desired isotope U-235 and the prospective feed for such a plant. For

instance, if it was found that the maximum irradiation length for an

2
o.2 J/cn laser was 1500 meters, a vapour flow of 5,500 tons/year of

0.2% uranium feed would be required for optimum laser photon utilization

(at a 75% capacity factor). Even so, with 0.08% U-235 in the tails,

the actual U-235 content in the product is just 6.8 tons.

Collector

Two fundamental objectives must be met by the collection system:

the efficiency of U-235 ion collection fram the weakly ionized plasm

should be maximized, and capture of unwanted U-238 on the collector

plates should be minimized.

(contd.)
has been pointed out elsewhere that a number of ways are available to
affect3&he system gain and configure the system so that lasing will not
occur. Recent indications from the JNAI group itself suggest that
over the range of enrichment assays of interest for light-wati-reactor
fuel production, uranium self-lasing should not be a problem.
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Collection is achieved by deflection of the ions on to cooled

plates by the application of electric and magnetic fields, either

individually or in combination. In the JNAI patent, a low density

crossed-field magnetohydrodynamic accelerator (arranged in various

geametrical configurations) was the preferred means of separation.

The Livermore group, the first to report uranium isotope separation in

macroscopic quantities, deflected the uranium ions onto a beryllium

plate electrostatically. However, several problems are encountered

with extraction using electric fields alone, including space charge

effects, 3 4 and the tendency for electrical breakdown to occur as

higher electric fields are applied. 35

Some of the classes of forces that might be used in an ion

extraction system have been reviewed by Hyman and Williamson, 3 6 who

conclude that electromagnetic J x B forces will probably be capable of

providing sufficient acceleration for efficient extraction without

pronoting unselective collisional ionization.

Some of the major sources of U-235 ion loss have already been

mentioned, i.e. charge exchange interactions, maentum transfer inter-

actions, ion - electron recombinations, etc. The causes of U-238

capture include: collection of thermal U-238 ions formed in the vapour

generator and not removed before entering the irradiation region;

collection of U-238 ions created in charge exchange interactions with

U-235 ions; collection of U-238 ions produced by electron inpact

ionization; impingement of U-238 atcms given high velocity following

mamentum transfer interactions with accelerated U-235 ions; impinge-

ment of U-238 atoms onto the plates as vapour beam collimation breaks

down (so-called free vapour flow").
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"Shadow shields" may be attached to the lower edge of the

collector plates in order to reduce the effects of free vapour flow:

Irradiation
zone

A A

. I I

As the shadow shield thickness, s, is increased, the proximity of the

vapour stream to the plates is reduced, thus reducing the diluting

effects of free vapour flow. At the same time, however, the recovery

of U-235 from the vapour stream is reduced, since a larger fraction of

the vapour impinges on the shields before irradiation.

Another technique that might be used to reduce the dilution

effect of thermal scattering is to orient the ion extraction system

such that the ions are deflected in an upstream direction. The

product collector could be shielded fran particles arriving from direc-

37tions other than the ion deflection direction.

Uranium vapour source

The purpose of the vapour generator is to produce uranium with

a suitable density, energy level distribution function, and geometrical

configuration. As we have seen, the uranium vapour density will

probably be in the range 1013 - 1014/am3. Uranium is a highly

refractory material (boiling point, 4135 K; vapour pressure, 1 Torr

at 2729 K; melting point, 1420 K) and even to achieve such densities
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38
requires temperatures of 3,000 K or more. At these temperatures,

there is a significant thermal population of energy levels above the

ground state. For instance, at 3,000K, approximately 40% of the atoms

can be expected to be in the ground state, 25% in the 620cm 1 level,

and 35% in higher levels.39 Figure 2.7 shows the equilibrium popula-

tion distribution of sore of the low-lying levels of uranium as a

function of temperature. High recovery of U-235 will therefore

require irradiation of the vapour with two or more photon frequencies

at the first, selective excitation step. (See the three-step, four-

photon scheme in Fig. 2.4.d and 2.4.e.) Furthermore, same non-selective

thermal ionization of uranium inevitably occurs at these temperatures,

thereby reducing the overall separation efficiency of the process.

Materials problems are also severe at these temperatures, in view

of the highly corrosive properties of uranium liquid and vapour.

The first patent issued to the JNAI group describes an oven for

the production of atcmic uranium vapour which consists of a crucible

of a suitable refractory material, such as graphite, containing molten

uranium. Heating is with radiant heating elements.40 At Livermore

cylindrical tungsten ovens have been used, but the uranium is so

corrosive at these high temperatures that the ovens reportedly must be

frequently replaced.41 A uranium-rhenium alloy has been used to

reduce corrosion. More recently, different approaches to the problem

have been suggested, including electron-beam heating of a thin strip

of the surface of the uranium. 4 2  With such techniques, the high

temperature required to achieve the necessary vapour pressure is highly

localized, and the corrosion problems are alleviated since the hot

uranium is only in contact with cold uranium, rather than the material
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of the crucible wall. On the other hand, e-beam heating aggravates

the problem of non-selective ionization during the vapour production

phase, thus reducing the separation efficiency still further.

Equally serious materials problems will be encountered in the

irradiation chamber itself, where protection of the sensitive optical

surfaces from the highly corrosive high-temperature uranium vapour

presents a major technological difficulty. Details of one approach

to this problem, developed by the Livermore group, have been given in

the literature. 4 3

Since the atomic beam must be highly uni-directional in order

to minimize non-selective vapour condensation on the product collector

plates, the vapour source is generally coupled to a collimator. In

the original JNAI patent, the collimator is made of graphite and main-

tained at a temperature above the melting point of uranium, so that

when uranium vapour strikes it, the condensed vapour flows back into

the main uranium pool.44 The collimator is also supplemented by a

magnetic field, whose purpose is to remove the thermally ionized atams

fram the main atomic beam.

A more elegant technique for uranium vapour generation has been

proposed at Columbia University by Lee and Zare.45 It involves the

low teierature production of free atoms of uranium in the vapour phase

fram a volatile uranium-bearing organic compound, uranocene. The

uranocene is dissociated in gas phase collisions with metastable argon

atams. In the experiment reported by Lee and Zare, uranocene is

heated in an oven to 4600 K, at which temperature it nas a vapour

pressure of 10-3 torr. While there may prove to be other uranium

compounds and chemical processes which are nore suitable, this class
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of techniques seems to hold promise for the alleviation of the severe

materials problems encountered in the presence of uranium at high

temperatures.

2.2.3 Other Atcmic LIS Methods

Of all the possible schemes for atomic LIS, by far the largest

share of effort has been directed towards the selective photoioniza-

tion methods discussed in the previous section. Several other

approaches have been proposed, however, including selective photo-

deflection of atoms or molecules by the action of light pressure.

Photodeflection by light pressure takes advantage of the norentum

transfer that accompanies the absorption of a photon by an atom or

molecule. The mnrmentum transferred is:

p = hv
c

where v is the light frequency, and the momentun is transferred in the

direction of photon propagation. Pe-emission of the light is accompa-

nied by the loss of the same amount of momentum, but in a random direc-

tion. Thus, when an atom or molecule absorbs and re-emits many laser

photons successively, it will gain momentum in the direction of the

laser beam. If a laser beam is tuned to a frequency such that photons

are absorbed selectively by txe desired isotopic species in a beam of

material moving perpendicularly to the laser beam, the desired isotope

can be deflected out of the main beam and subsequently collected.

There are several problems with this technique. Most important

is that a large number of photons must be absorbed and re-emitted before

a significant amount of momientum is inparted to the atom or molecule.

Consider an atom of uranium-235 absorbing a photon of energy
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3eV (roughly half the ionization potential). The velocity in the

direction of light propagation is then given approximately by:

23v = hv = 3 x 1.6 x 6.023 x 10 cm/sec
c m 3 x 1010 x 235

= 6.8 x 10-2 cm/sec

Compared with an average atomic velocity at 3000K of about

4 x 104 cm/sec, this velocity, and hence the angular deflection, is

negligible. In order to obtain an average angular deflection of

0.001 radian, roughly 600 photons/atom would have to be absorbed.

The process is thus far more energy intensive than the photoionization

processes described in the previous section. Furthermore, if separa-

tion is to be based on such small deflections, the original uranium

beam must be extremely highly collimated, and, at least in the case of

atomic uranium beams, the difficulties of obtaining such high collima-

tion are severe. Furtherrore, the deflection rate is limited by the

relaxation time of the excited species. While it is in the excited

state, the atom or molecule in general cannot absorb another photon.

No successful uranium isotope separations by this method have

been reported, although the enrichment of barium has been achieved

with such a scheme.46

Nebenzahl and Szoke have suggested that the photon utilization

efficiency can be improved greatly by application of the so-called

method of reusable photons.47 In this method, an atomic beam is

irradiated with a laser pulse which is tuned to excite the atoms

selectively, imparting a moentum hv/c to the desired isotopic species.
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The laser pulse is then reflected at a mirror, and returns to the

beam, at which point it stimulates a return of the excited atams to

their ground state. Exactly the same ncmentum is imparted in the

initial direction, and the photon is re-emitted in the direction of

the beam. In principle, high photon utilization efficiencies can be

obtained, although limits are imposed by scattering and diffraction

losses. Several other serious practical difficulties would also be

encountered, and there have been no reports of any successful separa-

tions by this scheme.

Sz6ke has recently proposed a different photodeflection method,

in which laser photons bring about the selective photodissociation of

235UF6 molecules in a collinated beam of UF6 . The chemical bond

energy is dissipated partly in the internal excitation of the molecular

fragments, and partly in their recoil motion, which causes the fragments

to be deflected frcm the beam. 4 8

2.3 Molecular LIS Methods for Uranium Enrichment

2.3.1. History

The concept of molecular uranium isotope separation using lasers

was first proposed in the original French LIS patent in 1963, in which

the possibility of selective .hotoionization of UF6 molecules was

suggested. 4 9 Molecular-based schemes using lasers apparently received

scme attention in the U.S. later in the decade, for example at Lawrence

Livermore Laboratory, 5 0 but spectroscopic prcblems which had dogged

earlier, non-laser based efforts continued to suggest that isotope separ-

ation would be very difficult to achieve, even with the advent of laser

technology.
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As in all other LIS schemes, the key requirements for high

selectivity and good yield are a spectrum with a well-defined isotope

shift, permitting initial selectivity, and conservation of selectivity

during subsequent separation stages. Separation of the selectively

excited molecules might be achieved by photodissociation, photoioniza-

tion, or photochemical reaction. The first two, and possibly also the

last, require one or more additional photon absorptions.

For a two-step scheme, the second absorption need not be select-

ive, i.e., both excited and unexcited species may absorb at this photon

frequency; in the case of selective photodissociation, for example,

overall selectivity can be conserved provided that:

hvi + hv2 > Ed

but also that:

hv2 < Ed

where hv1 = first (selective) photon energy

hv2 = second photon energy

and Ed = dissociation energy from ground state.

A similar condition is sufficient for selective photoionization. For

a two-step photochemical isotope separation process, the corresponding

requirement is for a chemical reaction with a sharply defined minimum

activation energy, such that the isotopic species absorbing both photons

reacts, while the species absorbing only the second photon does not.

It might be supposed that selective photoabsorption and subsequent

separation could be achieved in a single absorption step. Unfortunately,

in the ultraviolet region of the spectrum, where photon energies are

generally sufficient to ionize or dissociate the molecules directly,
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or activate them for the desired chemical reaction, the absorption line

widths are so broad that the possibility of finding a suitably resolved

isotopic shift is unlikely.51 Isotopically selective absorption is

more feasible in the infrared region, but the energy available is inade-

quate for photoionization, photodisassociation or photochemical activa-

tion; hence the need for schemes involving two or more photoabsorptions.

Even in the infrared region, the difficulty of finding an isotopic-

ally selective line in the spectrum of UF6 and other molecules was well

recognized.52 In the early seventies, however, a breakthrough was made

by investigators at the Los Alamos Scientific Laboratory (LASL). The

following section discusses the general characteristics of UF6 molecular

spectroscopy and describes the developments at LASL in more detail.

2.3.2. UF 6 spectroscopy and isotope shifts

Molecular absorption spectra are generally more camplicated than

atomic spectra, because vibrational and rotational energy level struct-

ures are superimposed on the electronic level configuration.

The isotope shifts in molecular spectra are dominated by the

effect of nuclear mass differences on the vibrational energy level

spacings (which are proportional to the reciprocal of the square root

of the vibrational reduced mass) and the rotational energy level spac-

ings (inversely proportional to the moments of inertia).53

In molecules containing different isotopes, the classical vibra-

tion frequencies differ according to:

IAv1= 1 Ap

where v is the vibrational frequency and yi is the reduced mass of the
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rolecule. The reduced isotopic mass difference Ap is non-zero only

54
if the particular vibration node involves the isoopic atoms.

Non-linear polyatomic molecules have 3N-6 nodes of vibration,

where N is the number of atoms. Owing to the hi ;h synmmetry of the

UF6 molecule, however, the vibrational motions can in this case be

described by six normal nodes of oscillation. OE these, only two,

designated V3 and v4 , involve motion of the U atom. A schematic

energy level diagram of the V3 transition from tho ground state to

the first vibrationally excited state is shown along with the associated

absorption spectrum in Fig. 2. 8.

Roan temperature measurements on separated samples of 238 6 and

235
UF6 have indicated a gross isotopic shift of 0.55 cnf1 :or the

623 n~1 v3 band, and a shift of 0.1-0.2 cM~ for the 186 cm v4

band. 5 5  However, the nature of the room temperature infrared absorp-

tion spectrum is such that a resolvable isotope shift that would permit

practical separation is effectively impossible to find. The trouble

is that the vibration-rotation states of the UF6 molecules are so

closely spaced in frequency that at roam temperature many of the low-

lying vibrational energy levels and rotational sub-levels are occupied.

Fig. 2.9 shows the roam temperature population distribution of UF

vibrational levels. In fact, more than half the rolecules are excited

to energies greater than 1200 cm-, and only 0.4% of them are in the

ground vibrational state. Thus, the v 3 transition observed at room

temperature actually consists mostly of a superposition of many so-called

"hot band" transitions in molecules already in excited states. Owing to

anharmonic effects, the "hot bands" do not precisely coincide with the

ground state bands. The consequences of this can be seen in Fig. 2.10,
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which shows the v3 absorption band for UF . The width of the spectrum

is due primarily to the Doppler broadened, overlapping hot bands, and

the roam temperature PQR feature is a cambination of thousands of

similar PQR structures, each arising frac a different thermally populated

initial state.

At lower temperatures, however, more molecules are in the vibra-

tional ground state, and the problem presented by the hot bands is

reduced. The population distribution in the ten lowest-lying vibration-

al states is shown as a function of temperature in Fig. 2.11. Unfortun-

ately, very low temperatures are required if most of the UF6 molecules

are to be found in the ground state, and in practice the vapour pressure

at equilibrium temperatures of this magnitude is far too low to be

interesting. For instance, fram Fig. 2.11, the temperature at which

90% of the UF molecules are in the ground state is about 55 K - a temp-

erature at which UF 6 has essentially no vapour pressure.

The breakthrough made by the investigators at Los Alamos was to

show that this difficulty could be overcore by preparing supersaturated

UF 6 at the desired low temperature by adiabatic expansion of the gas

through a converging-diverging (supersonic) nozzle. 5 6  During the

expansion, the kinetic energy of randm motion and the internal vibra-

tional and rotational energy i- converted into kinetic energy of

translation as the gas accelerates through the nozzle to. high velocities.

Large temperature reductions can be achieved by this means. Tne bulk

fluid temperature downstream of the nozzle is given approximately by

the relationship:

T - P
TO ,Y
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where T and P0 are the temperature and pressure upstream, and y is

the specific heat ratio.)

Even for modest pressure ratios, the cooling is substantial;

cooling can be increased by mixing the UF6 , whose y is low (-1.065)

with a high carrier gas (e.g. helium, for which y = 1.67). The flow-

cooled, supersaturated gas exhibits a much sharper spectrum since the

"hot band" population is dramatically reduced. At 50K, for example,

more than 93% of the molecules are in the ground vibrational state.

(See Figure 2.11.)

Fig. 2.12 shows the enhanced resolution of the absorption bands

in the region of the Q-branch of the V3 transition for UF6 flow cooled

to 55K. Shown for camparison on the same graph is the roam-temperature

absorption spectrum for the sane UF6 mixture.

The flow-cooled data in Fig. 2.12 was taken in a conventional

spectrameter which was unable to resolve the P and R branch lines.

Recently developed tunable laser diodes provide a much higher resolu-

tion, and Fig. 2.13 shows the location of the Q branch line of the v3

transition for 235 6 relative to the R branch lines of 238U6, again

measured in a flow-cooled gas, this time at a temperature of approxim-

ately 30L K.

2.3.3. LIS Schemes for UF6

Fig. 2.14 shows some of the ways in which uranium isotope separa-

tion might be achieved following selective vibrational excitation of

U2 3 5F6 molecules.

(1) Laser-induced Photochemistry

Enhancement of the chemical reactivity of a desired isotopic
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species by selective photoexcitation was the basis of the first

successful photo-separations of isotopes in the 1930's. A laser-

based extension of this technique was proposed by Robieux et al.
5 8

Although the systematics of the effect of internal excitation

on chemical reaction rates are not yet well understood, 59the

basic principle is straightforward: the chemical reaction rate

for the excited molecule is enhanced by reducing the activation

energy barrier. In the simplest of terms, where the reaction

rate for a first order chemical reaction is given by the

Arrhenius equation: kl=Ae- where E is the reaction acti-

vation energy, the enhanced reaction rate is given by:

-E-/kT AE/kT

k2 = Ae e

where AE is the energy of the absorbed photon.

The molecule may be excited electronically or vibrationally.

For UF6 , most attention has been focused on vibrationally-induced

photochemistry. 6 0  A West German patent applying to uranium

isotope separation using this technique was published in 1971 61

and others have since issued. The possibility of using low-energy

infrared photons fran an efficient molecular laser for selective

vibrational excitation offers the prospect of a very low energy

isotope separation process.

Whether based on electronic or vibrational excitation, the

scheme requires both a resolvable isotope shift and a co-reactant

which does not react appreciably with the unexcited UF6 either in

the gas phase or on the container walls under ambient conditions.

It is also necessary that the excited molecule undergoes the
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desired reaction at a faster rate than it loses its energy by

processes such as radiation, quenching, energy transfer to the

undesired isotopic species, etc. A simplified reaction scheme

for an isotopically selective photochemical process where

Bi is the desired isotope of B, is shown below:

Selective excitation: ABI + hv -* AB )

Photochemical reaction: (AB') + + 3 Desired

Quenching: (AB ) + M k ABi + M*
* i~ *

Vibrational transfer: (AB ) + AB -AB + (AB)
Undesired

Thermal reaction: AB + C ------. A + BC

Vibrational relaxation: (AB )4kr ABi + hv

(2) Photophysical processes

Letokhov and Moore have discussed the advantages of photophysical

isotope separation process based on ionization or dissociation con-

pared with photochemical methods.62  In the latter case, the

selectivity and efficiency of the process will depend on the rate

of the desired chemical reaction relative to the rates of compet-

ing scrambling reactions and to the lifetime of the selectively

excited molecule; they are thus determined by the choice of

reaction scheme instead of being controlled by the laser radiation.

In the case of photophysical methods, however, selectivity and

efficiency of recovery will depend on whether the rate of dissocia-

tion (or ionization) exceeds the scrambling and relaxation rates.

Since dissociation or ionization rates are proportional to the

laser radiation intensity, good selectivity and efficiency in

principle can always be achieved.
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As mentioned earlier, selective photoibnization of UF6 was

proposed by Pobieux et al;63 however, others have noted that

since the ionization energy for UF molecules exceeds the
6

dissociation energy by a factor of more than three, selective

photodissociation may be preferred because of its lower energy

requirements. 6 4  In fact, the "mainline" molecular LIS process

under development at Los Alamos is based on a selective two-step

photodissociation (STS) scheme (see route I in Fig. 2.14).

Figure 2.15 illustrates in simplified form the transition scheme

for this method for a general case involving the molecular species

A and B. The shift in the photoabsorption band for the dissocia-

tion step and the optimum wavelength for the dissociating photons

are also shown. (It should be noted that the photodissociation

band shift is not a genuine isotope shift, but rather the differ-

ence between the dissodiation spectra of infrared excited and

ground state molecules.) The Los Alamos STS method is discussed

in more detail in the next section.

The second step in the two-step scheme can alternatively consist

of an electronic excitation to a bound state, followed by spontaneous

or induced molecular dissociation (see route II in Fig. 2.14).

The latter may be collision-induced, or enhanced thragh the appli-

cation of external magnetic or electric fields.

(3) Multiple-photon dissociation

In this scheme (see route VII in Fig. 2.14), an intense pulse

of infrared laser light, with a wavelength at or near a resonant

vibrational frequency of the desired isotopic species, excites

the UF 6 molecule up through its vibrational manifold to dissociation.
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Given a dissociation energy for gas phase dissociation of UF 6 of:65

UF6 -* UP.5 + F, AHf (g) = + 76 kcal/mole

and assuming that the infrared photons are of 16 micron wavelength

(0,.078eV), at least 43 photons would, in principle, have to be

absorbed by a UF6 molecule in the ground state in order for dissocia-

tion to take place.

Although uranium isotope separation using this technique has not

yet been reported in the open literature, isotopically selective

experiments have been performed successfully with such structurally

similar molecules as SF6*66-68

A modification of this method has been proposed by Wittig et al

at the University of Southern California, who reported dissociation

of UF 6 by a two-step method, in which 16 micron radiation from a

CF4 laser is first used for selective vibrational excitation, and

the excited molecules are then dissociated by multiple absorption

of 9.2 micron photons from a CO2 laser.69 These experiments did

not achieve isotopically selective dissociation. Nevertheless,

similar schemes, involving a precisely tuned low-power infrared

laser for selective excitation and a second, high-power but less

precise IR laser for multiple photon dissociation, have apparently

been successful in isotically selective dissociations of SF6 and

OsO4 in the Soviet Union.
70 , 71

Laser powers on the order of one gigawatt/cm 2 have been used

in some of these experiments, and a potentially attractive feature

of such methods, particularly the latter 2-laser scheme, is the

ready availability of high-power CO2 infrared lasers that may be

suitable for such applications. At this stage, however, the
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mechanism by which the photons are absorbed is not well understood.

Aldridge et al have reviewed some experimental and theoretical

efforts to deal with this problem, and more recent reports indi-

cate that the question is still not resolved. 7 2 - 7 5

The multiple-photon approach might also be modified so that

the laser pulse drives the molecule only part of the way up the

vibrational ladder to dissociation; the enhanced reactivity of

the selectively excited molecules at some intermediate level

would then be the basis of the subsequent separation.76 (See

route VI in Fig. 2.14.)

2.3.4. The Los Alamos STS Photodissociation Process

Although no description of a uranium enrichment plant based

on the STS photodissociation process has appeared in the open literature,

the principal system ccmponents can be identified with reasonable con-

fidence. Figures 2.16 - 2.18 show how these components might be

arranged in a comrercial plant.

Uranium hexafluoride is mixed with a high y carrier gas, such

as helium, in a ratio typically of 1:10 or less, and expanded adiabatic-

ally through a converging-diverging nozzle. The gas mixture is

accelerated to supersonic velocities and cooled to perhaps 50K or below,

the exit temperature depending on the pressure ratio across the nozzle.

(Table 2.4 shows how the nozzle exit temperature varies as a function of

pressure ratio for adiabatic expansion and an inlet temperature of 300K.)
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Table 2.4

Nozzle exit temperature as a function of pressure ratio

Inlet temperature = 300K

Ymixt = 1.64 (95% He, 5% UF6)

P. /P T (K)
inlet exit e

10 122.0
50 65.2

100 49.7
150 42.5
200 37.9
500 26.5

1000 20.2

The cooled gas is then irradiated transversely by infrared and

ultraviolet laser photons. 235UF6 is selectively dissociated and solid

uranium pentafluoride "snow" precipitates out of the gas flow. The

uranium pentafluoride is removed by filters, electrostatic precipitators,

or other such means for solids renoval, and after separation is refluor-

inated. The undissociated 238 6 and the carrier gas are exhausted and

separated from each other and from any other photochemical reaction
*

products, such as fluorine, produced during irradiation.

Depending on the degree of isotopic separation obtained in a

single irradiation, it may be necessary to arrange several of these

photodissociation stages in series in order to produce reactor grade

*
Facilities similar to those which might be required in an MLIS plant
for separating UF6 vapour from a light carrier gas are under develop-
ment in West Germany in connection with the Becker separation nozzle
program. 7 7 In fact, it is to be expected that the gas flow system
technology in an enrichment plant based on the LASL "nainline"
process would be similar in several respects to the separation nozzle
process.
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uranium fram natural feed. A 'one-up, one-down' cascade arrangement,

in which the heads and tails streams from any given stage are made to

flow to the two adjacent stages, is shown in Figure 2.19.

Flow cooling system

As the nozzle exit temperature is reduced, the 'hot band'

problem beccmes less troublesome, and the photon absorption selectivity

is inproved. Fig. 2.20, taken from a declassified Los Alamos patent

application, shows the increasing absorption selectivity of infrared

photons as the teiperature is reduced at an unspecified region of the

R-branches of the 2 3 5 U 6 spectru.

On the other hand, as the inlet to outlet pressure ratio

increases, both the power and the capital investment required for

recorrpression of the expanded gas increases correspondingly. Further-

more, a lower nozzle exit temperature increases the risk of condensation

of the highly supersaturate6 UF6 vapour. Condensation leads to undesir-

able light scattering and increased energy exchange reactions between

excited and unexcited isotopic species. The probability of condensa-

tion can be reduced by lowering the inlet nozzle pressure. However,

a lower system pressure will increase the compressor capacity require-

ment.

Expansion to supersonic velocities can be achieved either in

continuum flow nozzles or in molecular beam nozzles. Although the

absence of collisions eliminates the effect of 'scrambling' reactions,

thereby increasing U2 3 5 recovery and separation efficiency, the low

density and thus the low throughput attainable renders processes based

on molecular beam expansion econcically less attractive, and for this
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reason the Los Alamos group indicates a preference for bulk flow nozzles

of the type shcwn in Figs. 2.16 and 2.17.78

Appendix I presents some calculations nade for the reversible

adiabatic expansion of a UF6:He mixture through a continuum flow nozzle.

It is shown that in theory a mixture of 95% He and 5% UF 6 at room temp-

erature (300K) and 1000 torr can be cooled to 30K by expansion through a

nozzle with an area ratio (i.e. the ratio of exit area to throat area)

of 12.3:1. The expanded gas will enter the constant area duct at the

nozzle exit with a Mach Numwber of 5.3 (equivalent, at this temperature,

to a velocity of 733 m/s), a pressure of 2.74 torr, and a nurber density

of 9 x 10 /cM3

In practice, the expansion will not be perfectly reversible.

For example, it has been reported that when a gas mixture of 5% UF6

and 95% He at a temperature of 300K and a pressure of about 1450 torr

was expanded through a slit nozzle of area ratio 22:1, the pressure and

temperature of the gas leaving the nozzle were 4 torr and 48K respect-

ively. 7 9 (A reversible, adiabatic expansion with the same initial con-

ditions would produce exit conditions of 1.5 torr and about 20K.)

After irradiation and separation of the dissociated uranium

pentafluoride, the gas is decelerated in a supersonic diffuser prior to

reconpression. (See Fig. 2.1/.) Sample calculations of the character-

istic dimensions of the diffuser and of the compressor power requirements

are also given in Appendix I.

Laser System

The laser system requiremrnts can be characterized in terms of

frequency, linewidth, stability, pulse repetition rate, pulse duration
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and energy output. Since precise descriptions of the various transi-

tions that might be utilized in an STS process of the type under deve-

lopment at LASL (cross-sections, state lifetimes, frequencies, isotope

shifts, etc.) have not been discussed in the open literature, estimates

of laser requirements must be speculative.

For the vibrational excitation in the infrared region, vibra-

tions involving the v 3 mode have received most attention. The frequenc-

ies of the fundamental V3 mode and some combination modes are shown in

Table 2.5.

Table 2.5

Some vibrational frequencies for UFC
80

Vibration

V 3

V 3 + V 1
V V3 + 2

V3 + 5

E (cm~1 )_

627.5 + .5

1290.9 + .5

1156.9 + .5

827.0 and 821

(Micrometers)

15 9

7.75

8.64

12.1, 12.2

Of these, the fundamental at 15.9 microns has the largest

cross section. 8 1  As the following paragraphs show, however, the avail-

ability of a tunable infrared laser in this spectral range with suitable

characteristics is problematical.

The energy per pulse required of such a laser will depend on

the desired irradiation path length, which will in turn depend on the

absorption cross-section and UF6 number density.
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Consider, for example, the case described earlier, in which a

95%He/5%UF6 gas mixture is adiabatically cooled to 30K, and enters the

irradiation volume at a density of 1017/cm3 and a speed of about

730 m/sec. Measurements of the UF6 absorption cross-section for the

j)3 transition, 
0 a, have not been published, but one author has estimated

a value of about 6 x 10-18 cm2.82 The saturation pulse energy density,

given by: 83

Esat =hv
ZPGa

is thus, for 16 micron photons, about 1 millijoule/cm 2 . If the UF6 in

the gas mixture is at an enrichment of 0.7% in U235, the photon inter-

action length:

235 235
n cr

a

for absorptions in 235U6 is about 5.3 meters. Thus, an irradiation

depth on the order of ten meters is attainable using an infrared laser

2with a pulse energy density of a few millijoules/cm

The pulse repetition rate will be determined by the velocity

of the UF 6 molecules passing through the irradiation volume, and can be

reduced by increasing the number of beam traverses across the slit.

(See Fig. 2.16.) For example, for a typical laser beam diameter of

1 cm, a UF6 velocity of 730 m/s, and ten beam reflections, the required

pulse rate would be several kiloherz. This requirement could be further

relaxed by multiplexing several lasers. (In practice, condensation of

the supersaturated UF6 may limit the length of the irradiation zone in

the direction of gas flow to a few centimeters.)
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The pulse duration will be determined by the lifetime of the inter-

rediate excited state of UF6 . Spontaneous decay rates and cross sections

for vibrational energy exchange, fram which excited state lifetimes could

be calculated, are not available in the open literature; nevertheless,

Jensen et al of Los Alanos have stated that the pulse length should not

exceed one microsecond. 8 4

The tunability and linewidth required of the infrared laser are sug-

gested by Fig. 2.11, which shows that good selectivity will be possible if

the laser is accurate to + 0.01cm~1 and has a linewidth of 0.05cm- 1 or less.

The infrared laser requirements sketched above are summarized in

Table 2.6. These needs have stimulated a widespread search for a suitable

laser, which is still underway. No molecular transition has yet been

found which can be made to lase in the 16 micron region with sufficient

power. (Very low power tunable semiconductor diode lasers are being used

for spectroscopic investigations of the UF6 molecule, including those

shown in Fig. 2.13, but such lasers are inherently unscalable to higher

powers.) Many methods are under investigation which involve downshifting

higher laser frequencies to the 16 microme ter range. Output from high

power, efficient C02 lasers in the 10 micrometer region coupled with

optical parametric oscillators of various kinds may be particularly suit-

able for these purposes. 8 5 , 8 6 Other schemes potentially could avoid the

need for a 16 micrometer laser altogether.*

* In an effort to circumvent the problem of finding a 16 micrometer laser,
investigators at Northwestern University have suggested the use of a
uranium compound which absorbs selectively in the more accessible 10
micrometer band. Recent reports indicate that some enrichment was
achieved when a specially synthesized organic corpound U 6OCH3)6, was
irradiated with a C02 laser. 8 ' (The U - 0 bond has a vibrational
overtone in the 10 micrometer region. The vapour pressure of this com-
pound at room temperature is only about 0.001 torr, however, and doubts
have been expressed as to whether a significant throughput could be
obtained with such a technique. 8
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Table 2.6

Estimated requirenents for infrared lasers in IASL STS

photodissociation process

Frequency : 15.9 microns

Pulse energy ,density : several millijoules/cm 2

Pulse repetition rate several kiloherz

Pulse length : 1 microsecond

Accuracy : + 0.01 cnml

Linewidth 0.05 m1

The requirenrents for the second-stage, ultraviolet laser my be

even more difficult to meet.89 The calculated dissociation energy for

gas phase dissociation of UF6 to UF5 of 76 kcal/mole indicates that a

90wavelength of 375 nm or less will cause dissociation. In fact, it has

been reported that the wavelength of the ultraviolet laser should lie

within one of two broad regions: 220 to 310 nanoneters and 370 to 400

nancmeters. The precision required of the ultraviolet frequency is, of

course, much less stringent tkan for the infrared laser, but the pulse

repetition rate will be the sane, i.e. in the kiloherz range.

Energy requirements for the ultraviolet laser can be estimated by

noting that the ratio of the infrared and ultraviolet saturation energy

densities is, to a first approximation, inversely proportional to the

ratio of the absorption cross-sections.:
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UV -IR
Esat a

sat a

IR -18 2
Using the earlier estimate for a of 6 x 10 cm and a separate

estimate of about 10-21 cm2 for the photodissociation cross-section,91

the ultraviolet pulse energy density should be several joules/cm2.

The ultraviolet laser average power would therefore have to be on the

*
order of ten kilowatts.

Satisfying these criteria will place severe demands on ultra-

violet laser technology. No laser has yet been found to meet them.

At the present time, the rare gas halide class of excimer lasers appears

to hold same prcnise of success. KrF lasers have already produced

several hundred millijoules per pulse,93 and overall efficiency may be

as high as a few percent. (Excimer lasers in the 300 - 600 nm range

are also of interest in laser fusion programs.)94

No existing laser system, infrared or ultraviolet, yet meets the

technical and econonic requirements for commercial uranium enrichment

by the IASL STS method.

The prospects for overcaming this barrier cannot now be assessed

with any certainty. Nevertheless, in a careful study of laser costs

recently performed by Shofner and Hoglund of the Oak Ridge Gaseous

Diffusion Plant, the authors found that: 9 5

* Jensen et al of Los Alamos have estimated publicly that the ultra-
violet laser would require repetition rates of at least 500 herz
and average powers of at least one kilawatt. 9 2



-104-

. . . it is the considered opinion of many rx isons practising
laser design and applications that, given tht laser parameters,
based on thorough understanding of the LIS process physics and
engineering, the lasers can be developed, wi Ih high confidence
level.

Energy requirements and dimensions of a conmercially 1zed MLIS plant

It is not yet known whether the "mainline" STS photodissociation

process for uraniun enrichmyent will ever be feasible on a commrcial

scale. Even at this early stage, however, rough estimates of the

dimensions and energy requirements of a ccmmercial-scale plant based on

this process are useful.

A very simple model has been used to develop such estimates, and

is described in nore detail in Appendix II. The rodol calculates

approximate values for same of the properties of a 1 million separative

work unit per year (SWU/yr), ideal 'one-up one-down' cascade of LIS

stages enriching about 1100 tons/year of natural UF6 to 3% in U235 and

generating a tails assay of 0.166% U2 3 5F6 '

The choice of a 1 million SWU plant size was alnost entirely arbi-

trary. Not enough is known about the process even to attempt to predict

scale economies at this stage. As a point of reference, the optimum

size for gaseous diffusion enrichment plants is in the region of

9 million SWU/yr, and current evidence suggests that gas centrifuge

plants can be built economically in 1 - 2 million SWU/yr modules. A

capacity of 1 million SWU/yr is sufficient to meet the annual enriched

fuel requirements of several 1000 Wve light water reactors.

The choice of an ideal, 'one-up one-down' cascade configuration

was less arbitrary, but equally difficult to justify fram the available

evidence. That sae staging may be necessary to produce 3% enriched
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uranium has been acknowledged by the Los Alamos group.96 But whether

the stages would be arranged in Lin ideal configuration - one in which

there is no mixing of gas streamn of different isotopic corposition -

is not clear. Neither is it obvious that a 'one-up one-down' configura-

tion is optimal.*

Nevertheless, the equationn describing conditions in an ideal

'one-up one-down' cascade are well-known and straightforward to apply, 9 8

and, given the current dearth of process information and the roughness

of the estimates, this model is adequate for the calculation. The

details are reported in Appendix II. In the following paragraphs, the

main results are sunarized.

(1) Fig. 2.21 shows the variation in compressor power per unit of

separative work as the number of stages in the cascade increases

(i.e. as the stage separation factor decreases). Also shown is

the effect of changes in the pressure ratio across the compressors.

The results in the Figure have been calculated assuming isentropic

expansion through the nozzles and a compressor isentropic efficien-

cy of 100%. In practice, the compressors can be expected to

operate at a lower efficiency. Results from the West German

separation nozzle program indicate that a ccmpressor operating

under similar conditions in a small prototype facility exhibited

* Emanuel has recently shown that for cascades composed of high
separation factor stages, ideal operation of a one-up one-down
configuration does not necessarily minimize the separative work
required for a given enrichment task; it is also shown that
for such cascades the sgparative work is not a reliable guide
for cost minimization.9
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an efficiency of about 53%.99 (For comrparison, total energy con-

sumption in a gas centrifuge plant is of order 100 kwhr(e)/kgSW.)

(2) Figure 2.22 shows how the energy consumption per unit of separa-

tive work varies as a function of the heads separation factor for

each of the three principal energy sinks in the cascade: the cam-

pressors, the infrared lasers, and the ultraviolet lasers. In

this Figure, a 50% efficiency has been assumed for the copressors,

a 1% overall or "wall plug" efficiency assumed for both IR and UV

lasers, and a 100% photon utilization efficiency for both laser

types.

It is not unreasonable to postulate 1% efficiencies for the IR

and UV lasers. Overall efficiencies of order 1% have already been

obtained for electron-beam pumped and e-beam sustained electric

discharge rare gas halide lasers,100 although pulse energies and

repetition rates have been well below industrial LIS requirements.

In the infrared spectrum, high-power C02 lasers with efficiencies

up to 5% are routinely available, and efficiencies above 10% are

not unknown, although, once again, techniques for achieving the IR

laser performance criteria described earlier by downshifting CO2

frequencies to the desired spectral region have yet to be denon-

strated. Furthermore, any downshifting process is likely to

reduce the overall efficiency. Despite these uncertainties,

previous experience suggests that a 1% overall efficiency for LIS

laser systems is not an unreasonable goal, a view shared by Shofner

and Hoglund. 101

(3) The assumption of 100% photon utilization efficiency is

unrealistic however. The actual efficiency will depend on several
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factors whose significance cannot be estiL ted on the basis of the

available information. These include un2'lective absorption of

IR and UV photons in 238 6 iiolecules, vibrational energy exchange

reactions between excited 2 3 51F6 and unexcited 238 6' 2 3 5 UF 6

vibrational relaxation rates, solids collection inefficiencies,

mirror reflection losses, and laser beam scattering and dumping

losses.

Figure 2.23 merely shows parametrically the effect of decreas-

ing efficiency on the overall cascade energy consumption for a

7-stage ideal 'one-up one-down' cascade. Also shown for compari-

son is the estimated specific energy consumption for the U.S. gas

centrifuge plant to be constructed at Portsnouth, Ohio.

The graph illustrates the relative insensitivity of overall

specific energy consumption to reduction in IR photon utilization

efficiency, even to values of 1% or less. Also shown is the

relatively small contribution to overall energy requirements made

by the compressors. Far more important, however, is the impact

of UV photon utilization inefficiencies for values below about 10%.

(4) Table 2.7 provides an indication of the dimensions of a 1 million

SWU/yr MEIS cascade. Specifically, the nozzle slit length, ccrn-

pressor power, and coapressor capacity per stage have been estimated

in ideal MLIS cascades for various assumed values of the stage heads

separation factor. Such cascades are quite compact. In a 7-stage

plant, for example, the total compressor capacity for all stages

would be 3.2m3/sec (or about 3 mtric tons of UF6 /He gas per hour),

and the total copressor power requirement for the cascade, assuming

a 50% isentropic efficiency, would be about 240 kw. It is interest-
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Table 2.7

Stage Sizes for 1 MSWU/yr Ideal MIS Cascade
Producing 3% Product and 0.166% Tails from
Natural UF6 Feed *

Stage oc = 2.08 C= 1.63 OL = 1.44 0C= 1.34 cC=1.28
no. (nT = 3 ) (n = 5) (nT = 7) (nT = 9 ) (nT

Slit Ccnp Conp Slit Comp Ccnp Slit Camp Camp Slit Camp Coip Slit Comp Camp
lgth pwr cap, lgth pwr cap lgth pwr ca lgth pwr ca lgth pwr ca
(m) (kw) (m /s) (m) (kw) (m 1/s (m) (kw) (m /s (m) (kw) (m /s) (m) (kw) (m- /s)

1 .21 10.5 0.28 .23 11.4 0.30 0.24 11.9 0.32 .25 12.4 0.33 .25 12.6 0.33
2 .31 15.6 0.41 .36 18.5 0.49 0.40 20.3 0.54 .42 21.6 0.57 .45 22.5 0.59
3 .10 5.1 0.13 .45 22.9 0.60 0.52 26.1 0.69 .57 28.5 0.75 .60 30.3 0.80
4 .23 11.4 0.30 0.60 30.2 0.80 .67 33.7 0.89 .72 36.4 0.96
5 .09 4.3 0.12 0.36 18.2. 0.48 .75 37.6 0.99 .82 41.2 1.09
6 0.20 9.9 0.26 .50 25.3 0.67 .89 45.1 1.19
7 0.08 4.1 0.11 .32 16.0 0.42 .64 32.4 0.86
8 .18 9.1 0.24 .44 22.5 0.59
9 .08 3.9 0.10 .29 14.7 0.39

10 .17 8.6 0.23
11 .08 3.8 0.10

Total .62 31.2 .82 1.36 68.5 1.81 2.4 120.7 3.2 3.74 188.1 4.96 5.35 270.1 7.13

* Avssumptions: 100% CaMpressor Efficiency
Ccmression ratio: 4.3:1
Isentropic Nozzle Exit Temp: 40K

H
H
H
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ing to carpare these karameters with the corresponding values for

a single stage near 1he feed point of a 9 million SWU/yr commercial

gaseous diffusion casca ,de. The compressor for such a stage, which

would be one of the 1 I ggest of the several hundred or so stages in

the cascade, typically might have a capacity of about 475r 3/sec

(or about 600 metric Lons of UF 6 per hour), and a power requirement

of about 3000 kw.102

(5) Figures 2.21-2.23 Ulso illustrate a key trade-off that will

characterize MLIS plant designs. As the stage separation factor

decreases, the compret;sor power requirements and capital investment

requirements will increase, as Fig. 2.21 shcoqs, and the amount of

laser energy usefully absorbed will also increase, as is shown in

Fig. 2.22. On the other hand, it seems at least plausible that an

increase in stage separation factor will only be achievable at the

cost of a reduction in the laser photon utilization efficiency, and

this will entail an increase in laser capital and operating costs.

Of course, insufficient information is available to allow predic-

tion of the optimum design point.

2.4 Other applications of Laser Photochemistry

Until now, the discussion has dealt almost exclusively with laser

isotope separation for uranium enrichment. It was noted at the beginning

of the chapter, however, that uranium enrichment was only one of many

potential applications of lasers in photochemistry, and, despite the

fact that the uranium enrichment field has received by far the largest

infusion of research and develop~mnt funds, reflecting its overriding
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econcmic inportance, it is worthhil3 mentioning some of the other areas

of interest, both to set the preceding discussion in a broader techno-

logical perspective, and to provide a point of reference for some of the

policy issues that will be raised in later chapters.

Basic research:

The unique properties of laser light - its spatial and temporal

coherence, high intensity, monochromaticity, frequency tunability, short

pulse duration, etc. - make lasers extraordinarily effective instruments

for the investigation of the properties of matter on a molecular or

atomic scale. The ability of lasers to stimulate and permit the obser-

vation of changes in the behaviour of individual atoms or molecules has

opened up a vast reservoir of research opportunities throughout the

physical and biological sciences.103

The availability of lasers has stimulated rapid advances in the

field of high-resolution nolecular spectroscopy; laser radiation has

also been considered for studies of the structure and behaviour of cam-

plex biological molecules such as DNA;104 and lasers have been widely

used in the study of chemical reaction mechanisms and chemical kinetics.105

The list of current applications in basic research is far too long

to report here, and the preceding paragraph serves only to provide a

flavour of these activities.

Industrial applications;

Aside from fundamental research, lasers may also find applications

in industrial photochemistry and chemical processing. After uranium

enrichment, the largest demand for isotope separation arises in the

production of heavy water, and laser-based methods for deuterium separation
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are under investigation in a number of research establishments, includ-

ing Lawrence Livermore Laboratory106 and the research laboratories of

Ontario Hydro.1 0 7 Other isotopically pure materials are required for

structural components in nuclear fission reactors (and also will be

required in fusion plants), and certain isotopes are also used in non-

nuclear applications such as production control, medical diagnosis,

and environmental and agricultural studies. Letokhov and Moore note,

however, that the current worldwide annual sales of all isotopes other

than uranium and deuterium are under $5 million, 1 0 8 and another

scientist has warned against an over-emphasis on laser isotope separa-

tion methods at the expense of broader applications of lasers in chemi-

cal processing and research. 1 0 9

Scmn-e of these other applications are already under investigation.

At Ios Alamos, for example, an ArF laser has been used for the select-

ive photodissociation and subsequent precipitation of impurities such

as arsene, phosphene, and diborane fram silane (SiH4 ) gas. 10 Silane

purification by this technique could bring about a dramatic reduction in

the cost of purified silicon used in electronic chips and solar cells.

Similar techniques for chemical purification may be useful for the

removal of toxic and carcinogenic substances from gas mixtures. 1 1 1

Laser radiation is also well-suited to the detection of trL;ce amounts of

materials, even at the level of single atoms or molecules. 1 1 2

The opportunity provided by lasers to manipulate molecular bonds

selectively has raised the possibility that lasers might be used

efficiently to synthesize chemical campounds such as pharmaceuticals

which previously have been difficult or even impossible to produce.
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Finally, it has been suggested that laser photochemical reactions

in the liquid phase might be used for the fractionation of high-level

wastes generated during the reprocessing of spent fuel. Selective

excitation and subsequent photochemical reaction schemes may permit the

removal and subsequent processing of the more highly radioactive or

longer-lived radionuclides which cannot be separated practically using

conventional chemical methods. 1 1 3, 1 1 4 The task of confining the residual

waste from the biosphere may be eased significantly as a result.

At this stage, the prospects for industrial applications of laser

photochemistry in the non-nuclear field appear promising, but not

unlimited. The great precision with which lasers can introduce energy

into reactant media has led to speculation that the entire chemical

processing industry may be revolutionized as a result. Scientists

note, however, that bulk chemical production by 'stoichiometric' photo-

chemistry (i.e. where there is a one-to-one correspondence between the

number of molecules or atoms of desired product and the number of laser

photons usefully used), is unlikely to be economic in the near future,

if ever, if only because of the high capital cost and low energy

efficiency of most lasers. In the case of pharmaceuticals and other

high-value materials produced in low volume, of course, the economic

prospects may be considerably nore favourable.
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Appendix I: Approximate Calculation of the Behavior of MLIS Supersonic

Nozzle Cooling System

The following equations are useful for estimating the operating char-

acteristics of supersonic nozzles:*

For adiabatic expansion of a perfect gas,

Y(1)T e P e Y

TP0 0

and,

T 2
0 1 + 2 e (2)
e

where,

M e
e = (3)

and Me is the nozzle exit Mach number, V is the exit flow velocity, Te is

the exit temperature, P is the exit pressure, and P and T are the nozzle
e .o o

entrance pressure and temperature respectively.

Since, for a perfect gas, - = RT, from (1) and (2)

Po 0 -1 M 2 y-lp 2
_= (1 + e (4)
Pe2

and

-Y

2 = 1 + e-1 M2) (5)
e

* The definitions of the various symbols appear in the section on nomen-

clature at the end of Appendix II.
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For the isentropic expansion of an ideal gas through a converging-

diverging nozzle, the following results apply:+ The nozzle throughput

is maximized when the flow speed at the throat equals the speed of sound;

under these conditions:

y+1

_ y 2 y-1 o (6)
Aaxo R y+1 'T_

0

*

M =1 (7a)

*

T 2 
(7b)

T =y+l

0

P 2 y+1-- =(7c)
P Iy+ll

- = -_ y-l (7d)

where w is the mass flowrate, A is the nozzle flow area and the * refers

to conditions at the nozzle throat. The flow speed at the nozzle exit when

the nozzle passes the maximum through-put is given by:

y+1
A 2 2(y-l)e 1 2 1 + Y-1 M-- M (8)

* M e )y+1 2
Ae

where A is the flow area at the nozzle exit. The quadratic form of this

equation reflects the fact that there are two possible exit conditions, one

supersonic and one subsonic. For the remainder of this analysis, we shall

only be concerned with the supersonic flow condition.

+ The following equations are extracted from A. Shapiro, Compressible Fluid

Flow, (New York: Ronald Press, 1953).
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Consider a gas mixture of 95% helium and 5% UF6 , a typical composition

for an MLIS process. The initial temperature and pressure of the gas are

300K and 1000 Torr respectively. The gas is to be expansion-cooled to

30K in order to achieve the desired isotopic selectivity in the irradiation

region. -The above equations may be used to estimate the nozzle character-

istics and exit conditions.

It is assumed that the mixture behaves as a perfect gas and that the

expansion is isentropic. Then, from equations (1), (4), and (2), the Mach

Number, number density, and gas pressure at the nozzle exit are respectively

5.3, 9.1 x 10 7cm-3, and 2.74 Torr. From (3), the exit velocity is 733m/s.

Ae
From (8), the nozzle area ratio, -i , is 12.3:1.

A*

Similarly, it can be shown that the isentropic expansion of a mixture

of 95% He and 5% UF6, initially at 1650 Torr and 300K, through a nozzle of

area ratio 22:1 would result in exit conditions of 20.6K and 1.5 Torr

respectively. An experimental simulation of these conditions gave exit

conditions of 48K and 4 Torr, indicating the extent of irreversibilities

in the flow in practice.1

The supercooled gas stream, after passing through the irradiation

section and the solids separator, enters a supersonic diffuser, after which

it is recompressed. (See Figs. 2.17 and 2.18) The compression work is

calculated as follows: The diffuser throat width must be large enough to

pass the maximum nozzle throughput (given by (6)). Because of the irreversi-

bility associated with the shock front in the diffuser separating the super-

sonic and subsonic flow regions, the minimum diffuser throat width must be

larger than the nozzle throat width; the area ratio is inversely propor-

tional to the stagnation pressure ratio across the shock, i.e.,
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*
A P
d ox
- = - (9)

oy

where the stagnation pressure ratio is determinod by the Mach Number on the

upstream side of the shock according to the following equation:

2Y-
Y+l M

P- y - 1 E
Pox 1 + Y- 221 

(10)

r -1

2y M - y- 
1

Y+l Y+1

When the shock occurs at the diffuser throat, the upstream Mach Number is

at its lowest possible value. At this condition, the stagnation pressure

loss (and thus the irreversibility), is minimized; the diffuser is thus

functioning at its optimum operating condition.

In practice, the minumum diffuser throat area is determined not by

the optimum operating condition but by the start-up condition, i.e. the

throat must be large enough to pass the maximum nozzle flow when the shock

front is located in the constant area duct upstream of the diffuser entrance;

at this location, the irreversibility loss is greater.

Using the results of the first example above, the Mach Number in the

constant area duct is 5.3. Then, from (10), the "start-up" stagnation

prtessure ratio is 0.113. From (9), the ratio of the diffuser throat area

to the nozzle throat area is 8.8:1,* and thus the limiting contraction

8.8
ratio of the diffuser is . 0.71:1.

12.3

* It is assumed here that the change in y that occurs owing to the photo-

dissociation and removal of part of the UF6 is negligible.
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At the optimum operating condition for the diffuser, the shock occurs

at the throat. At this location, the Mach Number on the upstream side of

the shock is, from (8), 4.68.

Then, from (9), the stagnation pressure ratio at the optimum operating

condition is 0.156, and the stagnation pressure of the gas entering the

compressor is 156 Torr. The isentropic compression energy for an ideal

gas is calculated from the well-known equation:

Y-1

-W P - - 1 la)
c Y- 1 P

Y-1

.1 RT h2ib
= ~y oy -1 (11b)

oy

Since the expansion is adiabatic, the stagnation temperatures upstream

and downstream of the shock are equal, i.e., T = T = 300K. Thus, for
oy ox

P = P = 1000 Torr, the compression energy (-W ) is 4150 Joules/gm-mole
2 ox c

of gas.

Note

1. C.P. Robinson et al, "Isotope Separation by Laser Means", U.S. Patent

Application S.N. 387,859, filed 16 August 1973, (declassified 3 March

1978).
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Appendix II: Scoping Calculations for a 1 MSWJ/yr-equivalent MLIS Cascade

In this appendix, approximate calculations are presented which may be

used to estimate the energy requirements of a commercial MLIS plant.

Assumptions:

It is assumed that the plant is arranged in the form of a symmetric

cascade (i.e., the enriching and stripping sections have the same number

of stages). It is to produce 3% enriched uranium from natural feed; the

symmetry condition requires that tails material will be produced at an

assay of 0.166%. The capacity of the plant is set at 1 million kgSW/yr

equivalent. Such a plant would produce roughly 210,000 kg/yr of 3%-enriched

uranium;.enough to meet the annual requirements of 6-8 1000 MWe LWRs. The

plant flowsheet is shown in Figure II.l.(a).

- The plant is based on the 'mainline' LASL selective two-step (STS)

photodissociation process. (See Chapter 2, section 2.3.4).

It is assumed that the individual stages have identical separation

factors and are arranged in the form of an ideal (i.e., no-mixing) 'one-up

one down' countercurrent cascade, as shown in Figure II.1.(b). There is

no reason to believe that this will be the case in practice. For cascades

composed of high separation stages the ideal configuration typically will

not correspond to the minimum separative work, as it does, for example,

in close separation gaseous diff sion or gas centrifuge plants. Further-

more, for high separation MLIS cascades, even in the ideal mode, separative

work may not be a useful measure of the enrichment cost. In practice, an

optimized MLIS cascade may be neither ideal nor even necessarily arranged

in a 'one-up one down' configuration.1

Nevertheless, the equations for such cascades are well-known and

straightforward to apply, and since insufficient information is available
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to predict the optimum configuration it is convenient to apply them here.

The results will in any case meet the desired objective of providing rough

estimates of key plant parameters.

Ideal Cascade Equations

The following equations are useful for calculating ideal cascade per-

formance:2

a = 2

where a is the overall stage separation factor, ,~-x and is the stagey(l-x),

heads separation factor, -) and z, y, and x are the stage feed, product

and tails compositions respectively.

The number of enriching stages,

P X F (l-x P (2)
ln

The number of stripping stages,

x F (l-xW)

n n F(3)
nW ln -

and, since the cascade is symmetric,

nW = nP - 1 (4)

The cut at stage i, 6., is:

1 + (0-1)Zi 
(5)

a + 1

The total internal flowrate in the cascade, J, is:

S+ l P x P + W#(xw) jF) (6)

where,

#(x) = (2x-1)ln - x1-x
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'I

In the enriching section, the tails flow from stage i+l, L,+, is:

L l x (1- -n) + 1-x '1+n-i1
1+1 P

= (8)

and the heads flow from stage i is:

L. = P + L (9)

In the stripping section, the heads flow from stage j, L., is:
J

L 1 xlW + -x1
-- +) =(10)

P S-l

and the tails flow from stage j + 1 is:
it

L W + L. (11)
j+1 3

The stage separation factor that will be achievable in commercial MLIS

plants cannot yet be predicted. The calculations are thus performed for

a range of separation factors, where the particular values chosen correspond

to integer values of the number of enriching and stripping stages in the

cascade (see equations (2) - (4)). The values are tabulated below:

Total number of stages (nT n + n) Stage heads separation factor (S)

1 4.32

3 2.08

5 1.63

7 1.44

9 1.34

11 1.28

13 1.23

15 1.20

Cascade Energy Requirements

There are three major energy sinks in an STS photodissociation MLIS

cascade: the gas compressors, the infrared lasers, and the ultraviolet
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lasers. We estimate the energy requirements for each in the following

sections.

(i) Compressor Power Requirements

Each stage is arranged as shown below:

UF
inlet ConjOs:

q% H~7
5% UF6

1000 Torr

T. 300K *mo.4ton' t

YoF

+ He

1000 Torr

300K

The initial conditions are typical values for adiabatic cooling of UF6

taken from a LASL patent.3 For any set of initial conditions and a given

nozzle exit temperature, the compressor work per unit of gas flow can be

calculated according to the procedure presented in Appendix I.

The relationship between the stage separation factor and the nozzle

exit temperature has not been disclosed and the desired nozzle exit tem-

perature cannot be predicted; the compressor work was therefore calculated

for a range of nozzle exit temperatures. The specific compressor work,

(i.e., the compressor work required per unit of separative work) can then

be calculated from equation (1) in Appendix I and equation (6) above.

The results for a range of values of nozzle exit temperature and stage

separation factors are presented in Figure 2.19 in the main text.

(ii) IR and UV Laser Power Requirements

No information to speak of has been disclosed concerning the relation-
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ship between the stage separation factor and the laser pulse intensity,

and there is practically no information available on photon absorption

and 'scrambling' cAllision cross sections and excited state lifetimes,

etc. which would allow an estimate to be made of this relationship.

Consequently, the laser power requirements are estimated parametrically

as a function of a photon utilization efficiency v or vUV , defined as:

235
V_ number of photons usefully absorbed in U F6 molecules per laser pulse

number of photons emitted per laser pulse

The rate at which photons are usefully absorbed is approximately equal to the

total flowrate of U235 - bearing molecules in the heads streams from all

stages. This flowrate can be calculated with the assistance of equations

(8)--(10). The results are illustrated in Figures 2.22 and 2.23 of the

main text.
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Notes to Appendix II

1. George Emanuel, "High-Enrichment Steady-State Cascade Performance",

Nuclear Technology, 43, 314 (1979).

2. M. Benedict and T. Pigford, Nuclear Chemical Engineering (New York:

McGraw-Hill, 1957).

3. C.P. Robinson et al, "Isotope Separation by Laser Means", U.S. Patent

Application S.N. 387,859, filed 16 August 1973, (declassified 3 March

1978).
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Nomenclature: Appendices I and II

Te = gas temperature at supersonic nozzle exit

Pe = gas pressure at supersonic nozzle exit

Me = Mach number at supersonic nozzle exit

P = gas density at supersonic nozzle exit

V = gas speed at supersonic nozzle exit

T P M p V refer to the corresponding gas properties at the
0, 0, 0, 0, 0

nozzle entrance.

T*, P*, M*, P*, V* refer to the corresponding gas properties at the

nozzle throat at the Mach 1 condition.

*

A*, Ae, and Ad are the flow areas at the nozzle throat, nozzle exit,

and diffuser throat, respectively.

P T and P T are the stagnation pressures and temperatures
ox, ox, oy, oy

respectively upstream and downstream of the shock front in the diffuser.

y = specific heat ratio for the gas

R = universal gas constant

w = mass flowrate of gas

(-Wc) = specific compression work

a = overall stage separation factor (heads to tails)

= stage heads separation factor (heads to feed)

L. L. L. = feed, product, and tails flowrates for stage i
1, i, 1

e. = stage i cut

Z. Y. X. = feed, product , and tails compositions (mole fractions)
1, 1, i

for stage i.
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F, P, W, x, x , x , = cascade feed, product and tails flowrates and

compositions (mole fractions)

n = number of stages in cascade enriching section

n = number of stages in cascade stripping section

nT = total number of stages in cascade
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CHAPTER 3

THE ECONOMICS OF LASER ENRICH=ENT

This chapter consists of a preliminary analysis of the economic prospects

for laser enrichment technologies. The utility of the separative work

concept for high separation factor enrichment processes is first examined

in section 3.1. Some preliminary estimates of laser enrichment costs are

then presented, along with a brief discussion of the sensitivity of these

estimates to changes in the costs of key inputs, including energy and laser

capital costs. In sections 3.3 and 3.4, the potential contribution of laser

enrichment technologies to nuclear electricity cost economies and uranium

conservation measures is analysed. Nuclear power scenarios for the next

half century are developed for the latter purpose. Finally, section 3.5

takes up the question of when the next generation of enrichment technologies

might optimally be introduced into the marketplace. The supply and demand

prospects for enrichment services over the next fifteen years are examined,

first from a U.S. perspective, and then for the world as a whole.

3.1 Laser enrichment costs and separative work

Separative work is a measure of the amount of effort required to

perform an enrichment task. The concept of separative work was originally

developed in connection with the design and construction of large uranium

isotope separation cascades in the United States during the war. In the

following discussion, we shall use some expressions and a few results drawn

from the theory of isotope separation cascades; in general, the terms used

are defined in the text. In addition, however, Appendix 3.5 contains a

brief discussion of terminology and presents sane useful results from

cascade theory. Other results are given in Appendix II of Chapter 2.
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Consider the enrichmrent task of separating F kilograms of uranium

with an initial U2 3 5 mole fraction xF into P kilograms of product of

composition xp and W kilograms of 'tails' of composition xW. In this case,

xp > xF > YW

The separative work required for this task is defined as:

A = P (2xp-l) ln (xp/l-xp) + W (2xl) in (xW/w) ~. F (2x,-1.) In (xF/I-XF) (1)

This quantity only has physical significance when the enrichment task

is performed in an 'ideal' cascade of separating units, i.e. a cascade in

which the individual separating units are arranged so that nowhere is there

any mixing of streams of different composition.

In this case, the separative work is proportional to the total amount

of material flowing through the cascade during the course of the separation.

Similarly, if a cascade is producing product and tails streams at

rates P and W and with ccpositions x and xW respectively from a feed stream

of flowrate F and composition xF, the rate at which the cascade is doing

separative work, or the separative power, is defined as

A = P (2x -l) ln (xp/-xp) + W(2xw-1) ln(xWl-W) - F (2 xF-l) ln (xF/l-xF) (2)

And if the cascade is in the ideal configuration, then the separative power

is proportional to the total internal flowrate in the cascade.

The importance of the total flow in a cascade is that often it is

itself proportional to many of the properties which determine the cost of

an enrichment task. In a gaseous diffusion cascade, for example, the

total flowrate is proportional to the barrier area and total compressor

* It can be shown that for close separation cascades, i.e. those with stage
separation factors close to unity, the ideal configuration of all possible
cascade arrangements is the one for which the total material throughput
(and thus .the separative work) for a given enrichment task is minimized.
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capacity, and since these camponents account for much of the capital invest-

ment in the cascade, the total flowrate is roughly proportional to the

investment cost of the facility; also, the annual throughput of material

determines annual operating costs such as the power cost, For such plants,

therefore, the separative power is, to a good approximation, proportional to

the annual capital charges and operating costs. The same is true for

centrifuge plants. Since, for such plants, there is frequently sufficient

operating flexibility that the available separative power (or separative

capacity) can be held roughly constant over a broad range of external stream

conditions (i.e., flows and compositions), a unit cost of separative work

can be defined for a particular plant, and used to campute the total cost

of performing any given enrichment task in the plant, provided that the

allowable range of input and output conditions is not exceeded. The unit

cost of separative work has become the standard measure of the economic

performance of enrichment facilities.

For laser enrichment technologies, however, the concepts of separative

capacity and separative work unit costs are useful only as a means of making

economic comparisons. The AVLIS processes described in the previous chapter

are of the single-stage type, designed for a specific enrichment task,

i.e., the feed enrichment, flowrate, and stage separation factor are intrinsic

design parameters. Separative capacity as defined in Eq. 2 nas no physical

significance in such a plant, and there is correspondingly no meaningful

relationship between the amount of separative work and the cost of enrichment.

It is naturally possible to derive an "equivalent" unit cost of separa-

tive work for an AVLIS plant operating at its design condition. This cost

can then be compared with the separative work cost of a centrifuge or diffu-

sion plant. However, such a comparison is valid only for the particular
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enrichment task for which the laser plant has been designed.*

MLIS plants will probably require staging, and it is possible that the

cascade will be operated in the ideal mode. For high separation factor

stages, however, the ideal configuration typically does not minimize either

the total internal flow or the cascade separative work. Furthermore, even

if high separation cascades are operated in the ideal mode, it is not

necessarily correct to assume that the separative work output (and the total

internal flow) are proportional to the total cost of the enrichment task.

Thus, once again, there is no theoretical significance to the unit cost of

separative work, and it seems prudent to assume that unit costs given for

MLIS processes are valid only for the specified enrichment task, unless

information to the contrary is available.

3.2 Laser enrichment cost estimates

A prominent feature of all current estimates of laser enrichment costs

is the large uncertainty attached to them. Part of this is attributable to

the existence of restrictions preventing the diffusion of relevant technical

and econcmic information, and the rest to the relatively early stage of

technology development. The latter species of uncertainty includes:

(i) basic uncertainty as to the nature and design specifications of

process components;

(ii) uncertainty over the manufacturing costs of process ccaponents, many

of which have never yet been constructed on an industrial scale or in

industrial quantities, and some of which have no industrially mature

analogues;

* Same of the issues involved in operating AVLIS plants at 'off-design'
conditions are described in Chapter 4.
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(iii) uncertainty over the operating behaviour of key process components

due to lack of experience, particularly the reliabilities and life-

times of lasers, optical elements, laser pumps, power supplies,

uranium ovens, etc. Annual capital replacement, operating and

maintenance costs may account for a substantial fraction of the

total enrichment cost.

A great deal of additional engineering will be required before these

and other uncertainties can be resolved. There have, nevertheless, been

several preliminary attempts at laser enrichment cost estimation, some of

which are presented in Table 3.1. Where possible, the estimated total

separative work unit cost, unit capital cost, and specific energy consump-

tion are shown, together with the assay range over which the estimates are

valid. Shown for comparison are corresponding data for gas centrifuge

and gaseous diffusion plants.

According to these estimates, both AVLIS and M[IS processes show

significant advantages over conventional technologies in terms of both

separative work unit costs and initial capital investment requirements.

(No information on the economies of scale of laser processes is available,

however, although JNAI has indicated that the minimum size for a depleted

feed ccmmercial AVLIS plant will require "thousands of tons of feed" per

year, equivalent to 1 M4SWU/year or more) I

Interestingly, cost estimates for the Livermore AVLIS process are

substantially lower than for the JNAI technology. The difference may be

due to significant technical differences between the two programs. It is

widely recognized, however, that differences in institutional perspective

frequently lead privately owned, profit-making concerns to adopt a more

conservative approach to the process of cost estimation than that practiced



Table 3.1

Enrichment Cost Estimates

Technology Separative work Capital cost Energy Assay Source
cost consumption Range

($Ag SW) ($-yr/g SW) (kWn (e) /kg SW)

AVLIS <40 ' 110 n. s. Davis, Livermorea
(1979)

AVLIS 195 175 feed: -0.7% G.S. Janes et al,b

product: -3% JNAI (1977)
tails: n.s.

AVLIS ~54 225 - 310 160 feed: ~0.2% JNAI (1979)c
product: -3%
tails: -0.08%

AVLIS/I4LIS < 50 feed: -0.2% DOE (1 9 7 9 ) d
product

range: 0.711% - 3%
tails
range: 0.05% - 0.1%

MLIS 23 -29 92 - 107 feed: 0.2% - 0.7% Nuclear Fuel (19 7 9 )e
product: 3%
tails: <0.1%k

MLIS 15 24 n.s. Jensen et al,
IASL (1976) f

Gaseous 110 - 140 ($1978) 200 ($1974) ~-2500 Eurodif g
diffusion 463 ($1979)

Gas
centrifuge 85 - 95 ($1978) 480 ($1978) 105 DOE (1978) h



-145-

Notes to Table 3.1

a. James Davis, Lawrence Livermore Laboratory, Interview, 16 March 1979

b. G.S. Janes et al, Am. Inst. Chem. Eng. Symposium Series, 73 (169),

62-68 (1977)

c. H.K. Forsen, Exxon Nuclear Co., Interview, 4 December 1978. The

unit separative work and capital costs are the author's own estimates

based on an assumed 15% return on investment and several pieces of

information provided on various occasions by JNAI. The derivation

of this estimate is presented in Appendix 3.1.

d. N. Haberman, Office of Advanced Isotope Separation, U.S. Department

of Energy, Interview, 11 April 1979

e. Nuclear Fuel, May 14, 1979, 11

f. R.J. Jensen et al, "Prospects for uranium enrichment", Laser Focus,

May 1976, 51-63

g. The data presented refer to the Eurodif diffusion plant at Tricastin,

France. The sources for the three items were: Jean-Francois Petit,

"Uranium enrichment by Eurodif/Coredif", Atomic Indus: rial Forum

International Conference on Uranium Enrichment, New Orleans,

January 31 1978; Nuclear News, May 1979, 62; Jean-Pierre Rougeau,

Director-General of marketing, Eurodif, reported to the author by

Carolyn Heising, Department of Nuclear Engineering, M.I.T., July 1979.

The specific energy consumption of 2500 kwh/kg SW corresponds closely
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to the value of 2330 kwhAg SW reported for the upgraded DOE

gaseous diffusion coiplex. See: M. Benedict et al, Nuclear

Chemical Engineering, (2nd ed.), Ch. 14 (draft).

h. R.A. Wolfe, "U.S. Gas Centrifuge Program", Atomic Industrial

Forum International Conference on Uranium Enrich1ment, New Orleans,

January 30, 1979.

j. n.s. = not specified

k. John Marinuzzi, Los Alamos Scientific Laboratory, New Mexico,

Telephone interview, July 24, 1979.
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by the national laboratories. It is not clear to what extent such factors

might have intervened in this particular case.

Table 3.1 also suggests that for both AVLIS and MLIS, as for the gas

centrifuge process, the contribution of energy costs to the total cost of

separative work will be relatively small (less than 10% for all three cases).

For the JNAI process, only about 13% of the total energy consumption

is used by the laser system. Thus, even a 10-fold improvement in laser.

efficiency (from the current level of about 0.2%) or in the photon utiliza-

tion efficiency would only reduce energy costs by about 40 /kg SW. Some

50% of the total energy is required for uranium vaporization;. mst of the

remainder is divided ameng the uranium metal preparation, dye processing,

and uranium recovery systems.2

For the 'mainline' IASL STS MLIS process, most of the energy required

will be consumed by the copressors, infrared lasers and, especially, the

ultraviolet lasers. Calculations presented in Chapter 2 show that comp-

ressor power requirements would be in the range 1 - 10 kwh (e) /g SW for an

ideal cascade, the actual amount depending on specific process parameters

and con-pressor efficiency. (See Figs. 2.21 and 2.22.) As Fig. 2.23

shows, the UV photon utilization efficiency is an important parameter in the

overall energy econamy of the process. At a laser efficiency of 1%, the

UV photon utilization efficiency in such a cascade would have to be on the

order of 10% or more for total energy consumption to be significantly lower

than in centrifuge facilities (see Fig. 2.23). But once again, a 10-fold

improvement in either of these two efficiencies would only reduce total

energy costs by $1/kg SW or less.

A related consequence of the generally low energy cost component for

AVIIS, MWIS and the centrifuge process is that the relative costs of the
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three will be quite insensitive to changes in electricity price. For

example, even though AVLIS is projected to consume nearly 70% more energy

than gas centrifugation, electricity prices would have to increase 18% per

year faster than the prices of other goods and services if the unit costs

of separative work from the two types of plants were to have equalized by

the year 2000. In camparison, the same escalation rate differential was

only about 4% during the period 1970-77, when general price levels rose on

average by 6.4% per year, and electricity prices rose by 10.5% per year.3

If this trend were to continue, price equalization for the two processes

would not occur until 2050.

Other ccmponents of the unit cost of separative work are not specified

in the estimates of Table 3.1, and the current scarcity of process informa-

tion prevents attempts at detailed cost breakdowns. A consideration of

potential laser system costs is indicative of the difficulties involved.

Typical laser output powers for the JNAI AVLIS process are expected to

be on the order of 100 watts. Commercially available pulsed lasers of

several kinds (e.g., C02, dye, neodymium:yag) in this range are known to

have capital costs of about $200/watt. (See Fig. 3.1 for recent price

data taken from the 1978 Laser Focus Buyers' Guide.) These figures do not

incorporate costs of associated optics and other accessories. AVLIS lasers

will require highly specialized beam determination, stabilization, combina-

tion, synchronization, transport and control features, as well as sophisti-

cated high voltage power supplies and conditioning equipment. How closely

the costs of such systems might ultimately compare with cammercially available

units remains to be seen. One estimate suggests that the difference might

amount to a factor of 2 or 3. A laser system cost of $600/watt of photon

output would contribute a mrodest $3-4/kg SW/yr to the initial investment
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cost of the plant. The contribution to the unit separative work cost could

be relatively much higher, however, depending on the mean time to failure

(MITF) of the various system camponents. Typical MTTFs for a CW-pumped

Q-switched Nd:Yag laser producing 300 watts of output at 20 kHz range from

20 years for the mechanical support structure to 300 hours for the krypton

arc lamp pumps.5 For CW CO 2 lasers, the weakest components are the optical

elements, particularly the partially transmitting front mirrors, which typi-

cally exhibit a MTIF of 1000 hours. 6  The pump-pulsing scheme apparently

adopted for the JNAI dye laser system will place heavy demands on the

reliability of the power supply system components and flashtubes, in view of

the high pulse rates and pulse energies involved. The lifetime of the

optical elements exposed to uranium vapor in the irradiation region may also

be a crucial factor in the overall economics of the process. Not only

capital replacement costs but also maintenance labor costs are sensitive to

component failure rates.

Similar considerations apply to other elements of both AVLIS and MLIS

processes. Clearly, until substantial reliability testing 6f the various

system components has been conducted, both in isolation and on an integrated

basis, laser enrichment separative work cost estimates will continue to be

subject to a great deal of uncertainty.

Moreover, the prospects for future technological improvements provide

another source of considerable uncertainty in present attempts to estimate

costs.

Variation of laser enrichment costs with assay range

The prospective dependence of laser enrichment costs (expressed per

unit of separative work) on the specific enrichment task (i.e., product,
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tails, and feed assay) was discussed in Section 3.1. As we shall see

shortly, the nature of this dependence may have substantial implications

for pending uranium enrichment policy decisions. In principle, laser

enrichent plants could be introduced into the commrrcial enrichment sector

in several different ways. These alternatives are sketched in Figure 3.2.

In case B, laser plants are used to enrich the tails stream froa conventional

enrichment facilities (i.e., gaseous diffusion or gas centrifuge), and also

material drawn from the large stockpile of depleted uranium accumulated

during the past thirty years of gaseous diffusion plant operations, ,up to

0.711% (the natural assay). In this mode, the laser enrichment capacity is

substituting only for purchases of natural uranium. The scheme will be

economic provided that:

B C
C (.00711,.002,x.) < U

S D(.00711) + .00711-.002 @(xW) - .00711-xw f(.002)
.002-xW UU2-X

where C = cost of natural uranium ($/kg)
_U

CB = cost of laser separative work for the specified assay range($/kg SW)

D(x) = (2x-l)ln(x/l-x)

Thus, for a natural uranium price of $110/kg (%$40/lb U308 ) and a stripped

tails assay of 0.08%, the maximum cost of laser separative uork for econamic

tails stripping in this mode is about $42/kg SW, and a uranium saving of

about 15% with respect to case A is achieved. (Diminishing returns of a

sort set in quite rapidly for this mode. For example, the maximum laser

separative work cost for economic tails stripping to 0.05% would be

$32/kg SW, but the uranium savings would only have increased to about 18%.

If the separative work unit cost were halved, to $21/kg SW, the ninimum
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economic stripped tails assay would be 0.02%, and the uranium savings with

respect to case A would only be about 21%.)

In case C, laser enrichment plants enrich conventional plant tails

directly to reactor-grade assay. If natural uranium costs $110/kg, con-

ventional separative work $100/kg SW, and the stripped tails assay is 0.08%,

as before, then a similar calculation shows that the maximum cost of laser

separative work for econcmic operation in mode C is $55/kg SW. In this.

case, as in case B, about 15% of the uranium consumed in A is saved; in

addition, the 'conventional' separative work requirement per unit of .product

is also reduced by about 15%.

More generally, if the laser separative work unit cost function,

C2  SP2' x2'2), is known, then the optimum combined configuration for the

conventional and laser enrichment plants (Mode D in Figure 3.2) can be

established by minimizing the product unit cost function, CP, where:

CP = F1 CU + Cl{4 (.03) + F p(x ) - P2 2 ) - F1  (.00711) +

+ [c2 x x [P fp2 + W2  (xW2) - F2  (F)
+ [C2(p2' F2' W2 I [2 .P2) +2 22) - F2 F

and C is the unit cost of separative work in the conventional enrichment

plant.

The optimal assays 2' xF2 and xW can then be found by setting:

ac ac 3C
P p P

9:; 7 Dxax
P2 W2 F2

and applying the necessary material balance conditions. In the event that

C <C for all (x 2 , x, x ), the optimum condition will clearly be as2 1P2 F2 M2

shown in case E, in which the laser plants have replaced all conventional

capacity.

***
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The cost estimates presented earlier in this section are now used to

examine the potential impact of LIS technologies on the econcnmics of the

nuclear fuel cycle.

3.3 Enrichment Econcmics, LWR Electricity Costs and Uranium Conservation

It is now the general practice throughout the international enrichment

industry to offer enrichment services on a 'toll' basis; that is, the

responsibility of providing natural uranium feed is left to the enrichment

custcmers, and the owners of the enrichment plant rent out the use of their

facilities. Under current economic conditions, the cost of acquiring

naturally occurring uranium ore concentrates and the cost of enrichment

services are the two principal components of the overall nuclear fuel cycle

cost for a light water reactor. Typical costs for the various stages of

the nuclear fuel cycle for an 'average' light water reactor, as recently

reported by engineers at a large U.S. utility, are shown in Table 3.2.a.

The table shows that natural uranium (yellowcake) and enrichment costs

together account for about 75% of the total fuel cycle cost; enrichment

costs alone contribute some 25% of the total.

Fuel cycle costs actually only amount to a relatively small fraction

of the total cost of electricity supplied by nuclear plants. The other

components of the total cost are power plant operating and rr-intenance costs

and, especially, the fixed or capital charges. The same utility engineers

estimate a total 'bus-bar' generating cost for future light water plants of

35 mills/kwh(e) (in 1977 dollars) to which fuel cycle costs contribute 20%

and capital charges almost 75%. Thus, to a rough first order approximation,

a 50% cut in enrichment costs would only result in a reduction of about

2 1/2% in the total cost of nuclear electricity. Although small in relative



-155-

Table 3.2

(a) Nuclear Fuel Cycle Costs for Light Water Reactors*

(1977 dollars)

Cperation Unit Cost Cost (mills/kwh (e)

Yellow Cake

Conversion to UF6

Enrichnent (0.2% tails assay)

Fuel fabrication

Net salvage cost

$40/lb

$2.75/lb

$75/SWU

$110/kg uranium

(b) Estimated Total Bus-Bar Generating Costs
for Future Light Water Reactors*

(1977 dollars)

mills/kwh (e)

Fuel cycle

Operation and maintenance

Carrying charges

7

2

26

35

* Source: A.D. Rossin and T.A. Rieck, Cormonwealth Edison Corrpany,
Chicago, Ill., in Science, 201, 18 August 1978, 582.

3.5

0.1

1.8

0.7

1.0

7.1
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terms, such a reduction would nevertheless provide an annual saving of

$5 1/2 million for a 1000 MWe reactor operating with a 70% load factor.

In practice, a more sophisticated calculation is necessary to

determine the exact impact of a change in enrichment costs on the overall

cost of nuclear electricity, although the above conclusions would remain

essentially unchanged. Because separative work and natural uranium are

substitutable for each other to a significant degree, enrichment cost

increments exert a 'multiplier' effect throughout the nuclear fuel cycle.

Choice of the tails assay in enrichment plants determines the relat-

ive size of the inputs of natural uranium and enrichrent services to the

production of LWR fuel; as the tails assay is reduced, the separative work

and natural uranium required to produce a unit of low-enriched fuel are

respectively increased and decreased. For any combination of natural

uranium and enrichment costs, there is an optimum value of the enrichment

plant tails assay at which the total cost of low enriched uranium fuel is

minimized. Equations for the optiun tails assay, x0 , and the minimum

unit cost of low-enriched uranium , CP, are presented in Appendix 3.5.

The dependence of x0 on natural uranium and separative work costs is shown

graphically in Fig. 3.3.

Thus, if natural uranium fuel costs $111.2/kg ($40/lb for yellowcake

and $2.75/lb for conversion) and separative work costs $75/kg SW, the opti-

mum tails assay is, from Fig. 3,3, approximately 0.185%, and the optimized

cost of 3% enriched uranium product is $906/kg. A 50% reduction in

the cost of separative work, to $38/kg SW, would reduce the optimum tails

assay to 0.125% and the optimized cost of 3% enriched product to $728/kg,

a cut of almost 20%. In addition, with the lower tails assay, natural
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uranium consumption would be reduced by 8, 5%.*

A reduction in separative work costs thus provides both a direct

saving in nuclear fuel costs and an opportunity for irrproved uranium

utilization efficiency. In Appendix 3.2, a highly simplified fuel cycle

cost model for a 1060 M4e PWR is used to calculate the impact of separative

work costs on total fuel cycle costs and uranium requirements. The results,

for two assumed yellowcake costs of $40/lb and $100/lb, are summarized in

Figure 3.4.

It was assumed in the preceding calculations that enrichment services

would be provided at the optimum tails assay for an ideal cascade configura-

tion. For high separation factor laser enrichment processes, especially

the single stage AVLIS processes, the optimum operating tails assay will be

dictated by intrinsic design constraints, and not by cascade theoretical

considerations, as discussed in Section 3.2. Thus, Figure 3.4 provides an

indication rather than an accurate quantification of the potential economic

and resource conservation benefits offered by laser enrichment technologies.

More generally, Figure 3.5 shows the percentage reduction in uranium

requirements achieved as the enrichment tails assay is reduced below current

'conventional' levels (generally lying in the range 0.2 - 0.25%). The

JNAI-type AVLIS plant designed to strip 0.25% tails down to 0.08% would

reduce uranium requirements by over 15%. (The maximum theoretical uranium

saving that could be achieved by stripping 0.2% tails down to zero assay

is 23%.)

* Historically, enrichnent plant tails assays have been determined unilater-
ally by the operator, and have rarely corresponded to the econanically
optimal value for the custamer. There is now a trend in the international
enrichment industry towards offering customers greater flexibility in the
choice of tails assay.7
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Finally, it should be emphasized that in principle there is no reason

why current enrichment facilities could not also be operated at lcwer tails

assays. The practical constraints are primarily economic, not technical,.

For example, a gas centrifuge plant providing separative work at $l00/SWU

would, at current uranium prices of about $40/lb, operate optimally with a

tails assay of 0.218%, and the levelized fuel cycle cost at this assay would

be 8.25 mills/kwh(e) for the cost structure in Table 3.2.a. (See Fig. 3.4.)

For a tails assay of 0.08% to be optimal, the uranium price would have to

be $215/lb. Nevertheless, even at the current price of $40/lb, operating

the enrichment plant at a tails assay of 0.08% would result in a levelized

fuel cycle cost of 8.42 mills/kwh, an increase of only 2% over the minimum.

Thus, even for gas centrifuge facilities, an economic premium of only 2% in

the fuel cycle cost (much smaller still when compared to the total cost of

nuclear electricity) would bring about an 18% reduction in uranium require-

ments.
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3.4 Laser enrichment and the demand for uranium: 1980-2030

In recent years, hitherto long-standing assunptions concerning the need

for a transition from the current 'once-through' uranium-based nuclear

fuel cycle to more uranium-efficient cycles involving spent fuel reprocess-

ing, plutonium recycle in thermal reactors, and, ultimately, plutonium-

fueled fast breeder reactors have become increasingly subject to question,

especially in the U.S. The view that world uranium resources may

previously have been conservatively estimated and the recognition that

significant improvements can be made in the uranium utilization efficiency

of existing, once-through fuel cycles have both figured prominently in the

debate over the use of plutonium as a comrercial fuel. In this section,

the potential impact of laser enrichment technologies (and advanced

enrichment technologies in general) on the U.S. demand for uranium over

the next half century will be examined.

Uranium demand in the U.S.: 1980-2030

Profound uncertainties surround the future of nuclear power in the U.S.,

and the generation of reliable predictions of nuclear development fram

which future uranium demand could then be derived is an unrealistic object-

ive. The difficulties presented by these uncertainties are eased, how-

ever, if, rather than seeking an accurate prediction of what will happen,

a range of alternative 'scenarios' of what might happen is developed

instead. Such scenarios would be selected so as to span the range of

development paths that might reasonably be expected to occur. Even for

this much less ambitious approach, the problem of uncertainty is still very

much in evidence, but no longer does it necessarily create insurmountable

obstacles. On the contrary, the development of alternative scenarios so

as to be able to address a range of 'what if' questions associated with
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the introduction of a new technology (or the management of an existing

one) is an essential analytical tool if unresolvable uncertainties are

to be successfully managed.

U.S. Nuclear Power Scenarios

Four -U.S. nuclear power scenarios have been developed for this

assessment. They are presented graphically in Fig. 3.6 as the "HIGH",

"MID", "COAES-I" and "W" cases. In each case, the scenarios are

developed to the year 2030.

The scenario period chosen, 1980-2030, is a compromise between two

opposing requirements. On the one hand, the period should extend far

enough to allow the iRpact on uranium demand of the advanced enrichment

technologies to be campared with those of other uranium-conserving

strategies, especially the plutonium-fueled fast breeder reactor; thus

the period should be significantly longer than the longest of the lead-

times required for the large-scale deployment of the technologies in

question. On the other hand, the period should not extend so far that

the inevitable increase of uncertainty with time prevents the selection

of even a reasonable range of alternative scenarios.

A final requirement is that any conclusions drawn fram the scenario

analysis should not be overly sensitive to the length of the period chosen.

HIGH Case:

This scenario is based on a projection to the year 2000 recently

presented by Steyn.8 A simple polynomial extrapolation was used to

extend the Steyn projection out to the year 2030. The HIGH case figure

of 363 GWe installed nuclear capacity in the year 2000 corresponds, to

within about a year, to the most recent (September 1978) 'high' projec-

tion of 395 GWe made by the Energy Information Administration of the U.S.

D.epartment of Energy. 9
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Official governiment projections of U.S. nuclear power growth have

been steadily revised downwards for the past several years, The HIGH

scenario selected here, while much lower than DOE projections made only

a few years earlier, nevertheless implies that nuclear plants will con-

stitute roughly half or more of all replacements and additions to U.S.

baseload electric generating capacity during the caming decades* - an

unlikely target considering both the current political difficulties

facing the nuclear industry and the heavy emphasis on coal as a fuel for

baseload generation that has emerged in U.S. energy policy in recent

12
years.

Even though the HIGH scenario now seems improbably high, it is

interesting to note that the implied ordering rate of less than 20 GWe/year

of new nuclear capacity during the next decade falls well within the

current supply capability of U.S. reactor manufacturers of about

30 GWe/year. 1 3

LW case:

In the current climate of uncertainty, with the Three Mile Island

accident only a few ronths old, it would not be unreasonable to speculate

that no further nuclear power plants will ever be built in the U.S., and

that the existing ones will be phased out of service as rapidly as poss-

ible. Although such a scenario would be a realistic lower bound for the

future U.S. nuclear power system, it would also render the remaining dis-

cussion of uranium conservation irrelevant. For the purposes of this

* Even for what are today considered high projections of future U.S. 1 0electric power growth - 5 1/2%/yr until 2000 and 4 1/2% thereafter -
the HIGH scenario implies that about 46% of all replacement and new
baseload electric generating capacity until 2010 would be nuclear. 1 1
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study, therefore, the 10N scenario is arbitrarily defined by the criterion

that nuclear power plant ordering will continue until 1997, thirty years

(or about one reactor lifetime) after the inception of large scale nuclear

ordering in the U.S. Utility ordering behavior is also assumed to follow

a logistic growth curve under this scenario.

MID Case:

The MID scenario bisects the HIGH and LW curves.

CONAES I:

The fourth scenario, adopted from one of the projections examined in

the forthcoming National Academy of Sciences study on nuclear and alternat-

ive energy systems (CONAES) ,14 was chosen not because it was felt to

represent the 'most likely' of the several CONAES scenarios but because it

conveniently fills a rather wide gap between the MID and LOW cases.

Uranium Conservation Strategies

Apart from enrichment tails assay reductions, several other uranium

conservation techniques can be applied to the current once-through LWR

fuel cycle which do not require spent fuel reprocessing and plutonium

recycle. Some of these have been reviewed by Till and Chang: 1 5

(i) Higher fuel burnup:

LWR fuel discharge burnup can be increased, and natural uranium

consumption reduced, by increasing the enrichment or fuel charged

to the reactor.

(ii) Reduced metal/water ratio:

Reducing the volumetric metal.:water ratio in LWR cores increases

the degree of neutron thermalization, and the required core fissile

inventory may be reduced as a result.
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(iii) Spectral shift control:

The neutron economy in LWRs can be ixrproved, in principle, by the

use of a D2 0/H20 mixture as coolant; in such a scheme, the core

reactivity is controlled by varying the proportion of heavy water

in the coolant, rather than using neutron poisons, as at present.

Spectral shift control increases the rate of neutron capture in

fertile U-238, an advantage which can only be fully realized by

spent fuel reprocessing and recycle of plutonium.

(iv) More frequent refueling:

By reducing the interval between refuelings, reactivity require-

ments at the beginning of cycle are reduced, and the fissile load-

ing can be reduced as a result.

(v) Thermal coastdown:

Reducing the reactor power output at the end of the burnup cycle

increases the core reactivity, enabling nore energy to be extracted

from the fuel than could have been produced by full-power operation.

(vi) Heavy water reactors:

Natural uranium fueled heavy water reactors are inherently more

efficient consumers of uranium than LWRs. Lifetime uranium require-

ments for CANDU-type heavy water reactors (HWRs) are over 20% less

than for LWRs. Moreover, if CANDU fuel is slightly enriched,

uranium consumption is reduced still further; for exanple, by using

1% enriched fuel, CANDU-HWR lifetime uranium requirements are as

much as 25% less than if natural uranium fuel is used. (See cases

HWRXI and HWRXII in Table 3.3.1 of Appendix 3.3.)

Each of the first five modifications to the LWR fuel cycle can 'theore-

tically conserve 10% or more of current uranium requirements. Each,
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however, is also characterized by cost increases, operational inconveniences,

or safety problems whibh generally tend to reduce the savings that can be

achieved in practice, in some cases to marginal levels. Out of the five

LWR cycle modifications, Till and Chang suggest that the increased discharge

burnup option will be nore attractive than either increasing lattice spac-

ing or using spectral-shift reactivity control. Even here, however, fuel

rod performance degradation at high burnups and safety problems from

increased power peaking associated with higher core enrichment levels will

constrain uranium conservation efforts. More frequent refueling and thermal

coastdown, while not requiring any significant technological innovations,

nevertheless will each tend to reduce plant load factors, and may also be in

conflict with utility refueling shutdown schedules, which tend to coincide

with the slack demand periods of the Spring and Fall.

In Table 3.3, estimates of the uranium savings obtainable from some of

these conservation techniques are compared with the uranium requirements of

a current generation, 1000 MWe PWR operated in the standard once-through

'node'. A more extensive comparison is presented in Appendix 3.3.

* * *

These results are now used in conjunction with the four nuclear power

,cenarios presented in the previous section to estimate the impact during

the next half century of various integrated uranium resource conservation

strategies for the once-through fuel cycle. Three specific conservation

strategies have been chosen:

A - Reduction of enrichment tails assay to 0405% starting in 1988;

B - Reduction of enrichment tails assay to 0.05% starting in 1988;

increase in fuel discharge burnup to 50,000 MWD/MT for all

reactors starting in 1990;
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Table 3.3

Effect of once-through fuel cycle nodifications on

uranium requirementsa

(Basis: 1000 MWe PWR)

DESCRIPTION Initial Annual Lifetime %
core reload require- reduc-

Initial Steady- Discharge Tails Capacity inven- require- ment C tion in

b enrich- state burnup assay factor tory ment life-
CASE ment feed (MWD/MT) (%) (%) require- time

(%) enrich- ment require-
ment (S T U3 08) ment

(%)

LWR 1  2.07 3.1 30132 0.2 75 411 213 6590 -

LWPRj 2.07 4.175 50220 0.2 75 411 175 5490 16.8

LWR 2.07 3.1 30132 0.05 75 344 173 5360 18.7

LWR 11  1.89 3.05 31043 0.2 60 372 157 4920 25.3

HWRXI 1.0 1.0 16000 0.2 75 257 114 3563 45.9

a. For a more extensive presentation of these results, see Appendix 3.3.

b. LWRf - Standard once-through PWR cycle

LWRJV - High burnup once-through PWR cycle

LWPV - Low tails assay once-through PWR cycle

I - Low capacity factor standard once-through PWR cycle

HWR - Slightly enriched uranium once-through HWR cycle

c. Lifetime requirements are calculated on the basis of 1 initial core
load + 29 steady state reloads. In practice, it may take several
years to reach the equilibrium condition.
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C - Reduction of enrichment tails assay to 0.05% starting in 1988;

increase in fuel discharge burnup to 50,000 MWD/MT for all

reactors starting in 1990; all reactors built after 2000 will

be of the heavy water type, fueled with 1% enriched uranium.

In calculating the impact of these strategies, an average capacity

factor of 75% was assumed. The details of the various strategies are

summarized in Table 3.4.

In selecting these strategies, there was no attempt to reflect the

likely outcome of current U.S. fuel cycle policies. For example,. exist-

ing AIS developmient programs, even if successful, are most unlikely to

result in full-scale cammercialization by 1988; the mid-1990s is a more

likely date. (In practice, however, cumulative uranium consumption would

probably be unaffected by delay, since accumulated tails could be reworked

to lower assays in new tails stripping facilities.) Also, it is uncertain

as to whether a tails assay as low as 0.05% will be practically achievable

even in specially designed tails stripping plants. (As noted in Chapter 2,

the design target for the single stage tails stripping AVLIS process under

development by JNAI is 0.08%, which, if realized, would provide 3% less

uranium savings.) Thirdly, average burnups of 50,000 D/MT may require

substantial design changes to LWR fuel, although there is no doubt that

some improvement in burnup could be achieved without such changes well

before 1990.16 Finally, there are no indications that utilities would be

prepared to conmit themselves fully to heavy water reactors by the end of

the 1980s - a necessary condition for 100% IR market penetration by the

year 2000. On the other hand, other possible resource conservation tech-

niques discussed earlier, such as thermal coastdown, fuel lattice changes,

etc., have not been included here.
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Table 3.4

Alternative uranium conservation stra tegies for the

once-through fuel cycle

Reference case (0): All -- PWR economy
0.2% enrichment tails assay
Average discharge burnup = 30100 MWD/MT
Capacity factor = 75%

1. In the U.S. at present, PWRs outweigh.- BWRs by a ratio of about
2:1. Lifetime natural uranium requirements for the two reactor
types differ at most by a few percent, however, and in light of
the many other assumptions used here, the error introduced by
assuming an all - PWR economy is relatively small.

Uranium Reduce Increase 100% Capacity
conservation tails assay discharge burnup penetration factor
strategy to 0.05% to 50000 MWD/Mr of 1% - U (%)

in 1988 in 1990 fueled HWRs
by 2000

A Yes No No 75

B Yes Yes No 75

C Yes Yes Yes 75
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Thus, the strategies summarized in Table 3.4 should not be consid-

ered 'probable'. The purpose is rather to provide estimates of what

could potentially be achieved by advanced enrichment technologies either

alone or in combination with certain other resource conservation methods.

Figures 3.7-3.9 show the impact of conservation strategies on cumulat-

ive natural uranium commitments (i.e., the lifetime uranium requirements of

all reactors then in operation or previously retired) for the HIGH, MID and

CONAES I scenarios. In practice, the cumulative comrnitment curves should

be brought forward by about a decade, since the commitment for uranium is

effectively made at the time that the power plant is ordered, roughly ten

years before it enters operation, although of course another forty years

would pass before the last of the committed uranium was actually consumed.

Also shown in the Figures are two recent estimates of total U.S.

uranium resources. The higher, made by the Department of Energy, includes

reserves and probable, possible and speculative classes of potential

resources producible at forward costs up to $50/lb U303 .1 The lower

estimate was made by the Sub-group on Uranium Resources (URG) of the

National Academy of Sciences' Committee on Nuclear and Alternative Energy

Systems (CONAES).18 The URG based its estimate on DOE's own estimates,

but argued that the possible and speculative classes of potential resources

could not realistically enter into total resource estimates, and conse-

quently included only DOE s es timate of probable potential resources in its

own best estimate of total resources; moreover, only uranium producible at

forward costs up to $30/lb was considered by the URG.

Figures 3.7-3.9 show that for each of the scenarios a reduction in

the tails assay alone, although providing an 18% saving in uranium require-

ments, exerts only a mcdest braking effect on the curve of cumulative
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commitments. For the CONAES I case, the 'date beyond which cumulative

conitments begin to exceed the DOE estimate of total U.S. resources is

pushed back eight years. For the HIGH case, the corresponding delay is

only three years.

However, when tails assay reductions are combined with other con-

servation measures, as in strategy C, significant curbs on consumption

can result. For example, for the NID scenario, the year during which.

nuclear plant orders will raise the amount of uranium collectively com-

mitted above the DOE estimate of total U.S. uranium resources slips 15

years to 2020. For the CONAEJS I case, the corresponding date recedes by

at least 30 years to 2040 or beyond. In the HIGH case, the potential con-

tribution of improvements to once-through fuel cycles is smaller; the

'cross-over' point is pushed back only about ten years, and the need for

more effective conservation measures arises much earlier.

If the URG's total resource estimate is used, the breathing space

provided by conservation strategy C is considerably reduced. As

Figure 3.9 shows, even for the CONAES I case only about eleven years are

gained, and the 'cross-over point is reached by about 2004.

The extent of U.S. uranium resources is clearly central to U.S. fuel

cycle strategic planning, and especially to the future of fuel reprocess-

ing and the breeder. Discussion of uranium resource estimates has become

highly politicized; opponents of the breeder in the U.S. argue that the

estimates made by the URG (and similar ones made by others) are too con-

servative, and will encourage an unnecessarily premature caomitment to

breeder commercialization, while others believe that the uncertainties

associated with higher resource estimates prevent such estimates from

contributing to a prudent planning base. It is sometimes difficult to
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tell whether positions taken in the debate on breeder policy are influenced

by views of the uranium resource situation, or vice versa.

But while the breeder policy debate frequently founders on the funda-

mentally unresolvable uncertainty associated with estimates of total U.S.

uranium resources, an equally important issue affecting breeder policy con-

cerns the ability of the uranium industry to locate and produce uranium at

a rate ccmmensurate with the growth in demand. Figures 3.10-3.12 show the

impact on annual uranium requirements of conservation strategies A, B, and

C. 9 Also shown are three projections of annual uranium production made

by the URG based on different sets of assumptions concerning the political

and economic environment for the uranium supply industry.20

In the calculations underlying the demand projections it was assumed

that tails stripping would begin inmediately. If current developnent

plans are implemented, the impact of tails stripping in fact will be relat-

ively less pronounced than the Figures imply before the mid-1990s, and

relatively more so afterwards, when the backlog of accumulated tails would
*

be worked off. In any case, annual uranium savings from this source would

be likely to stabilize at around 18% before 2010 for all scenarios.

In absolute terms, this potential saving is quite large. For the

HIGH scenario, it would amount to about 43,000 ST U 3 08 /yr in 2010 - almost

three times the total U.S. production in 1977. The saving in terms of

cumulative output would also be considerable; for the HIGH case, about

750,000 ST U30 8 by 2010, an amount equivalent to almost 90% of current U.S.

uranium reserves producible at forward costs of $50/lb or less. 22

* It should also be noted that the uranium demand projections do not
incorporate the potential savings available from stripping the existing
tails stfkpile, which is estimated to be equivalent to about 92,000'
ST U308 , about 6 times the total U.S. production in 1977.
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When tails stripping is combined with other conservation measures,

the impact on annual uranium demand is potentially very large. For

example, annual requirements in all three scenarios would decline by about

43% in 2010 if strategy C were implemented, and cumulative production

would be reduced by about 39%. (For the HIGH scenario, annual savings of

72,000 tons/year and cumulative savings of 1.6 million tons would be

achieved.)

These savings would prolong the period during which domestic uranium

production could keep pace with demand. The length of the extension is,

however, uncertain. According to the supply projections developed by the

URG, all of which fall off very rapidly after the year 2000, the extension

is very limited; in no case would it exceed ten years, and in most cases

it would be substantially less. The applicability of the URG supply

projections to this particular set of nuclear power growth scenarios is

unclear, however; moreover, the projections are based on total resource

estimates which many consider to be overly conservative, as noted earlier.

A more optimistic view of uranium supplies may lead to quite different

conclusions. In the CONAES I case, for example, inplementation of con-

servation strategy C would defer the date at which annual demand exceeded

50, 000 ST U308 by about 20 years, to 2015; stated in another way,

implementation of strategy C would lower the required annual rate of

increase of domestic uranium production fram 7% to about 3.2%.

Two principal conclusions may be drawn from these results:

1. The political and economic conditions under which fast breeder

reactors would substitute for the current generation of thermal

reactors in the U.S, are highly uncertain. Major sources of

uncertainty include the rate of growth of nuclear generating capacity,
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the extent of U.S. uranium resources, and the rate at which these

resources can be developed and produced. Under certain conditions,

uranium conservation measures applied to the current once-through

fuel cycle would have little effect on the timetable for breeder

deployment; if, for example, nuclear power growth turns out to be

at the high end of the current range of estimates, or if uranium

supplies follow the trend projected by the URG of CONMES. On the.

other hand, there is an 'envelope' of plausible nuclear power growth

and uranium supply scenarios under which a combination of uranium

conservation measures applied to the once-through fuel cycle could

delay the need for breeder deployment on a significant scale by at

least ten years and possibly by much more.

In practice, the extent to which these uranium conservation measures

will be economically attractive substitutes for the breeder will

depend on many factors, such as the cost of their implementation,

uranium fuel costs, and breeder capital and fuel cycle costs, aliost

all of which are presently highly uncertain.

2. Tails assay reductions and other uranium conservation measures

applied to the current once-through fuel cycle can significantly

reduce the pressure of demands made on the U.S. uranium supply

industry; furthermore, these measures can be implemented well in

advance of any similar impact that could arise fram the deployment

of fast breeder reactors. Thus, if nuclear power in the U.S. is to

expand beyond current levels, there is an important role for such

uranium conservation measures in any fuel cycle strategy, irrespective
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of whether breeder cammercialization is a longer term objective.

3.5 Laser enrichment and the demand for separative work: 1980-95

While the potential benefits offered by advanced uranium enrichment

technologies in the long term are relatively straightforward to evaluate,

the nearer term question of when such technologies might optimally enter

the enrichment marketplace is subject to a great deal of uncertainty.

In recent years, projections of world nuclear power growth during

the remainder of the century have fallen drastically; many orders for

new nuclear power plants have been cancelled or postponed, and there have

been widespread delays in existing nuclear plant construction projects.

At the sane time, decisions taken several years ago to develop new enrich-

ment facilities to supplement existing U.S. and Soviet capacity are begin-

ning to bear fruit. In Europe, the Eurodif gaseous diffusion plant and

the Urenco centrifuge facility both recently began operation, while in the

U.S. a program to upgrade the capacity of the gaseous diffusion plants is

nearing completion and the Carter Administration is implementing a decision

taken in early 1977 to construct a large gas centrifuge plant as the next

increment of U.S. enrichment capacity.

The result of these developments is that the fears of an enrichment

shortage in the 1980s of only a few years ago have now yielded to expecta-

tions of a supply surplus throughout nuch of the next decade. 2 3 In such

a context, schedules for future development and comrercialization of

advanced enrichment technologies, including LIS, have become increasingly

problematical.

The institutional and political implications of this situation are

examined in Chapters 5 and 6. Here, a quantitative analysis of the
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enrichment supply/demand balance during the next 10-15 years is presented,

first from a U.S. perspective, and then for the world.

United States

The U.S. government's three gaseous diffusion plants currently

provide enrichment services to all U.S. nuclear utilities and a sizeable

fraction of the overseas market; at present, supplies are divided between

domestic and foreign customers in a ratio of about 2 to 1. In addition,

a relatively small fraction of total U.S. capacity (less than 10%) is

assigned to meet government requirements for military programs.

Prediction of demand for U.S. enrichment services over the next ten

years is complicated by several factors. First, many uncertainties

surround existing nuclear power plant construction programs; in recent

years, delays and reduced electricity demand growth rates have contributed

to increases in the average length and also the unpredictability of power

plant lead-times in the U.S. and elsewhere. 2 4

Second, the fraction of the non-U.S. enrichment demand that will be

captured by the DOE plants is also highly uncertain.

Third, a temporary source of uncertainty has arisen as a result of

changes in contracting arrangements instituted by the Department of Energy

within the last year. Until recently, DOE entered into enrichment service

supply arrangements under so-called Long-Term Fixed Comunitnent (LTFC)

contracts, which required customers to specify requirements many years in

advance of delivery, and which offered only limited interim opportunities

for adjustments to long-term delivery schedules. As nuclear power programs

slowed in the second half of the 1970s, an increasingly large gap opened up

between commitments to procure separative work made by utilities under LTFC

contracts and actual needs for enriched fuel. Partly in response to
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customer requests for relief (and partly also in recognition of the emerg-

ence of copetition in enrichment markets fraci the new European suppliers),

DOE recently introduced new, more flexible contracting terms and conditions.

Under the new Adjustable Fixed Connitment (AFC) contracts, a shorter

lead-time between contract execution and initial deliveries is permitted,

and customers are generally provided with greater flexibility in schedul-

ing and adjusting their requirements. Existing customers have been given

until September 30, 1979 to decide whether to terminate old contracts

and/or convert to new ones, and to specify delivery schedules under the

new arrangements. As of this writing, the effect of DOE's new contracting

policies on its separative work delivery schedule remains to be seen.

Each of these factors makes the business of projecting enrichment

demand highly uncertain at present. The most recent DOE estimate of

demand to have been released to the public was prepared in February 1979,

and, despite the fact that it will almost certainly have to be modified

shortly, provides the 'reference' demand schedule for this analysis. 25

DOE has also recently announced changes to its expected production

schedule during the next decade. In anticipation of reductions in demand,

production during the next two years (FY 80 - 81) will amount to only about

50 - 60% of available capacity. In addition, while the two programs to

increase the capacity of the gaseous diffusion complex - the so-called

Cascade Improvement and Upgrading Programs (CIP and CUP)- - will reportedly

be completed on schedule in 1981, the additional output available from

them apparently will not be fully utilized until 1985. Thirdly, within

the last year, the plan originally announced by President Carter in 1977

to build an 8.8 MSWU gas centrifuge facility (GCEP) at Portsmouth, Ohio
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*
by 1988 has been deferred; the Administration now intends to complete

only 2.2 MSWU of centrifuge capacity by 1988, with the remainder of the

plant added incrementally over the following five years. 26 Finally, in

late 1978 DOE announced that the operating tails assay for the gaseous

diffusion plants would henceforth be reduced from 0.25% to 0.2%; the

Department expects that the assay can be maintained at this level until

the late 1980s.27  A sunmary of DOE's anticipated production schedule

incorporating these new policy developments was presented in May 1979.28

The May 1979 production plan and the February 1979 demand schedule are

listed in Table 3.4.1 of Appendix 3.4, which also shows how the separative

work surplus will develop under the assumed conditions. The behaviour

of the surplus is shown graphically in path P of Figure 3.13. (Paths

Q and R are discussed shortly.) Under this scenario, the DOE stockpile

can be maintained at about 17 MSWU into the 1990s, above the 14 MSWU level

recently identified by DOE as the minimun required for working inventory

and strategic contingencies. (Without the gas centrifuge plant, the

separative work inventory would fall to unacceptably low levels by the

beginning of 1991, as curve P' shows.) According to this supply/demand

scenario, therefore, the next increment of enrichment capacity beyond the

GCEP would not be required until the mid-1990s, unless annual demand rose

significantly above 34 MSWU (at 0.25% tails assay) any earlier. Any

interim commiercial role for one or other of the advanced enrichment

* lMSWU = 1 million kg SW

** In Figure 3.13, it is assumed that DOE stockpile will remain at
approximately its 1978 2evel of 34 MSWU (evaluated at 0.2% U235 )
until January 1, 1980.

* In DOE's February 1979 forecast, demand is projected to stabilize at
around 34 MSWU/yr (at 0.25% assay) after 1990. At steady-state,
34 MSWU/yr could meet the requirements of approximately 310 GWe of
ITR capacity.
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technologies would thus be limited to the enrichment of conventional uranium

tails (0.2% U235) to the assay of natural uranium.

While the above scenario closely matches the most recent analysis

of separative work supply and demand released to the public by DOE, other

scenarios should also be considered. For example, fears have been

expressed that DOE' s current operating plan may underestimate demand, and,

if implemented, result in a supply shortfall. In this context, the results

of a July 1978 survey of DOE domestic and foreign enrichment customers are

cited; the survey, which requested utilities to resubmit estimates of

their likely requirements under the new AFC contracts, indicated that

cumulative separative work requirements to 1990 predicted by the utilities

themselves would be as much as 40 MISWU higher than those projected by DOE

in February 1979.30 (See Figure 3.14.) For these and other reasons, it

has been proposed that the Portsrouth centrifuge plant be restored to its

original schedule.

But utilities have traditionally been slow to adjust to probable

schedule slippages, 31 and have tended to make contractual ccamitments for

separative work on the basis of currently announced construction and

operating plans which usually exceed actual needs. 32 For example, the

response of U.S. utilities to the July 1978 survey was only 9% lower than

its response to another survey conducted in June 1977. And yet, official

U.S. government projections of domestic nuclear capacity installed by 1990

fell during a roughly coincident period by over 30%. (See Fig. 3.14.)

Since July 1978 nuclear power projections have fallen once again, and these

delays seem likely to be reflected in later downward adjustments to separat-

ive work requirements.33
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Notes to Figure 3.14

a. R.W. Bown and R.H. Williamson, "Domestic Uranium Requirements", paper

presented at the U.S. Department of Energy Uranium Industry Seminar,

Grand Junction, Colorado, October 26, 1977.

b. Energy Information Administration, U.S. DOE, in Nuclear Fuel,

15 May 1978

c. Energy Information Administration, U.S. DOE, in Nuclear Fuel,

14 May, 1979

d. Nuclear Fuel, 15 May 1978

e. Nuclear Fuel, 18 September 1978, 2

f. Nuclear Fuel, 14 May 1979

g. DOE's February 1979 projection has been modified by subtracting

13.8 MSWU of actual and potential contract cancellations between 1980

and 1990, and further by reducing the residual demand by 5%.

(1 M7SU = 1 million kg SW.) The modified 1979 projection provides the

basis for path R in Figure 3.13.
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More directly, since the preparation of .DOE's February 1979 separat-

ive work demand estimate (which was itself based on nuclear power growth

projections of the previous summer,134 several foreign customers have

cancelled a total of 7.8 MSWU of enrichment services originally scheduled

for delivery between 1979 and 1990, and it is rumored that a further 6 MSWU

currently under contract will also be terminated shortly. 3 5  In light of

these developments, the need for the GCEP may be postponed even further.

This possibility has been reinforced in the aftermath of the accident at

Three Mile Island and the subsequent slowdown in reactor construction

schedules widely experienced throughout the U.S.

A combination of delays and terminations with certain nodifications

to DOE's proposed operating strategy could conceivably defer the required

startup date for the first increment of gas centrifuge capacity until some

time in the early 1990s. One such scenario is shown in curve Q of

Figure 3.13. The demand is assumed to correspond to the DOE February 1979

projection, except with the 13.8 MSWU of actual and potential cancellations

subtracted. On the supply side, it is assumed that production will be

increased by about 14% above current plans for 1981-84, (still well under

the ceiling of available capacity), that an operating tails assay of 0.25%

will be introduced in 1985 (rather than in 1991, as currently anticipated),

and that the startup date for the next increment of enrichLnnt capacity

will be determined by the criterion that the separative work stockpile

should not be allowed to fall to unacceptable levels (i.e., less than about

15 MSWU). The quantitative details of case Q are presented in Table 3.4.2

of Appendix 3. 4.

Under these conditions, the first centrifuge capacity increment would

not be required until about 1994, again provided annual demand did not
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exceed 34 MSWU in the preceding years, About 17 million kilograms of

additional natural uranium would be required to boost separative work

produbtion 14% from 1981 to 1984, and a further 17.5 million kilograms

would be needed to support the earlier increase in tails assay.*

Since U.S. AIS development programs are now targeted for a conmerc-

ialization date in the mid-1990s, case Q raises the possibility that the

gas centrifuge process might be replaced by one or other of the new

enrichment technologies as the economic choice for the next increment of

capacity, rather than, as current plans indicate, the one after. At the

very least, a consequence of this scenario would be to increase the like-

lihood of direct economic competition between the later stages of the

8.8 MSWU centrifuge plant and the next generation of enrichnent techno-

logies.

Other scenarios suggest similar consequences. Curve R in Figure 3.13

illustrates the effect of a 5% reduction in demand below DOE's estimate of

February 1979 (adjusted for the 13.8 MSWU of actual and potential cancel-

lations mentioned previously.) As shown in Figure 3.14, these changes are

equivalent to a slippage of less than six months from the February '79

estimate - which, it will be recalled, was based on nuclear power growth

projections prepared in the summer of 1978 - and indeed probably underesti-

mate the actual slippage that has occurred in the meantime. Production

in this case is assumed to match DOE's latest operating plan, minus the

anticipated contribution from the Portsmouth plant. The details are

summarized in Table 3.4.2 of Appendix 3.4. In this scenario, which in

* The inventory of natural uranium held by DOE currently stands at about
30 million kilograms. Case Q would thus require a combination of
stockpile depletion and either additional uranium procurement by the
U.S. Government or the institution of a policy mandating early feed
deliveries by customers.
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fact represents only a very modest departure from DOE's recent estimate of

the forthcoming enrichment supply/demand balance, the first increrent of

the centrifuge plant would not be required until about 1992 or 1993.

Once again, a delay increases the possibility that there will be a pool of

new technologies from which to choose for the next increment of U.S.

enrichment capacity, rather than only the gas centrifuge process.

How to cope with this emerging possibility in current policy is one

of the principal questions addressed in Chapter 6. But already some of

the issues are apparent: How will alternative policies affect the size of

the U.S. stockpile of enriched uranium over the next decade, and who will

bear the costs? What will be the impact of these policies on the uranium

industry? How will further delays affedt the viability of the Portsmouth

centrifuge project? Will a loss of continuity increase project costs?

What is the appropriate development schedule for the advanced isotope separ-

ation technologies? Will higher AIS program budgets produce results use-

ful to decision-makers significantly quicker? Will a delay in the Ports-

mouth plant constrain the government's efforts to maximize the U.S. share

of the international enrichment market, and will it generate fears of a

supply shortfall? Other pertinent issues will be raised in the next two

Chapters, which deal respectively with the proliferation implications of

the new technology, and the iastitutional environment in which it is being

developed.
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World Enrichmaent Supply/Demand Balance

The world enrichment market also seems almst certain to experience

a substantial supply surplus for most of the next decade. Projected

world enrichment demand has fallen sharply in recent years, while two

large new commercial facilities have entered operation in Europe, and

more capacity increments are planned in the future. We present the

expected supply picture first, and then some recent demand projections.

Supply:

The supply situation over the next decade is sumarized in Table 3.5.

The sources of supply are divided into three categories: 'firm', expected'

and 'planned'.

(i) EUPODIF - The Eurodif plant, at Tricastin, France, is a gaseous

diffusion plant owned by a five-nation consortium. The venture

is led by France, and also includes Belgian, Spanish, Italian and

Iranian interests. Within three years, the plant will have

achieved its full capacity of 10.8 MSWU/yr; currently, 2.6 MSWU/yr

of capacity is in operation.

(ii) URENCO - The Urenco gas centrifuge conplex is jointly owned by

British, Dutch and German firms. A total of about 0.4 MSWU/yr

of capacity is currently in operation at two site in Holland and

Britain. Firm contractual conitments to supply 2 MSWU/yr have

been made by Urenco, and the ccmplex should reach this capacity by

1984. It is expected that the capacity will eventually increase

to about 9 MSWU; the additions will be related to future con-

tractual cormitments, however, and the figures shown in the

'expected' category are projections only.37



Table 3.5

Firm
Production

(106 kg SW/yr)

Eurodif Urenco USSRa

World Enrichment

USt)P Subtotal

Supplies, 1980-199036
Expected
Expected
Production

(106kg SW/yr)

USGCEP Urenco Subtotal

Planned
Production

(106kg SW/yr)

Coredif PNC

1980

1981

6.0

8.5

1982 10.8

1983 10.8

1984 10.8

1985 10.8

1986 10.8

1987 10.8

1988 10.8

1989 10.8

1990 10.8

0.5 3.9 10.5

0.7 4.1 15.0

1.0 4.0 21.6

1.5 4.4 21.6

2.0 3.4 23.6

2.0 3.4 25.6

2.0 3.2 25.6

2.0 3.3 25.6

2.0 3.2 25.6

2.0 2.5 25.6

2.0 2.4 25.6

20.9

28.3

37.4

38.3

39.8

41.8

41.6

41.7

41.6

40.9

40.8

0.9

2.8

4.0

0.5

1.5

3.0

4.5

6.0

7.0

20.9

28.3

37.4

38.3

39.8

42.3

43.1

44.7

47.0

50.0

52.0

0.02

- 0.05

- 0.05

0.05

- 0.15

- 0.35

2.0

4.0

6.0

8.0

10.0

0.55

0.55

1.35

1.95

2.5

a. The figures for the USSR (Techsnabexport) are based on nominal export comitments to
Western countries. Supply and demand within the countries of the Soviet bloc are
excluded from this analysis.

Total

20.9

28.4

37.5

38.4

40.0

42.7

45.7

49.3

54.4

60.0

65.0

I
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(iii) USSR (Techsnabexport) - The full capacity of the Soviet enrichment

plants is unknwn. The figures presented in Table 3.5 only

include commitmrents already entered into. It is believed that

the Soviet Union could export enrichmeant services in larger

quantities in future if necessary.

(iv) U.S. DOE - In line with the discussion in the previous section, the

anticipated production schedule for DOE's expanded gaseous dif-

fusion complex is entered in the 'firm' category, while the gas

centrifuge 'add on' capacity appears in the 'expected' column.

(v) COREDIF - For several years, a multinational consortium involving

the Eurodif partners has been planning to build a second large

gaseous diffusion plant. With the probable excess of supply

until 1990, however, the Coredif project has lost mcmentum, and

the production estimates given in Table 3.5 will almost certainly

be pushed back.

(vi) JAPAN (PNC) - The Power Reactor and Nuclear Fuel Development Corp-

oration (PNC) is currently developing the gas centrifuge process

and expects to complete construction of a deronstration plant by

1984. A ccmmiercial-scale plant is planned for later in the

decade.

Other enrichment projects in Brazil, South Africa, and Australia are

at an earlier stage of planning, and are not shown in Table 3.5. More

information on these projects is given in Section 4 of Chapter 4.

Demand;

Future world enrichrment demand is highly uncertain. World nuclear

power growth projections have fallen rapidly in recent years. Figure 3.15
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compares a projection based on data published by the OECD in December 1975

with a recent (February 1979) forecast made by the Uranium Institute of

London. As shown, estimates of installed nuclear capacity in 1990 have

fallen by a factor of two in a little over three years. The Uranium

Institute projection may itself be too high. Figure 3.15 also shows a

lower projection made by the author based on data released in an unofficial

publication by DOE's Energy Information Administration in 1978. Also,

recent projections made by the secretariat of the International Energy

Agency in Paris indicate that actual growth will be a good deal lower than

even the 'low' Uranium Institute projection suggests. 3 8

Another source of uncertainty is the imbalance between contractual

cammitments for enrichment supplies and expected reactor requirements which

has been a feature of the recent period of falling nuclear power forecasts.

(See Table 3.4.3 in Appendix 3.4.) Some of the confusion may be renoved

after publication in early 1980 of the analyses of Working Groups 1 and 2

of the International Nuclear Fuel Cycle Evaluation (INFCE), which have spent

the past two years studying the demand for nuclear fuel and its availability.

In the meantime, Figure 3.16 con-pares the separative work supply

schedule in Table 3.5 with demand estimates derived fram the Uranium
*

Institute's 'low' nuclear power growth projection in Fig. 3.15. As shown,

* To arrive at the separative work demand for Figure 3,16, the demand esti-
mates in Table 3.4.3 were augmented by projected U.S. government require-
ments, which will be met out of DOE production. Also, the estimates in
Table 3.4.3 were brought forward by one year, to account for ordering and
delivery lead-times. Finally, it is assumed in Figure 3.16 that a separa-
tive work surplus of 46.4 MSWU (evaluated at 0.2% U2 35) will exist on
January 1, 1980. In fact, stocks in the non-Comunist world amounted to
approximately this figure in 1977 - 34 MSWU at the U.S. DOE plants,39 and
a furthg 12.4 MSWU held by U.S., European and Japanese utilities and
agents. Since further stockpiling has almost certainly occurred in the
Meantime, the 46.4 MSWU assumption for 1980 is probably conservative.
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world stocks will build up to very high levels during the 1980s, according

to this scenario. For example, by 1987, the surplus would be large enough

to meet the fuel requirements of the projected 1987 LWR population of

231 GWe for three years. It is probable that stocks would be allowed to

fall somewhat before new deliveries were taken. According to this

scenario, therefore, the next increment of enrichment capacity beyond the

U.S. and Eurodif diffusion plants and the first 2 MSWU of the Urenco plant

would not be required until 1989-90 at the earliest. If, as seems likely,

actual requirements during the 1980s turn out to be lower than those associ-

ated with the Uranium Institute 'low' growth projection, the next imcrement

may then not be required until the early 1990s. (This would be consistent

with the deferral strategy for the Portsmouth GCEP plant discussed in the

previous section.) At that time, the U.S., Urenco, and Japanese centri-

fuge plants (and the Coredif project, if it was still alive) would be the

principal competitors for whatever new enrichment business became available.

A more rigorous analysis of the world enrichment sector, including

more recent nuclear power growth projections and a more sophisticated

treatment of stockpiling policies, is clearly necessary. Nevertheless,

the preceding discussion suggests that the deferral of the GCEP plant

discussed in the previous section may also not be inconsistent with world

enrichment market trends.
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Notes to Chapter 3

1. Report of the JNAI Laser Enrichment Review Panel, Laser isotope

separation: proliferation risks and benefits, February 27, 1979,

vol. II, App. D

2. The following estimated power requiremrents for a conceptual

2800 MTSW/yr AVLIS plant enriching 0.2% material to 3% and discharging

tails at an assay of 0.08% were recently provided to the author by

JNAI officials:

laser system:

uranium evaporators:

dye recovery, metal
revapourization, and
metal preparation:

miscellaneous; :

9

34

20

5

MW

M

Total 68 MW

3. These figures were calculated fram the following data

unpublished study by R. Marlay, Departrent of Nuclear

M.I.T. (1978):

Year Average electricity revenues
(mills/kwh)

1970 15.9
1971 16.9
1972 17.7
1973 18.6
1974 23..0
1975 27.0
1976 28.9
1977 32.1

assembled in an

Engineering,

1977 GNP
multiplier

1.5468
1.4718
1.4132
1.3357
1.2181
1.1112
1.0556
1.0000
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4. F.M. Shofner and R.L. Hoglund, "Laser cost experience and estimation",

Oak Ridge Gaseous Diffusion Plant, K/OA-403A, Oak Ridge, Tennessee,

June 28, 1977, 20

5. Ibid., 53

6. Ibid., 50

7. C. Allday, G. Besse, P. Jelinek-Fink, W.R. Voigt, "Front End of the

Fuel Cycle", Paper presented at European Nuclear Conference, Hamburg,

May 6 - 11, 1979, 10

8. J. Steyn, "Worldwide separative work supply/demand", presented at the

Atcnic Industrial Forum International Conference on Uranium Enrichment,

New Orleans, Louisiana, January 30, 1978

9. "DOE Projections of U.S. Nuclear Power Growth", September/October

Energy Update, 1978

10. "28th Annual Electrical Industry Forecast", Electrical World,

September 15, 1977, p. 54

11. The calculation assumes that nuclear plants will continue to be used

largely as baseload units, and that the fraction of total installed

electrical generating capacity that is baseloaded will continue to be

about 50%. (See; Vince Taylor, "The Myth of Uranium Scarcity",

Pan Heuristics: Los Angeles, California, 1977)

12. See: The National Energy Plan, Executive Office of the President,

April 29, 1977 (published by the U.S. Government Printing Office) and,
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more recently, "Remarks of the President before the National Association

of Counties", New York Times, 16 July 1979

13. M. Lonnroth and W. Walker, "Viability of the Nuclear Industry", Draft

interim report prepared for the International Consultative Group on

Nuclear Energy, (Co-sponsors, the Rockefeller Foundation and the Royal

Institute for International Affairs), January 1979, 10

14. National Academy of Sciences, Conmnittee on Nuclear and Alternative

Energy Systems, Report of the Supply and Delivery Panel, Washington, D.C.,

Dec. 11 1978, 5 - 34

15. C.E. Till and Y.I. Chang, "Once-through fuel cycles", Invited paper

presented at 18th Annual ASME Symposium, Non-Proliferation: Reality

and Illusion of a Plutonium-Free Economy, Albuquerque, New Mexico,

March 16-17, 1978

16. A demnnstration project is already underway at a U.S. utility in which

fuel of current design is expected to be taken to over 40,000 M)/Mr.

(See: Peter M. Lang, "Improving LWR fuel utilization", Nuclear

Engineering International, February 1979, 13)

17. "DOE ups U estimates", Nuclear News, 21 (7), May 1978, 47.

18. Leon T. Silver et al, "Analysis of United States Uranium Resources,

1976, and Projections of Uranium Supply to the Year 2010", CONAES

Uranium Resource Subpanel Report, April 6, 1977 (2nd revised draft)

19. The basic data for Figures 3.10 - 3.12 were provided by the scenarios

in Figure 3.6 and the uranium requirenrents for various reactor/fuel
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cycle systems summarized in Table 3.3,1 of Appendix 3.3. It was

further assumed that utilities will procure natural uranium an

average of 1 1/2 years before the fuel is loaded to the reactor, and

that U.S. utilities will maintain uranium stockpiles equivalent to

one year of annual requirements. Actual utility stockpiling behaviour

will be a conplicated function of the anounts of nuclear capacity in

operation, under construction and on order, the extent of previous

donstruction slippages, current perceptions of the uranium market and

of the security of supply, etc. Since the purpose of these calcula-

tions was to estimate the relative inpact of various technical con-

servation measures on uranium requirements under otherwise constant

conditions, the construction of an elaborate model to account for

stockpiling behaviour was deemed unnecessary.

20. Silver et al, op. cit.

21. Laser Isotope Separation: Proliferation Risks and Benefits, Report

of the Laser Enrichment Review Panel (Chairman: T. Keith Glennan) to

JNAI, Inc., February 27, 1979, vol. 2, App. E.

22. Nuclear News, 21 (7), May 1978, 48

23. See: Allday et al, op. c:t., 9

24. Richard K. Lester, "Nuclear Power Plant Lead-tines", Report to the

International Consultative Group on Nuclear Energy, published by the

Rockefeller Foundation and the Royal Institute for International

Affairs, London and New York, October 1978

25. Nuclear Fuel, bly 14, 1979, 4
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26. Ibid.

27. Nuclear Fuel, 30 October 1978, 3.

28. C. Aliday et al, op. cit.

29. Nuclear Fuel, June 12, 1978, 6

30. See Nuclear Fuel, September 18, 1978, 1-2

31. In 1977, analysts at the (then) Federal Energy Administration estimated

that installed nuclear capacity by the end of 1987 would amount to

144 GWe, taking account of schedule slippages. At the time, utility

plans were calling for 194 GWe to be installed by that date. See:

Nuclear News, 20 (15), December 1977, 51

32. Nuclear Fuel, September 4, 1978, 8

33. Nuclear Fuel, September 18, 1978, 2

34. Roger Gagney, Division of Uranium Resources and Enrichment, U.S. Depart-

ment of Energy, telephone interview, July 25, 1979

35. See Nuclear Fuel, 19 February 1979, 9; 16th April 1979

36. Table adapted from C. Alldy et al, op. cit., Table 7

37. Ibid., 7

38. Nuclear Engineering International, July 1979, 3

39. Nuclear Fuel, June 12, 1978, 6
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40. Michael J. Connor, Nuclear Assurance Corporation, personal communica-

tion, 22 August 1977. At this time, the distribution was reported

to be as follows: U.S. utilities, 04 NSWU; Japanese utilities,

8.6 MSWU; European utilities, 1.5 MSWU; and European agents, 1.9 MSWU.
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Appendix 3.1: Estimate of separative work and capital costs for JNAI-type

AVLIS plant.

Basis: Naminal 2800 MTSW/yr AVLIS plant producing 3 % product and

0.08 % tails from 0.2 % feed. The specific energy consumption

of such a plant is estimated to be about 160 kwh(e)/kg SW. (See Table 3.1)

JNAI officials have estimated that a ccmmercial tails stripping

plant based on their technology could provide a 15 % return on invest-

ment if natural uranium feed is valued at $40/lb U 308 and separative

work from conventional enrichment plants is valued at $90/swu. These

values correspond roughly to current (1979) commercial prices.

Other useful data include estimates by JNAI that power costs

will amount to 40 % of total annual operating costs, and that annual

capital replacement costs will be equivalent to roughly 25 % of

total annual operating costs. JNAI typically assumes an electric

power cost of 22 mills/kwh (e).

The optimal tails assay for the conventional enrichment plant

is 0.21 % (a $5/kg U charge for conversion to UF6 is added to the

yellowcake cost) and the total cost per kilogram of 3 % enriched

product is $1022, fran equations (5) and (6) in Appendix 3.5, A

total of 18.84 kg of separative work is. required to produce 1 kg

of 3 % product in the reference AVLIS tails stripping plant (calculated

fram equation (4) in App. 3.5.). If it is assumed that the 0.2 %

feed material has no cost, then the equivalent unit cost of separative

work in the plant must be no nore than:
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1022 = $ 54.2/kg SW.
18.84

Let I = initial investirent cost of the plant ($)

C = capital replacement cost ($/kg sw)

0 = operating cost other than energy ($/kg sw)

E = energy cost ($/kg sw)

Then, for a 15 % return on investment,

- I + 2800 x 10 3 x L x (54.2 - E - C) (P/A, 15 %, N) = 0

where L. = plant capacity factor

N = plant lifetime

(P/A, 15 %, N) = 1 . 15 N - 1 = uniform series present worth factor
0.15 x 1. 15

and it is assumed that C, 0, E remain constant over the plant lifetime.

The following table shows how the unit capital cost (in $/kg sw/yr)

varies for different assumed values of L and N:
N (yrs)

15 20 25

L ( %)

80 225 240 250

100 280 300 310

The estimated total capital cost for these assumptions is in the range

$670 - $835 million.
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Appendix 3.2: Simplified fuel cycle cost rodel

In this section, a highly simplified model is developed which

can be used to estimate the effect of changes in separative work costs

on the total fuel cycle costs and uranium requirements for a 1060 MWe

pressurized water reactor. Data for the model have been derived from
1

calculations performed some years ago by H.Y. Watt.

The following-assumptions are made.

1. The reactor is refueled annually, according to a 3-zone modified

scatter scheme. The irradiation lifetime of the fuel is thus 3*

years.

2. The average reactor load factor is 0.75, including refueling outages.

The energy generated per cycle is thus 6970 GWMHe, and for 3-zone

modified scatter refueling, the steady state feed enrichment for
2

such a cycle is 3.1 %.

3. Each fuel lot contains 30,119 kg of uranium, and the reactor
3

thermal efficiency is 33 %. Thus, the steady state fuel burn-up

is 29200 MWD(t)/MTU.

4. The schedule of payments and receipts for fuel cycle services is

as follcws:

(a) yellowcake, yellowcake conversion, enrichment services, and

fuel fabrication are all paid for 1 year before the fuel is

loaded to the reactor.

(b) payment for transport and long-term storage of spent nuclear

fuel is made 10 years after the fuel is discharged from the

reactor.

(c) the effective time at which revenue is received for the

generation of electricity by a particular fuel lot occurs
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three-quarters of the way through the irradiation lifetime

of that fuel lot.

A simplified expression for the levelized cost of electricity

from each lot of fuel, e, is:

0.75tR+1
e = (1 + r) [(ZU + Zc + Zs + Zf) + Z ()(tk+1()

E (1+ r)"

where:

Z = total cost of yellowcake purchased per fuel lot

Zc = total cost of yellowcake conversion per fuel lot

Z = total cost of .eparative work per fuel lot

Zf = total cost of fuel fabrication per fuel lot

Zd= total cost of spent fuel transport and disposal

per fuel lot

E = cycle electrical energy

tR = fuel irradiation period

r = discount rate

The unit fuel cycle costs (1977 dollars) presented in Table 3.2.a. of

the main text are again used here, i.e.:

Unit cost of yellowcake = $40/lb.

Unit cost of conversion to UF6 = $2.75/lb.

Unit cost of fabrication = $110/kg U

The unit cost of spent fuel transportation and ultimate disposal is
4

assumed to be $130/kg. An annual discount rate of 15 % is also

assumed. Finally, it is assumed that the enrichment tails assay is

set at the optimum value. (See Section 3.3 of the main text.)

With these assumptions, equation (1) above may be used to estimate

the variation in levelized fuel cycle costs for changes in separative

wrk costs. The results are shown in Figure 3.4 of the main text.
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The results of a similar set of calculations, this time with an assumed

yellowcake cost of $100/lb U308' are also shown in Figure 3.4.
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Notes to Appendix 3.2

1. Calculations performed by H.Y. Watt, reported in M. Benedict,

"Fuel management in large pressurized water reactors," classnotes,

course 22.34, Nuclear Power Econcnics, M.I.T. Department of Nuclear

Engineering, Spring 1975.

2. Ibid.

3. Ibid.

4. Unit costs of $115/kg heavy metal (1976 dollars) for spent fuel

transportation and disposal were reported in D.R. Haffner et. al,,

"An evaluated uniform data base for use in nuclear energy systems

studies," Hanford Engineering Development Laboratory, October 18, 1977.

The figure of $130/kg (1977 dollars) assumed here corresponds to

an escalation factor of 13 %.
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Appendix 3.3: IMpact of modifications to the current LWR once-through

fuel cycle on uranium consumption

Table 3.3.1 presents estimates of the uranium savings available

frcm some of the uranium conservation strategies discussed in Section

3.4 of the main text. The reference case ('LWR1 ') is a 1000 MWe

pressurized water reactor operating in a standard once-through fuel

cycle mode. As in the case of the preceding Appendix, the LWR fuel

cycle data were developed based on earlier calculations by H.Y. Watt.

The results of core burnup simulations using the codes CET.T. and CORE

performed for a 1060 MWe PWR showing how the fuel discharge burnup

varies with the steady state reload batch fraction and enrichment assay
1

were particularly useful for this work. The results used here were

calculated for a modified scatter refueling scheme.

Notes to Appendix 3.3

1. See: M. Benedict, "Fuel management in large pressurized water

reactors," classnotes, course 22.34, Nuclear Power Econanics,

M.I.T. Department of Nuclear Engineering, Spring 1975, Figs. 4.9

and 4.10.
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Table 3.3.1:. Natural uranium savings fran once-through fuel cycle
a

nodifications

(Basis: 1000 MWe PWR; annual refueling)

DESCRIPTION

Initial Steady- Discharge Tails apacity
enrich- state burnup assay factor
ment reload (.MD/MT) (%) (%)

% ) enrich-
trent (%)

Initial Annual
core reload
inven- require-
tory ment
require-
ment

(S T U3 08'

2.07 3.1 30100

1.89 3.05 31000

2.07 3.63 40200

2.07 4.175 50200

2.07 4.75 60300

2.07 3.1 30100

2.07 3.63 40200

2.07 4.175 50200

2.07 4.75 60300

1.89 3.05 31000

0.711 0.711 7500

LWR
1

LWIII
LWRIII

LWRVI
LWR i

LWPi

IW i

I RX

HWRxr

HWRxi

HWRXIii

HWRXIrV

1.0

1.0

1.0

16000

16000

n.s.

0.2 75

0.2 60

0.2 75

0.2 75

0.2 75

0.05 75

0.05 75

0.05 75

0.05 75

0.05 60

n.i. 75

0.2 75

0.05 75

n.s. 60

411

372

411

411

411

344

344

344

344

313

164

257

236

236

213

157

189

175

167

173

152

140

133

127

156

114

105

6590

4920

5880

5490

5255

5360

4755

4420

4210

4000

4690

3560

3270

84 2670

a.
The heavy water reactor fuel cycle data have been extracted from:
C.E. Till and Y.I. Chang, "Once Through Fuel Cycles," presented
at the 18th Annual ASME Synposium, Albuquerque, New Mexico, March 16-17,
1978.

CASE

T

Lifetime
require-
ment

0

reduc-
tion in
life-
time
require-
nents)

1.0

1.0

1.0

25.3

10.8

16.7

20.3

18.6

27.8

33.0

36.1

39.3

28.9

45.9

50.4

59.0
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Appendix 3.4: Separative work supply and demand projections, 1980 - 1995

The following three Tables contain the data used to calculate the

separative work supply/demand balances presented in section 3.5 of the

main text.

Table 3.4.1 contains the supply and demand data for paths A and A'

in Figure 3.13.

Table 3.4.2 contains the corresponding data for paths B and C

in Figure 3.13.

Table 3.4.3 ccipares estimated separative work requirements,

derived from the Uranium Institute reactor projections in Figure 3.15

in the main text, with total known conmitments to supply enrichment

services. The overcornmitment, which even here is substantial, may in

practice be greater still, since actual nuclear power growth seems likely

to be even slawer than the 'low' Uranium Institute projection suggests.
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Table 3,4, 1

Separative Work Supply and Demand Projections for Figure 3.13,
Paths P and P"

(106 kg SW/yr)

Operating Supplya Demandb Surplus
tails assaya (at operating (evaluated at

tails assay) 0.25% assay)

(P andP') (P) (P') (p and p') (P) (P')

1979 30.1 30.1

1980 0.2% 10.5 10.5 12.1 28.7 28.7

1981 I 15.0 15.0 14.3 29.3 29.3

1982 " 21.6 21.6 17.4 33.0 33.0

1983 " 21.6 21.6 19.4 35.0 35.0

1984 " 23.6 23.6 21.9 36.5 36.5

1985 " 25.6 25.6 25.0 37.0 37.0

1986 " 25.6 25.6 26.0 36.1 36.1

1987 " 25.6 " 29.4 32.7 32.7

1988 " 26.5 " 32.1 27.8 27.0

1989 28.4 " 34.3 22.6 19.3

1990 " 29.6 " 36.2 16.7 9.9

1991 0-285% 30.9 " 30.7 17.0 3.6

1992 0.25% 32.4 " 31.8 17.6 -1.6

1993 0.25% 33.7 " 34.5 16.8 -

1994 0.25% 34.4 " 34.4 16.8 -

1995 0.25% 34.4 " 34.6 16.8 -

a. The supply data for case P correspond to the production plan
announced by DOE in May 1979. (See Nuclear Fuel, 14 May 1979, 4.)
The data for case P.' are identical, except that the contribution
of the Portsmouth centrifuge plant has been removed.

b. The demand data are taken from DOE's nost recent public estimate,
released in February 1979. (See Nuclear Fuel, 14 May 1979, 4.)



Table 3.4.2

Separative Work Supply and Demand Projections for Figure 3.13, paths Q and R

(106 kg Sw/yr)

PATH C PATH R

a. Separative work demand is evaluated at the operating tails assay

Cperating Supply Demanda Surplus Operating Supply Demanda Surplus
tails assay (at 0.25%) tails assay (at 0.25%)

30.1 30.1
1980 0.2% 10.5 10.8 29.8 0.2% 10.5 10.3 30.3
1981 " 20.0 13.1 35.9 " 15.0 12.4 32.6
1982 " 23.6 16.2 42.5 " 21.6 15.3 38.1
1983 " 25.6 18.2 49.0 " 21.6 17.2 42.0
1984 " " 20.6 53.5 " 23.6 19.6 45.6
1985 0.25% 21.0 58.1 " 25.6 22.6 48.2
1986 22.4 61.3 " " 24.1 49.6
1987 24.9 62.0 " " 26.7 48.6
1988 27.3 60.3 " " 29.3 45.3
1989 29.2 56.7 " " 31.4 40.2
1990 30.9 51.4 " " 33.2 33.5
1991 33.2 43.8 0.285% " 29.2 26.6
1992 31.8 37.5 0.25% " 30.2 25.0
1993 34.5 28.7 " " 32.8 17.8
1994 34.4 19.9 " " 32.7 10.7
1995 34.6 10.9 32.9 3.4

H
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Table 3.4.3

Sparative Work Requirerrents Compared With
Known Supply Comitments a

(106 kg SW/yr)

Reactor Requirerents b Cc mmitments

High

18

21

23

25

29

32

35

39

42

45

49

35

40

44

49

56

61

62

21

29

34

40

40

46

47

48

51

51

50

a. Source: C. Allday, G. Besse, P. Jelinek-Fink, W.R. Voigt,
"Front End of the Fuel Cycle", presented at the European
Nuclear Conference, Hamburg, May 6-11, 1979.

b. Derived fran the Uranium Institute reactor projections in
Figure 3.13. A tails assay of 0.2% and a 70% reactor
load factor are assured.

1980

1981

1982

1983

1984

1985

1986

1987

1988

1989

1990



-219-

Appendix 3.5: Notation, Terminolocy and Useful Equations from Cascade
Theory

For most enrichment processes, the degree of isotope separation

that can be achieved in a single separating unit (eg. a diffuser in a

gaseous diffusion plant, or a single centrifuge machine in a gas centri-

fuge plant) is small compared with the separation required. The sep-

arating units must therefore be cambined in series, with the product

from one serving as the feed to the next.

It may also be necessary to combine two or more separating units

in parallel, such that each receives feed of the same composition (and

thus generates product and tails streams of the same coposition).

The parallel separating units are collectively referred to as a 'stage'.

In gas centrifuge plants, for example, each stage consists of many

centrifuges; but gaseous diffusion plant stages generally consist of a

single diffuser/compressor assembly.

The complex of series-connected stages is called a cascade. The

relationship between cascades, stages and separating units is shown

schematically in Figure 3.5.1.

The enriched product from each stage is sometires referred to as

the 'heads', and the depleted fraction, the 'tails'. ('Tails' is also

generally used to denote the depleted product from a cascade.)

Let the heads, tails, and feed flows and compositions for a given

stage i be L!, L4, Li and yi, xi, zi respectively. Then the stage 'cut',

6i is L'. The stage separation factor,

L
1a = yj (1-x )

(1-yi) x
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and the stage heads separation factor,

= yi (1-z9)

(1-yi) z

In a countercurrent cascade, the tails flow fram one stage is

recycled through preceding stages while the heads flow is fed to stages

higher in the cascade for further enrichment. The siplest form of

countercurrent cascade is one in which the heads and tails streams from

each stage are fed to the two adjacent stages. This configuration is

known as a 'one-up one-down' or symtrical countercurrent cascade.

An 'ideal' cascade is one in which there is no mixing anywhere of

streams of different ccnposition. A 'one-up one-down' ideal cascade

is shown in Figure 3.5.2. As might intuitively be expected, it can be

shown that for close separation cascades, i.e. cascades in which the

stage separation factor is not much greater than unity, the ideal con-

figuration, of all possible configurations, is the one which minimizes

the magnitude of the effort required to perform a given enrichment

task.1  For high separation cascades, however, the situation way be

quite different. 2

Useful equations:

Let F, P, and W be the feed, product and tails flows, (in kilo-

grams), for a given cascade, and let the respective isotopic composi-

tions of these streams be xF, xp, and xW.

These parameters must satisfy the following material balance

relations:



-222-

L'lx

C-

It
iideJ CcLsccLcIe.:

1I

XL..I

HcG. 5Z:IOERL ONEi-UP ONE-OOVIN CScnpE

PIXP

ri
, -1

i



-223-

F = W + P (1)

FxF = WxW + p (2

The separative work required for this enrichrent task is defined as:

A = P (2xp-l)ln (xp/l-xp)- + W (2x-l) ln (V 1 -xY) - F (2xF-l) ln (XF/-xF) ()

where A is measured in kilograms.

Using equations (1) and (2), the sep&ative work may also be expressed per

unit of product in the following way:

A = (2xp-l)ln(xp/l-Xp) + (xPxF) (2xW-l) In (xW/l-xW) -x (2 xF-1) n (VlX F
FFxM . (4)

where the units of A /P are kg of separative work/kg of product (or

kg SWAg product).

The optimum tails assay for the cascade, x0 , is a function of the

ratio of the unit costs of uranium feed and separative work, and is given

by the following expression:

CU = (2xF-l) inI-F (l-xo) + (xFxO) (1-2xo) (5)

CS x (1-xF) O (-O)

where Cu is the unit cost of uranium feed (in $/kg U) and C is the unit

cost of separative work (in $/kg SW). The unit cost of enriched uranium

product (in $Ag enriched uranium) is,

CP = C .X pX + C .A (6)

xF~ x O

Notes

1. M. Benedict and T.H. Pigford, Nuclear Chemical Engineering, 394

(New York: McGraw-Hill, 1957)

2. G. Ezanuel, "High Enrichim-ent Steady-State Cascade Performance",

Nuclear Technolgiy, 43, 314 (1979)
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CHAPTER 4

LASER ISOTOPE SEPARATION AND THE PROLIFEPATION

OF NUCLEAR WEAPONS

4.1 Introduction

In principle, all enrichment technologies are capable of producing

nuclear explosive materials, and thus contribute to the risk that nuclear

weapons proliferation will occur. An evaluation of the incremrental con-

tribution to be expected from LIS processes is therefore a necessary

element of an overall assessment of these technologies.

Knowledge of the extent to which LIS technologies reduce the tech-

nical barriers to proliferation is only part of the problem, however, and

does not in itself provide a sufficient foundation for'policy-making.

The risk (or, more accurately, the probability) that proliferation will

occur is a combined function of both technical capabilities and an array

of political, military and economic incentives and disincentives to pro-

liferate. And, of course, the significance of the weapons themselves

depends not only on their destructive potential but also on the possibility

that they will be used.

In a world free of incentives to proliferate, the additional tech-

nical capabilities offered by LIS would have no relevance. On the other

hand, in a world racked with tensions and suspicions among and within

nations, the extra capabilities offered by a new technology might them-

selves aggravate feelings of insecurity or create new tenptations, or

both, in all cases reinforcing existing incentives to proliferate.
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Clearly, therefore, the risks posed by LIS technologies can only be

analysed within the context of a particular political, military and

economic milieu, and what is of interest in policy-making is the nature

of the interaction of these technologies with the environment in which

they are placed (including their own political and institutional arrange-

ments).

Moreover, the appropriate measure of this interaction is not simply

the degree to which the technologies enhance proliferation capabilities,

nor is it the incremental probability that one or more weapons will be

produced as a consequence of their development and application, though

both of these factors are important. Rather, it is the extent to which

each of the various indices of the security of nations or individuals is

perturbed by the technological innovation.

In this broader, if less tangible formulation, it is not sufficient

to regard proliferation simply as the physical 'act' of acquiring one or

more nuclear weapons. At issue is the entire process of proliferation -

the various sequences of events, decisions and actions which may lead to

the possession of nuclear weapons, and the assorted external reactions and

counteractions to such developments. Unless otherwise indicated, it is

in this latter sense that the term proliferation will be used for the

remainder of the analysis.

It is also necessary to define the geopolitical scope of the analysis.

An 'objective' approach would be to consider the ramifications of the

technologies for the security of nations in general, But how is 'inter--

national security' to be defined? And how is it influenced by the nuclear

weapons 'state' of a particular nation (where this 'state' is now a function
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not only of the technical capabilities of a country to acquire weapons,

but also of its incentives to do so, of the level of its aspirations -

i.e., the size and sophistication of the armanent it desires - and of

the strength of the constraints that it would face in such an attempt)?

Even if an objective definition for the forner were possible, the latter

relationship would still be difficult to establish. For example,

although the idea of a monotonic relationship between a country's poli-

tical and technical proximity to weapons and the resulting threat to

international security is temptingly straightforward, the fact remains

that a country hovering on the edge of acquiring nuclear weapons may be

a more provocative target for military attack than if it already had them.

Similarly, 'balances' of nuclear terror, no matter how odious, may be less

destabilizing than gross nuclear assymmetries.

If anything, the definitional problem is even more severe. In this

regard, proliferation risk assessment is very different from the assess-

ment of other problems generally associated with nuclear power, such as

reactor safety, nuclear waste disposal, and the effects of low-level

radiation. In every case, including that of proliferation, two kinds of

argument are conducted simultaneously, one over the magnitude of the risk,

and the other over the level of risk that is socially acceptable. The

latter issue is, in all cases, a political one. As far as the health and

safety risks to the public are concerned, the former question is largely

quantitative, and can be defined and analysed within the fraework of the

physical sciences. But in the case of proliferation, the nature of the

risk - the erosion of security in the face of potential or actual human

aggression - is itself political. Security is not an absolute state, but
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perceived, and by its very nature international security lacks a unique

subject. There is no obvious way to synthesize the inevitably different

perceptions of how the security of a region is affected by the nuclear

weapons 'state' of a particular country. The difficulties are compounded

when, as the the previous formulation implies, the ultimate task is to

assess the global security implications of proliferation by combining

these individual results.

Given this methodological vacuum, it is inevitable that the analysis

of proliferation risks itself tends to beccme politicized. Indeed,

simply by stipulating that the purpose of the analysis is to assess the

global implications of nuclear weapons proliferation, there is an unavoid-

able bias towards these few nations, principally the U.S. and U.S.S.R.,

whose security interests are global in scope.

Faced with such apparently intractable problems even in developing

a general understanding of the security implications of proliferation, the

goal of assessing the perturbation caused by a particular new technology

seems unattainable.

The situation is not entirely hopeless, however. Some useful

empirical evidence is available. There is, after all, a general (although

not universal) international consensus that the spread of nuclear weapons

to additional countries should be avoided. This consensus view is

embodied in the Treaty on the Non-Proliferation of Nuclear Weapons (NPT),

under which 101 non-nuclear weapons states have unilaterally renounced

their right to acquire nuclear explosives of any kind. Furthermore, many

of those states which are not parties to the Treaty have taken the posi-

tion that they, too, are opposed to the further spread of nuclear weapons.
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That there should be a clear international norm against additional

weapons states in turn indicates general agreement that an increase in

the number of such states is likely to impair the camnon security. This

implied consensus view provides the central point of reference in any

calculus of proliferation risk.

There is, however, a notable lack of international consensus on the

extent of the risks posed by activities which, while falling short of

actual weapons acquisition, nevertheless increase the capability of a

nation to manufacture weapons, and/or the fear that it will do so.

This class of activities, including particularly uranium enrichment and

spent fuel reprocessing, is not subject to any general international norms

which might provide additional guidelines in proliferation risk analyses.

Indeed, recent efforts by nations, either individually or multilaterally,

to establish norms for such activities have generated a great deal of

international controversy.

Confronted not only with major theoretical difficulties in assessing

the international security implications of proliferation, but also with

the absence of a ccmprehensive set of empirically available political and

legal norms which might have made the task easier, proliferation analysts

dealing with the emergence of new nuclear technologies have resorted to

more manageable, but also less intellectually satisfactory partial

approaches to the problem.
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4.2 Proliferation Resistance Analysis

One such approach is based on the idea of 'proliferation resistance';

that is, the obstacles to weapons acquisition raised by various nuclear fuel

cycle facilities and practices. In recent years, this analytical approach

has received much attention, particularly in the United States.

That different nuclear facilities and systems present different

opportunities for the acquisition of nuclear explosive material has been

well recognized ever since the beginning of the nuclear era, and this

recognition has been an imrportant factor in the development of the nuclear

industry internationally for three decades.

However, as the proliferation issue grew in prominence during the

1970s, increasing attention began to be paid to the relative proliferation

resistance of different nuclear fuel cycles. 2  The idea entered the main-

stream of political thinking in the U.S., at least, when President Carter,

in announcing a new nuclear policy in April 1977, called for increased

efforts to develop alternative fuel cycles. It was hoped that these

cycles would offer less opportunity for nuclear weapons acquisition .than

the uranium-plutonium cycle which until then had been planned as the next

step for thermal reactors, and then breeders.

Since then. a Non-Proliferation Alternatives System Assessment

Program (NASAP) has been launched in the U.S. to investigate the prolifera-

tion resistance of a very large number of alternative fuel cycles. In

parallel, the U.S. has been collaborating with over fifty countries in the

International Nuclear Fuel Cycle Evaluation ('INFCE'), an international

assessment of alternative nuclear fuel cycles which might advance the use

of nuclear power while simultaneously reducing the risks of proliferation.

*

*

*



-230-

There are two kinds of fissile material suitable for use in nuclear

weapons: uranium highly enriched in one or other of the two fissile iso-

topes (U-233 and U-235), and plutonium. In each case, the metal is the

preferred chemical form of the material for use in the core of a bomb;

however, the oxide form nay also be used directly.

In principle, these materials may be obtained from cnmercial nuclear

fuel cycle facilities, from non-comercial facilities built either for

research or expressly for the purpose of producing nuclear explosives, or

from some combination of each. Alternatively, the material (or even a

ccmplete weapon) may be stolen or purchased on a black or gray market, or

acquired as a 'gift'. The routes by which weapons material can be

acquired are sketched in Figure 4.1, and may be further characterized by

the 'mode' of acquisition, i.e., whether the material is obtained covertly

or overtly. Of course, many intermediate strategies are possible. For

example, a dedicated enrichment facility might be built covertly, and then,

once completed, low-enriched uranium might be overtly removed from the com-

mercial fuel cycle and used as feed for the plant.

The proliferation resistance of nuclear facilities and fuel cycles

is usually assessed in the literature in terms of various 'attributes' of

the technologies themselves and of their institutional environment. 3

These attributes are defined differently by different authors, but the

following list is generally included by all:*

1. the time necessary to acquire weapons

2. the financial cost of weapons acquisition

* Acquisition of weapons obviously involves other activities in addition
to the production of nuclear explosive material, including weapons

- design, high-explosive development and testing, weapons fabrication,
/over
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3. the technical difficulty of weapons acquisition

4. the visibility/detectability of the acquisition process

5. the vulnerability of the acquisition process, once observed,

to externally induced interruptions.

These characteristics are clearly not all independent of each other;

moreover, more precise definitions are necessary before they can serve

useful functions. 5

Extensive analyses of the proliferation resistance of various fuel

cycle systems have been carried out in the U.S., in the NASAP program and

elsewhere, and the approach has gained some degree of acceptance abroad.

There has been a tendency on the part of some analysts to stress the

applicability of the proliferation resistance concept to commercial nuclear

6
fuel cycles. Others have suggested that a greater emphasis on research

7and dedicated facilities is necessary. In principle, however, there is

no reason why these techniques should not be applicable to all nuclear

facilities, whether they belong to the ccmmercial fuel cycle or not.

Nevertheless, proliferation resistance assessments are inherently

limited in scope, and their uncritical use as a basis for policy leads to

problems.

(contd.)
and the development of delivery systems. These steps may contribute
to the visibility of the proliferation process. It is generally
agreed, however, that for most countries the skills and facilities
required for the design and construction of a nuclear weapon have been
less of a technological obstacle to their production than has the lack
of access to weapons-usable material. On the other hand, the challenge
of developing a sophisticated delivery system iay be much greater than
the problem of acquiring the fissile material.
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In the first place, since such assessments focus on the technological

and institutional characteristics of fuel cycle systems or facilities,

there is an inevitable tendency to stress national capabilities to prolif-

erate, at the expense of those factors which might influence the nationi's

incentives or disincentives to do so. Proliferation mistakenly comes to

be defined and perceived in the language of technological determinism.

Furthermore, the preoccupation with technological systems draws

attention to the intrinsic differences between these systems, but not to

the differences in aspirations, incentives, disincentives, and capabilities

of different countries. To be sure, the latter may be included in such

assessments via abstract 'scenarios', in which a hypothetical set of poli-

tical and strategic objectives are often ascribed to an imaginary country.

According to at least one group of workers, the proliferation resistance

methodology "is intended to be sufficiently comprehensive to cover all

cases of potential interest;" 8 and this objective combined with a techno-

logical orientation does indeed provide a methodology which has a kind of

global applicability.

But the same combination, if carried forward undiluted into the

policy process, also tends to promote a 'systems analytical' approach to

the non-proliferation issue, in which the technocratic elements of policy,

the so-called technical and institutional 'fixes', take precedence over

those which lie beyond the imiediate scope of the nuclear fuel cycle. It

is in this context that Richard Betts has written of a 'Itechnicist fallacy"

found among analysts of non-proliferation, which is characterized in part

by "tendencies to think of candidates for proliferation as an undifferenti-

ated mass of 'Nth' countries, and to direct all attention to ways of stop-

ping the diffusion of sensitive components of nuclear technology" 9



-234-

The prominent role played by proliferation resistance assessments in the

recent evolution of U, S. non-proliferation policy may actually be more of

a syptan than a cause of these difficulties, and a full exposition of

this question belongs to another study. Nevertheless, the possibility

of a relationship between the analytical underpinnings of U.S. policy and

the political disagreements with other countries stimulated by the policy

should not be overlooked. A globally applicable methodology, emphasizing

technology as the unifying factor, the 'lowest comnon denominator' in all

scenarios, is well suited to the American perception of the proliferation

problem as a global phenomenon which must be 'contained'. But it is

much less well matched to the perceptions of most other countries, which

view themselves generally, and proliferation in particular, largely in

the context of a specific region.

This is not to suggest, of course, that the threat of regional pro-

liferation unuld be regarded less seriously by the countries of that

region than by the U.S. Rather, such countries would tend to perceive

the associated technological developments more as a perturbation to and a

consequence of evolving regional political and military relationships in

which they have long been intimately involved than as the ahistorical,

self-contained phenomenon that is frequently evoked by assessments of

proliferation resistance,

But despite these potential pitfalls, proliferation resistance

analysis can fulfill a valuable, and indeed a necessary function in the

development of non-proliferation policy, provided its limitations are

understood. It is in this spirit that the assessment of the prolifera-

tion resistance of laser enrichment technologies in the following section

is. presented.
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Thus, the assessment is advanced as an aid to the formulation of

non-proliferation policy, not as a substitute for it. In subsequent

sections of this chapter, a brief history of the spread of enrichment

technology and the evolution of the international enrichment industry

is presented. An understanding of the principal incentives, disincent-

ives and constraints to have influenced the diffusion of enrichment tech-

nology in the past is of central importance to the -development and

evaluation of policies relevant to laser isotope separation. Then, with

this technical and historical background, the final section of this chapter

will review the existing policy environment, and ways in which it might be

nodified in response to the new technological developments.
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4.3 Proliferation resistance of laser enrichment technologies

In the past few years, many references have been made to the prolif-

eration potential of LIS technologies, Much concern has been expressed

over the possibility that a cheap, compact, quick and technologically

straightforward way to produce weapons-grade material from natural uranium

may emerge from current LIS research and development programs. Images

of 'garage technologies', 'bucket shop operations', and 'bombs in the

basement' have been evoked from time to time. One analyst has urged con-

sideration of a moratorium on future LIS development in the U.S.10

Another has counseled that, while he "was not yet about to tear off (his)

shirt,. it might be prudent to loosen a few buttons."" And last year

the then director of the Los Alams Scientific Laboratory is said to have

remarked that LIS may evolve into a "cottage industry" for proliferation

within a few years. 1 2

On the other hand, a report prepared by a panel of distinguished

independent experts, convened by Exxon Nuclear and Avco Corporation,

found of the JNAI atomic uranium vapour technology that: 1 3

The JNAI laser isotope separation process, far from being a simple
technology capable of being mastered by many countries and even sub-
national groups, is extraordinarily coplexand difficult. Its
practical application remains at least a decade away. It cannot
properly be characterized as 'garage' technology.

Mreover, a study prepared for the Department of Energy reportedly has

concluded that laser isotope separation technology is so sophisticated

14that the proliferation risk from it will be low.

The question is of course complicated by the strict secrecy which

generally surrounds LIS development programs. The report to JNAI is

unclassified, but sane panel members had access to restricted information,
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which may have been of assistance in their deliberations. The Government

study cited above is secret.

The case for attempting an unclassified assessment of the problem

has already been made in the introductory chapter. It is worth re-

emphasizing, however, that the purpose of the present assessment is not in

any way to second-guess the conclusions of studies which have been con-

ducted on a classified basis, or with access to classified data. That

would be futile. Instead, three objectives are sought:

(i) To develop a framework for a constructive public debate on the

subject;

(ii) To determine the value to such a debate that can be derived from

the information that is now available;

(iii) To identify clearly the questions relevant to a public debate which

cannot be addressed satisfactorily without additional information.

4.3.1 Proliferation pathways

Two routes to the acquisition of nuclear weapons material involving

LIS technology are of primary interest:

(A) Misuse of a cormerdial LIS enrichment facility, designed to

produce low enriched uranium (LEU) for light water reactor

fuel, for the purposes of high-enriched uranium (HEU) produc-

tion;

(B) Independent construction of an LIS enrichment plant dedicated

to the production of highly enriched uranium for nuclear weapons.

Each of these routes might be attempted either overtly or in complete

secrecy, or alternately in an intermediate mode. Also, each might be

undertaken either by a national government or a subnational group. In
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this analysis, the emphasis will be on the former. No attempt is made

in the case of route A to speculate on the likelihood of a commrcial

enrichment plant actually being located on the soil of a potential pro-

liferator state. For the purposes of this stage of the assessment, it

is simply assumed that such is the case. The general question of the

spread of conmercial enrichment facilities is, however, of fundamental

importance, and is taken up in detail in subsequent sections of this

chapter.

The two routes clearly do not exhaust all of the possible ways in

which LIS technology might be involved in a proliferation attempt, but

together they address most of the key technical issues that would be

raised in the other scenarios.15

4.3.2 Proliferation resistance attributes

Papaoglou et al have developed a set of five criteria to describe

the proliferation resistance of various pathways to nuclear weapons :16

(i) Weapon development time
(ii) Monetary cost

(iii) Inherent difficulty of fissile material acquisition
(iv) Inherent difficulty of weapon design and fabrication

(v) Likelihood of external ,intervention.

How these various criteria would actually be weighted in decisions

on whether and in what way to proliferate obviously depends on the parti-

cular situation at hand. The original authors have proposed a complicated

and ccnprehensive methodology for answering this question. The method-

ology is designed to evaluate the proliferation resistance of entire

nuclear systems (defined as a 'full' or 'partial' nuclear fuel cycle

along with the associated institutional arrangements) in the context of a

particular country with a particular set of nuclear weapons ambitions.
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Using methods based on multi-attribute utility theory, a set of attributes

derived from the above criteria is used to assess the proliferation resist-

ance of individual proliferation pathways presented by these systems, and

thus ultimately of the systems as a whole. 7

The objective here is mere modest. The two scenarios outlined

earlier are to be used to assess the extent to which LIS technology will

perturb the spectrum of proliferation risks generated by the existing

reservoir of weapons applicable technologies. Moreover, at this stage,

the emphasis is on the technical aspects of the problem. The political

inplications are analysed in more detail later.

Thus, instead of attempting to analyse the proliferation resistance

of entire nuclear systems, it is sufficient to compare routes A and B

with equivalent scenarios in the absence of LIS technology. For

route A, the corresponding scenario might involve a ccmearcial gaseous

diffusion, gas centrifuge or aerodynamic enrichment plant. Since the

gas centrifuge process increasingly appears to be the technology of choice

over the long dominant gaseous diffusion process for comrmercial plants,

(the U.S., the three Urenco countries and Japan have all recently elected

for the former), we choose it to provide the 'reference' case for route A.

For route B, the comparison could be with any of several technologies

that might be utilized to produce weapons-grade material in dedicated

facilities: on the enrichment side, gas centrifuge technology once again,

but other processes too, including electromagnetic separation, which is

unattractive economically compared with gaseous diffusion, but which was

nevertheless used for the first kilogram-scale separation of U-235 during

World War II; and for plutonium production, dedicated reprocessing plants

and irradiated fuel fran research or production reactors, or seized or

diverted fram spent comercial power reactor fuel storage.
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The more modest goals of this assessment coipared with those of

Papazoglou et al also permit modifications to be iade to the proliferation

resistance attributes originally derived from the five criteria above,18

as follows:

(i) Weapon development time:

Here, we are particularly concerned with the time required to

produce enough fissile material for one or more nuclear weapons.

This includes the time required for preparatory activities, such

as research and developnent and personnel training; for the design

and construction of the production facilities. for the materials

acquisition itself; and for the conversion of the material into a

chemical form suitable for use in weapons (i.e. the metal, oxide,

or, less likely, carbide). Not included is the time required to

design the weapon (s) or the time required to manufacture them,

once the material is available. The design and manufacture of

the weapon (except for the weapons-grade material) could be carried

on in parallel with the production of the weapons-grade material.

Moreover, if the weapons material is to be highly-enriched uranium,

a natural uranium mock-up weapon could be assembled in advance,

including all the chemical and metallurgical steps, whereas this

would not be the case with plutonium. But while the incremental

time for weapons design and manufacture will vary depending on the

nature of the fissile material, the variation is unlikely to be

large enough to make it a dominant factor in the choice of routes

to weapon materials acquisition.



-241-

(ii) Financial cost:

This includes the direct costs of equipment, material, personnel

training and employment, facilities construction, etc. In the

case of route A and its reference scenario, the cost would include

the indirect costs incurred in the event of loss of production

from the comercial enrichment plant, but not, of course, the

original cost of the plant.

(iii) Inherent difficulty of weapons material acquisition:

This is a measure of the scientific and technological corplexity

of the process, the personnel requirements, and the necessary

organizational and management skills. Again, in the case of

route A, it is the requirenents beyond those associated with the

normal operation of a comercial enrichment plant that are of

interest.

(iv) Difficulty of weapons fabrication:

The nature of the fissile material available, i.e. whether it is

U-235, U-233, reactor grade plutonium or plutonium whose isotopic

conposition has been optimized for explosives use, will affect

the technical difficulty of weapons design and manufacture.' 9

Moreover, as noted in (i), design and manufacture of an enriched

uranium weapon might take place more completely in parallel with

the production of the weapon material than for a plutonium weapon.

But since the production of weapons-usable material is generally

thought to present more difficulties than the manufacture of the

weapons themselves, 2 0 for the purposes of this assessment we focus
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on the potential impact of LIS technology on the former, and

eliminate the question of weapons fabrication from further con-

sideration.

(v) Likelihood of detection:

Here, we are concerned with the probability of detection (in the

case of covert attempts) during the process of acquiring the fissile

material. 2 1  Detection might occur because of a violation of IAFA

safeguards, through national intelligence, or by other means.

In addition, an assessment of the viability of a particular prolif-

eration route ought properly to consider the effectiveness of external

attempts to interrupt the process, once detected. This involves the

question of the sanctions that might be available and the probability that

they would in fact be levied. These issues go beyond the bounds of the

technical phase of the analysis that is presented here. However, it

should be noted that if a proliferation effort relies on a continuing flow

of equipment or materials from outside the country, this will affect not

only the detectability but also its vulnerability to counteraction.

4.3.3 Route A - Misuse of a conmercial enrichment plant for high-enriched

uranium production

Depending on the circumstances, a commercial enrichient plant

designed for low enriched uranium (LEU) production might be misused in one

of two ways. First, the entire plant might be adapted to the production

of high enriched uranium (HEU). If such a plant were under international

safeguards, the action would be self-announcing, and would involve either

unlawfully abrogating or legally withdrawing from the relevant safeguards
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agreement. Alternatively, a covert attermpt might be made to produce

smaller quantities of highly enriched uranium from the plant while it was

still under international safeguards.

We shall corpare the proliferation potential of atomic vapour LIS

(AVLIS) and molecular LIS (MLIS) enrichment plants with a commercial gas

centrifuge plant for both of these pathways. Since little design informa-

tion relevant to future commercial LIS plants of either kind has yet been

made available, the discussion will necessarily be highly speculative, and

will run the risk of overstating the ipq:ortance or immutability of what

little is known. For the AVLIS plant, since somewhat more information is

available on the JNAI process than the work at Livermore, the erphasis is

on the former.

The comparisons will be based on plants with a design rating of

3000 tons of separative work per year. A natural feed plant of this

capacity would provide enough LEU fuel for the annual needs of about

20 1000 MWe LWRs, a depleted feed plant about 5. Whether in fact it

will prove to be a typical size for coinercial LIS plants remains to be

seen.

4.3.3.1 Full-scale conversion to HEU production;

Atomic vapour LIS process

For 3% enriched product, the plant heads separation factor (the

ratio of product and feed abundance ratios) for a natural feed plant would

be 4.3, and for a depleted (0.2%, say) feed plant it would be 15.4. The

indications are that, even for depleted feed, enrichment to 3% in a single

step will be possible in an AVLIS facility based on the JNAI process.

Thus, the plant designed for depleted feed would probably present the more
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attractive prospect for a would-be proliferator in view of its higher

stage separation factor. The nominal flowrates for a 3000 MTSW/yr plant

designed to enrich 0.2% feed are shown in Figure 4.2. The product and

tails assays correspond to those in a recent JNAI report.23

Such a plant might be adapted to produce HEU in one of two ways.

First, the stage separation factor might be increased such that HEU was

produced in a single pass; to achieve this, changes in plant operating

conditions, physical modifications, or a combination of both might be

required. If 3% enriched feed were available, the heads separation

factor ( ) would have to be raised fran 15.4 to 32.3 for 50% enriched

product and to 291 for 90% product. If only natural feed were available,

the separation factors for the same product enrichments would be 140 and

1257 respectively.

Alternatively, the plant could be operated in a 'batch recycle' mode,

in which successive product batches were recycled as feed in a multi-stage

process.

For the forner option, insufficient information is available to

determine whether even major modifications could increase the separation

factor sufficiently. According to the JNAI review panel, which reported

that it had access to all relevant information, "the feasibility (of such

an option) is unknown and a lengthy R. and D. effort would be required to

develop and demonstrate an approach, followed by significant plant modifi-

24cations once a definite attempt was initiated" . Whether such a conclu-

sion would apply to all commercial AVLIS facilities is unknown.

Many uncertainties characterize the batch-recycle option also. One

of the major issues concerns the behaviour of the separation factor as the
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feed enrichment increases. If the feed flowrate (and hence the overall

density in the plasma extractor region) were held constant as the feed

assay was successively raised, the ion density in the extraction region

would increase correspondingly. Intuitively, one might expect that the

resulting increase in self-shielding from the collector electric field

would adversely affect the ion extraction efficiency, and thus reduce the

separation factor.

In a study of the proliferation resistance of their process conducted

for DOE under the NASAP program, JNAI assumed that the stage separation

factor could be held constant if the feed flowrate was adjusted such that

the ion density in the extractor region remained the same. JNAI officials

suggest that in practice the separation factor would probably be lower than

the design value under these conditions. 2 6  Auer agrees that a constant

separation factor is "the most liberal (and rather unlikely) assumption one

can make in favour of the proliferator", and notes that "theoretical con-

siderations lead one to predict that the (heads separation factor) value

achieved under such conditions could not be maintained at the original high

design value without additional plant modifications - the nature of which

could only be determined by extensive experimentation." 2 7

One problem encountered at lower feed flowrates and densities is the

reduced collisional cooling of the uranium vapour atms as they leave the

surface of the crucible. It will be recalled that the JNAI process employs

a '3-step, 4-colour' excitation scheme, in which laser photons of two

frequencies are used to excite selectively uranium atoms in the ground and

first excited energy states to the same intermediate level, after which two

further sequential photon absorptions result in ionization. Under normal

operating conditions, it is apparently collisional relaxation which causes
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most of the uranium atoms to return to the lowest energy states by the

tine they enter the irradiation region, and which therefore permits a high

yield of U-235 in the product. With reduced cooling, more U-235 atoms

will remain in higher energy states, the fraction of U-235 that can be

selectively excited by the two first-step lasers will be reduced, and thus

the overall separation factor will be eroded. (One possible way to

counteract this difficulty might be to increase the collision rate by

introducing a buffer gas at the surface of the evaporator. On the other

hand, such an approach might also lead to difficulties, since it would

involve containing the buffer gas at the surface of the crucible, while

maintaining the rest of the module at very high vacuum.)

Other factors might be expected to promote an increase in the sep-

aration factor at a reduced process density. Fbr exanple, as the ion:

neutral density ratio increases in the extractor region, the probability

of charge exchange or nouentum exchange reactions will decline, enhancing

the recovery of U-235 on the product plates. Also, as the neutral atom

density is decreased, the neutral - neutral scattering collision rate

which might otherwise contribute to the deposition of unwanted U-238 on

the product plates will decline. It was perhaps on account of these

factors that IBM physicist Richard Garwin, who was later to serve with

Auer on the JNAI review panel, suggested in mid-1977 that by reducing the

total vapour throughput in order to keep the U-235 ion density constant

at higher feed assays, the separation factor would probably increase.

The panel as a whole was silent on this issue, although it suggested.

that the production of HEU by batch recycling would be more likely to

require both changed operating conditions and equipment modifications than

just the former. In the panel's report, greater emphasis was placed on
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the difficulties of undertaking such an operation, and, nore importantly,

on the large uncertainties which themselves would constitute a major deter-

rent to a would-be proliferator. It was the panel's judgement that the

uncertainties could only be overcome by a substantial research and develop-

ment effort, "employing facilities conparable to those used in the develop-

ment of the process itself".29 While such an effort would increase the

risk of detection, failure to undertake it would increase the risk that an

actual attempt to produce HEU would end in failure, or at least be sub-

jected to lengthy delays.

The importance ascribed to the deterrence value of technological

uncertainty suggests a possible dilemma.. Although the large size of the

research and development ef fort required to reduce this particular uncertain-

ty, if the panel's assessment of it is correct, presumably would absolve

JNAI from the responsibility of pursuing the investigation, there may be

occasions when the issue is less clear cut. On the one hand, when a

process with good conmrcial prospects also has potential military applica-

tions, there is a clear need to examine the magnitude of the latter potent-

ial before widespread conrercial deployment takes place. Yet, even aside

from the financial burden of such measures, if there is a value to the

preservation of uncertainty, where is the investigative line to be drawn?

Should this decision be left to the developers? And does it make any dif-

ference if the developers are in the private or public sectors? How

might the costs of the investigation influence the decision? We shall

return to these questions in Chapter 6.
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It is possible to derive an estimate for the minimum time required

for batch recycle operation of an AVLIS plant to produce enough HEU for

one or more nuclear weapons, based on the assumption that the separation

factor will remain at the design value if the U-235 throughput is held

constant. The calculation is presented in Appendix I of this chapter.

The results show that a minimum time of approximately two weeks would be

needed to produce enough HEU for a single weapon in a 3000 MTSW/yr

depleted feed plant. By making certain additional conservative assump-

tions, the total number of weapons that could be produced in a year by

such a plant could theoretically be as high as 65, although the actual

number would probably be much lower. Once again, it must be emphasized

that these conclusions are not necessarily applicable to all AVLIS processes.

An interesting variant of the batch recycle scheme is worth mention-

ing. Above a certain U-235 feed assay, it may become easier to adjust the

laser frequencies so as to achieve separation by the selective photoion-

ization of the residual U-238; the 'tails' in this case would be further

enriched in U-235. To a first approximation, as the U-235 feed assay

increased above 50%, the problems of adjustment associated with higher ion

densities in the collector region would beccme less rather than more demand-

ing with this scheme. Moreover, since the U-238 spectrum, unlike that of

U-235, shows no hyperfine splitting, the problem of generating enough laser

frequency components to excite all of the desired atoms (as discussed in

Chapter 2) is no longer present.

Molecular LIS process

At the present time, even less is publicly known of the potential

design characteristics of a coimercial NLIS plant than of the JNAI AVLIS
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process discussed in the previous section. It does seem clear, however,

that, even for natural feed, unless major advances are made, the single-

stage separation factor will not be high enough to produce 3% uranium

without staging. For convenience, we shall base this assessment on the

materials balance flowsheet calculated in Chapter 2 for a 3-stage ideal

MLIS cascade accepting natural feed. (See Appendix II of Chapter 2.)

The overall stage separation factor (a) of 4.3 for this cascade apparently

30
lies within the range for MLIS currently anticipated by DOE. A cascade

capacity of 3000 MTSW/yr is again assumed.

There are several ways in which the cascade might be modified to

produce HEU. The operating conditions and/or certain plant conponents

might be adjusted to increase the stage separation factor at each stage

such that the overall plant separation was high enough for HEU production.

Alternatively, the cascade could be operated in a batch recycle node. A

third option would be feasible if one or more of the stages consisted of

two or more separation nodules in parallel. If this were the case, the

cascade nodules could be 'repiped' to produce a longer, thinner cascade,

i.e., one with more stages and lower flowrates at each stage. (If the

stage separation factor was unchanged in the repiped configuration, about

7 stages would be required to produce 80% U from 3% feed.) If, on the

other hand, each stage consisted of a single module, (and there is no

obvious reason why this should not be so), repiping would be ruled out.

A final alternative would be to add more stages to the top of the cascade.

Which of these options would be the most attractive to a would-be

proliferator is not yet possible to assess.

For batch recycle operation, behavior of the stage separation factor

with increasing feed enrichrent is once again at issue, and the uncertainty
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might once again contribute to the proliferation resistance of the process,

although in view of the staged configuration of the conmercial plant itself,

the operator in this case might normally be expected to have some working

-knowledge of the effect of increasing assays on separator performance, if

only at relatively low assays.

Based on several crude assumptions, calculations presented in

Appendix I of this chapter suggest that from 24-36 hours would be required,

at a minirmum, to produce enough HEU for a single weapon from a 3000 MTSW/yr

MLIS plant operated in the batch recycle mode, and a theoretical maximum of

2000 weapons could be produced by such means in a year.

It is possible that significant equipment modifications would be

required to maintain good separation at high feed assays, in which case

the above estimates would be highly optimistic. In any case, criticality

problems seem certain to become iiportant in the later cycles, in view of

the need to handle UF5 solids within the process. Solids flowrates are

high, (roughly 5 kg/minute of 91% UF5 are produced in the final cycle of

a batch recycle operation, according to Table 1-2 in Appendix I), and

modifications in the original plant design would be one way of increasing

the proliferation resistance of the facility.

On the other hand, in at least one important respect, an MLIS plant

may be inherently less sensitive to the perturbations associated with

batch recycling than an AVLIS plant. In the latter case, the reportedly

serious problems encountered in achieving good laser beam propagation,

such as the instabilities arising from temperature and absorptivity gradients

and other non-linearities in the atomic vapour medium, are compounded by

the long optical path length necessary in such plants (as much as several

31hundred meters in the 3000 MrSW/yr plant). By contrast, the higher
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process density achievable in MLIS plants means that the irradiation path

is likely to be much shorter, perhaps on the order of ten meters.32

Also, since staging will be necessary in conmercial MLIS plants in

any case, the materials processing required between batches would be

expected to create fewer additional demands than it would for a single-

stage AVLIS plant.

Gas Centrifuge Plant

From a proliferation resistance perspective, a commercial gas centri-

fuge enrichment plant will probably differ from LIS facilities of either

kind in several important respects which, in turn, are attributable to

fundamental physical differences in the separation process. Compared with

the LIS processes, individual centrifuge separation factors are low:

depending on the machine, the at might vary from 1.15 - 1.14. Thus, for

an a of 1.3, an ideal centrifuge cascade designed to produce 3% enriched

uranium from natural feed at a tails assay of 0.2% mould require 12 stages

in the enriching section and 9 more in the stripping section.

Furthermore, because of physical limits on the size of individual

centrifuge machines, each stage will actually consist of many centrifuges

connected in parallel. Several hundred thousand machines of the type

developed by the Urenco consortium in Europe would be required for a

3000 MrSW/yr facility, and the largest stages would contain more than ten
*

thousand centrifuges. In practice, a plant of this size will be divided

into a number of sub-cascades operated in parallel, each camposed of

several thousand machines; modular designs facilitate plant maintenrce

* The machines that are to be used in the new U.S. commercial centrifuge
plant are reportedly as much as ten times larger, and correspondingly
fewer would thus be required in a plant of the same capacity.
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and control, and offer greater flexibility in the choice of product assay.

Once a decision is taken to convert such a plant entirely to the

production of highly enriched uranium, two principal options are available.

The product stream could be recycled as feed to the plant, either batchwise

or continuously, until uranium of sufficiently high assay is available.

Alternatively, the centrifuge machines could be rearranged into a configura-

tion with enough stages to produce HEU directly.33 For machines with an

of 1.3, about 50 stages would be required to enrich natural feed to an assay

of 80%. The rearrangement would be relatively straightforward to accom-

plish, and the latter option would probably be the method of choice.

The ease with which coammrcial centrifuge plants could be converted

to HEU production facilities has been the source of a good deal of concern.

Unlike the two LIS processes, the behavior of centrifuge machines and

cascades at high enrichnent assays is widely understood and quite predict-

able.34 Moreover, in view of the small material holdup in individual

centrifuges, criticality risks in the cascades are of little concern, even

at high assays.

Plant conversion could probably be quite rapid. According to the

JNAI review panel, reconfiguration of the cascades could be completed in a

matter of a relatively few days if the necessary piping were prepared in

35advance. And no significant preparatory research and development would

be required. The equilibrium time for centrifuge cascades -producing HEU

is quite short: depending on the particular circumstances, on the order of

ten or twenty hours, as is illustrated in Appendix I. Once equilibrium

is reached, the HEU production rate is high; enough for a single weapon in

under five hours, and as many as several thousand critical masses after a

year of operation. (See Appendix I.)
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The maximum production rates for HEU fran the three enrichment

facilities are shown for comparison in Table 4.1. It should be emphasized

that the estimates for the LIS plants are highly speculative and, almost

certainly, HEU production times in these plants will be much longer.

Table 4.1

Estimated maximum production rates for high-enriched uranium

in 3000 MTSW/yr conmercial enrichment plants*

AVLIS MLIS Gas Centrifuge

Estimated minimum time 17-30 hours
required for production r-2 weeks ~-24-36 hours (+ 'repiping'. time)
of enough HEU for one
weapon

Estimated maximum
annual critical mass <65 < 2000 several thousand
production rate

* See Appendix I for supporting assumptions and calculations.

4.3.3.2 Covert Diversion of HEU from Safeguarded Cornercial Enrichment Plants

While efforts to undertake the ccnplete conversion of a commercial

enrichment plant to the production of high-enriched uranium would probably

be almost imediately visible to the international conmunity, a would-be

proliferator might instead prefer to avoid the possible consequences of

ddtection for as long as possible by attempting to produce and divert HEU

fram such a plant covertly. 3 6  In this section, we examine some of the

opportunities and problems of this approach, again using a gas centrifuge

plant as a 'reference'. The focus is on commrcial facilities to which
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international safeguards are applied; the question of covert HEU production

in an undeclared facility is taken up in the following section. Later in

this chapter, the issues which will determine whether or not international

safeguards will actually be applied to commercial enrichment facilities are

dealt with in nore detail.

The general objective of International Atomic Energy Agency (IAFA)

Safeguards is clearly stated in Agency document INECIRC/153, "The Structure

and Content of Agreements between the Agency and States Required in Connec-

tion with the Treaty on the Non-Proliferation of Nuclear Weapons":

The Agreement should provide that the objective of
safeguards is the timely detection of diversion of
significant quantities of nuclear material from
peaceful nuclear activities to the manufacture of
nuclear weapons or of other nuclear explosive
devices or for purposes unknown, and deterrence of
such diversion by the risk of early detection.

In response to the prospective increase in the number of non-nuclear

weapons states engaged in uranium enrichment, the IAEA has been developing

safeguards procedures for enrichment facilities since 1972.37 As of this

writing, however, enrichment is the only major step in the conercial nuclear

fuel cycle for which officially approved Agency safeguards procedures have

not yet been established.
3 8

The Agency has apparently mainly concentrated on gas centrifuge tech-

nology up to now. So far, no single safeguards strategy has emerged which

is applicable to all types of enrichment facilities and, irideed, it may not

be possible to develop one. In any case, it is specific facility design

information which provides the foundation for Agency safeguards. Thus,

since no laser enrichment plant design details are yet available, any

assessment of the relative safeguardability of such facilities must be

highly speculative. Nevertheless, based on what is known of the likely
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safeguarding strategy for centrifuge facilities of the Urenco type, 3 9

together with sane of the MLIS and AVLIS plant design considerations that

have already been discussed, a few preliminary observations can be made.

A potential constraint on the implementation of all IAFA safeguards,

and one which may be of particular significance in the case of enrichment

facilities, is the right of the state in which the plant is located to

designate parts of it which contain ccmmercially sensitive information as

"special material balance areas", to which Agency inspectors would not be

40
allowed access.

For centrifuge plants, it is quite likely that the cascades themselves

will be declared 'non-access' areas. 41 It is not yet clear whether any

portions of an LIS facility would be subject to similar restrictions,

although the areas containing the lasers themselves and the associated

optics would seem to be likely candidates. Yet ruling the laser system out

of bounds would not necessarily interfere with the ability of the inspectors

to verify all stages of material flow into, through, and out of the plant.

On the other hand, if no access were permitted to the solids separators in

an MLIS plant, or the uranium evaporator system in an AVLIS plant, for

example, the effectiveness of safeguards might be significantly inpaired;

however, at present there is no apparent reason why access to these areas

would be prohibited.

In principle, the existence of 'no-access' areas would be of no

concern if continuous monitoring and perfectly accurate verification of

all inputs and outputs were possible. In practice, of course, safeguards

performance will always fall short of this goal, if only because of limits

on the accuracy and precision of the instrumentation. The limitations of

international safeguards have been discussed by many analysts.42
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The task of so-called 'perimeter' safeguards is easier, the fewer

points of access for materials and equipment there are. Plants which

inherently provide good 'natural' containment of the nuclear material are

advantageous in this respect. one virtue that has been claimed for the

JNAI AVLIS process is the limited number of points into which material can

be introduced. 4 3

Ccrpact plant size may also be an advantage, to the extent that con-

tinuous surveillance of the perimeter may be facilitated, and the possibility

of undetected movement of materials through unauthorized channels therefore

reduced. On the other hand, carpactness is advantageous to would-be

proliferators intent on the construction of clandestine facilities. Same

fairly recent estimates comparing the sizes of various enrichment facilities

are shown in Table 4.2.

Table 4.2

Estimated Land Area Requirements for Enrichment Plants

MLIS AVLIS Gas Centrifuge Gaseous Diffusion

1 2 2 2 1Area (acres) 1 8 20 60 -90

Capacity
(MISW/yr) 9000 3000 3000 9000

Notes: 1. C. Paul Robinson and J.G. Marinuzzi, "Laser Isotope Separa-
tion", paper submitted to Gerald Tsai Forum, New York City,
February 3, 1976.

2. Richard Levy, American Physical Society Meeting, New York,
February 4, .1976.
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In general, the limitations of perineter safeguards are magnified

if either of the following conditions are present:

(i) The plant inventory of fissile isotopes is large. Then, since

direct inventory measurement is prohibited, the diversion of a

militarily significant quantity of material from the plant could

take place undetected.

(ii) Detection of attempts to rearrange or otherwise physically modify

the separating stages or to change the plant operating conditions

so as to increase a is prevented by lack of access.

Centrifuge cascade inventories are small. According to the cal-

culations of Appendix I, the inventory in a conrercial 3000 MTSW/yr plant

would be about 1.5 tons, and the average enrichment of the inventory would

be roughly 1%. Recently available data indicate that plant inventories

for both AVLIS and MLIS processes will also be low - several hundred kilo-

44
grams for each, again with a mean enrichment of roughly 1%. Thus, for

none of these technologies is covert diversion of a small fraction of the

in-process inventory a possible proliferation scenario.

Lack of access to centrifuge cascades may increase the risk of

cascade rearrangement and covert HEU production considerably. For the

purposes of illustration, consider the following example. A 3000 MrSW/yr

plant would be camposed of several hundred thousand centrifuge machines.

If only a few hundred of these machines were reconnected to form a small

HEUJ cascade, taking LEV product from the main. cascades as feed and dis-

charging a tails stream at 0.711% (natural) assay, say, at least -enough

high-enriched uranium for a single weapon would be available after a year.

Such a diversion strategy would add roughly one tenth of a percent of

total plant throughput to the material unaccounted for (MUF) , i.e. , sonewbat
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less than the inherent uncertainty of + 0.2% of total throughput that

might be achievable in a material balance for a centrifuge plant of this
45size. While statistical measurement methods, disaggregated material

balance areas, and other accounting techniques can increase the probab-

ility of detection, there are nevertheless clear limits to the effectiveness

of perimeter safeguards based on the material balance concept.46 Even with

access, the hundreds of thousands of machines and the vastly intricate array

of interconnecting pipework would almost certainly prevent an international

inspector from verifying the absence of a small, semi-independent cascade.

Yet some additional measure of deterrence would certainly be gained if

access were permitted, not only because of the finite chance that an

inspector would stumble across a 'rearrangement-in-progress', but also

because the probability of detecting undeclared input and output streams to

the cascade would be enhanced.

In an AVLIS plant, lack of access might create fewer difficulties for

the safeguards system. In the judgement of the JNAI review panel, "signi-

ficant plant n-difications" would be required to increase the separation

factor in the JNAI process to the point at which single stage enrichment

was possible. If such modifications indeed were to require significantly

more equipment, personnel and time to implement them than normal maintenance

operations, inspector access to the process modules themselves might be

unnecessary in order to detect such an attenpt. Moreover, if, as the panel

believes would be true of the JNAI process, single stage production of HEU

cduld be achieved with 3% LEU as feed, but not with depleted or natural

uranium, routine isotopic assay measurements on the feed uranium would

provide a clear indication of a safeguards violation, even if the plant

modifications themselves went undetected. Of course, the inspector would
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also require assurance that no undeclared feed material was being intro-

duced into the plant.

Another factor which might increase the visibility of a covert attempt

to misuse an AVLIS plant for HEU production would be the associated change

in the plant's power consumption. Recalling an earlier discussion, lower

process densities (and throughput) would conceivably be required for

enhanced separation, particularly if the feed enrichment assay was increased.

Thus, monitoring the power supplied to the evaporator units could provide an

indication of such an attempt. (In contrast, power consumption in centri-

fuge facilities varies according to factors not directly related to the

separative work output, so that power supply monitoring in this case would

be less instructive.)

For the MLIS process, it is not known how extensive (and thus how

visible) the modifications necessary to achieve a significant increase in

the stage separation factor would have to be, although the fact that the

Los Alamos group currently expects that staging will be required even to

produce LEU provides at least same circumstantial evidence that the changes

will not be minor. Criticality considerations arising from the in-process

accumulation of solids might add to the conspicuousness of the modifications,

and, as noted previously, plant designs which maximize the work that would

be necessary to avoid criticality incidents at high enrichments would be

desirable. Also, if each stage of the plant consisted of a single module,

the possibility of repiping sce of 'the modules to form a long, thin cascade-

wi'thin-a-cascade would be eliminated.

In general, for both the AVLIS and MLIS processes, the relatively

large capacity of the individual separation modules, compared, for example,

with individual centrifuge machines, will tend to increase the minimum
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feasible scale of covert efforts to misuse the plant for HEU production

(where 'scale' here refers to the fraction of the plant that would be

involved) and consequently the conspicuousness of such efforts.

4.3.4 Route B - Independent construction of a laser enrichment plant

dedicated to the production of HEU for weapons

As in the previous section, three 'attributes' are of principal

interest: the time required for materials production; its difficulty;

and the probability of detection. The emphasis is different for this

scenario, however. The difficulty of the effort is no longer measured in

terms of the incremental task of modifying a commercial facility for prolif-

eration purposes, but rather of acquiring a dedicated facility 'from

scratch'. Of course, the difficulty is determined both by the nature of

the technology itself and by the technological capability of the country

in which the effort occurs, and technological generalizations are not

possible. A country with a scarcely developed industrial infrastructure

and no nuclear capability will be expected to choose differently from an

advanced industrial country with a major nuclear industry. Not only will

the absolute difficulty of the alternative pathways vary between countries,

but the relative attractiveness of different routes will vary depending

on the profile of indigenous technological capabilities.

Detectability is also meant in a different sense. The question of

international safeguards effectiveness no longer -applies, since it is

beyond the authority of the IAFA to seek out clandestine or undeclared

nuclear facilities. Instead, detectability will depend on indicators of

the kind listed in Table 4.3.
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Table 4.3

Detectability indicators for undeclared, dedicated nuclear facilities

- Direct observation of construction site, power lines, water supplies, etc.

- Detection of critical plant items

- Detection of movement of appropriately skilled foreign personnel into
the country

- Breaches of national security detected/caused by intelligence efforts

- Monitoring of technical publications in related fields

- Detection of distinctive plant emissions during operation

Again, the probability of detection will depend on the characteristics

of the host country as well as the facility itself. For exanple, in a

country with a large laser research and development establishment, the con-

centration of specialists and the flow of equipment and materials required

for an LIS program will obviously be easier to conceal. Moreover, the

existence of such an establishnent will lessen the need for imports of

specialized camponents and personnel, and thus reduce the risk of detection

through monitoring of international trade. (On the other hand, indigenous

manufacture may increase the project lead time, with a consequent increase

in the probability of detection.) Similar conditions apply to the general

level of industrial sophistication.

Detectability will also be influenced by the carpetence of intelli-

gence organizations and the comprehensiveness and effectiveness of controls

on international trade. The latter issue will be dealt with in section 4.5.

Here, once again, the emphasis is on the technical aspects .of the question.

And, once again, the paucity of available data allows only preliminary and

speculative observations to be made.
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There have been several recent analyses of the proliferation risks

presented by other dedicated facilities, e.g., small plutonium production

47,48 48
reactors and reprocessing plants, gas centrifuge plants, and

electromagnetic enrichment facilities.49 Some of these results are

summarized in the next section. Other, classified assessments have also

been prepared.

Perhaps the main analytical difficulty in comparing these technologies

with the LIS processes~is that the comparison must be made at a particular

point in tine - a point at which the practicality of at least sore of the

former has been demonstrated, but LIS has not. And yet, for the assessment

to have the greatest value, technological trends and developments must be

anticipated as far into the future as possible. A fine and elusive balance

must be sought between the parallel needs for technological veracity and

technological foresight.

4.3.4.1 Other dedicated facilities

Same recent estimates of the costs, personnel and time required to

construct dedicated facilities other than LIS are summarized in Table 4.4.

The sources from which these data were extracted should be consulted for

rore detailed information. Since the various authors selected different

ground rules and used different guiding assumptions, direct quantitative

comparisons are not recommended. Of greater significance are the varia-

tions within each technological category, depending on the capabilities

of the country making the attempt, and also the qualitative siM*ilarities

anong and differences between the three technologies.
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4.3.4.2 Dedicated laser enrichment facilities

Here, the key question is whether laser enrichment technologies will

provide an avenue to weapons-usable material via dedicated facilities that

is qualitatively easier than those currently available. A major shift in

the spectrum of proliferation risks will have correspondingly large con-

sequences for current non-proliferation policies.

(1) Atamic Vapour LIS Technology

The single, most persuasive piece of evidence that AVLIS is not a

'garage' technology is not technical at all. It is simply that, despite

the existence of two large, independent programs in the U.S., each estab-

lished for several years and each involving over a hundred personnel, a

plant capable of producing enriched uranium even on a small scale (i.e., a

few kilograms per year) does not yet exist. Furthermore, both groups anti-

cipate that major additional conitments will be necessary before the tech-

nology can be comercially demonstrated. JNAI now expects that it will be

1987-88 at the earliest before this can be achieved,51 and conpany officials

speculate informally that the total cost of the program to that point will be

on the order of a few hundred million dollars. Similarly, AIS program offi-

cials at the U.S. Department of Energy suggest privately that the total cost

of developing any of the three technologies currently being funded will be

several hundred million dollars, up to and including the construction of a

1 million SW/yr demonstration plant.

While figures of this magnitude are inpressive testimony to the

formidable technological difficulties in the way of successful development

of AVLIS, a few general qualifications are necessary.

First, there are important differences between a program whose

objective is to develop a technology to a level at which it can operate
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successfully in a highly competitive comrercial environment and, on the other

hand, a program which is less oriented towards reliability and economic

performance goals than to the quickest, cheapest possible production of

highly enriched uranium.

A good example is provided by the gas centrifuge process. It has

taken the U.S. two decades and at least several hundred million dollars

to develop a highly advanced, apparently economically competitive form of

the technology, and a camercial plant itself will cost several billion

dollars. On the other hand, a small centrifuge facility, annually pro-

ducing enough HEU for one or a few bombs and using relatively unsophistic-

ated technology, might be constructed by a moderately industrialized

nation only a few years after the initial decision was made and at a cost

of less than $100 million. (See Table 4.4.) Similar considerations

apply to reprocessing technology.

A second qualification relates to the possible influence on U.S.

AVLIS program schedules of constraints only marginally related to techni-

cal difficulties. Tower separative work demand than originally anticipated

and political and institutional pressures (which are examined in

Chapter 5) way have reduced the incentives for rapid development. Once

again, centrifuge technology provides a useful analogy. The U.S. centri-

fuge development program has been paced, to some extent, by the anticipated

'cross-over' point, beyond which the existing gaseous diffusion conplex

will no longer be capable of meeting the demand for separative work. In

contrast, the tripartite Urenco development program in West Europe has been

strongly motivated by the drive to reduce the dependence of the particip-

ating countries on foreign enrichment supplies. It seems plausible that

the greater urgency felt by the Europeans has contributed to their achieving
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coimercialization several years ahead of the U.S., albeit with apparently

less advanced technology.

Both of these factors suggest that a conprehensive analysis of the

risks from dedicated AVLIS facilities would usefully extend beyond current

U.S. programs to include other, possibly less commercially-oriented research

and development programs around the world. (The same applies to MIS

technologies.) A list (not necessarily comprehensive) of foreign LIS

programs is shown in Table 4.5. Unfortunately, little information is in

the public record concerning these programs, and some preliminary inquiries

made by this author failed to yield additional details that would be use-

ful for such an assessment.

A third qualification is necessary. Sometimes a very substantial

difference exists between the scientific/technological effort required to

develop a process or device and conrcialize it initially, and the effort

needed to replicate it thereafter. The developrent and application of

solid-state devices is a case in point; the initial scientific and techno-

logical effort took years of highly skilled work, but nowadays examples of

what would hitherto be called high technology are produced by small enter-

prises. Another example is the development of radar, and now the ubiquity

of microwave ovens. But against these examples it may be argued that

large volume production and attendant cost reduction methods led to this

simplification; that is very unlikely to be the case with clandestine LIS

installations.

Nevertheless, same differences remain, even without mass production.

As Willrich and Taylor have noted in. a related context: 5 2
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Every educated person already knows the single most essential
fact about how to make nuclear explosives: they work. . . .
The certainty that an idea will work in principle is a large
step towards finding ways to carry it out.

Table 4.5

Foreign LIS programs

Ccrnts

* Soviet Union

* France

* GerMany

* England

* Japan

mainly MLIS

mainly MLIS

MLIS

MLIS

AVLIS

Argentina

Australia

Belgium

Brazil

Canada

India

Iran

Iraq

Israel

Italy

South Africa

Taiwan

Venezuela

AVLIS

* Programs involving more than 30 scientists. (Source: Interview at IASL,
January 25, 1979.)
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In this case, of course, proof of principle has already been demonstrated,

but similar considerations apply to other steps in the developmental

process. Thus, if the production of kilogram quantities of enriched

uranium is demonstrated in a LIS facility, then, even if no details of

this work are made available, and even if only LEU has been produced,

merely the knowledge that the work has proved fruitful might provide a
*

scmewhat more sympathetic environment for future efforts in the same area.

But while these considerations suggest the need for caution in drawing

general conclusions from current U.S. LIS experience, the fact remains that

many of the technical problems that have been encountered in these programs

would also have to be overcome in any AVLIS development effort, whether

conercially oriented or not.

In all cases, successful development will require the integration of

several complex technological systems and methods including an advanced

laser system and its associated optics, a sophisticated uranium evaporation

system meeting difficult specifications, metal vapour handling systems,

plasma extraction technology, and advanced atomic spectroscopy. Thus,

even if major advances bring one of these areas within easier reach,

mastery of the others and a complicated system integration will. still be

necessary.

Uranium has one of the most complicated of all atomic spectra, as

discussed in Chapter 2. For any AVLIS development program, energy levels

must be identified and assigned, and frequencies, excited state lifetimes,

branching ratios, optical and collision cross-sections, isotope shifts and-

* Of course, the greater the difference between LEU and HEU AVLIS facilities
in practice, the less convincing this argument becomes.
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hyperfine splittings must all be measured. The director of the Livermore

AVLIS effort noted some years ago that "(a) major portion of our program

over the past two years has been devoted to the investigation of this

(uranium) spectroscopy." 5 3

Efforts to keep key spectroscopic data secret may or may not be

successful. The information required is relatively easy to transfer,

either deliberately or inadvertently. If secrecy is preserved, the ques-

tion is whether the empirical acquisition of these data will be a serious

barrier to the success of an attempt to produce HEU via AVLIS. If not,

will the task become significantly easier?

Experimental laser spectroscopic studies of uranium have been

reported in detail in the literature,54 and while details of the more

advanced spectroscopic techniques that have certainly been developed sub-

sequently both by JNAI and at Livermore have been more closely held, there

is good reason to believe that the minimum spectroscopic data base required

by a would-be proliferator could be assembled without the sophisticated

methods used by groups seeking a conmercially co)petitive process. Also,

as the field of laser spectroscopy continues to develop, background knowledge

of a general nature will tend to ,accumulate, and techniques used to study

other materials (particularly other heavy metals) which could be adapted to

uranium seem likely to become increasingly accessible. Furthermore, the

necessary spectroscopic studies could be performed well in advance of a

decision to construct an AVLIS plant, with a relatively low risk of detection.

Thus, although the need for spectroscopic data will be an important

factor in an AVLIS-based proliferation attempt, it seems unlikely to present

an insurmountable obstacle even to countries with a fairly modest scientific

establishment. Stated differently, a country that found difficulty in
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acquiring the necessary spectroscopic data would probably fail in its

larger objective, since much more taxing scientific and engineering

problems would have to be faced at later stages of the program.

Some general observations on the difficulty of constructing an HEU

production facility itself can also be made. Although neither of the two

process concepts currently under development are apparently capable of it,

there is little doubt that an AVLIS module could be designed to produce

HEU from natural feed in a single stage.55 On the other hand, it may be

easier to construct a lower a nodule and operate it in a batch recycle

node.

But even with the relaxation of the constraints imposed by conmercial

competition, the technical difficulties are likely to be severe in either

case. Consider the laser system itself. In general, isotope shifts in
0

the uranium spectrum are on the order of 0.lA. Thus, for any AVLIS

process, frequency stabilization to less than 1 in 105 will be necessary

for the isotopically selective laser. Also, not only must the laser line

width be narrow enough to satisfy the isotope shift constraint, but the

output must also be broad enough to cover the hyperfine structure of the

U-235 absorption spectrum. Indeed, the latter requirement may be the

more difficult to achieve in practice.

Then, irrespective of the scale or separation factor of the process,

a laser pulse repetition rate of several kiloherz will still be required.

And, while exact values of pulse energy density and pulse duration will

depend on the particular spectroscopic transition schene, currently avail-.

able evidence suggests that energy densities as high as several

millijoules/cm2 and pulse durations on the order of tens of nanoseconds

may be necessary.
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These requirements are compared with the performance characteristics

of cammercially available pulsed tunable dye lasers in Table 4.6. Even

without detailed descriptions of various accoutrements and additional

capabilities that might be available (e.g., frequency stabilization,

amplitude and synchronization jitter limits, etc.), the Table shows clearly

that laser systems for AVLIS are still far from being shelf items.

The Table also illustrates the general tendency of flash-lamp-pumped

lasers to provide pulses of higher energy but longer duration than laser-

pumped systems. As discussed in Chapter 2, JNAI chose the former, and

Livermore is apparently concentrating on the latter.

In either case, a would-be proliferator would require sophisticated

optical and electronic timing equipment to synchronize and combine output

from lasers emitting at several different frequencies. If the JNAI route

were followed, the task would be further complicated by the need to syn-

thesize the 10 kiloherz beam from the output of individual lasers each

operating at about 500 herz.

It is possible that either one or even both of these approaches will

become more attractive if tunable lasers which could be adapted for LIS

become more readily available.. In this regard, the JNAI review panel

found that:56

"the lasers of principal interest in the field of laser-
induced chemical reaction have significantly different
characteristics from those essential to the JNAI .process."

If this is true for the JNAI approach, it is probably also true for the

Livermore type lasers.

In any case, it seems certain that, at least for the foreseeable

future, the independent development of a laser system and associated optics

suitable for use even in a small, non-comnercial facility could only be



Table 4.6

Camparison of AVLIS Laser Bequirements with
Camercially Available Laser Characteristics *

Pulse
length

(nanosec.)

Line
width

(nanometer)

AVLIS requirements -0.3-0.7 up to Several tens or <0.005
millijoules kiloherz less

/cm2

Sopra (RDLE) 0.217-0.95 0.5 m 300 2-5 -0.001 N2 laser
pumped dye

Molectron (DLI.4P) 0.217-0.935 ? 1-1000 ? 0.001 Pulsed N2
or YAG
punped dye

Lambda Physik 0.217-0.94 %l mY 1-500 2-5 0.005 N2 Pun'pe
(FL1000TEV) dye

Phase-R(DL-2100D) 0.22-0.96 800 mJ 10 200 0.4-0.01 Coaxial
flashlamp

pMed

Laser Energy 0.37-0.9 10 mY 1-120 10 0.01 N2 laser
(337-Ml) -pumped dye

Electrophotonics 0.43-0.7 250 mY 1 500 0.3-0.01 Flashlamp
(43) pumped dye

* Source: Laser Focus: '1978 Buyers Guide', March 1978

Spectral
range

(micron)

Pulse
energy
density

Pulse
rep. rate

(pps)

Type

I
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achieved in a country with a fairly advanced technological capability in

this field. Similarly, uranium vapour source and plasma extraction

systems in an AVLIS process will also demand a high level of technological

competence. The former in particular appears to have required consider-

able research efforts in the U.S. programs.

Other elements of a dedicated facility, such as chemical processing

of the product and tails material, are less difficult; though coplicated

by criticality considerations, such operations appear no more challenging

technologically (and probably less so) than those entailed in reprocessing

irradiated nuclear fuel - an activity generally acknowledged to be within

the reach of many small or developing countries.57 Scme of the chemical

problems arising in product recovery from the collectors may be similar

to those encountered at the equivalent stage of the electromagnetic separa-

tion process, which has been described in the literature in some detail. 5 8

Detectability: As discussed earlier, the probability of detection of a

covert attempt to construct an AVLIS plant can only be assessed with

specific reference to the country in which such an attempt occurs, as well

as to the technology itself. On this issue, as all others, the JNAI

review panel confined its attention to proliferation scenarios involving

JNAI technology alone, and did not explicitly address the question of other,

perhaps less sophisticated approaches. The panel concluded that "effect-

ive neans are available for the detection of clandestine construction, and

particularly operation, of a JNAI plant".59 Detection of construction

would rely primarily on monitoring exports of critical components, avail-

able only on a limited basis. In the JNAI plant concept, these presumably

would include the highly specialized equipment required for the uranium

vapor source, including the electron gun drives, the guns themselves, and
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the uranium crucible, as well as the lasers, optics, and power supplies.

Table 4.7 shows estimates of flows of specialized components to a JNAI-

type comercial scale plant. The large concentrations of highly special-
60

ized personnel would also contribute to the risk of detection. Detection

of operation can be achieved, according to the panel, by the electronic

monitoring of the characteristic electromagnetic signals emitted during

pulsed operation of the laser system.

While general considerations of this kind can be expected to apply

to any AVLIS plant, the extent to which such indications could be relied

on for the purposes of detecting small-scale, dedicated facilities is not

imediately clear, and in any case would depend on the design concept that

was chosen and the characteristics of the country in question.

(2) Molecular LIS Technology

As in the case of AVLIS, U.S. experience with MLIS research attests

to the serious technical difficulties likely to be encountered in any

attempt to build a facility dedicated to the production of HEU. Work on

MLIS at Los Alamos has been in progress since the beginning of the decade.

Now funded at about $18 million annually, and with a staff of 200, the

program is nevertheless not expected to demonstrate commercial applicab-

ility for another several years. But, as before, a few provisos are

necessary; in particular, the requirements for a dedicated facility may

be less demanding than for a commercial plant.

The outstanding technical problem in the U.S. MLIS program appears

to be the development of suitable infrared and, especially, ultraviolet

lasers. Technology for handling and processing uranium hexafluoride is

relatively well known. Indeed, as was shown in Chapter 2, many aspects
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Table 4.7

Flow of Specialized Camponents to a Cormrcially Sized,
JNAI-type Plant *

Component Initial Quantity Annual Quantity

High power thyratrons

Regular tubes

HV pulse capacitors

HV transmission cable

Flashtubes

E-beam power supplies

Laser dyes (tons)

* Source: Interviews with JNAI officials

.80

80

160

60

15

10,000'

100

160

3,500'

40

~40, 000

4 100
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of the UF6 flow system in an MLIS plant, including the compressors, seem

likely to be very similar to those used in the completely unclassified

aerodynamic enrichment process developed in West Germany. Also, the

technique of adiabatically expanding a gas through a supersonic nozzle has

been studied extensively in connection with the development of gas dynamic

lasers and other applications. While the actual manufacture of the com-

pressors, separation nozzles, solids removal systems, etc. would require

a quite well-developed industrial capability, the ready availability of

relevant technological information would seem to obviate the need for

pioneering preparatory research and development work. Again, spectro-

scopic studies will be an important part of an MLIS program, but, as

before, they will probably be at least equalled in difficulty, if not

superseded, by subsequent scientific and engineering problems associated

with a production facility.

Thus, unlike the AVLIS process, the 'proliferation resistance' of

MLIS seems likely to depend primarily on the extent to which suitable

laser systems, if and when they are developed, will remain inaccessible

to would-be proliferators. As before, the possibility that such lasers

may be developed for other, non-nuclear applications has important con-

sequences for the proliferation resistance of M[IS technology; in fact,

the issue is probably more important in this case, in view of the relat-

ively greater contribution to proliferation resistance steming from the

complexity of the laser system.

Richard Garwin, who for some time has been optimistic about the

prospects for the MLIS process, has addressed this question as follows: 61
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Once LIS is perfected and on stream, it will be clear that
there are many ways of obtaining ultraviolet lasers. The
barrier for gaseous diffusion, still highly classified, has
no apparent other uses and so is hardly a matter for research
and development in universities or industry. Quite the
contrary with lasers.

(In fact, participation in the IASL laser development program is already

widespread, as Table 4.8 shows). If Garwin is correct, and if, in addi-

tion, suitable 16 micron infrared lasers also become more readily available,

then the LASL MLIS scheme could ultimately become a highly attractive route

to would-be proliferators.

Garwin's views are not universally shared, however, and IASL officials

note that the UV lasers suitable for LIS applications will be highly special-

ized, thus reducing the risk of functional overlap.

Information available in the public sector is not sufficient to

resolve this question; nevertheless, there are several indications which

suggest that MLIS process may in time provide significantly less challeng-

ing obstacles for HEU production in dedicated facilities than atomic

vapour-based methods.

Detectability: MLIS plants will alnost certainly be very compact, with low

energy requirements, and thus difficult to detect using aerial surveillance

62techniques. Monitoring of the electrmagnetic signals emitted during

pulsed operation of the laser system may provide a useful means of detection,

as for AVLIS facilities.

In the unclassified version of a report to the Congressional Office

of Technology Assessment prepared by the U.S. Energy Research and Develop--

ment Administration (ERDA), several activities which, taken together, might

give a more or less reliable indication that MLIS work was in progress were

identified'.63 Among the most important, according to ERDA, would be



Table 4.8

Supporting Laser Research for Los Alamos MLIS Program *

University

MIT - Javan, Dewey
U. of Illinois - Coleman
USC - Wittig, Louisell
Texas Tech - Gundersen, Burkes
Rice - Tittel
Harvard - Bloembergen
Brooklyn Polytechnic - Cassedy
CUNY - Ronn
Colorado State - Collins
U. of Washington - Hertzberg
U. of Alberta - Tulip
Stanford - Byer, Siegman, Feigleson
U. of Rochester - Baumeister
U. of Utah - Fowles
BYU - Thorn
Yale - Riley, Wegener
Drexel - Smith
U. of Mississippi - Bass
U. of Missouri (Rolla) - Nygaard
U. of New Mexico - Daub, Paine
Purdue - Skifstad

National Facilities-

MIT Lincoln Laboratory
MIT National Magnet Labs.
Jet Propulsion Laboratory
Naval Research Laboratory
Lawrence Berkeley Laboratory
Battelle Columbus
Battelle Northwest
Mound Laboratories
Aerospace
Oak Ridge National Lab.

Industrial

N. American Rockwell
UTRC
AVCO
Garrett
MSNW
INRAD
II-VI
OCLI
Cordin
Westinghouse
Hughes Aircraft
Hughes Research Lab.
GTE-Sylvania
EG&G
Physics International
IPC
Tachisto
Owens-Illinois
Laser Analytics
Fluidyne
Lumonics
SRI. International
ILS
Gentec
Quanta-Ray
Sanders Associates

* Source: Interview with Los Alamos Officials
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attempts to manufacture, or acquire fran overseas, high power ultraviolet

or infrared lasers tunable over the spectral range of interest (for IR

lasers, 16 m, and also 7.7 pm, 8.6 pm, 12.1 pm, and for UV lasers

0.2-0.4 pm); optical coxponents suitable for such spectral regions; and

contamination-free canpressors resistant to fluorine attack. Also

n-entioned were the electric power supplies to an MLIS facility, and the

electrical noise generated during pulsing. Nevertheless, the report also

noted that the MLIS process (and, in fact, LIS processes in general) would

lend themselves readily to the establishment of a clandestine facility,

although there was no indication in the report as to how such facilities

would coipare in terms of ease of detection with alternatives, for exanple

clandestine gas centrifuge plants. Once again, the probability of detec-

tion will depend on the national context, and technological generalizations

are not possible.
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4.4 Historical evaluation of the international uranium enrichment industry:

an analysis of causes and constraints

4.4.1 Introduction

The international enrichment industry is in the midst of a transition.

Three decades ago, the only operating enrichment facility in the world was

located in the United States. Ten years ago, international enrichment

supplies were still essentially monopolized by the United States. Today,

several suppliers share the market, and others are planning to enter it.

Still others are engaged in sizeable research and develoment programs,

some of which may ultimately culminate in the construction of commercial

facilities. (The current and projected enrichment supply situation over

the next decade is surmarized in Table 3.5 of Chapter 3.)

The conditions under which the new situation has developed and the

causes and constraints which have shaped the transition are highly

pertinent to the current debate over LIS. Each one of the many available

examples of independent enrichment technology development programs or

technology transfer arrangements can provide many interesting and useful

insights into the manner in which the LIS enrichment technology might be

expected to spread in the future. Detailed case studies of all such

examples are beyond the scope of this assessment, however.. Instead, a

brief overview of some of the more notable previous instances of enrich-

ment technology diffusion is presented. ('Notable' here refers to cases

in which substantial development efforts have ensued.) The purpose is

to distill from the historical record a set of recurring themes which

might also be expected to influence the international distribution of

enrichment technology, including LIS technology, in the future.
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The review is divided chronologically into two parts; from 1945-1960,

when enrichment technologies mostly served military purposes; and

1960-1979, during which period the conmercial applications of enrichment

reached maturity.

4.4.2 Enrichment technology and the nuclear weapons powers: 1945-1960

By the end of World War II, the world's first two enrichment produc-

tion facilities were in operation in the United States: an electromagnetic

separation plant and a gaseous diffusion plant. Both were located at Oak

Ridge, Tennessee. The electromagnetic plant was the first to produce

kilogram quantities of U-235, but was closed down shortly after the end of

the war in favour of the more economic diffusion plant. (In the early

years of the Manhattan Project, the gas centrifuge method was also

regarded as a possible candidate, but work on this process was discontinued

before the end of the war.) 1

As efforts to prevent the spread of nuclear weapons gained momentum

after the atomic bambs were dropped on Japan, the guiding principle was

established that production of fissile material was the principal obstacle

to the acquisition of nuclear weapons, and that containment of the means

of production would therefore provide the best hope of success for non-

proliferation policy. The design of the weapons themselves, it was felt,

would be a less difficult hurdle for a would-be proliferator to overcome. 2

This view was reflected in the Acheson-Lilienthal plan - the first can-

prehensive proposal to address the problem of nuclear proliferation.

The plan, a modified version of which was presented to the United Nations

by Bernard Baruch in 1946, recomended international ownership and control

of all strategic materials and of all facilities which could be used for
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their production. When the Baruch proposals were rejected by the Soviet

Union shortly thereafter, the U.S. government adopted a policy of strict

secrecy on all its nuclear activities, both civilian and military.

In 1953, President Eisenhower announced a major change in U.S.

nuclear policy, in his famous 'Atcms for Peace' speech to the U.N. At

the heart of the new policy was a bargain: the U.S. would be prepared to

offer assistance in the development of nuclear technology overseas in

return for verified undertakings that the technology would only be used

for peaceful purposes. U.S. willingness to cooperate internationally did

not extend to the transfer of enrichment technology, however; and when,

at the two major conferences on the peaceful uses of atomic energy held in

Geneva in 1955 and 1958, a great mass of information was declassified and

disseminated by the U.S. and the other leading nuclear nations, gaseous

diffusion technology was not included.

U.S. policies inposing secrecy on enrichment technology and exclud-

ing the possibility of cooperation with other nations in technology

development or facility construction have remained essentially intact

until the present day. No other fuel cycle technologies, including

reprocessing, which was declassified just prior to the 1958 Genera con-

ference, have been subject to such restrictions.

Not all enrichment technologies have been treated identically, how-

ever. Electrcmagnetic separation technology was declassified during the

1950s, and not until 1960 was work on centrifuge enrichment removed fran

public view. On the other hand, the key aspects of gaseous diffusion

technology have remained classified to this day, although considerable

amounts of information have been presented in the open literature by

non-U.S. sources.31
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A formal explanation for the special treatment afforded enrichment

technology in U.S. nuclear policy has never appeared in the public domain,

to the knowledge of this author, but a contributing factor has certainly

been the highly specialized nature of the technology itself. Unlike

reprocessing, which can be accomplished with conventional equipment and

materials, uranium isotope separation is a unique physical operation,

requiring exotic, special-purpose components, a diverse array of advanced

scientific and engineering skills, and large financial resources. In

such circumstances, denial of access to key technical information and

equipment can be an important factor in ensuring that uranium enrichment

will continue to be an unattractive alternative to most would-be prolifera-

tors, and beyond the capability of many.

While these features certainly characterized the gaseous diffusion

process, electromagnetic separation was quite different. The latter

drew on basic physical principles which were well known throughout the

world even before the war, and laboratory scale mass-spectrmeters, of

which the Oak Ridge Calutrons were a scaled-up version, were already in

widespread use. In this case, moreover, there was no vital technical

'secret' to hide (such as the diffusion barriers and rotary seals in

gaseous diffusion plants). Perhaps more important, it was known that

electromagnetic separation was inherently much more expensive than the

gaseous diffusion process, and dissemination of the former technology

would not threaten the U.S. position at the time as the only supplier of

enriched uranium - a position which, as we shall see, served both non-

proliferation and conmrcial purposes. Similarly, classification of

centrifuge technology in 1960 took place at a time when both its security

implications and its potential economic copetitiveness with diffusion

weie emerging.
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Even before President Eisenhower's 1953 speech, however, events were

underway which would demnstrate that, while gaseous diffusion technology

might not be widely disseminated, neither would the U.S. remain its only

guardian.

By the end of the war, or shortly thereafter, the Soviet Union had

elected for the plutonium route to nuclear weapons, 4 but within a very

few years, possibly as early as 1947,5 a decision was taken to construct

a gaseous diffusion plant as well. The first Soviet nuclear explosion,

in 1949, was conducted with a plutonium device. Three years later, it

is believed, the isotope separation plant was in operation. 6

Like the Soviet Union, the United Kingdom chose the plutonium route

first, and the initial British explosion in 1952 was also a plutonium

device. But in 1947 the British, too, decided to construct a gaseous

diffusion plant, despite the great expense and technical difficulty

involved.

Work on gaseous diffusion had started in the U.K. during the war,

and there had been some interchange of information with the U.S. during the

preliminary stages of the latter's project. The U.S. subsequently lowered

a veil of secrecy over its work, however, and no further cammunication

between the two countries took place on the subject. 7  The first British

gaseous diffusion plant began to operate at Capenhurst in 1953. This

facility only produced low enriched uranium, however, and it was several

more years before a high-enrichment plant was completed.

The decision to build the high-enrichment plant was taken 'in 1951.

One of the justifications for the decision is of particular interest both

in the British context and in its possible relevance for the corresponding

decisions taken earlier by the Soviet Union- and, subsequently by France.



-295-

Margaret Gowing, the official historian of the British nuclear program at

this time, has described it as follows: 8

Britain, having convitted herself to an atomic weapons program,
was concerned as much with the future types of weapons as with
quantities, and recent weapons development suggested that U-235
was going to become more important for bombs not only when
mixed with plutonium but also on its own. A high separation
plant was an essential part of the atomic energy program of any
first class power, it was said, since without it half the field
of potential development would be closed.

Whether the "future types of weapons" included the hydrogen bomb, which the

U.S. had decided to develop in the previous year and which the British

themselves would subsequently acquire, was not disclosed by Gawing. 9

In both the Soviet Union and the U.K., as in the U.S., military

objectives were the dominant driving force during the formative years of

the nuclear program, despite the early recognition in all three countries

of the promise of civil nuclear power. In contrast, the nuclear strategy

of France, the fourth nation to acquire nuclear weapons, was deliberately

ambiguous from the outset.10 Thus, when the choice between plutonium

production in natural uranium-fueled reactors and enriched uranium in iso-

tope separation plants was addressed in the first French nuclear five-year

plan in 1951-52, both defense and peaceful industrial considerations were

involved. In the end, the French opted for natural uranium reactors and

plutonium production. Isotope separation plants (presumably the gaseous

diffusion process was the only method in serious contention by that time)

would require large amounts of electric power and natural uranium, neither

of which was available to the French Atomic Energy Connission (CEA) in

sufficient quantities at the time. More importantly, the cost was too

great. 11



-296-

But by 1955, isotope separation was again being seriously considered

in France. Enriched uranium fuel could be used in civilian power reactors,

but also in plutonium production reactors, naval propulsion reactors (at

higher assays) and nuclear weapons (especially, perhaps, thermonuclear

weapons). French uranium deposits had increased significantly in the

intervening years, and, although the embargo on enriched uranium exports

from the U.S. that had been in effect in 1952 had since been lifted, U.S.

supplies under the new Atoms for Peace program could only be used for

peaceful purposes and even then under strict controls, including inspection

by American teams. 1 2

In spite of the advantages of an indigenous enrichment plant, the

cost of independent development remained a serious barrier. Negotiations

with the U.K. were started in 1955 for the construction of a gaseous dif-

fusion plant in France by British industry, but the project was not pursued

because Anglo-American cooperative agreements prevented the British from

providing assistance in a field with military implications.13

The cost sharing and lead-time reduction made possible by a joint

European enrichment facility were also of interest to France, and a Euro-

pean. committee was set up in -1955 to study the prospects. 1 After some

debate the other prospective partners indicated a preference for buying

enriched uranium fram the U.S., which had offered supplies in 1956 at

prices only about half those expected from a joint European venture.

Also, since these countries had little interest in military applications,

the export restrictions imposed by the U.S. were of less concern than they

were to France. After these setbacks, and despite a new U.S. offer in

1959 to provide highly enriched uranium for submarine propulsion reactors,

the French decided to proceed alone, and a small gaseous diffusion plant

was constructed at Pierrelatte. The facility was completed in 1967.
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The first two nuclear explosions conducted by China, the fifth

member of the nuclear weapons 'club', were enriched uranium devices. It

is believed that both gaseous diffusion and electromagnetic separation

technology were used to produce the fissile material.16 (There have also

been suggestions that gas centrifuge technology might have been used.)17

The Chinese gaseous diffusion plant, at Lanchow, is generally thought to

have been built with Soviet aid. 1 8

* * *

The U.S. offer to supply cheap enriched uranium to Europe in 1956

can be regarded as an attempt to prevent the construction of an independ-

ent European enrichment plant. 19  In fact, it was one of the earliest

manifestations of a long-standing U.S. strategy of complementing its

restrictions on the transfer of enrichment technology with efforts to make

its own supplies as attractive to foreign custamers as possible. While

the U.S. desire to retain its monopoly of enrichment supplies to the non-

Communist world was motivated in part by non-proliferation concerns, the

policy also carried strong conrercial overtones, as will be discussed in

the next section.

4.4.3 Enrichment technology and the development of the international nuclear

power industry: 1960-79

(a) Europe

A Already by the early 1960s the demand for enriched uranium from U.S.

military programs had started to decline, and the large amounts of surplus

enrichment capacity that became available for the low cost production of

civilian power reactor fuel would enable the U.S. to dominate the international
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enrichment supply picture for many years to come. In fact, the signi-

ficance of the U.S. enrichment plants in the nuclear power field was felt

even earlier.

During the 1950s, the light water reactor, fueled with low enriched

uranium, had emerged in the U.S. as a leading contender among the reactor

types that might be suitable for commercial electric power generation.

The imnediate prospects for economical nuclear power in the U.S. were

limited, however. Conventional fuel resources were ample and cheap, and

besides, domestic political disputes had hampered the introduction of a

reactor demonstration program.20 In contrast, a large market for nuclear

power appeared to be developing in West Europe. In their much publicized

report to the governments of the European Coimunity, 'A target for Euratom',

three influential European figures (the so-called 'Three Wise Men') had

reccmended that the six countries should install 15000 MW of nuclear capa-

city by 1967 under the auspices of the just-created European Atomic Energy

Cmmunity (Euratom) . Moreover, the report determined that the American

light water reactor design was now as advanced as the relatively well-

established gas-graphite natural uranium fueled reactor technology deve-

loped in the U.K. and France, and the Three Wise Men urged close techno-

logical cooperation with the U.S. in the implementation of this ambitious

program. Not surprisingly, Europe was regarded in the American nuclear

sector as providing an excellent opportunity for the conmercial demonstra-

tion of its new technology. 2 1

This opportunity had developed against a background of strong U.S.

support for Euratom. At that time, the U.S. viewed the political inte-

gration of Europe as a vital component of a European defense strategy

against the Ccmmunist bloc, and Euratom could provide a functional basis
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for the larger political goal. Moreover, Euratom was seen as a potenti-

ally valuable instrument for achieving U.S. non-proliferation objectives,

i.e., preventing the development of an independent military nuclear cap-

ability in the Camunity.

These two objectives for Euratcm were not always entirely corpatible,

as was illustrated by the American opposition to a joint European enrich-

ment plant. On the other hand, American cooperation with Euratom in the

implementation of a major power reactor construction program served both

objectives, and others besides.

A central role for Euratom in the energy policies of the member states

would serve to strengthen the unity of the Community. In addition, since

the fuel for the reactors would have to come from the U.S., the only signi-

ficant supplier of enriched uranium, U.S. control over the direction of

European nuclear programs would be strengthened. Finally, the supply of

reactors and associated fuel and the prospect of more to come would be of

considerable economic benefit to the American nuclear industry and to the

nation as a whole.

The enthusiasm of the Three Wise Men for light water reactor tech-

nology was not universally shared throughout Europe. Fear of American

technological domination, the proven capabilities of the European-developed

gas-graphite concept, and the need to rely on foreign supplies of low-

enriched uranium all militated against adoption of the American design.

While the French were generally the most vocal in their advocacy of

European nuclear independence, similar concerns were expressed elsewhere

in the CacMunity. In Germany, for example, the first nuclear five year

plan - the so-called Eltville 500 NWe Program - stressed the development

of natural uranium-fueled reactors in view of uncertainties over the
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supply of enriched uranium, 22 and the need for dependence on foreign fuel

supplies continued to be an issue in the technical orientation of the

German program at least until 1963.23

Nevertheless, by 1958 the U.S. had entered into several bilateral

agreements with European nations. More importantly, a major agreement

with Euratam had been concluded calling for the joint construction of

6 or 7 power reactors in Europe with a total capacity of 1000 MWe by

1965.24

The American ability to guarantee enriched uranium fuel supplies

under attractive conditions and at low prices was a crucial factor in

these developments.25  And, of course, this capability rested on the

denonstrated effectiveness of U.S. enrichment technology, in the massive

form of the gaseous diffusion complex. As has been observed elsewhere:26

While the success in establishing the credibility of the
U.S. supply role as an acceptable means for meeting
nuclear fuel requirements was heavily dependent on U.S.
supply policies and arrangements, and its performance in
fulfilling these arrangements, there was also an important
technical ingredient in U.S. credibility. This was the
U.S. leadership in enrichment technology, reflected in the
enornous U.S. enrichment capacity of demonstrated economy
and technical reliability.

In fact, the foothold for the American nuclear industry opened by

the U.S. -Euratom agreement marked the beginning of a decade-long struggle

for camnercial supremacy in the European nuclear power reactor market,

culminating in the French decision of 1969 to abandon gas-graphite tech-

nology in favour of American light water reactor designs.27

As the light water reactor gained ground, the extent of European

dependence on U.S. fuel supplies grew correspondingly, and once again the

possibility of an enrichment plant for Europe was raised. By the end

of the 1960s, the technical foundation for an independent European venture
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into the enrichment field was much stronger. With the entry into opera-

tion of the Pierrelatte plant in 1967, France had demonstrated its

carpetence with gaseous diffusion technology. Britain, which by this

time had moved closer to the rest of the continent politically and econo-

mically, and was already engaged in a cooperative reactor development

project with several European countries, had of course done likewise in

the 1950s. 2 8

In addition, progress had been made in several countries with gas

centrifuge technology. Work on gas centrifuge enrichment had been carried

out in Germany during World War II, and the development of the centrifuge

technique continued there afterwards.29 An important milestone was reached

following the repatriation of G. Zippe, a German centrifuge expert who had

spent the post-war years in the Soviet Union. A centrifuge machine

designed by Zippe was patented in West Germany by the firm of Degussa in

1957.30 The following year, Zippe went to the U.S., where his work at

the University of Virginia. from 1958 to 1960 in association with Jesse

Beams, whose pioneer work in the centrifuge field began in the 1930s,

provided an important contribution to the U.S. gas centrifuge program.

Centrifuge research was also underway at this time in the Netherlands and

the U.K. Indeed, centrifuge studies in Britain had been carried out as

early as 1946,31 and possibly even earlier. It was at the behest of the

British government, which was concerned about the possible application of

the centrifuge technique for the production of highly-enriched uranium,

that the U.S. classified its program in 1960, and subsequently obtained the

32
agreement of West Germany and the Netherlands to do likewise,3

One year earlier, work had begun in Germany under the direction of

E.W. Becker on a new enrichment process, the so-called 'jet nozzle' or
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fixed-walled centrifuge technique.33 Unlike the gas centrifuge method,

jet-nozzle technology was not classified, and much information concerning

it has remained in the public domain until the present day, although some

details have been withheld for proprietary reasons.

Although the British, Dutch and German gas centrifuge programs were

proceeding in secrecy, some contact apparently took place between them

during the 1960s. 3 4  In 1968, the three countries began formal negotiations,

which culminated two years later in the conclusion of the Treaty of Almelo.

The signatories to the Treaty agreed to collaborate in the development and

manufacture of centrifuges, and in the commercial production of enriched

uranium in centrifuge plants. A tripartite organization, Urenco Centec,

was created to carry out these functions. The three countries are rep-

resented in Urenco Centec by British, Dutch and French shareholding

organizations. Also, the whole organization operates within a framework

of intergovernmental agreements which include, inter alia, a joint classi-

fication policy, and, generally, joint political control of the centrifuge

technology. 3 5

In the cases of both Eurodif and Urenco, the need for a multinational

approach was imposed by the nature of the technology. The very large size

of ccmmercial gaseous diffusion plants required a capital investment that

France could not afford to bear alone, and while the scale economies of

gas centrifuge technology allowed a much smaller plant size, the develop-

ment effort required would be extremely costly for the individual countries

concerned. For both projects, moreover, multinational participation

provided a means of capturing in advance a larger share of a potentially

highly competitive market, with a consequent reduction in -investment risk.
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The incentives for an independent European enrichment facility were

steadily growing. Despite the great efforts made by the U.S. during the

1960s to reassure foreign customers of its reliability as a supplier -

efforts which included the adoption of toll enrichment in 1966, long-term

contracts with the same attractive terms and conditions and low prices

for U.S. and non-U.S. users, and the absence of any ccrercial restriction

on the use of U.S. enriched uranium in reactors not manufactured in the

U.s. 3 6 - the European nations grew increasingly concerned over their

dependence on a single source of supply for such a crucial cormodity.

In addition, as Goldschmidt and Kratzer have observed, the Europeans'

"natural instincts" to diversify their supply position were reinforced by

some of the non-proliferation-related controls that the U.S. placed on its

exports.37

A new U.S. policy of transferring the government-owned enrichment

industry into the private sector, announced by the Nixon Administration

in 1969, added fuel to the fire. In order to put U.S. enrichment opera-

tions on a more 'commercial footing', i.e., to make enrichment a mere

attractive proposition to private industry, prices were to be increased

and contract provisions toughened. Simultaneously, of course, U.S.

supplies became less attractive to its customers. In addition, by the

end of the 1960s, light water nuclear reactor manufacturing industries

were emerging in Europe, especially Germany. 38 The prospect of carpeting

for reactor sales with American industry while at the same time being

obliged to rely on the U.S. to provide the associated enrichment require-

ments was not an alluring one, particularly since enrichment supplies

themselves were now apparently to be provided by the private sector. 3 9

European sensitivities were not soothed during this period by the
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reconmendation of Craig Hosmer, then the ranking House minority member

of the Congressional Joint Conmittee on Atomic Energy and an influential

voice in U.S. nuclear policy, to reverse the long-standing policy of

non-discrimination between foreign and doestic enrichment customers by

charging higher prices to foreign users whose countries were planning

their own enrichment facilities.40

The Soviet Union announced its willingness to supply enrichment to

41
the West in 1969 and began contracting four years later. Although

this provided an opportunity for supply diversification, the prospect of

dependence on the Soviet Union was also not attractive to several West

European governments.

All of these factors were instrurental in persuading the Europeans

of the need to develop an independent supply capability. An American

effort to forestall these initiatives by offering in 1971 to share its

gaseous diffusion technology with foreign partners in the construction of

a multinational enrichment plant proved to be abortive; indeed, the

restrictive conditions of the offer may actually have accelerated the

Europeans' own plans. 4 2

After successfully organizing a multinational group to study the

possibility of a cmmrercial plant based on French diffusion technology in

1972 (the Eurodif study), France decided to construct such a plant with

multinational ownership in the following year.43 The Urenco consortium

had developed plans for construction of a commercial centrifuge facility

at an earlier date.44

(b) Rest of the World

Japan: A.major cornaitment to light water reactors has left Japan totally
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dependent on foreign supplies of enriched uranium. The Japanese govern-

nent is engaged in a program of technology development whose goal is the

construction of cammercial enrichment facilities sufficient to meet the

bulk of its domestic demand, while simultaneously considering participa-

tion in multinational enrichment ventures overseas.45

The vast bulk of funding in the Japanese enrichment program has been

devoted to an independent centrifuge development effort.46 Very small

pilot plants have been in operation for several years, and a larger one is

currently under construction. 4 7  A full-sized commercial centrifuge plant

is planned for the mid-1980s. Meanwhile, Japan has shown interest in

investing in private enrichment ventures in the U.S., and negotiations

have been conducted with Australia intermittently for some years concern-

ing the possibility of a joint enrichment facility to be located in the

latter country. Under such an agreement, Japan would provide most of

the financing and, possibly, the technology, while Australia would provide

the feed material. The discussions have apparently been inconclusive

until now.48

Australia: With no nuclear power plans of her own, Australia's interest

in enrichment technology has been stimulated by the prospect of

increasing the rent recoverable from her very large uranium resources, by

upgrading the value of the uranium to the maximum extent prior to sale.

An independent centrifuge development program has been underway since the

mid 1960s.49 The funding level has been modest, however, and it is

recognized that the location of a comercial enrichment plant in Australia

would require the supply of both financial capital and proven technology

from overseas. Apart from the negotiations with Japan, Australia has

also reportedly discussed a possible multinational venture with France, 5 0
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51 52
and West Germany and also apparently with the U.S.A.

Canada; The Canadians have also shown an interest in acquiring enrichment

technology in previous years, again for reasons related primarily to

their extensive uranium resources. (Canadian CANDU heavy water power

reactors do not require uranium fuel to be enriched.) One of the

projects (Canadif) was to have been a joint venture with the French CEA.

The proposed site in Quebec province would have access to cheap supplies

of electric power. At the present time, none of the Canadian enrichment

projects is showing any sign of life, and no significant research and

development programs are underway.

Brazil: As part of its major nuclear power agreement with West Germany

in 1975, Brazil will acquire jet nozzle enrichment technology fran

the Germans, and plans to construct a small demonstration enrichment

facility based on this process some time in the 1980s. If the demonstra-

tion is successful, a larger, commercial-scale plant may also be built.

The Becker jet-nozzle process, whose commercial competitiveness has yet to

be demonstrated even in Germany, and which uses more energy per unit of

output than other proven enrichment technologies, was apparently not the

Brazilians' first choice. Gas centrifuge technology was requested

originally, but the transfer was vetoed by the Dutch government, which

jointly controls Urenco centrifuge technology with West Germany and Britain
53

under the terms of the Treaty of Almelo.

This was not the first time that Brazil had sought centrifuge tech-

nology from West Germany. A large order for centrifuge machines reportedly

54
had been placed as early as 1953. On this occasion, the U.S. evidently

55
prevented the sale. Five years later, Brazil actually did acquire three

centrifuge machines, of a design developed by W. Groth et al in West Germany
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in the years after the war. The last mention of Brazilian centrifuge

studies appeared in the literature in 1964.

Several aspects of the 1975 enrichment technology transfer agreement

are of interest.56 On the West German side, the major economic benefit

from the umbrella agreement was derived from the sale of several large

power reactors. The German reactor manufacturer, Kraftwerk Union (KWU)

was competing with American firms for power plant sales to Brazil in the

period before the agreement between Brazil and West Germany was concluded,

and it is generally believed that the German willingness to supply tech-

nology for essentially the entire nuclear fuel cycle, including the

sensitive enrichment and reprocessing steps, was a vital factor in the

defeat of the American concerns, for whom the offer of an equivalent

package was precluded by national policy.

For Brazil, implementation of the full agreement would provide an

opportunity to move to the front rank of nuclear nations (in both military

and civilian senses), a position that would be strongly supportive of her

long-standing geopolitical aspirations. Moreover, with her potentially

large resources of uranium and German enrichment technology, Brazil could

become self-sufficient for nuclear fuel supplies. The value of this

goal was underscored by the seemingly deteriorating capability of the U.S.

to meet its obligations as a reliable, long-term supplier of enrichment

services. The wost dramatic manifestation of the U.S. difficulties had

occurred in 1974, when the Atomic Energy Comission had been forced to

suspend the signing of all new enrichment contracts and to convert many

existing ones (including two for Brazilian reactors) to 'conditional'

status retroactively. The U.S. cutback in enrichment supplies is

regarded by many as having been instrumental in the consummation of the

German-Brazilian agreement. 5 7



-308-

South Africa: South Africa has for sone years been developing a fixed wall

centrifuge isotope separation process which is believed to be fundamentally

very similar to the Becker nozzle process. The South African effort

allegedly has received substantial assistance from the West Germans,

including, notably, the Essen firm of Steag, which earlier had undertaken

the camrercial development of the jet nozzle process in cooperation with

Becker. 5 8  South African officials have stated that their own process has

been deVelopedwithout external assistance, however. 9

A smll pilot plant testing the South African process began operat-

ing in 1975, and a decision in principle has been taken to construct a

conmercial plant by the late 1980s. The pilot plant, at Valindaia, has

been the source of speculation as to its ability to produce highly enriched

uranium.60 The comiercial plant would provide enriched uranium for South

Africa's small nuclear power program and also, in larger quantities, for

export.

The previous discussion has dealt solely with enrichment programs

which have culminated in production-scale facilities, or for which there

are plans to do so in the future. There are, in addition, many other

countries in which active research in uranium isotope separation has been

pursued at relatively low levels. A useful review of these programs has

61
been presented by Levin and Blumkin.

Conclusions

1. Enrichment technology has played a central role in the -weapons programs

of the five nuclear weapons powers. Of the five, only China used
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enriched uranium for its first explosion. The U.S. developed enrich-

ment and plutonium production technologies essentially in parallel.

The Soviet Union, the United Kingdom, and France all selected the

plutonium route first.

2. For the United Kingdom and France, and probably also for the Soviet

Union, the plutonium route to nuclear weapons was chosen because it

was considered to be easier, cheaper and quicker than the alternative

of producing highly enriched uranium. Yet in all three cases, deci-

sions were subsequently taken to construct high-enrichment isotope

separation plants. The historical record suggests that uranium

enrichment is an essential element of a major nuclear weapons program.

3. Besides nuclear weapons production, the incentives for the acquisition

of enrichment technology have also included:

(a) a desire to achieve a measure of national autonomy in fuel

supplies for commercial light water reactors; these desires

have in some cases been strengthened by an erosion of con-

fidence in the reliability of existing supplies;

(b) a desire to develop a nore economic enrichment process;

(c) a desire to maximize the economic rent recoverable fram

exports of indigenous' uranium resources;

(d) the availability of large amounts of cheap power that can

economically be stored and transported in the form of

enriched uranium;

(e) the desire of governments or corporations which possess

enrichment technology to acquire the various political

and/or economic benefits that the transfer of that technology

might bring.
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4. The principal disincentives or constraints on the spread of enrich-

ment technology and facilities have included:

(a) the technical difficulty and cost of the associated develop-

ment effort;

(b) the frequently unfavorable economies of scale and the major

investments required in production facilities;

(c) the restrictions, motivated by both camrcial and security

considerations, on the transfer of technology and equipment;

(d) the unpredictability of demand over the long lifetime of an

enrichment project, and the fear of technological obsolescence;

(e) the attractive prices and terms and conditions of existing

supplies.

5. There has been a recurrent pattern of multinational cooperation in the

development-of enrichment technology and the construction of commercial

facilities. Out of the seven existing or firmly committed comnercial

enrichnent ventures - U.S., U.S.S.R., Urenco, Eurodif, Japan, Brazil,

South Africa - at least three (and alnost certainly also a fourth)

have involved international transfers of technology.

6. While limitations on the dissemination of information concerning

enrichment technology have probably been more stringent than for any

other aspect of nuclear technology, with the obvious exception of

nuclear weapons themselves, the restrictions have by no means been

total. The key aspects of the .gaseous diffusion process have remained

classified, but electromagnetic separation technology has been largely

declassified. Furthermre, important early work on centrifuge deve-

lopment is in the public domain, including the design fram which today's

ccmmercial machines have evolved, and all aspects of Becker jet-nozzle

technology are unclassified.
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4.5 LIS Enrichment Export Controls and Restrictions

In the preceding sections, we have identified and analyzed some of

the technical issues which seem likely to influence the proliferation risks

associated with the developnent and application of laser isotope separation

technologies. We have also discussed the motivations, disincentives and

constraints which have affected the spread of enrichment technology and

facilities in the past, and which might be expected to continue doing so

in the future. In this section, we describe in more detail the existing

array of legal and political controls on the international transfer of

enrichment technology.

4.5.1 United States controls

Classification policy

All information concerning the production of special nuclear material*

is deemed Restricted Data under the Atomic Energy Act of 1954, as amended,

unless it has been removed fram the Restricted Data category or declassi-

fied upon determination that such data could be published "without undue

risk to the cammon defense and security."1

In 1967, the (then) Atanic Energy Coamission.declassified all

research and development %ork .on any isotope separation method,. other than

gaseous diffusion and gas centrifugation, until that method shows a reason-

able potential for the separation of practical quantities of special nuclear

material. 2 Methods which have demonstrated this potential are classified

as Restricted Data. The MLIS process under development at IASL and the

AVLIS process developed by LLL have both been deemed to require Restricted

* The definition of "special nuclear material" includes uranium enriched
in the isotope U-235 above natural assays. (Sec. llaa, Atomic Energy
Act).
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Data classification under this policy, 3 and information concerning the

JNAI AVLIS process that DOE regards as Restrict ed Data is treated as such

by JNAI, although the latter has not recognized the legal right of DOE to

classify its technology as Restricted Data, and stresses the voluntary

4
nature of the JNAI policy in this regard. DOE classification policy is

not to attempt to classify everything about the LIS processes, but rather

"to require protection of process details such as unique design and

engineering features and operating parameters, which appear critical to

5achieving a successful process".

Export Controls

Under the present U.S. legislative framework for nuclear export

controls, the transfer of certain nuclear technology is controlled by the

Department of Energy, while control of equipment and material exports is

generally. assigned to the Nuclear Regulatory Commission.

Section 57b of the Atomic Energy Act prohibits "persons" (i.e. indi-

viduals, corporations or other organizations) under U.S. jurisdiction from

directly or indirectly engaging in the production of any special nuclear

material outside the U.S., except pursuant to an intergovernmental agree-

ment for cooperation or by a determination of the Secretary of Energy, with

the concurrence of the Secretary of State, that such activity will not be

inimical to the interests of the U.S.

The implementing regulation for Section 57b is 10 CFR 810, which

lists those activities generally prohibited except with the Energy Sec-

retary's specific authorization. To date, Section 57b has always been

inplemented so as to prohibit the export of enrichment technology.6

U.S. policy in this regard was recently affirmed by President Carter, who

said in April 1977 that "(We) will continue to embargo the export of equip-

ment or technology that would permit enrichment. ..
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There are, under Section 57b, other statutory restraints on the

transfer of enrichment technology, whose applicability depends on

whether the technology in question is deemed Restricted Data or

"sensitive" data, i.e., information which is not Restricted Data but

which is nevertheless important to the design, construction, fabrication,

operation or maintenance of a uranium enrichment facility and which is

8
not available to the public.

Concerning component parts for nuclear facilities, the Nuclear Non-

Proliferation Act of 1978 directs the Nuclear Regulatory Conmission (NRC),

in consultation with the Secretaries of State, Energy and Commerce and

the Director of the Arms Control and Disarament Agency, to determine

which items are "especially relevant from the standpoint of export control

because of their significance for nuclear explosive properties".9 No

such item can be exported unless the NRC issues a general or specific

license for its export based on a finding that certain specific conditions

are met, and further, that the Commission determines (and the executive

branch concurs) that the export would not be inhiical to the corron defense

and security. 1 0

The inplenenting regulation for this statutory requirement is

10 CFR .110, which includes in the list of items subject to NRC licensing

authority "laser isotope separation units", UF corrosion resistant valves,

ccmpressors and seals, and "any other equipment or component specially

designed or prepared for use in an isotope separation plant'

Elsewhere in the Act, it is provided that no "major critical com-

ponent" of any uranium enrichment facility shall be exported under any

agreement for cooperation unless such items are specifically designated

for export. under the agreement.12 According to the Act, the term
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'Imajor critical component' "means any component part or group of com-

ponent parts which the President determines to be essential to the opera-

tion of a complete uranium enrichment, nuclear fuel reprocessing or

13heavy water production facility". Significantly, this definition

uould seem to be more comprehensive than the category of components

"specifically designed or prepared for use in an isotope separation

plant", and could include so-called 'general purpose' items, which none-

theless are necessary for the operation of the plant. How broadly this

definition will be interpreted in practice remains to be seen; in parti-

cular, the extent to which it includes components which are readily

available elsewhere or whose value to an isotope separation plant rests

upon technical modifications made in the importing country is not clear. 1 4

Related to this question is another provision of the Act, which

requires the President to establish procedures by which the Department of

Conmmerce .shall control exports which, although not licensed by the Cam-

mission, might nevertheless be "of significance for nuclear explosive

purposes", if used for purposes other than those for which the export was

originally intended.

In sum, current U.S. policy is to embargo the export of enrichment

equipment and technology. Existing law provides sufficient authority

for the successful implementation of this policy. Moreover, if the export

embargo on enrichrent should be lifted in the future, existing law vests

adequate authority in the relevant agencies of the U.S. Government to

monitor effectively the flow overseas of such equipment and technology

under future export controls.
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4.5.2 International Controls

No matter how effectively they are implemented, unilateral U.S.

restrictions on the transfer of enrichment technology and equipment will

not be sufficient in themselves to achieve the broader U.S. policy goal

of limiting the spread of enrichment facilities. To this end, the U.S.

has sought, in the forum of the so-called London Suppliers Group, to

persuade other suppliers of nuclear technology to adopt similar controls.

Recently, the fifteen members of the Group agreed to a set of 'guidelines'

for nuclear transfers, which were published under the auspices of the

International Atomic E rergy Agency as INFCIRC/254 in February 1978.15

The guidelines include the following provisions, which are of significance

to the transfer of enrichment technology and facilities:

1. A list of items of equipment whose transfer will 'trigger' the appli-

cation of IAFA safeguards and effective physical protection measures;

the 'trigger list' includes equipment "especially designed or pre-

pared for the separation of isotopes of uranium";16

2. Sensitive facilities (i.e., enrichment, reprocessing and heavy water

production facilities) utilizing technology directly transferred by

the supplier, or derived from transferred facilities or major critical

conponents of facilities, must also be covered by IAFA safeguards.

'Technology' is defined in the guidelines as "technical data in

physical form designated by the supplying country as important to the

design, construction, operation, or maintenance of enrichment....

facilities or major critical coaponents thereof, but excluding data

available to the public, for example, in published books and periodicals,

or that which has been made available internationally without restric-

tions upon its further dissemination".
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3. Replications of enrichment facilities or major critical components

thereof, either directly transferred or utilizing transferred tech-

nology must also be covered by IAEA safeguards.

4. For the transfer of an enrichment facility or enrichment technology,

the recipient should agree that neither the facility, nor any facility

based on transferred technology, will produce greater than 20% enriched

uranium without the consent of the supplier nation.

5. The suppliers agree to "exercise restraint" on the transfer of sensi-

tive facilities and technology (including enrichaent facilities and

technology) .

The London Suppliers Group guidelines are the outcome of a hitherto

unprecedented degree of cooperation among the principal supplier nations

against the threat of proliferation, and the impact of the guidelines in

general has been to upgrade the effectiveness of international non-prolif-

eration controls on the export of nuclear technology, equipment and

materials. Yet for enrichment technology, as for the other technologies

and materials falling within their scope, the guidelines are by no means

'watertight', and are considerably less stringent than current U.S. controls.

The several reasons for this include:

1. The suppliers have agreed only to exercise "restraint" in the transfer

of sensitive technology and facilities rather than to prohibit such

transfers completely. The agreement represents a compromise between

those countries, including the U.S., which had sought a collective

embargo, and others, notably France, which felt in part that an embargo,

by encouraging independent, unsafeguarded programs, could ultimately be

counterproductive from a non-proliferation perspective.
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2. The guidelines are not legally binding on the participants under

international law. Further, although all the major suppliers have

indicated that they will act in accordance with the guidelines, many

of them, unlike the U.S., have not passed domestic implementing

legislation. 1 8

3. The London Suppliers Group is deeply resented by recipient nations,

particularly in the Third World, who have perceived it as a 'techno-

logy cartel'. Partly because of its considerable unpopularity, there

have been suggestions that the Group will not convene again. Without

the reinforcement provided by continued meetings of the parent body,

the guidelines might be expected to exact a progressively declining

influence on the export policies of the member states. It is not

possible to predict the rate at which such a decline might occur, how-

ever.

4. The membership of the Suppliers Group does not extend to countries

which may in the future be in a position to engage in significant

transfer of nuclear technology and materials. In the enrichment field,

South Africa is one country which, although apparently in possession

of a demonstrated enrichment technology, has not indicated its willing-

ness to act in accordance with the guidelines.19 In the laser enrich-

ment field more particularly, the list of non-Suppliers Group nations

reportedly engaged in research and development includes Israel, India

and Brazil. Whether such efforts will ultimately enable these

countries to export technology and equipment significant from a prolif-

eration perspective remains to be seen.

5. The 'trigger list' includes equipment "especially designed or prepared

for the separation of isotopes of uranium", but does not extend as far
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as U.S. dorrestic legislation in controlling the export of 'general

purpose' items which nevertheless nay be essential to the operation

of an enrichnent plant. In any case, even within the general frame-

work of 'restraint' there may be differing interpretations of what

constitutes equipment especially designed or prepared for a laser

enrichment plant, particularly if the current lack of specific

reference to laser isotope separation equipment and technology is to

be a permanent feature of the guidelines.
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App. 1-2
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11. 10 Code of Federal Regulations 110, Appendix A

12. Sec. 402(b) of P.L. 95-242, The Nuclear Non-Proliferation Act of 1978
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13. Ibid.

14. See: Mihalka et al, "International Arrangements for Enrichment",

Rand Report WD-187-DOE (Working Draft), Santa Monica, Ca., May 1979,

25. The authors note that these interpretations will inevitably

depend on the strength of the commitment to non-proliferation within

the relevant government bureaucracies.

15. The Nuclear Suppliers Group consists of the following countries:

Canada, the U.S., the U.S.S.R., France, West Gerrrany, the U.K., Japan,

Belgium, the Netherlands, Italy, Sweden, Switzerland, Poland,

East Germany and Czechoslovakia.

16. The trigger list specifically includes:

- gaseous diffusion barriers

- gaseous diffuser housings

- gas centrifuge assemblies, corrosion resistant to UF6

-. jet nozzle separation units

- vortex separation units

- large UF6 corrosion-resistant axial or centrifugal

compressors

- special compressor seals for such compressors

No mention is made of laser isotope separation processes. However,

the language indicates that all isotope separation processes are

effectively included in the list.

17. France and Germany, whose 'liberal' nuclear export policies had been

a major source of concern to the U.S. earlier in the 1970s, have both
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indicated, outside the context of the London Suppliers Group, that

they are banning exports of reprocessing plants and technology until

further notice. France announced its decision in December 1976

(see: Pierre Lellouche, "French Nuclear Policy: National Prograrrie,

European Dimensions, and Non Proliferation", prepared for the Nuclear

Study Group of the Forschungsintitut der Deutschen Gesellschaft fur

Auswartigen Politik, Bonn, 23 May 1979), and Gernmany followed suit

in June 1977 (see: Nuclear Engineering International, July 1977, 6).

Neither country has adopted a similar ban for enrichment facilities

or technology.

18. M. Mihalka et al, 2p. cit., 25

19. Ibid.
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4.6 Implications of Laser Enrichment Technology for Current Non-proliferation

Policies: Conclusions

Based on the analysis presented in the previous two chapters, we

conclude that the successful development of laser enrichment technologies

will have the following implications for current non-proliferation policies:

First, the development and dissemination of new enrichment techno-

logies may erode existing technical barriers to the acquisition of nuclear

weapons material, and may also increase the relative attractiveness of

dedicated production facilities compared with the diversion of fissile

material from the ccmmercial fuel cycle.

Second, specific conclusions concerning the relative proliferation

resistance of laser isotope separation processes are hard to reach given

the present dearth of technological information. Nevertheless, the

following statements may be made:

- The task of converting a ccmmercial laser enrichment plant of either

the atomic or molecular kind to the production of highly enriched

uranium is likely to be technically more demanding than the equi-

valent conversion of a commercial gas centrifuge plant; moreover,

covert attempts to divert fissionable material from commercial

laser enrichment plants or to produce highly enriched uranium in

such plants seem more likely to be detectable by international

safeguards techniques than would corresponding attempts made at

conmercial gas centrifuge facilities.

- There may be substantial differences in difficulty between the

effort required on the one hand to develop laser enrichment techno-

logy to the point at which it can operate successfully in a highly

competitive comrcial environment and, on the other hand, to develop
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it for the sole purpose of producing highly enriched uranium as

quickly and as cheaply as possible. However, at the present time,

a dedicated laser enrichment facility of either the atcmic or molec-

ular type would be perceived by all nations as a much more difficult

route to nuclear weapons material than alternatives such as centri-

fuge plants, and plutonium production reactors and chemical reproc-

essing facilities. This situation is unlikely to change in the

near future.

- In the longer run, after perhaps a further ten years or more, signi-

ficant differences between AVLIS and NLIS processes may be perceived

by potential proliferators. In whatever form, AVLIS plants will

require advanced technological expertise in each of several differ-

ent areas. Even if major advances bring one of these areas within

easier reach, mastery of the others and a complex system integration

will still be required. In contrast, MLIS process developments

appear to be dominated by a single set of problems concerning the

lasers themselves. The balance of plant, while requiring consider-

able technological skills, and components that are not inmediately

accessible 'shelf' items, nevertheless probably lies within the

capabilities of nations below the first tier of technological and

industrial development. Consequently, a breakthrough in laser

technology or a new laser systen'uranium material combination

applicable to MLIS plants conceivably could substantially increase

the attractiveness of MLIS processes to potential proliferators.

Third, by improving the efficiency with which existing uranium

resources can be utilized, 'tails stripping' laser enrichrent facilities

can reduce .the pressure to introduce uranium-conserving but potentially
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proliferation-prone fuel cycles, particularly those involving widespread

use of plutonium.

Fourth, the successful development of an economically attractive

enrichment process with scale economies favorable to the construction of

small conercial facilities will run counter to current efforts to prevent

the spread of such facilities. A wider distribution of enrichwent plants

will tend to reduce the perceived vulnerability of nations to interruptions

in low-enriched uranium supplies, and may consequently reduce pressures for

the introduction of plutonium as a commercial fuel. On the other hand,

any non-proliferation benefits accruing from such developments must be

weighed against the increased risks of misuse of commercial enrichment

facilities for weapons purposes.

Fifth, the addition of a new, economically highly attractive enrich-

ment process to the list of 'sensitive' technologies which are withheld

from international trade will tend to aggravate the already strained and

potentially counterproductive relationship between supplier and recipient

nations.

How these various considerations can best be integrated with other

relevant issues into a coherent U.S. laser enrichment policy is taken up

in Chapter 6.
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Appendix I: Estimated HEU Production Times in Comnercial AVLIS, MLIS

and Gas Centrifuge Enrichment Plants

(i) Atcmic Vapour LIS Plant

The material balance for a 3000 MTSW/yr depleted feed AVLIS plant

operating at the design conditions assumed for this calculation is

shown below:

U 0MT U/r

Fe(.52 
x io-+ k5 - 23 /s. )

0-2% U-235 3000 MT$W/f Seplriono Jor (ot) K54
381 MT U/L r

3721 HIT Uljr

It is assued further that the separation factor is unaffected

by changes in the enrichment feed assay, provided the U-235 ion density
-4

(and thus the U-235 throughput of 1.52 x 10 kg/sec) in the extrac-

tion zone remains constant. Under these conditions, the increase in

enrichment as a function of the number of recycle stages can be deter-

mined from a McCabe-Thiele diagram. (See Figure I-1.) Thus, if the

initial feed is 3 % enriched material, the first stage product assay

wifl be 31 %; if this material is recycled, the second stage assay

will be 87.5 %. If only natural uranium feed is available, the second

stage product enrichment will be 63 %. In the following presentation,

we assume the availability of 3 % uranium, and base the calculations
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on what is known of the JNAI AVLIS process.

From Fig. I - 2 the critical mass of uranium metal enriched to

87.5 % in U-235, with a good neutron reflector, is about 18.3 kg (or

roughly 16 kg of U-235). Adding a contingency of 50 % to account for

losses during product processing and weapon fabrication, the second

stage plant operating time needed to collect the required amount of

product is 16 x 1.5 _44 hours.
1.52 x 10-4 x 3600

Now, only about 60 % of the U-235 entering the irradiation zone

is actually collected on the product plates, and, furthermore, only

50 % of the uranium that is vapourized actually enters the irradiation

zone, with the remainder impinging on the shadow shields, or escaping

the extractor envelope altogether. Adding a further 5 %, say, for

plant start-up losses, the total amount of U-235 (as 31 % uranium)

required as feed to the second stage (and thus as product from the first

stage) is 24 x 1 x 1.05 ~v 84 kg.
0.6 0.5

If we add a further 30 % margin to account for processing losses

incurred during the post-first-stage recycle operations, the first stage

plant operating time is 84 x 1.3 ._ 200 hours, and the amount
1.52 x' 10-4 x 3600

of 3 % uranium required as feed to the first stage is

84 x 1.3 x 1.05 ., 12.7 MT. Thus, over ten days of plant operation and
0.6 x 0.5 0.03

12.7 metric tons of 3 % uranium metal (equivalent to almost half of the

annual refueling requirement for a 1000 MWe LWR) are needed to produce

enough HEU for a single nuclear weapon.*

* Implicit in this calculation are the additional assumptions that,
firstly, -there is no minimum threshhold quantity for the uranium
feed charge below with the plant cannot be operated and, secondly,
that all of the uranium in the feed charge can be usefully evaporated.
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Not included in these estimates is the additional time required

to make the necessary physical adjustments to the plant at the beginning

of each stage and to convert the 31 % uranium deposited on the product

plates during the first stage into a form suitable for charging to

the second stage. The latter involves several consecutive unit oper-

ations. The product collector plates must first be removed from

the irradiation modules and transferred to a dissolver. For a 3000

MTSW/yr plant, up to several hundred plates of dimension 1 meter x

5 cm would be involved, and, because of the high pyrophoricity of the

uranium deposits even at room temperature, the operation would have

to be carried out in an inert atmosphere. Then, after dissolution, the

uranyl nitrate solution might be evaporated, calcined, reduced to U02 ,

fluorinated with HF, and the uranium tetrafluoride reduced to the
2

metal by a metallothermic reduction process.

Each of these unit operations would probably be carried out

batchwise, with the last being conducted at high temperature and pressure

in a steel 'bob'lined with an insulating refractory layer, and packed

with UF4 and magnesium powder. The uranium metal "biscuit" produced

in the'borb' would then be broken out of the liner, pickled, washed and

then either formed or vacuum melted and recast into a configuration

suitable for charging to the AVLIS plant. Criticality precautions

would be necessary at each stage.

The total processing time would depend upon the batch size. For

maximum speed, several batches might be processed in parallel. A.

typical reduction time for a 5 kg batch might be 5 hours, with per-

haps a further 5 hours required for calcination, reduction, and
3

hydrofluorination. In all, the total time required from product
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plate dissolution to the production of uranium metal ingots suitable

for charging to the LIS plant would almost certainly not be less than

24 hours, and might easily be twice as long.

A rough schedule of the entire sequence of activities required

to produce enough HEU for one borrb from a 3000 MTSW/yr AVLIS plant

operated in a batch recycle nude is shown in Table 1.1. The Table

shows that even for conservative assumptions, it would take a minimum

of 2 weeks to produce enough 87.5 % material for one weapon. In prac-

tice, the time required would almost dertainly be significantly longer.

It should be rioted that no allowance has been made in these

estimates for any preparatory research and development, component

manufacture, and plant testing which might be necessary before intro-

ducing higher-enrichment feed material into the plant; the implicit as-

sumption here is that such activities could be undertaken without

giving an unambiguous signal of the intention to proliferate, and that

they would be completed before the first such signal, the introduction

of 3 % feed material into the plant, was sent. In the view of the

JNAI research panel, the effort required to undertake these activities
4

would be substantial.

When a similar calculation is made for a 3000 MTSW/yr natural

feed plant, for which the separation factor is lower (requiring 3

stages to produce 73.5 % uranium from 3 % feed) but the U-235 through-

put is higher, roughly the same minimum time of 2 weeks for the produc-

tion of enough HEU for one weapon is found.

The "single bomb" scenario is actually highly unlikely once

a decision has been taken to dedicate a commercial facility to the

production of HEU. Of more practical interest is the rate at which
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Table 1.1

Operating Schedule for Batch Recycle Production of HEU
Enough for one Bomb in AVLIS Plant

(Basis: 3000 MTSW/yr depleted feed plant capacity)

Time (hours) >

Unit Operation 40 80 120 160 200 240 280 320 360

Loading 3% feed
ingots

Plant start-up

Operation: produc- 200
tion of 109 kg U-235 0
as 31% U

Plant shut-down;
product plate remov-
al and transfer to
dissolver; feed
unit removal

Product plate disso-
lution: evaporation, 2
calcination, fluor-
ination, metallo-
thennic reduction,
uranium melting,
ingot production

Installation of
fresh product col-
lector plates, plant
modifications for
higher feed assay

Loading of 31% feed
ingots

Plant start-up

Operation; produc-
tion of 24 kg U-235
as 87.5% U

Plant shut-down,
product plate
removal and trans-
fer to dissolver
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critical masses can be produced. Considering once again the depleted

feed plant, if certain additional conservative assumptions are made (no

processing or fabrication losses, 100 % plant availability, etc.) a

maximum of 65 weapons could be produced annually.

(ii) MLIS plant

The flowsheet for a 3000 MTSW/yr natural feed ideal MLIS cascade

operating under an assumed set of comercial conditions is shown in

Fig. I-3'. Our purpose is to estimate the minimum time required to

produce enough HEU for one nuclear weapon when such a plant is operated

in a batch recycle node.

It is assumed for convenience that the stage separation factor

is independent of the stage feed enrichment, and further, that it

remains constant over a fairly wide range of stage flowrates. In

addition, it is assured that the cascade is maintained in the ideal,

no-mixing condition for each batch. Under these conditions, the number

of recycles needed to produce HEU can be determined from the McCabe-

Thiele diagram in Fig. 1-4; four consecutive cycles are required to

produce 85 % uranium fram 3 % feed.

Then, if the overall separative work output of the ideal cascade

is unaffected by the changes in' feed assay, the plant flowsheets for

the various cycles are shown in Table 1-2. Also shown are the cycle

operating times required for the production of enough HEU for one

nuclear weapon. A further few hours at the minimum might be' required

betyeen each cycle to adjust the plant parameters for the new operating

conditions and to conduct start-up tests. (If any major plant modif-

ications are required, this period might be much longer.) -Thus, a

minimum of 24-36 hours might be required to produce enough HEU for a
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Table 1-2:. Material balance flowsheets for 3000 MTSW/yr ideal MLIS

cascade operated in batch recycle mode

( Total separative work output, stage separation factor
assumed constant)

Normal Cycle Cycle Cycle Cycle
Operation 1 2 3 4

Feed enrichment, xf 0.00711 0.03 0.118 0.366 0.714

Product enrichment, x 0.03 0.118 0.366 0.714 0.915
P

Tails enrichment, x 0.00166 0.00711 0.03 0.118 0.366
w

Mass flowrates (MTU/yr):

Cascade feed 3290 3284 3283 3307 3290

Cascade product 633 678 860 1367 2085

Total feed to stage 1 3940 3890 3700 3200 2480

Total feed to stage 2 5800 5860 5600 5860 5990

Total feed to stage 3 1860 1960 1880 2660 3520

Product required, 2 (kg U) 657 143.1 49.7 26.2

Cycle time (hr) 8.5 1.5 0.32 0.11

Notes:

1. Assumes 50 % contingency for losses during processing and weapons
fabrication after final cycle, and 20 % processing and start-up
contingency for all other cycles,

2., No allowance has been made for start-up plant inventories.
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single weapon.

If the plant were operated in the batch recycle mode for a year,

this tine assuming no inter-cycle processing losses and a plant avail-

ability of 100 %, enough HEU for a maximum of about 2000 weapons would

be produced.

(iii) Gas centrifuge enrichment plant

The reference plant for this calculation is a 3000 mTSW/yr

ideal centrifuge cascade producing 3 % enriched product from natural

feed with a tails assay of 0.2 %. The nominal material balance is

shown below.
PrOjd

61j' MT U/ r

(3%)

38uHT"/f '3o000 MTW/r

312 MT U/jr

It is assumed that the centrifuge plant is perfectly flexible,

that is, it can be rearranged to perform with any cobination of feed,

product, and tails assays without a loss of overall separative capacity.

If the plant is rearranged so as to eliminate the stripping

section, a configuration in which the enriched uranium production rate

and the feed requirements are maximized, the performance of the cascade

is described by the following equation:5

A = (2x - 1)ln x(1 - x) + x-x,)(l-2xf) (1)
P x(l - xP) x(l -f Xf)
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where A is the separative capacity, P the product flowrate, and

xP and xf are the product and feed assays respectively.

If 87.5 % uranium is to be produced in the cascade, and 3 %

material is available for feed, enough HEU for a single weapon (as

usual adding a 50 % contingency for processing and fabrication losses)

would be produced after only 2.2 hours of equilibrium operation. About

11.5 tons of feed would be required, together with the initial cascade

inventory (calculated below). If only natural uranium were available,

8.5 hours of operation would be required. In theory, several thousand

critical masses could be produced during the course of a year.

The time required for a centrifuge cascade to reach equilibrium

conditions can be estimated from the following approximate expression
6

for the dynamic behaviour of a close separation cascade:

tp 8h 2j(xp - 2 xpxf + xf) n (1 - x4,) 2 (2)
( a- )(1 -x)

where h is the material holdup time, and a , xP and xf are as before.

Benedict and Miller have calculated a holdup time of 44 seconds for a

Zippe-type subcritical centrifuge with a separation factor of about

1.15 and a separative capacity of about 3 annual kilograms of separative
7

work. Such a machine is apparently roughly similar in performance to

the first generation Urenco centrifuge. Using these values, the plant

equilibrium time would be 15 hours if 3 % feed were available, and

about 21 hours for natural feed. Similar times would be expected for

larger machines.

The cascade inventory can be estimated fram the following exact

expression for the total inventory in the enriching section of an ideal
8

close separation cascade:
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IE = 8Ph 2 (2x l - 1)ln x (1 -x,) + (x x )(1 - 2x) (3)
f XPf(

where P is the equilibrium product flowrate and the other symbols have

their previous meanings. Using the values given above, and for the

case of 3 % feed, the cascade inventory would be approximately 1.5 tons

of uranium.
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Notes to Appendix I

1. Unless otherwise stated, the process information in this section

is drawn from: Jersey Nuclear Avco Isotopes, Inc., "Description

of JNAI laser isotope separation process," in Laser Isotope

Separation: Risks and Benefits, report of the Laser Enrichment

Review Panel to JNAI, February 27, 1979, Volume 2, Appendix D.

2. A widely used metallothermic reduction process is based on the work

of F.H. Spedding at Iowa State University. For a full description

of this method, see: H.A. Wilhelm, Proceedings of the United

Nations Conference on the Peaceful Uses of Atomic Energy, United

Nations, New York (1956), 8 (162).

3. Processing tires for the equivalent unit operations involving a

5 kg batch of plutonium have been given as 5 and 4.5 hours respec-

tively. See: U.S. Congress, Office of Technology Assessment,

Nuclear Proliferation and Safeguards, Washington, D.C. (1977),

Volume II, Part 1, Appendix V, p. 182.

4. Laser Isotope Separation: Proliferation Risks and Benefits, report

of the Laser Enrichment Review Panel, (Chairman, T. Keith Glennan),

to Jersey Nuclear Avco Isotopes, Inc., February 27, 1979, p. 29.

5. M. Benedict and T. Pigford, Nuclear Chemical Engineering, New

York: McGraw Hill (1957), p. 399.

6. M. Benedict, "Nuclear Chemical Engineering Classnotes," . M.I.T.

Course 22.76 J, (Fall 1976), eq. 13.203.

7. M. Benedict and M. Miller, "NASAP progress report: Septem]ber 1, 1977

- January 1, 1978,.M.I.T. Energy Laboratory Report, M.I.T. - EL 78-001,

February 1978.

8. Benedidt, "Classnotes (1976)," op.cit.
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CHAPTER 5

INSTITUTIONS, POLICIES AND TECHNOLOGICAL INNOVATION: THE CASE OF LASER

ENRICHMENT

5.1 Introduction

Studies of the relationship between the process of technological

innovation* and technology policy usually incline toward one or other

of two analytical perspectives. In one, emphasis is placed on the

impact of technological developments on policies and institutions and,

more broadly, on the political, social, and natural environment.

The other focuses on the converse relationship, the effect of pre-

existing political and institutional structures on the process of

technological innovation. Nau has used the short-hand terms

"technical" and "political" to describe these two approaches, reflecting
2

the causal orientation of each.

While both "technical" and "political" perspectives have

figured praminently in retrospective analyses of technological

innovations, both general and specific, the "technical" approach has

tended to prevail in assessrrents of new technologies. A widely used
3

definition of technology assessment illustrates this tendency:

..... a generalized process for the generation of reliable,
ccmprehensive information about the chain of technical, social,
econamic, environmental, and political consequences of the
substantial use of a technology, to enable its effective social
management by decision makers.

* Technological innovation is defined here as the process by which an
idea or an invention is transformed into a product, process, or service
which plays a significant role in the econany.
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The emphasis here is on the political and institutional reaction to the

effects of a new technology, and on generating the information on which

this reaction should properly be based.

But in practice the outcome of technological innovation depends

as much on the influence of the political and institutional environ-

ment in which the technology is developed and deployed as it does on

the intrinsic nature of the technology itself. To be sure, technological

developments possess their own inner logic, which determines, for

example, what is or is not physically possible, or which of several

alternatives is thermodynamically more efficient. . But the technology

is not developed in isolation.* Harvey Brooks, in discussing

the parallel development of technologies and their "social supporting

systems," has observed that "[sipecific technological opportunities

create interests which influence the behaviour and evolution of the

supporting mechanisms, but these mechanisms in turn strongly influence

which technological options are selected by society for further
4

development and proliferation."

Thus, if the purpose of technology assessment is to anticipate

the outcome of technological innovation, and if the purpose of tech-

nology policy formulation based on such assessments is to establish

goals for the technology and to devise strategies to attain those goals,

then the pre-existing political and institutional environment must be

an important element of the assessment, and correspondingly- an

iportant target of policy. Technology assessment should properly

consist of a synthesis of the technical and political perspectives

* To argue that it is would be to fall, inter alia, into all of the
potential pitfalls of technological determinism associated with the
proliferation resistance assessment methodologies discussed at the
beginning of Chapter 4..
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identified by Nau.

A very simple conceptual model for such an approach is shown in

Figure 5.1.

In the two preceding chapters, we have analysed the potential

implications of laser enrichment technology for current nuclear energy

and international security policies. In this Chapter, the goal is to

analyse the development of LIS from a "political" perspective (as

defined by Nau), in which the emphasis will be on the political and

institutional antecedents of the innovation, and on how current

political and institutional structures might influence its future

direction. Thus, Section 5.2 presents a brief review of the highlights

of U.S. nuclear policies and institutional developments during the

1970s; the enrichment sector, which has provided the immediate con-

text for LIS development, is given precedence in the review. In

Section 5.3, the development of LIS over the last decade is analysed

to determine the impact, if any, of these broader political and

institutional trends. Chapter 6 examines the implications

of the existing political and institutional framework for the future

development of LIS.

5.2 Institutional and Political Overview

For two decades following the Atoms for Peace speech of President

Eisenhower in December 1953 and the subsequent passage of the Atomic

Energy Act of 1954, the United States Government pursued a nuclear'

energy strategy whose four principal elements remained essentially

unchanged:
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- the promotion of central station nuclear power;

- the promotion of U.S. private enterprise in the nuclear sector,

both domestically and overseas;

- less explicitly, but no less importantly, the maintenance of

.U.S. superiority in all aspects of nuclear technology;

- the prevention of nuclear weapons proliferation (an objective

which, of course, extended beyond the nuclear energy sector

into the broader realm of U.S. foreign policy) .

During this period, several policies played a vital role in the

achievenent of these objectives. Unquestionably the most inportant was

the massive civilian research and development program funded by the Feder-

al government, the results of which generally were promptly made available

to the private sector. In addition, the government's long-term guarantees

of low-cost enrichment supplies, its willingness to accept responsibility

for the storage of nuclear wastes, and the insurance indemnity provided

to the industry by the Price-Anderson Act all were major ingredients of

the overall strategy and contributors to its success.

By the beginning of the 1970s, with the domestic utility industry

availing itself of the nuclear option with great vigour, and the imminent

prospect of rapid growth in the export market for U.S. nuclear techno-

logy, political support for the traditional objectives of U.S. nuclear

policy was firm. Yet, as the decade has passed, the strength of the

governrent's cammitment to the first three goals has gradually declined.

Its promotion of nuclear power is no longer so enthusiastic. The two

traditional pillars of support, the Joint Comittee on Atomic Energy

(JCAE) in the Congress and the Atomic Energy Commission in the
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Executive branch, have both disappeared. In the Congress, the central-

ized authority of the JCAE has been divided among several competing

Ccmmittees, some of which have proved to be considerably less sympathetic

towards the nuclear cause than their powerful predecessor. The old

AEC was transformed into the Energy Research and Development Administra-

tion, which was subsequently incorporated into the much larger Depart-

ment of Energy, where nuclear interests and issues must campete with

many other claimants for attention and budgetary support.

At the same time, government support of the private nuclear

industry has ebbed. The long time champion of the industry in Congress,

the JCAE, has not been replaced, and, with the formation- of the

Nuclear Regulatory Commission (NRC), a more explicitly adversary rela-

tionship than existed before has developed between the industry and at

least one part of the government. More generally, there has been an

increasing tendency within certain sections of the government to seek

to establish a greater distance between government and industry in the

nuclear field.

To be sure, same measure of detachment was to be expected in any

case, as private industry matured and the nuclear sector more closely
5

approached the commercial norm. Also, doubts about the nature of the

relationship between government and industry by no means became universal

during this period, and there remains a strong residue of political

support for nuclear energy and for the nuclear industry within the

government. Nevertheless, over the past several years there has been

a gradual change in the government's posture towards the industry:

the guardian angels have given ground to the watchdogs.
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These changes at the governmental level have occurred against a

background of mounting public concern over the health and safety risks

associated with nuclear power facilities. During the same period, the

environrmntal movement has emerged as a significant political force;

and in the nuclear field, as in others, intervenors have mounted

increasingly effective court challenges against the nuclear licensing

process. More generally, opposition to nuclear power has come to

occupy a central position in the ideological and political platforms

of groups seeking to respond to a growing sense of disillusionment and

frustration with the societal implications of large-scale institutions

and technologies.

The third major development during the 1970s has been the re-
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appraisal of the principles of international cooperation in the develop-

ment of the peaceful uses of nuclear energy laid down a quarter of a

century ago in the Atoms for Peace program. After a lengthy period

during which international security objectives and the goal of further-

ing the overseas interests of the American nuclear industry were

regarded as generally compatible and even mutually supportive, grow-

ing concern over the relationship between nuclear energy development

and the spread of nuclear weapons has led to the imposition of tighter

nonproliferation controls on U.S. exports of nuclear materials, equip-

ment, and technology. Moreover, the increasing importance of security

considerations in U.S. nuclear strategy has had major domestic conse-

quences. The decisions taken by the Ford and Carter Administrations

to defer nuclear fuel reprocessing and the Carter Administration's

efforts to 'restructure' the fast breeder reactor program were each

strongly motivated by a desire to avoid the potentially destabilizing

consequences of the widespread international use of plutonium as a

conercial fuel. Predictably, the American nuclear industry has

reacted generally unfavourably, arguing, inter alia, that its commercial

opportunities have becane intolerably circumscribed as a result, and

that what is perceived as the sacrifice of American nuclear technological

superiority to the goal of nonproliferation is a misguided and self-

defeating' strategy.

* * *

An analysis of the causes of these various trends is beyond the
6

scope of the present work. Nevertheless, knowledge of these broader

developments is essential to an understanding of the'

political and institutional evolution of the enrichment sector during
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the last decade.

Enrichment

The importance' of enrichment supplies in .the govern-

ment' s overall strategy for providing a hospitable environment for

domestic nuclear power growth has already been noted. And in Chapter

4, the role of enrichment in the achievement of the international nuclear

policy objectives of the U.S. was discussed in some depth. These two

functions lay at the center of U.S. enrichment policy from the beginning

of the nuclear power era. The preservation of U.S. technological

superiority in enrichment, in addition to being desirable in its own

right, was of course necessary for both sets of objectives.

Towards the end of the 1960s, shortly before the initiation of

LIS research in the U.S., several important new issues were added to

the enrichment policy agenda.

First, commercial demand for enrichment services was growing

rapidly, and would shortly exceed the capacity of the U.S. gaseous

diffusion complex to meet it. A decision to construct a new plant

would soon have to be made. Second, advances in ultracentrifuge

technology were bringing the gas centrifuge process to within

copetitive range of the proven, but highly capital and energy intensive

gaseous diffusion technology.

Meanwhile, the U.S. enrichment supply nonopoly had begun to

erode. As noted in Chapter 4, by 1970 the tripartite Urenco consortium

had embarked on its commercial centrifuge project, and the Soviet Union

had entered the international enrichment market. Shortly thereafter,

France and its partners in the Eurodif group decided to construct a

large commercial gaseous diffusion plant.

Finally, a new policy goal for the U.S. enrichment industry was
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emerging: the transfer of ownership fran the government to the private

sector. The chief legal obstacle to private ownership of enrichment

plants had actually been renoved several years earlier, with the pas-

sage of the Private Ownership of Special Nuclear Materials Act of 1964.

It was not until the Nixon Administration took office in 1969, however,

that enrichnent "privatization" was given high priority as a policy

goal. By this time, enrichment was the only stage of the light

water reactor fuel cycle to remain under government ownership. (Long-

term commercial nuclear waste storage facilities would also be govern-

rent-owned, but none existed at the tine.)

The government's privatization strategy included programs to

provide private industry with access to classified ABC gaseous diffusion

and gas centrifuge technology; in addition, the CammLission moved to

put its own enrichment operations on a more "business-like" footing,
7

in order to provide market conditions more conducive to private entry.

Despite these and other efforts, the strategy was not a success. The

focus of political support for privatization was quite narrow. In

the government, the initiative came mostly from the White House and

the Office of Management and Budget. The JCAE and the ABC were less

enthusiastic, as were the utilities and the financial cammunity in the
8

private sector. Faced with a lack of support from the latter, pros-
9

pective private enrichers, whose own ranks were beginning to be depleted,

turned to the government to provide the investment guarantees which

they felt were a necessary pre-condition for entry. In legislation

submitted to Congress in 1975, the Ford Administration, which had

inherited the privatization policy of its predecessor, went a long way
10

towards meeting the demands of the enrichers. Congress failed to
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enact the proposed Nuclear Fuel Assurance Act (NFAA), however, and

instead instructed the Administration to take responsibility for

constructing the next increment of enrichment capacity. A few months

later, in April 1977, President Carter announced his choice of centri-
11

fuge technology for the next plant.

The main source of Congressional opposition to the proposed Act

stemmed not so much from objections to the principle of private owner-

ship, but more to the terms of entry that private industry was demand-

ing. It was felt, in particular, that the governwent would be assum-

ing an unacceptably high proportion of the comnercial risks associated
12

with new enrichment ventures.

Although the privatization strategy was a failure, the attempts

to implement it during the first half of the decade proved to have

profound consequences for U.S. nuclear policies of the period and

beyond. First, the privatization efforts of the government and the

lack of enthusiasm of the private sector created great uncertainty

in the enrichment sector, where efforts to preserve predictability and

continuity of the terms and conditions of supply had previously been

a feature of the U.S. policy. Indeed, for a period of over four years,

it was not known who would build the next increment of enrichment

capacity, when, and with what technology.

Furthermore, the objective of privatization and the related

one of preserving U.S. technological- and comnercial superiority in

the enrichment market proved to be decisive obstacles in the way of

parallel efforts by the U.S. government in the early 1970s to engage

other nations in cooperative multinational commerical enrichment
13

ventures. A key goal of these latter efforts was to avoid what were
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regarded as the adverse consequences for international security of

the spread of independent national enrichment plants. But the reluctance

of the ABC and the Joint Committee to "give away" U.S. technology and

markets to potential foreign competitors was a decisive factor in the

failure of the multilateral initiatives. Whether, even without such

reluctance, these efforts would have been successful in stemirng what

in retrospect appears to have been an inevitable spread of enrichment

capabilities overseas (see Chapter 4) is less important than that the

transparency of U.S. commercial objectives created a legacy of distrust

among several industrialized nations, to whom continued dependence
14

on U.S. enrichment supplies appeared even less attractive than before.

An even more serious cause of international concern over the

reliability of U.S. enrichment supplies arose directly from the ABC's

policy of shifting some of the comercial "risks" of their own enrich-

ment operations to the custamer, in order to create conditions conducive

to private entry.* The new contracts introduced by the AEC in 1973

were unattractive to domestic and foreign customers alike, and the

impact was aggravated when, in significant part because of these new

arrangements, the ABC was obliged to terminate contracting

in the following year** and to reassign some existing customers, to

whom firm supply conmitments had already been made, to "conditional"
15

status.

It was against this background of international uncertainty over

U.S. policies in the enrichment sector that the Carter Administration

* In fact, the AEC's own risks were low, since by that time the
gaseous diffusion plants had been largely amortized under defense
programs; enrichment costs were thus almost entirely variable costs,
which could be tailored to actual demand.

** It was not until 1978 that the order books were officially reopened.
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moved in 1977 to establish nonproliferation as a principal goal of U.S.

foreign policy. Ironically, yet inevitably, enrichment would play a

central role in the new nonproliferation policy. If the Administration

was to be successful in dissuading other countries from using plutonium,

a necessary condition would be the restoration of confidence in the

reliability of U.S. supplies of enrichment services. At the same time,

the Administration and its supporters in Congress sought to apply new

political conditions to enrichment exports in an attempt to increase

U.S. nonproliferation leverage over the nuclear power programs of

foreign nations. The outcome of these potentially contradictory

policies remains to be seen.

In sum, the first decade of LIS development has been marked by

several important developments in the enrichment industry as a whole:

(i) Politically, the emphasis on privatization and the preservation

of U.S. ccnmercial superiority of the Nixon years has given

way to a new focus on nonproliferation objectives.

(ii) Institutionally, efforts to transfer enrichment into the

private sector have faded; the government has retained owner-

ship of the existing plants and has assumed responsibility

for building the next one.

(iii) Technologically, the gas centrifuge process has replaced

gaseous diffusion as the technology of choice for conercial

plants.

-(iv) Economically, the U.S. enrichment supply monopoly has been

broken. New enrichers have entered the market. Over the same

period, expectations of demand for enrichment have'fallen

dramatically.
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Finally, throughout much of this period, U.S. enrichment policies have

been characterized by a lack of clear direction. As a result, 'uncertainty

has been propagated throughout the nuclear power industry,, especially over-

seas.

5.3 The Impact on U.S. LIS Programs

What, if anything, was the effect of these developments on the

direction of LIS research and developmnt programs in the U.S.? We

examine three issues in particular: the relative roles of the public

and private sectors in LIS development, the evolution of the govern-

ment's classification and security policies in this area, and the

relationships between laser enrichment and gas centrifuge technologies.

Public versus private sector developrent

A notable feature of the current LIS situation is the parallel

development of what appear to be fundamentally similar processes by

the Exxon Nuclear-Avco venture in the private sector and by Lawrence

Livermore Laboratory, under contract to the government.*

The JNAI program was apparently the first to engage in substantial

experimental investigation. The current AVLIS laser enrichment process

grew out of a patent filed in 1970 by R.H. Levy and G.S. Janes of the
16

Avco Everett Research Laboratory. The patent was issued in late 1973,

but already by July 1971 experiments conducted at Avco under the sponsor-

* MLIS developrent is being undertaken by Los Alamos Scientific
'Laboratory for the government; a privately-funded MLIS program is
underway at Exxon Research and Engineering Labs, New Jersey, but
the extent to which this effort is directed at commercial applications
is not clear. The plasma separation process is being developed by
TRW under contract to DOE.
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ship of Exxon Nuclear Company (then Jersey Nuclear) had established

scientific proof of principle of the concept. Shortly thereafter,

in early 1972, Avco and Exxon Nuclear formed JNAI to develop the process

further.

Federally-funded LIS research and development got off to a slightly

later start. Indeed, at about the time that the first experiments at

Avco were demonstrating scientific feasibility, a panel of experts

chaired by Manson Benedict, which had been convened by the ABC to review

alternative isotope separation technologies, concluded that, although

worthy of limited investigation, photoexcitation processes showed

little promise from a commercial standpoint.17 The panel essentially

ruled out atomic processes because of the low volatility of metallic

uranium, and noted that no uranium compound had been discovered with a

suitable isotopic shift. Significantly, there was no mention in the

panel's report of the possibility that lasers might be used as photon

sources.

Even before this report was released in 1972, however, a group at

Los Alamos had already begun work on laser enrichment, and, in 1973,

another program was initiated at Livermore. Both of these efforts

were outgrowths of laser fusion research and development programs which

had been established at the two laboratories some time earlier. 1 8

The 3NAI venture was launched at the height of the Nixon Administra-

tion' s drive for privatization, and while comrercialization of the new

technology was a very remote possibility at that early stage, it seems

likely that the positive political developments of the period were con-

sidered in the decision to proceed. The new policy would appear to have

been particularly relevant for JNAI since, only a few years earlier
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(but before the privatization initiative), the Atomic Energy Comission

had determined that it was not in the national interest that privately

supported work on centrifuge enrichrrent technology be continued, and

had accordingly terminated all such work. 1 9

For its part, the Livernore program has so far escaped major critic-

ism of its potential for duplicating work underway in the private sector,

although in 1976 the JCAE took the opportunity to remind ERDA of the

existence of the JNAI project and to note that any such duplication

"would not be a justifiable expense of government money."20  In response

to the JCAE's comments, ERDA appointed a new panel of experts, this time

under the chairmanship of P. Vanstrum, to investigate the question of

duplication. The Vanstrum panel's report was classified, but reportedly

concluded that although there was scme overlap between the two programs,

there were also significant differences in both technology and object-

ives. The panel's finding apparently convinced the interested sections

of the government (including the Office of Management and Budget, whose

pro-privatization stance earlier in the decade might have been expected

to evolve into an 'anti-duplication' position) because the Livermore

budget continued to clinb both in absolute terms and relative to the

IASL share of the total AIS budget after 1977 (see Table 5.1).

The question of duplication is only one aspect of the broader issue

of private ownership of enrichment facilities, whose resolution is still

far fram clear. This issue is examined in more detail in Chapter 6,

section 3.

* A discussion of same of the technical differences can be found in
Chapter 2.
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Classification and security

The conpetition between ccmmercial and security goals which was a

general feature of enrichment politics throughout the first half of the

1970s proved to have quite far reaching inplications for LIS development

during that period.

The first issue to be confronted was that of classification.

ABC policy on this matter had been clearly laid down in 1967, when the

Comission announced that all research and development on new uranium

enrichment methods would be declassified until the method showed reason-

able potential for separation of "practical" quantities of U-235.21

Los Alanos filed its first patent application on MLIS in July 1972.22

In it, the Los Alamos group proposed for the first time to cool UF6 gas

by adiabatic expansion through a supersonic nozzle as a means of overcom-

ing the 'hot band' problem, which had been recognized in the literature

as the chief obstacle to isotopically selective infrared excitation of UF6

molecules.23 The Los Alamos scheme was clearly an important breakthrough,

but at the time that the patent application was filed, the AEC classifica-

tion staff had not yet determined whether or not it met the criterion for

classification; as an interim measure, the application was filed as

Confidential Restricted Data. Shortly thereafter, the ABC determined that

the disclosures in the patent contained no Restricted Data, and the appli-

cation was declassified.24 It only remained unclassified for about six

weeks, however. (During this period, no publications on the subject appeared

in the open literature.) Then, following a meeting between Los Alamos and

Oak Ridge technical staff and AEC classification officers, the Division

of Classification reversed its earlier decision and upgraded the patent

application to Secret Restricted Data?5 The new decision placed important

constraints on the patent prospects for the Los Alamos process. In
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particular, U.S. law in general prohibits foreign filing of classified

patent applications.

Meanwhile, the original (1970) JNAI AVLIS patent application had

not been classified, and finally issued in November 1973.* Despite

the unclassified nature of its work, few details of the JNAI program

were disclosed during this period, reflecting a strict corporate

policy of protection of proprietary data.

In contrast with both the JNAI and LASL programs, disclosure of

technical results at Livermore in the early 1970s occurred promptly

and in scme detail. Under the leadership of John L. Emmett, who

had arrived from the Naval Research Laboratory in mid-1972, the Liver-

more Laser Program took the lead in declassification efforts in both

the laser fusion and LIS fields. The fact that the JNAI AVLIS work

had not been classified probably helped efforts to relax the classifi-

cation restrictions on the Livermore LIS program. Another factor of

probable significance was the strong opposition to secrecy in these

fields voiced by Edward Teller, associate director-at-large at Liver-
26

more.

It was also doubtless no coincidence, and probably a reflection

of Emmett's personal style, that important releases of information

were made on the eve of major conferences. Thus, permission to describe

the newly successful spectroscopic demonstration of uranium enrichment

via selective photoionization of uranium vapour was obtained just before

the eighth biennial International Quantum Electronics Conference of

June 1974, where the results that were presented aroused considerable

* JNAI has since filed for and been granted a substantial nuber of
patents both in the U.S. and abroad; many others are pending and the
cnpany is generally considered to have established a strong inter-
national patent position in the AVLIS field. Reportedly only a
small fraction of its patent applications have been classified to
date.
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excitement. Although it was known that the JNAI group had obtained

similar results same time earlier, it was not until 1976 that a detailed

report of these experiments was released, and the 1974 Livermore

paper was the first technical account of laser enrichment research in

the U.S. to be made public.

The Livermore report also added spice to the traditional rivalry

between Livermore and Los Alamos, which had already become a feature

of the laser fusion field. The Los Alawos laser enrichment program

was labouring under a more restrictive set of classification guidelines,

and IASL researchers were obliged to confine their scientific publica-

tions to studies of boron and sulfur molecules, and other less interest-

ing materials.

Same resentment was reportedly voiced at Los Alamos following

the Livermore announcement, not only because of the less stringent

Livermore classification policy which had allowed such a disclosure to

take place, but also because it was felt that the newer Livermore

group had failed to indicate the true extent of the IASL contribution

in the area. In fact, by this time workers at Los Alamos had applied
28

for several patents in laser enrichment; all had been classified.

The AEC's classification policy towards Los Alamos had already

begun to be reassessed in Washington. Scme concern was expressed over

the effectiveness of classification and its impact on the U.S. govern-

ment's patent position. -Then, in the fall of 1973, IASL was requested by

AEC-headquarters to obtain complete patent coverage of all aspects.of
29

the LIS program at IASL.

The request presented several difficulties. Among them was the

question of filing patent applications overseas. The Commission had
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noted the importance of foreign patent coverage, as had the Joint

Cammittee on Atomic Energy, two leading members of which had stressed
30

the point in a letter to Chairman Dixy Lee Ray of the AEC in early 1974.

Yet unless the existing IASL patent applications were somehow declassi-

fied, foreign filing was impossible. LASL technical staff strongly

doubted the feasibility of 'sanitizing' the existing applications so

as to be able to file unclassified versions overseas under the current
31

classification guidelines. Given the time constraints involved,

only one practical alternative remained: declassify the basic concepts

of the IASL LIS process.

The dilemma was clear. Would U.S. qovernment interests best be

served by declassification and strong domestic and foreign patent

protection, or by continued classification?

By March 1974, the AEC's Division of Classification (DOC) was

ready to conclude that continued classification would not be effective
32

for long. It noted that the key concept of adiabatic cooling involved

well-known, basic physics, and that the remaining concepts of selec-

tive laser excitation and photodissociation were already in the public

domain. In view of the worldwide interest in LIS, it would thus only

be a matter of time before independent discoveries of the IASL process

occurred. Indeed, there were already several indications that other
33

groups were moving in this direction. Based on these considerations

and what it recognized as the importance of protecting the U.S. patent

position, DOC recommended that certain aspects of the LASL LIS process

be declassified, and that patent applications should then promptly be

filed both domestically and abroad.

The Ls Alamos staff certainly agreed with this view, and,
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judging by the strength of its recomrendation to Chairman Ray to seek

maximum patent protection, so did the Joint Committee. The latter had,

of course, already made its views on the importance of protecting U.S.

technological and commercial superiority in enrichment quite clear

during the 1971 debate on the U.S. multilateralization initiative.

While "giveaways" of government technology were not at issue on this

occasion, continuationof the existing classification policy would

threaten the U.S. technological lead in this potentially highly attrac-

tive new area.

The DOC position was by no means unanimously supported, however;

not even within the AEC. The Division of Military Applications,, for
34

one, had reservations regarding the proposed declassification.

Apparently so, too, did the State Department. A major concern was the

effect of declassification on the risk of proliferation. After all,

the IASL staff itself had indicated that once the adiabatic cooling

technique became generally known, it would not be long before numerous
35

foreign countries would achieve a laser enrichment capability. The

position taken by the Department of Defense is not known for certain.

It had been informed of developments at LASL as early as, November, 1972,

36
however, and it mairitained direct influence over the resolution

of issues such as the declassification of the LASL LIS process through

its Military Liason Ccmittee to the ABC, before which all proposals

of a militarily significant nature had to pass. The Pentagon was

gnerally concerned about proliferation, and had demonstrated both

its concern and the strength of its influence in 1971, when it adopted

a hard-line (and ultimately successful) stance against the 'proposals
37

to share U.S. enrichment technology with other nations. It thus
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seems reasonable to suppose that the Pentagon at the very least did not

view the prospect of MLIS declassification and the subsequent filing of

patent applications overseas with enthusiasm.

The debate on declassification and patent strategy continued through-

out the summrer and on into the fall. Finally, in late 1974, the Conmission

decided not to declassify.38

The Commission's decision can be interpreted in various ways. In

general terms, it reflected the gradual shift in priority from protection-

ist to non-proliferation objectives that characterized U.S. nuclear policy

during the 1970s. In technological terms, the decision would necessarily

seem to have been based on a judgement that continued classification would

be a significant obstacle to the further spread of the LASL concept.

Finally, there had been important changes in the bureaucratic line-

up since the multilateralization debate three years before. For the tech-

nological 'protectionists', the Joint Comittee's position remained gener-

ally unchanged. But the AEC was no longer such an effective advocate of

the need to preserve U.S. technological and conmrcial superiority. The

powerful Production Division, which was responsible for the gaseous dif-

fusion plants and technology and which had played a central role in the

protectionists' success in 1971, was less closely involved in the develop-

nent of the new laser technologies, and did not play such a prAminent part

in the later debate. In contrast, the Division of Military Applications,

which provided most of the funding for the still predominaritly weapon-

ojiented Los Alamos Laboratory, was a more active participant than before;

and, predictably, its views of the issue were closer to those of the Pentagon.

In addition, the State Department, which in 1971 had. been in-

effective in espousing the need for technology7gharing and multi-
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lateralization as a means of reducing the proliferation risks of independ-

ent enrichment facilities, had in the meantime, under the active leader-

ship of Secretary Kissinger, become a somewhat more potent nonprolifera-

tion advocate, in this case arguing against declassification. Lastly, the

Pentagon (through the Military Liaison Committee) had reversed its bureau-

cratic links while continuing to be motivated by its concern over prolifera-

tion. In 1971 it had sided with the Joint Committee and elements of the

AEC against the enrichment technology transfer proposals of the State Depart-

ent, but in 1974 it was apparently arguing with the State Department for

continued classification and against the Joint Cormittee and parts of the

ABC, for whom complete patent coverage was the more important goal.

As events turned out, those who had argued that classification of the

basic concepts of the LASL 'mainline' process would be ineffective were

rapidly shown to be right. Indeed, just as the Ccmmission was reaching its

decision not to declassify in late 1974, two MLIS patent applications were

filed in West Germany which both featured the key concept of adiabatic

expansion of UF6; one of them, due to Jetter et al, disclosed and claimed

subject matter essentially identical to the earlier IASL 'mainline' process
39patent applications. (The original IASL patent of 1972 which described the

basic concepts of the mainline -process had been updated in August 1973.) 40

In the absence of competition from the IASL applications, which would

have had chronological priority had they been filed overseas, the German

interests succeeded in gaining a strong international patent position in
*

NLIS. Indeed, to the consternation of the IASL staff, the Jetter patent even

* While under U.S. law patent rights are established on the basis of who
invented the device- or process first in other countries the criterion
is who files first. The latter criterion is followed in' international
patency. Because of the logistical impossibility of simultaneous filing
in many countries, an International Patent Convention exists under which
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issued into the open literature in the U.S. in May 1977,41 while classifi-

cation restrictions had prevented the almost identical LASL patent fram

issuing, despite its clear priority over Jetter in the U.S. There were

reportedly other examples of IASL classified patent applications being

rejected by the Patent Office at the same time that unclassified private

applications covering very similar material were issuing. 4 2  The August

1973 LASL application was subsequently declassified, and Jetter et al con-

ceded priority to it in the U.S. in February 1979. The fate of the

other LASL patent applications is not clear.

Meanwhile, the foreign fortunes of the LASL patent applications

were proving to be even gloomier. A patent specially tailored for the

purposes of foreign filing had been filed in the U.S. in late 1975,

and was declassified shortly thereafter. 4 4  (In retrospect, the princi-

pal difference between the declassified patent and earlier LASL patents

which remained classified - but which have since also been declassi-

fied - was that the former omitted any reference to the potential

application of LIS techniques to plutonium isotope separation. Such

(contd.)
a patent application filed in a signatory country may be filed at any
time during the next twelve months in other signatory countries and
still be assigned the original filing date for the purpose of establish-
ing priority. Thus, as a hypothetical example, had a IASL patent appli-
cation covering the same material as the Jetter patent been filed
dcmestically in April 1974, and then filed in Germany in March 1975,
months after the Jetter patent application was filed there (actually in
December 1974) it could still receive priority in Germany because of
its earlier U.S. filing date. If foreign filing does not take place
within 12 months, however, the original 'convention date' is lost.
.A result of the AEC's classification policy was that convention dates
for several LASL patents were lost, because filing overseas within the
stipulated twelve month period was prevented.
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a ' sanitization' would surely not have exceeded the ingenuity of the:

IASL staff two years earlier, when the latter had argued that foreign

filing of unclassified patents under the classification guidelines of

the day would probably be impossible. Thus the ABC' s guidelines had

apparently beccme less restrictive in the meantine.)

The declassified application was then filed in several countries,

including France, the U.K., Canada, West Germany and Israel, and is

reportedly now being generally rejected. Its patent convention date

fell, of course, about a year after those of the two German patents

filed in West Germany in late 1974.

Clearly, therefore, the classification policies followed by the

U.S. government failed in their objective of preventing the spread of

key concepts associated with the LASL mainline MLIS process. At the

same time, implementation of these policies cost the U.S. a strong

international patent position in the MLIS field. Indeed, there can be

little doubt that the inability to acquire foreign patents has left the

U.S. in a potentially very vulnerable position if the favorable camercial

prospects for MLIS are ultimately realized.

The episode certainly provided a graphic illustration of the

widely held view that fundamental scientific principles, and concepts

based on such principles, cannot be effectively contained by secrecy

measures. However, there is nothing in these events to support the

broader contention that classification in general will always be

s iilarly ineffective. What was not generally recognized at the time

was that an understanding of the basic concepts required for a success-

ful MIS process was just the first step in a long and difficult tech-

nological task. The subsequent steps (for example, the development of
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suitable lasers) require much in addition to basic principles of

physics. Technological expertise, sophisticated equipment, prolonged

and complex experimentation: all are essential. In this context,

classification may play a more effective role. Of course, in all

such situations, only a limited amount of tire can be gained by the

imposition of secrecy. But the delay that can be achieved varies and

the experience with MLIS in the mid-1970s, although commercially

costly, should not be regarded as a general indictment of classification

policies in this field.

The Department of Energy certainly did not interpret it in this

way. By about 1976, the relatively open atmosphere which had charac-

terized the earliest years of the Livermore LIS program had given way

to a mere restrictive climate. To what extent this trend was a reflec-

tion of the growing importance attached to security considerations

in the government is not clear. One factor which certainly contributed

was the well-established DOE policy of tightening classification controls

as a new isotope separation method was brought closer to practice;

there had been ample evidence in the preceeding years that significant

progress was being made at Livermore. Moreover, in this case, the

conflict between patent coverage and classification which had arisen

with the IASL process was less significant; by then JNAI was holding

most of the patents for AVLIS.

The JNAI program itself has posed special problems for the

government with regard to classification. For several years, from its

beginnings in 1970-71, the program remained generally unclassified.

The ccnmpany naturally sought to protect its technology for proprietary

reasons. Over the same period, nevertheless, a significant number
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of patents covering various aspects of its process issued into the public

literature in the U. S. and overseas. As the potential of the process for

producing 'practical quantities' of enriched uranium became increasingly

apparent, ERDA (as it then was), on the basis of information voluntarily

provided by JNAI, concluded that certain aspects of the latter's program

now fell into the 'Restricted Data' category, as defined in the Atomic

Energy Act. For its part, JNAI was concerned about the impact of govern-

mental classification and security controls on its technological lead and

its rights to the process; indeed, a government contractor, Livermore, was

developing a very similar process, and would certainly benefit greatly from

access to information developed by JNAI. In addition, JNAI had major reser-

vations as to the legality of an attempt by the government to impose classi-

fication and security controls on information developed independently by

JNAI, without government assistance of any kind.

It is possible that JNAI's concern was heightened by the dissipation

of government support for privatization that had occurred in the previous

few years. There were certainly anxious recollections of the government's

virtual takeover of private centrifuge programs in the 'pre-privatization'
45

era a decade earlier. And there had been a dramatic example of the govern-

ment's willingness and ability to preempt private nuclear investments very

recently, when Allied General Nuclear Services had been forced to terminate

work on its half-completed comrercial reprocessing plant at Barnwell, S.C.,

because of a government decision to defer domestic civilian reprocessing

indefinitely.

A compromise was reached between JNAI and the government in a classi-

.fication and security agreement concluded in September 1977. Under the

agreement, JNAI program information is to be treated as if it were Restricted
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Data, where the classification is determined according to guidelines estab-

lished for the process by DOE, The agreement does not give DOE any property

rights to the JNAI technology, and the Department has guaranteed to protect

JNAI proprietary information from anyone other than designated personnel; the

latter does not include DOE contractors. The agreement applied retroactively

to all material generated subsequent to January 1976.

It is noteworthy that JNAI has not agreed that its information actually is

Restricted Data in the legal sense, but only that it should be treated as such.

(DOE apparently chose not to press this point.) Furthermore, JNAI has res-

erved the right to challenge DOE' s authority to control the dissemination of

its data at some future time. The agreement thus reflects a continuing

tension in the relationship between the two parties, and a residue of uncer-

tainty remains within JNAI as to whether the government will at some later

date attempt to halt or otherwise intervene in its development program on

national security grounds.46 Indeed, this concern was probably a major

motivation for JNAI's decision in 1978 to appoint a panel of independent

experts to assess the proliferation risks of its process. The panel's

report was discussed in Chapter 4.

LIS and gas centrifugation: competitors or companions

The third development in'the enrichment sector which significantly

affected the course of LIS programs during the 1970s was the emergence

in 1977 of the gas centrifuge process as the technology of choice for

the next increment of U.S. enrichment capacity. Throughout the

preceding several years, the question of whether the gas centrifuge

process or the proven gaseous diffusion technology would be chosen

had been debated in parallel with the debate over privatization. In

fact, the two issues were linked by the concern voiced in the private
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sector over the risk of technological obsolescence. With initial

investments running into billions of dollars and payback periods on

the order of 25 years or more, anything that might jeopardize future

market prospects, including the risk of obsolescence, was naturally a

source of worry for prospective private enrichers.

Thus questions about the competitive threat from gas centrifuge

and LIS were raised in connection with a private consortium's proposal
47

to construct a large commercial gaseous diffusion plant. And the

ranking House minority member of the JCAE warned in 1974 of the possi-

bility that LIS could make both gaseous diffusion and gas centrifuge
48

technology economically obsolete. In hindsight, the fear of techno-

logical obsolescence was without doubt one of the factors responsible

for the failure of the privatization initiative, since the private

sector's reaction, a request for increased government investment

guarantees, contributed to Congress's lack of enthusiasm for the NFAA.

After President Carter's 1977 decision to select the gas centri-

fuge process, the obsolescence question narrowed to whether the new

choice would be rendered obsolete prematurely by one or more of the

advanced isotope separation technologies. But the groundrules had

also changed: it was now the government which was to own the new

gas centrifuge plant, and it was of course also the government which

was funding most of the research and development work on the advanced

isotope separation technologies.

The JCAE had foreseen what might happen in such a situation a
4

year earlier:

The objectives of the Advanced Isotope Separation Technology
Program are to develop low cost and less energy-intensive
processes for uranium enrichment, to develop techniques for
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plutonium isotope recovery, and to develop new solutions
to waste management problems.

The Joint Commnittee notes the major economic gains that will
result if this program meets its objectives and understands
that there may be a tendency within ERDA to stretch out or
delay this program in order not to adversely affect on-going
programs which utilize present uranium enrichment technology.
(emphasis added)

It was perhaps predictable, therefore, that a decision would be

taken by DOE in the sumrer of 1977, just a few weeks after the President's

April policy statement, to redirect the AIS program towards the devel-

opaent of a 'tails stripping' process, capable of enriching tails

uranium from conventional enrichment plants up to 0.7%, and producing
50

its own tails material with an assay of 0.1 % or less. In this mode

of operation, it will be recalled, AIS plants would function as adjuncts

to conventional enrichment capacity, rather than substitutes..

(See Chapter 3, Figure 3.1.) DOE statements at the time stressed the

'copanion system' relationship of the new technologies with the gas
51

centrifuge plant to be built at Portsmouth.

The AIS schedule has also been delayed. In early 1977, the

program anticipated choosing which of the three technologies would be

scaled up for evaluation in a demonstration facility in 1979; the
52

first production from a conmrerical-scale plant was expected in 1989.

By early 1979, selection among the three technologies had been deferred

until the latter half of 1981; construction of the first production

plant was not expected to begin until 1989, with the first production
53

scjeduled for 1995.

The budget figures reflect this decision. After four years of

rapid growth, funds have leveled off since 1977. Indeed, in real

terms expenditures have probably dropped during the past three
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years. *

Several factors may have contributed to the new AIS policy. The

Carter Administration was espousing a philosophy of fiscal conservatism;

balancing the budget by 1980 was a major political goal. Also, its

overall support for nuclear fission technology has remained fairly
54

constant in the three energy budgets submitted since 1977. While

not necessarily directly responsible, both of these factors are at

least consistent with the trend in the AIS budget.

More specifically, the Administration's concern over the prolifer-

ation risks of the new AIS technologies may have acted as a constraint
55

on funding. Such concerns had not inhibited spending on the centri-

fuge, but in that case there were clearly identifiable risks associated

with not going ahead, i.e.; confidence in U.S. fuel supply assurances

would be eroded still further. In the case 'of the AIS program, no

such consequences would ensue, at least directly.

Finally, there was the effect of the centrifuge decision itself.

Seen fram one perspective, the new AIS policy was a sound and logical

response to this decision. The Portsmouth 'add-on' plant would post-

pone the need for additional enrichment capacity until the early 1990s.

In the ireantime, it made sense to focus on tails-stripping processes;

the existing tails stockpile was large, and could be enriched to 0.7 %

without reducing the demand for separative work from the new enrich-

ment plant. Tails stripping was thus clearly the first target of

c'mercial opportunity for the AIS processes, and would be the only

* The trend is even more pronounced for the two LIS programs; since
1977 they have had to share the total AIS budget with the -TRW
plasma separation process, whose allocation, despite the general
cutback, has continued to grow rapidly. (See Table 5.1)



-377-

target for some time, given the slower growth in enrichment demand.

In another context, the new AIS policy could be (and was) inter-

preted as an attempt to preserve the viability of the centrifuge project

in the face of a potentially eroding economic advantage. After the

failure of the privatization initiative, the government had in effect

assumed responsibility for creating, by contract, a new industry to

design and construct the (1978) $ 4-5 billion Portsmouth facility.

A key task was the creation of a coimpetitive centrifuge manufacturing

industry, and a necessary condition for achieving such an objective

was that the demand for machines would be large enough to provide

several suppliers with enough business to maintain profit margins at

attractive levels.

While projections of separative work demand at the time were

still high enough to rule out any chance that one or other of the AIS

technologies could be developed in time to compete with the initial

increments of the Portsmouth plant, the projections were consistently

being revised downward, and the gradually emerging possibility that the

later stages of the plant might be abandoned in favor of a new enrich-

ment process would tend to reduce the number of interested suppliers,

and consequently the level of c6mpetition among them. In addition,

the Portsmouth project, as originally planned, would provide up to
56

5000 construction-related jobs in South-East Ohio, and naturally there

were regional political and economic incentives to preserve them.

By reorienting the AIS program towards tails stripping, and by

delaying it, not only were the "realities" of the President's decision

to proceed with the Portsmouth plant being acknowledged, but the

possibility that the economic viability of the plant might subsequently

be threatened was also eliminated.
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The extent to which these considerations actually influenced DOE's

AIS policy cannot be gauged accurately at this stage. Nonetheless, several

officials, both in and out of the government, and with substantial knowledge

of the events leading up to the policy shift, have suggested privately that

their influence was indeed considerable. 5 7

The technical foundation for the policy emphasis on tails stripping

was never very clear. DOE officials noted that the AIS technologies could

provide an economic mans of enriching conventional tails material to 0.7%.

Presumably, 'natural' uranium produced from depleted feed-stock in AIS

plants would be cheaper than either performing the same task in gas centri-

fuge or gaseous diffusion plants or purchasing the real thing. But there

was no indication as to whether or not the new technologies were also expected

to produce reactor grade uranium from natural feed more economically than the

conventional processes.* Given the background to the new AIS policy, this

omission not surprisingly generated some scepticism within the technical cam-

Mntity.

The emphasis on tails stripping has become more questionable since

1977, as the projected demand for separative work has declined and the

Portsmouth schedule has slipped. It was shown in Chapter 3 that there is

* See Chapter 3, section 2, for a fuller discussion of this issue.

** DOE's policy shift was subsequently echoed by JNAI, whose officials
have also recently been stressing the potential of their technology
for tails stripping. 5 8 The economic :motivation for this is clear,
given the governnent's intention of proceeding with the Portsmouth
plant, and JNAI claims that its process is :more economical in the
tails stripping mode than for natural uranium enrichment. But in
addition, de-emphasizing the JNAI process's potential for competing
directly with the centrifuge technology appears to be a politically
prudent course to follow, in view of the vulnerability of the firm' s
position as the lone prospective private enricher in the U.S.
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a plausible range of scenarios under which one or other of the AIS tech-

nologies may be in a position to compete with the centrifuge for the next

increment of enrichment capacity. That there is a useful role for AIS

technologies as tails strippers remains in no doubt, but the often implied

corollary that the same technologies have no near-term role as natural

uranium enrichers has become increasingly dubious.59

Resolution of this issue is only one of several tasks now awaiting

policy-makers in the enrichment sector. In Chapter 6 we present the

policy problem in its entirety, and examine various alternative approaches

to dealing with it.
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Table 5.1

Federal R&D Expenditures on Advanced Isotope Separation Technologies

(Dollars in Thousands)

1974. 1975 1976 1977 1978 1979

1 4,5 6 6 8 8 8
'TUAL 3,514 24,009 32,650 47,000 52,000 54,200

Livermore 1,3444 5,5007 8,700 10,100 9 11,900 15,50010

4 9 9 10
Los Alamos 1,949 n.a. n.a. 16,600 19,900 20,300

2
Oak Ridge n.a. n.a. n.a. 4,4009 6,0009 4,50010

TRW 0 0 0 5,800 8,300 11,20010

Notes to Table 5.1

1. Total includes expenditures on all advanced isotope separation pro-

cesses, and is not limited to LIS or the TI process. However,

other methods (e.g., chemi-ionization, chemical exchange, aerodynamic

-separation etc.) have accounted for only a few percent of total

expenditure.

2. The Union Carbide Corporation at Oak Ridge is carrying out supporting

studies for the programs at LASL, Livermore and TRW. The Oak Ridge

work is oriented primarily towards the development of experiments

necessary for transition from the laboratory to the industrial phase.

3'. T1W is developing a laserless process under contract to DOE.

4. Source: U.S. Congress, Joint Committee on Atomic Energy, ERDA

Authorizing Legislation: FY 1976, -Hearings, February 4, 1975,
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94th Cong., 1st Sess., Part I, 724,

5. In a press release issued on Novemnber 28, 1973 (as reported in

Nuclear Industry, January 1974, 21, No. 1) , the AEC announced that

its funding of LIS research and development would arount to about

$1.5 million in FY74.

6. Source: U.S. Congress, Joint Conittee on Atomic Energy, ERDA

Authorizing Legislation: FY 1977, Hearings, January 21, 1976,

94th Cong., 2nd Sess., Part I, Vol. II, 1014.

7. Source: Lawrence Livermore Laboratory, "Laser Program Annual Report -

1976," University of California, Livermore, UCRL-50021-76, Table 1-1.

8. Source: U.S. Congress, House. Subconmittee on Fossil and Nuclear

Energy Research, Developrent and Demonstration, Ccnmittee on Science

and Technology, Department of Energy Authorization Legislation: FY 1979,

Hearings, February 1978, 95th Cong., 2nd Sess., Vol. III, 27

9. Laser Focus, September 1977, 4

10. Norton Haberman, Office of Advanced Isotope Separation, U.S. Depart-

ment of Energy, interview, April 4, 1979
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CHAPTER 6

POLICY SYNTHESIS

In the preceding chapters of this work, we have presented a techni-

cal overview of LIS processes based on information available in the

open literature and on our own personal study; we have analysed the

potential economic and security implications of these technologies; and

we have examined the impact of existing political and institutional

structures on their course of development until now.

Taken together, these various elements provide an essential founda-

tion for the development and evaluation of laser enrichment policy. The

purpose of this chapter is to perform the synthesis required actually to

formulate such policy. We address, in particular, three policy

questions:

- Should existing LIS development programs be continued?

- If so, under what schedule, and with what objectives?

- What are the appropriate roles for the private sector and the

government in the development of these technologies, and in

their potential denonstration and commercial operation?

Of course, these questions can' only be answered in the broader con-

text of U.S. enrichment policy and, even more generally, in the context

of the entire range of domestic and international nuclear policies of

the U.S. The array of relationships linking the various items and

levels of policy is conveniently represented by the schematic diagram

in Figure 6.1.
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*

6.1 Should LIS Development Programs be Continued?

There are two possible incentives for terminating or postponing

current LIS development programs in the U.S. First, if the potential

economic benefits accruing from the effort are likely to be outweighed by

the costs of development and conmercialization, then the programs obviously

could not be justified. At present, this seems not to be the case. The

total cost of developing one or other of the technologies to the point of

conuercialization is expected to be less than $1 billion. Separative work

cost estimates for AVLIS and MLIS facilities are consistently at least 50%

lower than current gaseous diffusion or gas centrifuge enrichnent costs.

If this projected cost differential materializes, then to a crude approxi-

mation the development expenditures could be recouped in the form of fuel

cost savings after less than 200 GWe-years of LWR operation (or about

3 years of operation for the current U.S. LWR population.) Furthernore, the

great sensitivity of gaseous diffusion enrichment costs to the cost of

electricity suggests that the conparative advantage of low-energy enrich-

nent processes is likely to increase rather than decrease in the future.

Of course, it is possible that the future world demand for enrichment ser-

vices may be so low that the investnent in LIS development might not be

recoverable. For the noment, 'however, even with the precipitous decline

in projections of nuclear power growth, investment in LIS development

appears to be a sound economic proposition.

The other reason not to proceed with LIS development at this time

is its potentially adverse irpact on international security and, in

particular, on U.S. nonproliferation policy goals. Several such

* We address this question in a general U.S. context, and make no attept
at this stage to account for differences between government and private
sector programs. The question of the appropriate role for the private
sector is dealt with subsequently, in Section 6.3.
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impacts can be readily imagined:

-- Continued development could result in a process (or processes)

which would be much easier technically to adapt to the produc-

tion of weapons grade uranium than any method now available,

and further, the processes might be more difficult to control

by classification and security measures; continued U.S. devel-

opment could thus unleash a particularly dangerous and un-

manageable technological genie.

- Continued development in the U.S. could stinmulate parallel

development efforts in other countries. Such efforts could

result in a general reduction of barriers to proliferation.

And even if the outcome was not a radically simpler way of

producing highly enriched uranium, by its own efforts the U.S.

would have encouraged the addition of a new technological

pathway to the existing set of routes to nuclear weapons.

- Continued U.S. development could result in an econcmically

attractive process with scale economies favorable for the

construction of small commercial facilities (with a capacity

suitable for serving, say, a few 1 GWe LWRs) . If so, one of

the key barriers to the spread of commercial enrichment

plants in the past will have been removed. The spread of

such facilities to additional nations would inevitably

increase the risk of misuse or replication for the purposes

of nuclear explosives acquisition. Yet the addition of a

new, economically attractive, and 'appropriate' enrichment

process to the list of sensitive technologies that the U.S.

currently withholds from international trade would tend to

aggravate already 'strained and potentially counterproductive
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relationships between the U.S. and other nations in the nuclear

field. Only if U.S. AIS development is halted can this dilemnma

be avoided. Also, by halting now, when the commercial prospects

are potentially attractive, but not proven, (and if possible

persuading other countries engaged in AIS development to stop

too, or at least to abandon any plans for ccmuercial applica-

tion), the effect would be ambiguous: did development cease

because it was ccmmercially infeasible, or because it was

dangerous? The ambiguity would cause countries which might

otherwise have launched an independent development effort to

hesitate; for those interested mostly in the ccmmercial ap-

plications, the prospect would appear less inviting, and for

those more interested in the military potential but seeking

to conceal it under a cloak of legitimate civilian aspirations,

the camouflage might seem flimsier.

- Finally, continued aggressive U.S. development of AIS processes

could undermine parallel U.S. initiatives to prevent the

international spread of other 'sensitive' fuel cycle tech-

nologies.

* * *

Taken together, do these arguments provide a convincing rationale

for halting current AIS development programs in the U.S.? The first

question concerns the direct inpact of LIS development in the U.S. on

existing technical barriers to proliferation. Under present U.S. policy,

all information developed in domestic LIS programs is subject to

classification and security restrictions, and the export of any enrich-

ment technology is foreclosed. Thus, the question really can be reduced
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to the following: How closely can existing restrictions approach

their objective of preventing the transfer of any significant information

or equipment to another country? If the objective can be closely ap-

proached, or, at least, if the information that is transferred as a

result of imperfect controls is relatively insignificant compared

with what can be obtained independently or fram other (non-U.S.) sources,

then on this limited basis there is no justification for halting the

U.S. development programs.

It is beyond the scope of the present work to assess the efficacy

of the U.S. classification and security controls. It is generally

known, of course, that such controls are not foolproof. But to the

knowledge of the author there has never been an occasion on which a

sensitive development has been stopped purely because of doubts about

the ability to keep it secret. Similarly, export controls have not

worked perfectly in the past, but, as was shown in Chapter 4, the

authority vested in the U.S. government is sufficiently broad, in

principle, to prevent all exports of equirment or transfers of technology

that might be useful for the construction of LIS facilities overseas.

The second question concerns the risk of U.S. programs stimulating

similar comercially-oriented efforts overseas, even in the absence

of any technology transfer, deliberate or otherwise. Here there are

actually two questions: To what extent would other countries be

influenced by American domestic policy decisions? And if U.S. programs

did stimulate others to proceed, would the consequence be a significant

reduction in the technical barriers to proliferation?

The analysis in Chapter 4 attempted to answer the latter question,

on the basis of unclassified information. Many important issues necessarily
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went unexplored, and no definited conclusions were possible. At the

present time, and probably for the next several years, LIS technology

will not offer an easier route to the acquisition of nuclear weapons

material than other methods now available. This situation may not per-

sist in the future, however. But is the risk that it will not persist

a sufficient basis on which to terminate U.S. development efforts?

Chapter 4 showed that there are likely to be significant differences

in difficulty between alternative approaches even within the field of

LIS. For example, while AVLIS processes might always present a more

difficult technical challenge than, say, gas centrifuge technology

for any country, regardless of its stage of development, in future years

MFLIS processes may become easier than both. Should U.S. policy try to

account for such differences by enforcing only a selective moratorium?

Drawing strict lines in a continuum of technological opportunity might

be absurd. On the other hand, inposing a ban on all types of LIS

development because of the potential dangers of one can lead to other

logical fatuities.

The relevance of these questions depends upon the extent to

which other countries would be influenced by domestic U.S. policy.

There is no doubt that large-scale development of LIS technologies in

the U.S. will provide both justifications and incentives for similar

programs in other countries. But the impact of a unilateral U.S. dec-

ision to cease development is less clear. Other countries with growing

LIS programs have substantial national economic and energy independence

incentives to develop new enrichment technologies irrespective of U.S.

actions. To the extent that developmnt is driven by the forces of

international competition, the withdrawal of the leading competitor

(which the U.S. now appears, to be) might dampen the fires. But even
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so the effect would only be terrporary. The other incentives to proceed

would remain; in time scmeone else would seize the opportunity to fill

the vacuum, and a new leader would emerge. The process would be

renewed, but this time without U.S. technological leadership. And

the ability of the U.S. to influence the development of future inter-

national arrangements for the control of the new technologies would be

weakened as a result.

Not surprisingly, these arguments bear an uncanny resemblance

to those that erupted following the decisions taken by the Ford and

Carter Administrations to defer domestic reprocessing. And indeed

the two issues have many structural similarities. Supporters and

opponents of the reprocessing decision (and its accompanying objective

of persuading other countries to defer too) naturally draw different

conclusions as to its impact. The former point, with same justification,

to the clear evidence that the international coirutment to plutonium

as a commercial fuel has faltered in the intervening two years. The

latter note the continuing determination of countries such as France

to proceed with plutonium use, and deplore both the resulting loss of

U.S. technological leadership and the corrosive and possibly counter-

productive effect of U.S. policies on its relations with other countries.

While the net effect of U.S. reprocessing policies on decisions

taken elsewhere is a matter best left to the historians, it is quite

clear that the general economic prospects for reprocessing and the par-

tieular domestic and international political and economic circumstances

of the country in question have played a key role in decision making.

So it will certainly be with decisions taken on advanced enrichment

technologies. No amount of generalizing can obscure the fact that such

decisions will be taken on a national basis, and the direction of U.S.
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domestic policy will enly be. one of many influences.

The analogy should not be extended too far, nevertheless, since

the costs and benefits to the U.S. of deferral, both economically and

with regard to nonproliferation, are quite different for the two cases.

Conmercial and technological leadership in the enrichment sector

has always been a central element of U.S. nonproliferation policy,

and its importance has increased of late as a consequence of the U.S.

stand against widespread reprocessing and plutonium use. Thus a conscious

decision by the U.S. to abandon its leadership role in the development

of the next generation of enrichment technology would arguably represent

a more fundamental discontinuity in nonproliferation policy than did

the antiplutonium strategy, even though the impact on the domestic

nuclear power program would be much less noticeable.

The world enrichment market during the next decade will be char-

acterized by a much higher level of international campetition than

before. This may continue to be the case even after the anticipated

enrichment 'glut' subsides (probably in the early 1990s) , if only

because the number of -suppliers will have increased. In such a market,

a supplier's position will be determined largely by the price that it

can offer; the relative importance of fuel assurance guarantees will

decrease as the diversity of supply sources increases. If the potential

savings offered by LIS technologies can be reduced to commercial prac-

tice, then the U.S. will be in a stronger position to recapture a

substantial fraction of the international market, or at least to retain

its existing share. Without a significant conmercial edge over its

campetitors, the nonproliferation leverage derived by the U.S. from.

its enrichment exports may erode even further, particularly if other
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suppliers are not persuaded to follow the U.S. lead in terminating LIS

development.

Alternatively, if, whether in reaction to the glutted market of

the next several years or for any other reason, there should be a trend

towards greater international cooperation in the planning and implementa-

tion of comrcial enrichment ventures, the U.S. would be better placed

to play a major role in such arrangements with a leadership position

in the next generation of enrichment technologies. Such a role would

again be to the advantage of U.S. nonproliferation goals.

More generally, the spectacle of the U.S. abandoning the develop-

ment of a potentially cheaper, nore resource-efficient technology just

as the world is becoming even more acutely aware of the magnitude of

its energy problem would almost certainly damage still further the

already badly tarnished image of the U.S. as a responsible participant

in world energy affairs. The overall significance of the incremental

effect may be slight, but the impact on U.S. efforts to engage other

nations in cooperative programs to find more proliferation resistant

alternatives to the plutonium fuel cycle might not be.

Even apart from the political advantages that successful develop-

ment of AIS technologies might bring to the U.S., and the disadvantages

that might follow from its abandonment, we have already shown in Chapter

3 that cowercialization of AIS processes can promote a significant

reduction in uranium consumption, particularly in conjunction with

other fuel conservation measures; the increased availability of uranium

and the easing of upward pressures on uranium price would be expected

to reduce the economic attractiveness of alternative fuel cycles involving

plutonium. A similar effect would arise if a substantial reduction in
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the cost of enrichmaent services were achieved.

Conclusion

Technological leadership is a form of capital. It may be exer-

cised through spending, once. Alternatively, if preserved, it can

provide a continuing source of benefit.

One or other of the LIS processes may be the technology of choice

for the next generation of comrercial enrichment facilities. In

addition, one or more of them may eventually provide a much simpler way

of producing highly enriched uranium than any method now known, or they

may not.

On balance, U.S. nonproliferation interests would not ncw be

served by a decision to abandon current LIS development programs. The

potential benefits seem small, and while it is possible that little

would be lost as a result, it is more likely that an important oppor-

tunity to influence the future evolution of the international nuclear

fuel supply system would be foregone, LIS development should therefore

be pursued vigorously.

6.2 What is the Optimal Develogpment Strategy for the AIS Technologies?*

Future planning of the AS program nust be done in conjunction

with gas centrifuge enrichment plant (GCEP) project scheduling and

operational management and planning for the gaseous diffusion plants,

since all are interdependent.

A recurring theme in the preceding chapters has been the influence

of GCEP policy on the AIS program. In Chapter 5, the reorientation and

* Although.the preceding section dealt only with the LIS technologies,
(continued)



-402-

delay of the AIS program following the Carter Administration's 1977

decision to proceed with the centrifuge plant at Portsmouth was noted.

And Chapter 3 underlined the emerging possibility that the next incre-

eunt of commercial enrichment capacity will not be required. until the

1990s, which in turn reopens the question of whether gas centrifuge

technology might ultimately becare obsolete before it even enters com-

mercial operation.

Current policy does not recognize this possibility, and must be

modified accordingly. We concentrate here on the Government's programs.

The issues facing JNAI corporate planners are sornewhat different, and

we examine the implications of these for national policy in the next

section.

Present Policy:

-- At present, DOE's plan is to have "pre-prototype nodels" for

the three AIS processes now under developrent in operation by

BY 1981; by the end of that fiscal year, one of the three

will be chosen to be scaled up for testing in an engineering

demonstration facility. The demonstration plant should be

operational by 1987, and, based in part on the experience

with that plant, a decision will subsequently be made as to

whether a conercial tails stripping plant should be built.

in the remainder of this chapter the scope of the discussion is broad-
ened to include the entire range of AIS technologies, including the
TRW plasma process. It is possible that an analysis corresponding
.to the one presented in the preceding chapters for the LIS processes
would lead to a different conclusion as to the desirability of
proceeding with development of the TRW technology. It is assumed
here that this is not the case. However, the conclusions of the
next two sections, which are presented as being generally applicable
to the next generation of enrichment technologies, would not be *
invalidated for the LIS processes if this assumption is incorrect.
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Current plans suggest that construction work on the production

plant would then begin in 1989, with the first production
2

anticipated in 1995.

-- The first 2.2 MSWU increment of the Portsmouth centrifuge

plant is scheduled to enter operation by 1988, with subse-

quent increments being added sequentially until about 1993,

when the full 8.8 MSWU of capacity should be completed. Major

construction expenditures have already begun, as Table 6.1 shows.

-- The gaseous diffusion ccmplex will be operated at substantially

less than available capacity until 1985. As shown in Figure

6.2 (a reproduction of Figure 3.13), however, the DOE stock-

pile of enriched uranium is expected to grow for at least

another six years and probably for longer. The tails assay

will be maintained at 0.2 % for as long as possible, and

probably at least until the end of the decade.

* * *

The task of .modifying these plans to cope with recent developments

can be formally defined in terms of a dynamic, multi-variable decision

problem with multiple (and sametines conflicting) objectives and

multiple uncertainties. The respective elements of the problem are

presented in Figure 6.3. We do not attempt to 'solve' this problem in

a numerical sense. There is no unique solution, and in any case the

problem must be continually reworked and sometimes also reformulated

in response to changing conditions.

Nevertheless, it is now apparent that DOE's enrichment operations

have reached a crossroads. Two general directions are available, each

of which holds quite different consequences for the AIS program. In
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Table 6.1

Construction Schedule and Expenditures for the Portsmouth

Gas Centrifuge Plant*

(All expenditures in 1978 dollars)

Fiscal Year

pre - 1978

1978

1979

1980

1981

1982

1983

1984

1985

1986

1987

1988

1989

1990

1991

1992

1993

Construction
funds

($ millions)

21

46

150

200

330

300

400

370

340

380

530

490

450

420

345

260

68

Operating
expenses
($ millions)

21.6

1.6

4

5

6

8

11.8

19.3

29.9

49.5

80.2

112

141.7

168

192.1

Capacity
available
(MSWU)

2.2

3.3

4.4

6.6

7.7

8.8

* Source: Roger Gagney, Uranium Resources
U.S. Department of Energy, July

and Enrichnent Division,
29, 1979

10
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DECISION VARIABLES

o Gaseous diffusion plant operational
management: - contractual policies

- stockpile management
- tails assay

o Gas centrifuge plant construction
schedule

SAIS program: - funding levels
- decision timetable
- technical criteria

EXTERAL UNCERTAINTIES

o Nuclear power growth: domestic and inter-
national

o Technological uncertainty: technical and
economic performance of AIS technologies

o Economic uncertainty: future costs of key
. inputs; capital, energy, labour, etc.

o Budgetary constraints

FIGURE 6.3: THE ENRICHMENT MANAGEMENT PROBLEM

-Time

POLICY OBJECTIVES

o Meet existing contractual obligations

o Minimize risk of future supply shortfall

o Minimize taxpayer cost

o Minimize cost to domestic consumer

o Maximize corpetitiveness in international
market

* Minimize proliferation risks

o Minimize vicissitudes for uranium industry

* Maximize future policy flexibility
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one, the current schedule for the Portsmouth centrifuge plant is

maintained, with the first increment coming on line in 1988. Mean-

while, during the next few years production fran the gaseous diffusion

complex is reduced even below currently planned levels, so as to

match demand more closely and to avoid the accumulation of an overly

large stockpile of separative work in the latter half of the 1980s.

Finally, the AIS program is maintained on its current course, with

comercial production targeted for the mid 1990s.

In the alternative path, any further major construction expendi-

tures for the centrifuge plant are deferred for a few years. Funding

is limited to that which is necessary to maintain project continuity

and for further design improvements. Production fran the gaseous

diffusion plants is maintained at projected levels, or even increased.

A larger stockpile is thus accumulated, and can be drawn down as demand

increases in the early 1990s in order to delay the need for additional

capacity increments. In parallel with the deferral of the centrifuge

project, the AIS program is accelerated. The target date for can-

mercialization is brought forward slightly, but more significantly, the

program is reoriented so that the goal is to develop a process (or

processes) capable of campeting directly with the later modules of

the centrifuge plant. As part of this reorientation, it may no longer

be appropriate to focus the program on a single process so early in the

development phase; increased benefits may flow fram a more prolonged

period of technological competition among the three (unless of course

one or other of them is quickly shown to have no commercial prospects).

Under this plan, the future of the centrifuge plant would be continuously

reassessed during the next few years, with a firm decision taken by a

set date (i.e., the deferral would not be "indefinite" as in the case
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of the recent reprocessing decision).

The broad outlines of these two alternative strategies, respec-

tively referred to for convenience as the 'GCEP preservation' and

'GCEP deferral' plans, are suamarized for convenience in Table 6.2.

A qualitative discussion of their relative irerits follows.

Table 6.2

Alternative Approaches to US. Enrichmaent Operations Nanagerent

"GCEP Preservation" 'IGCEP Deferral"

- Reduce GDP production to * Maintain GDP production at
follow demand over short term anticipated levels; build

separative work stockpile

- Maintain current GCEP construc- - Defer further major expendi-
tion schedule tures on GCEP until mid-1980s

* Maintain current AIS program - Accelerate AIS program; pursue
plan technologies in parallel

(a) GCEP Preservation Strategy

- A continued conmitment to the centrifuge facility will reinforce

domestic and international perceptions of the strength of U.S.

fuel supply assurances, and will generally reduce concerns over

the adequacy of supplies in the 1990s.

-- A cutback in production fram the gaseous diffusion plants so

as to approach separative work demand more closely will ease

the pressure on regional electricity supplies. For example,

if separative work output were reduced from currently planned

levels to a level corresponding to an estimate of future demand
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made last year (which is itself almost certainly overstated),

during the next six years roughly 1000 MWe of power would be

freed for other uses.

Furthernore, a cutback in production would also avoid further

growth of the stockpile of enriched uranium, whose costs ulti-

mately must be borne by the consumer.

-- The GCEP preservation strategy essentially substitutes gas

centrifuge swus for gaseous diffusion swus. Since the latter

are approximately twenty times as energy intensive, a substantial

amount of energy can be saved. (Per unit of electricity produced

by LWRs, however, the saving provided by the GCEP substitution

only amounts to about 4%.)

On the other hand:

-- Gaseous diffusion swus produced today from the existing, largely

depreciated gaseous diffusion complex are cheaper than gas

centrifuge swus (in constant dollars), and in this respect the

substitution is uneconomic.

-- At a time of general fiscal restraint, major Federal expenditures

(well over $1 billion during the next four years) are being

allocated to a project which could reasonably be deferred.

While the Treasury (and the taxpayers) will be reimbursed in

the long run by the revenues paid by DOE enrichment custcmers

(and thus ultimately by electricity consumers) for GCEP swus,

the net impact in the short term is to increase the Federal

appropriations burden while relieving consumers of the burden

of financing a growing stockpile of enriched uranium that the

gaseous diffusion plants would otherwise be called on to produce.
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(b) GCEP Deferral Strategy

-- Deferral of the gas centrifuge plant at this stage will provide

further opportunities for improvement in the technology, and

will reduce the risk of a premature comitment to a particular

centrifuge machine design.

-- Acceleration of the AIS program coupled with the GCEP delay

will provide an opportunity to reduce uncertainty associated

with the risk that the centrifuge plant will rapidly become

obsolete; moreover, if indeed one or other of the AIS tech-

nologies turns out to be economically superior to the gas

centrifuge, it will be available for commercialization before

the later increments of the Portsmouth plant are added.

- Deferral of the GCEP at this stage, rather than later (if it

then is deemed necessary owing to subsequent demand reductions),

will result in lower interest payments during the construction

period, and thus a lower overall plant cost.

-- A portion of the deferred GCEP plant budget can be used for

the acceleration and broadening of the AIS program.

On the other hand:

-- A delay in construction of the GCEP will increase the effect

of inflation on the overall plant cost.

-- The psychological damage wrought by deferring one of the few

remaining 'viable' nuclear projects in the U.S. would be

considerable, particularly coming at a time of deep depression

in the nuclear industry after the Three Mile Island accident.

-- More practically, a delay at this stage might inflict irrepar-

able damage on the efficiency of project implementation; con-
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tinuity and momentum will be lost at a crucial stage, and it

may be difficult to retain key personnel. Project costs may

increase as a result.

-- Similarly, delay may reduce the number of centrifuge machine

suppliers involved in the project, particularly if there is

a real possibility that the later modules may never be built.

As the number of actual and potential contractors declines,

the cormpetition among them, which is generally considered to

be an irportant factor in holding costs down, may also diminish. 3

In addition, the stimulus for technological innovation, whose

results might otherwise have been utilized in later modules and

possibly later plants, may also decline.

-- Further delay in the Portsmouth project might aggravate the

already seriously eroded image of the U.S. as a reliable

supplier of fuel, at a time when restoration of this image-is

considered to be of Paramount- inportance to the success of its

nonproliferation policy. (On the other hand, a decline in

demand, a growing enriched uranium stockpile, and a new

urgency in the AIS program would all tend to act against these

perceptions.)

The description of these alternative strategies was deliberately

qualitative, and no attempt was made to evaluate their camparative merits

in Aquantitative terms. To do so would require, among other things, a

detailed knowledge of the structure and dynamics of the Portsmouth centri-

fuge plant construction project, which is beyond the scope of the present

work. In addition, present uncertainties, especially (but not only) those

concerning future separative work demand, prevent precise quantification.
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Nevertheless, a rough calculation was performed to compare the

impacts of two specific examples of the above strategies on electricity

consumer costs during the 15-year period from 1980-95. While little

importance should be attached to the absolute magnitude of the results

in view of the coarseness of the underlying assumptions, the calcula-

tion clearly showed, as would be expected, that the attractiveness of

the 'GCEP deferral' case increases relative to the 'GCEP preservation'

case as cumulative demand during the period declines.* Of course, as

Figure 6.3 illustrates, the cost to the consumer is only one of several

criteria that must be weighed in evaluating the alternatives.

Like all policy problems, the characteristics, priorities and

uncertainties associated with the problem presented in Figure 6.3

will not be perceived identically by the various individuals and

bureaucratic entities influencing the decision process. And, as

always, policy will ultimately be determined through a process of

* The 'GCEP deferral' strategy assumed that the centrifuge plant would
begin operation in 1992, and would be completed in 1995 (i.e. no credit
was taken for the possibility that a more economical process might be
available to substitute for the later stages of the centrifuge plant.)
It was also assumed that escalation of all factor inputs, including
capital, energy, and labor, would occur at the same annual rate, and
that the cost of the GCEP plant would be otherwise unaffected by
delay. A discount rate 5%/year greater than the escalation rate was
chosen. With demand at the level assumed for Case R in Figure 6.2,
the 'GCEP deferral' strategy would cost consumers about $1.5 billion
more (in constant 1980 dollars) during the period from 1980-95 than
the 'GCEP preservation' strategy. For reference, this is equivalent
to an average surcharge of about $6/swu on enrichment costs during
that period. If demand slipped a year, however, the cost increase
associated with the 'GCEP deferral' strategy would fall to about
$900 million ($1980), or equivalently about $4/swu. At a discount
rate of 10% the trend is the same, but the 'GCEP deferral' strategy
would be less attractive, resulting in surcharges of $8.5/swu for
Case R and $5/swu if demand slipped a year. As noted above, the
absolute magnitude of these results is less important than the
underlying trends.
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political adjustment among copeting interest groups, in which issues

functionally unrelated to the problem at hand may play a significant

role. For this reason too, the objective of finding an optimized

strategy, the elements of which are spelt out precisely and in detail,

should not be overemphasized. A more useful goal is to fashion a

conmon frame of reference for the policy debate, in which differences

in underlying assumptions and perspectives are necessarily brought to

the surface. That is the significance of the two broad strategies

presented above.

In conclusion, we note that many of the arguments against the

"GCEP deferral" strategy lose strength as demand growth continues to

slip. At the same time, an important element of any overall strategy

for the foreseeable future will be to preserve the capability to build

ccmercial centrifuge plants to meet future increases in demand on a

timely basis. The demand picture will become somewhat clearer after

September 30, 1979, when custamer response to DOE's new enrichment

contracts will be coplete; a policy decision must be taken very shortly

thereafter, otherwise much of the flexibility now available will be

eroded.

6.3 What are the Appropriate Roles for the Private Sector and the Govern-

ment in the Development of AIS Technologies, Their Demonstration and

Ccmercial Operation?

This question is particularly apropos in light of JNAI's

current role as a leading developer of AVLIS technologies, -but it

is also of concern regarding plans for the further development and

possible commercialization 'of the government-developed advanced enrich-
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mfent technologies. The general question of private ownership of course

received a great deal of attention during the 'privatization' debate

of the first half of the 1970s. A brief summary of that debate provides

a useful introduction to the present one.

At that time, the major arguments advanced in favour of private

ownership included the following:

(i) The Government (through the AEC) has a statutory responsibility

under the Atomic Energy Act to encourage the development of

the civilian nuclear power industry. According to that Act,

"the development, use and control of atomic energy shall be

directed so as to .... strengthen free competition in private

enterprise."

(ii) Safeguards, technology protection and other security measures

could be implemented equally well whether enrichment technology

and facilities were owned by the Government or by private

industry.

(iii) Private industry would be both technically capable and willing

to enter the enrichment sector. Private ownership would eliminate

a large appropriations burden from the Federal budget (and as

enrichment requirements grew the burden would becone much

larger). In any case, enrichment was fundamentally a commercial

operation in which it was inappropriate for the Federal govern-

ment to be involved. The annual budget and appropriations

process is an obstacle to the businesslike conduct of enrich-

nent operations; enrichment activities compete for funds with

the entire spectrum of Government programs, and decisions on

allocations involve considerations other than cost minimization.
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(iv) Private sector competition would generate more efficient,

productive and reliable technology than a government monopoly.

(v) Profit-oriented, private entrepreneurs in a copetitive market

would set prices more efficiently than legislative mandating

of price by the government. Also, conpetition would bring a

diversity of marketing approaches, and lower prices and greater

diversity would increase the U.S. share of foreign markets.

(vi) Continued Federal monopoly ownership of the enrichment sector

would lead to an unprecedented degree of control over the

nation's electrical energy supply system.

Opposed to these arguments were others which generally pertained

more to the process of privatization than to the principle of private

ownership:

(i) Technology which had been developed at the taxpayer's expense

would be acquired by private industry without adequate compen-

sation. Moreover, the Federal guarantees requested by private

industry as a condition of its entry would effectively trans-

fer most of the commercial risks to the government, and thus

to the taxpayer.

(ii) Because of the long payback, tiMes associated with commercial

enrichnent facilities, private owners would tend to protect

themselves against technological obsolescence by 'locking in'

custoners under long-term contracts with heavy termination

charges. In such a situation, the opportunities for genuine

competition would be greatly reduced.

(iii) The nunber of potential private entrants would be quite small,

owing to economies of scale favouring relatively large plants.
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Again, capetitive pressures would be low in such a situation.

* * *

While some of the argunents on both sides of the issue still apply to-

day, the situation has undergone two significant changes. First, neither the

Administration nor any other branch of government is openly advocating priva-

tization any longer. With the decision to build the next increment of capa-

city under public ownership, the Government effectively withdrew its support

for private entry into the enrichment industry, at least for the time being.

But the issue was only deferred, not resolved; the Government currently has

no policy on the question of private entry after the Portsmouth plant.

The second major difference is that there is now a private venture,

JNAI, which is contemplating entry into the enrichment sector with a tech-

nology developed quite independent of any government assistance, financial

or technical. JNAI points out that there are no fornal legal barriers to

private entry (although any privately owned enrichment facility would of

course have to obtain licensing approval from the NRC); nevertheless,

corporate officials are admittedly uneasy about the present policy vacuum,

especially with the uncamfortable precedent of the AGNS reprocessing

facility at Barnwell hanging over the situation.

We make no attempt here to debate the merits and problems .of private

ownership of enrichment in broad philosophical terms. Our concern is more

narrowly with the question of how private participation in AIS technology

development and utilization might affect existing and future U.S. policies

in the enrichment field. Even more specifically, the analysis deals

primarily with the security implications of private ownership. To the

extent that economic issues enter the security debate, they will be

taken up here. But other economic dimensions of the problem
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are not discussed; for example, antitrust issues, which occupied a

substantial portion of the earlier privatization debate, are not dealt

with here.

* * *

The development and/or cornwrcialization of AIS technologies by

the private sector will inevitably reduce the degree of government

influence over the direction of the innovation. The question is whether

this replacement of Government with private interests will adversely

affect the prospects for U.S. nonproliferation policies.

It is important to note that the potential harm is of two kinds:

first, the accession of private interests may introduce new policy

conflicts or aggravate existing ones, thus making nonproliferation goals

harder to attain; second, private ownership, merely by diluting the

strength of government influence (and not necessarily by opposing it),

may nevertheless hinder the coherent and consistent implementation of

U.S. nonproliferation policies.

1hat would be the extent of Government influence over privately

owned AIS technology, and how might it be lacking?

-- Privately owned enrichment facilities would be subject to

regulatory review and' licensing approval by the Nuclear Regu-

latory Cammission (NRC). National defense and security issues

would lie within the scope of the NRC's regulatory authority.

Although the NPC has not yet been called upon to license

enrichment facilities (the existing gaseous diffusion plants

are self-regulated by DOE), and does not now have a canpre-

hensive body of regulation for the task, it is generally agreed

that NRC licensing, inspection and enforcement will result in
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safeguards and physical security protection of special nuclear

material produced by the plant, and protection of the plant

itself, at least as effective as the protection provided by

DOE for its own plants. 4

-- DOE has responsibility for security measures for protecting

classified enrichment technology, whether privately or public-

ly owned; these measures would be substantially the same for

each case.

- In general, the export of privately-owned enrichment technology

and equipment and enriched uranium produced in privately-owned

plants is subject to export controls at least as stringent

as those applying to government-owned technology and facilities.

Thus in a strictly regulatory sense (and subject to continuing

agreement between JNAI and DOE on the question of Restricted Data),

private ownership of laser enrichment technology would not be incon-

sistent with U.S. nonproliferation goals.

Nonproliferation policy involves more than the inplementation of

formal controls, however, and it may enter into management decisions

concerning research and development programs or commercial operations

which private interests, if left to themselves, might approach in

*
The situation with respect to JNAI is less straightforward. As
described in Chapter 5, JNAI has not recognized the right of the
government to classify technology developed independently of any
government relationship, and has agreed only to subject information
that DOE regards as Restricted Data to security safeguards that are

-equivalent to DOE's requirements for such data. A situation could
arise in future in which security protection of JNAI technology was
less stringent than DOE requirenents for Restricted Data, but in prac-
tice this could only occur either with the acquiescence of DOE or
following a legal ruling that JNAI's privately developed -information

(continued)
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largely commercial terms.

With respect to research and development, key decisions affecting

the rate or the technological orientation of LIS development might be

perceived and resolved differently by the private sector and the govern-

ment, in part because of the different weights attached to non-prolifera-

tion goals in their respective decision-making processes. One such

example was raised in Chapter 4, where the adaptability of the JNAI

process to the production of highly-enriched uranium was discussed.

Resolution of this question would require a substantial experimental

effort. The outcome would have little commercial value to JNAI, and

the cost would probably provide a positive disincentive for the investi-

gation. By contrast, in a government program the temptation to explore

all interesting avenues, not just conmercially relevant ones, might be

greater, and the budgetary constraints less. In addition, to the extent

that uncertainties about process performance at high enrichment levels

might themselves contribute to the perceived proliferation resistance

of the technology, JNAI might be understandably reluctant to invest a

great deal of its own time and funds in eliminating them. On the other

hand, from a government perspective the resulting information might have

considerable significance for policy. - This difference in institutional

perspective would be heightened, furthermore, if JNAI was less sanguine

about the efficacy of classification restrictions than the government.

(Contd.)
is-not Restricted Data and need not be treated as such. Whether
JNAI would be prepared to engage in legal proceedings on this issue
is not clear. In the case of government-developed LIS technologies
that are subsequently turned over to private ownership, this question
does not arise.
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If, from a non-proliferation viewpoint, there is a value attached

to the preservation of uncertainty and another value to its removal,

where is the investigative line to be drawn? Intuitively it might be

expected that decision-makers responsible for government LIS programs

and JNAI corporate managers might differ on the answer, although it is

not imTediately clear in this case where the advantage would lie for the

purposes of non-proliferation.

Other differences seem probable in the sphere of con-ercial opera-

tions. TWice in the past decade the U.S. governrrent has offered to

share its enrichment technology with other nations in an attempt to

achieve its non-proliferation goal of preventing the spread of national

enrichment facilities. On the second of these occasions, Secretary of
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State Kissinger sought additionally to use the transfer of U.S. enrich-

ment technology as a diplomatic instrument in securing a greater degree

of cooperation on a broad range of energy issues anrong the industrial-

ized nations.5 With private ownership, the government's freedom to

use enrichment technology as a diplomatic instrument would be circum-

scribed. Private industry would have to play a large role in technology

transfer arrangements, but would clearly be reluctant to do so if it

was required to give up its technology to potential ccrpetitors.

(Ironically, it has been suggested that foreign enrichment interests

might be more willing to cooperate with private U.S. enrichers than with

DOE, whose decisions would be constrained by the annual budget process,

legislative oversight, and other political influences.)

Of course, there are other kinds of international cooperative

arrangements, falling short of technology transfer, for which private

ownership in the U.S. might be no disadvantage at all. These include

international rationalization of plans for future enrichment capacity

expansions, exchanges of information on markets and investment oppor-

tunities, back-up supply plans for new facilities, and internationally

coordinated plans for supply emergencies, including joint stockpiles.

'Jb the extent that these measures are. successful in reducing the

centrifugal tendencies in the international enrichment industry, U.S.

nonproliferation interests would be served, and private industry would

be expected to participate in them just as readily as DOE, since clear

ccmmercial benefits would be involved.

More substantially, private ownership of AIS technology could

generate nonproliferation benefits if it were to enhance the- competitive

position of the U.S. in the international enrichnent market through more



-422-

efficient pricing and a greater variety of contractual arrangements.

Wlhile the direct influence of the government over U.S. ccimercial

enriching operations would be reduced, the nonproliferation 'leverage'

provided by its export controls could be strengthened if the U.S. mar-

ket share was to grow.

In this sense, the private ownership issue adds yet another variation

to a familiar tension in U.S. enrichment politics: will U.S. comrpeti-

tiveness in the international market (which might be reinforced by

private ownership) or U.S. offers to share its technology with other

nations (which private ownership might obstruct) be the more effective

instruments in the conduct of U.S. nonproliferation policy?

The question is clearly an oversimplification of the problem,

but in its simplism it brings to the fore a difficulty which has plagued

previous debates of the privatization issue. Private ownership is

an institutional state, and may be discussed as such, but what is at

least as important as the state itself is the process of achieving it.

The transition will take time, and will itself beccme part of the policy

environment. In particular, the nature of the transition will color

views of the desirability of the final outcome, just as it did earlier,

when private sector demands for' government financial and other guarantees

to negotiate the transition helped to undermine political support for

the privatization goal.

Thus a general examination of the merits and disadvantages of

prIvate ownership, even within the narrow context of the advanced enrich-

ment technologies, must be supplemented with an analysis of how the

transition might be accoplished.- For this purpose, the JNAI. issue

should be separated fram the question of the appropriate institutional
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structure for comiercialization of the government-developed technologies.

The distinction is made not because of technical differences between

government and private sector programs, but rather because the two issues

raise quite different policy problems.

JNAI: There is no apparent reason why the JNAI LIS program should

be prevented from proceeding on non-proliferation policy grounds.

Politically, such a step would be difficult to justify if similar

governmient programs were permitted to continue, and in the first section

it was argued that U.S. non-proliferation interests would not now be

served by a decision to terminate LIS development programs generally.

More concretely, there is nothing in the previous analysis to

suggest that the continuation of the JNAI program would be necessarily

prejudicial to U.A. non-proliferation objectives.

First, it was noted above that there may be instances in which JNAI

would not generate non-proliferation related process information on its

own initiative that would be of interest to the government. Such informa-

tion might, for example, be useful to the government in its efforts to

achieve international agreement on export controls to be applied to enrich-

menrt technology and equipment. (As noted in Chapter 4, the London Suppliers

Group guidelines currently contain no specific reference to laser enrichment

technology.) Preventing further private sector development on these grounds

would be an unnecessarily drastic response, however. Institutional arrange-

ments could be devised which would permit the development and conmunication

of this information on a basis acceptable to both the government and JNAI.

Fdr example, the government could pay JNAI to develop the information,

which could then be classified, thereby protecting JNAI's proprietary

interests. Such arrangements might be implemented as a supplement to

one or other of the existing
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channels between the two, i.e., involving the Division of Classification

and Security of DOE or the NRC. Alternatively, a new institutional

link might be established. In either case, concern expressed by JNAI

over the consequences of greater Federal involvement in its program

would be tempered by the knowledge that the increased flexibility of

government action would be better matched to its requirements and goals,

and would thus reduce the risk that the government would be constrained

by the limited range of its policy instruments to react excessively

harshly towards JNAI in the future.

Second, as shown previously, government safeguards, security, and

export controls for JNAI-owned enrichment facilities and the material

produced in them would be essentially no less broad in scope and no less

stringent than the equivalent controls for government-owned plants. To

be sure, the operators of privately-owned plants might be expected to

have greater incentives to evade these controls than government contrac-

tors, but the penalties for violation might correspondingly provide

stronger disincentives. In any case, the inherent effectiveness of the

controls would be unchanged. And a decision to withdraw the rights

of JNAI to develop its technology independently on the presumption

that the campany would act illegally. in the future seems far-fetched

and would certainly be difficult to justify.

Third, although the fact that the JNAI process is being developed

in the private sector and not by the government reduces the likelihood

that it would be featured in international technology transfer arrange-

ments, the government is developing its own technology which could be

applied to such ends. The freedom of the government to enter into these

arrangements would not appear to be significantly constrained by the
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existence of the JNAI process in the private sector, (although if AVLIS

technology were selected by the government for this purpose, JNAI's strong

patent position might entitle it to substantial royalties from the inter-

national enterprise.) In general, the ability of the government to initiate

or participate in international cooperative arrangements in the enrichment

sector would be largely un.impaired by the successful commercial operation

of JNAI technology in the private sector.

Thus, on the basis of national security and non-proliferation policy

considerations, there appear to be no outstanding reasons why the JNAI AVLIS

program should not be allowed to proceed.*

Government AIS Program: At present, the government has no clear

policy on the appropriate institutional arrangements for comercialization

of the advanced enrichment technologies whose development it is now support-

ing. Several alternatives are possible: at one end of the spectrum is the

existing organizational structure, in which technology development and com-

mercial plant design, construction and day-to-day operation are performed by

private firms under contract to DOE, with the latter retaining responsi-

bility for management policy, subject to Congressional approval. Alter-

natively, the technology could be completely turned over to private owner-

ship prior to comiercialization, and the private sector would be fully

responsible for all phases of the design, construction and operation of

commercial facilities. Several intermediate possibilities have been sug-

gested in the past, including a government corporation of the TVA type.6

* Of course, a JNAI-owned commercial enrichment facility would also have
to satisfy a wide range of other Federal requirements, none of which
are considered here. We make no attempt to evaluate, for example,
the antitrust implications of a single private venture operating in
parallel with the government enrichment complex.
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The national security and non-proliferation policy implications of

private ownership discussed here are in fact only a few of the many factors

having to do with economic feasibility and political acceptability that

will together determine which of these various approaches is ultimately

chosen. Moreover, the choice way be made as part of a comprehensive new

institutional strategy for the entire DOE enrichment operation, including

the existing plants. (And even without such a strategy, the chosen

approach for the advanced enrichment technologies must be compatible with

the existing institutional structure.)

As the previous discussion has shown, from a strictly regulatory per-

spective, the transfer of government advanced enrichment technology into

the private sector would not be expected to damage U.S. non-proliferation

interests, given current laws and policies concerning safeguards, security

and export controls. Moreover, as before, institutional arrangements could

be devised under which the government could request the development and/or

communication of technical information useful for its non-proliferation

policy function, provided proprietary information could be protected satis-

factorily. Thirdly, the economic competition stimulated by privatization

could increase U.S. control over the international enrichment market.

In these respects, therefore, privatization of government AIS tech-

nology would not be prejudicial to U.S. non-proliferation goals, and

could conceivably support them. In other respects, however, privatiza-

tion could be harmful.

Assignment of the rights to the technology to the private sector

might constrain the ability of the government to use U.S. technological

pre-eminence as an incentive to persuade other governments to engage in

multinational enrichment ventures rather than constructing 'indigenous
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facilities. To be sure, enrichment technology transfer would run counter

to the current U.S. embargo on such exports, but whether that policy will

still be in effect in a decade, when one or other of the advanced enrich-

ment processes might be available for such purposes, is unclear. On two

previous occasions, enrichment technology transfer initiatives by the U.S.

government have been unsuccessful, in part because of parallel attempts

to implement privatization policies. There are inherent tensions between

the goal of privatization and the use of enrichment technology as an

instrument of foreign policy, but it is not now possible to predict whether

the latter will be a sufficiently inportant element of U.S. non-proliferation

policy in future years to justify retaining the technology under government
*

ownership.

Another reason for not seeking privatization would be if, as a con-

sequence, the security of supplies to existing enrichment custamers was

threatened. We have observed earlier that fuel supply security concerns

will probably be permanently alleviated to a degree with the emergence of

several major enrichment suppliers around the world. Nevertheless,

hesitation in implementing privatization policies (caused, for example,

by the reluctance of private industry to conrnit the necessary funds) would

be damaging to the U.S. position in the international market, and under

certain circumstances could generate more widespread instabilities even in

the more diversified market of the future; for example, if the privately

owned advanced enrichment plant (s) were to take the place of just-retired

gaseous diffusion capacity. A resurgence of market instability could once

again strengthen incentives to acquire independent national enrichment

facilities.

* However, a successful example of a joint multinational venture involving
private and public ownership is provided by Intelsat.7
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Conclusion

The question of private ownership of enrichment technologies was

dealt with here only in the context of its implications for national

security and non-proliferation. A great many other issues of importance

thus went unexplored. Furthermore, there was no attempt to approach

the question from the perspective of JNAI corporate planners.

Even within this narrow context it was concluded that the dynamics

of the transition to private ownership are at least as important as the

implications of the final state itself. It is necessary, therefore,

to separate the question of the future role for the JNAI AVLIS program

fran the question of the appropriate institutional structure for com-

mercialization of the government-developed advanced enrichment techno-

logies.

Based on national security and non-proliferation policy considera-

tions alone, there are no outstanding reasons why the JNAI AVLIS program

should not be allowed to proceed to commercialization, provided that

mutually satisfactory provisions for information transfers between the

firm and the government can be made.

The government currently has no policy on the appropriate institut-

ional arrangements for the cornercialization of its advanced enrichment

technologies. While transfer of its technology to the private sector

would not necessarily be inconsistent with current U.S.. non-proliferation

policies, under certain circumstances such a process could be prejudicial

to U.S. non-proliferation interests. These circumstances include an

increased emphasis in future U.S. non-proliferation policy on enrichment

technology sharing arrangements with other nations, and a delay in con-

struction of new enrichment facilities owing to the reluctance of private

industry to invest the necessary funds.
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6.4 Summary of conclusions

In the preceding chapter we have addressed three policy questions;

- Should existing LIS development programs be continued?

- What is the optimal development strategy for the LIS technologies?

- What are the appropriate roles for the private sector and the

government in the development of these technologies, and in their

potential demonstration and commercial operation?

The following conclusions have been reached:

LIS develofpment in the U.S. should be pursued vigorously.

U.S. non-proliferation goals would not now be served by a decision

to halt LIS development. The reduction in international availability of

the technology that could be expected from such a step seems marginal,

whereas a potentially important new opportunity for the U.S. to influence

the future evolution of the international nuclear fuel supply system

would be foregone as a result. Furthermore, the successful conmercializa-

tion of laser enrichment technologies in concert with other uranium-

conserving modifications to the once-through fuel cycle would ease signi-

ficantly the pressure on world uranium supplies, and the strength of inter-

national incentives to establish cormercial plutonium fuel cycles might

therefore be reduced. Finally, quite apart from the implications for

international security, there are presently strong economic incentives

for proceeding with LIS development. For all these reasons, U.S. LIS

programs should be pursued vigorously.

The recent emphasis on tails stripping as the primary goal of U.S. AIS

development programs should be nodified. There is a growing possibility

of direct economic competition between the later stages of the Portsmouth
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gas centrifuge plant and the advanced enrichment technologies. This possi-

bility should be recognized explicitly in U.S. enrichment policy.

Recent reductions in the expected demand for separative work suggest

that a further delay in the construction schedule for the Portsmouth gas

centrifuge plant (GCEP) may be warranted. At the same time, the possi-

bility that one or more of the advanced enrichment technologies may

conpete with the later modules of the GCEP (or conceivably the whole

plant) has increased. The current U.S. AIS program should be reoriented

so as to give higher priority to developing a process (or processes) cap-

able of competing directly with the centrifuge technology. A longer

period of technological corpetition between the three AIS processes may

also be appropriate. In general, AIS program planning should be more

closely integrated with the other elements of U.S. enrichment policy.

A premature cmxmitment to the Portsmouth centrifuge plant should be avoided,

although the capability to build commercial centrifuge plants to meet

future demand increases on a timely basis should be preserved.

Private ownership of advanced enrichment technology and plants would not be

fundamentally inconsistent with U.S. non-proliferation policy goals.

At present, the government has no clear policy on the question of

private investment in the enrichment sector beyond its own commitment to

construct the next increment of U.S. capacity. Policies must be formu-

lated with regard both to the JNAI venture and to the institutional

arrangements for the further development and possible comercialization

of the government-developed advanced enrichment technologies. Non-

proliferation considerations are an important, although not- a unique

determinant of these policies. Based on national security and
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non-proliferation grounds alone, there are no outstanding reasons why the

JNAI AVLIS program should not be allowed to proceed to commercialization,

provided that mutually satisfactory provisions for the transfer of techni-

cal information between the firm and the government can be made. Transfer

of government advanced enrichment technology to the private sector would

also not necessarily be inconsistent with current U.S. non-proliferation

policies, although under certain circumstances such a process could be

prejudicial to U.S. non-proliferation interests. These circumstances

include an increased erphasis in U.S. policy on enrichment technology

sharing arrangements with other nations, and a delay in the construction

of new enrichment facilities owing to the reluctance of private industry

to invest the necessary funds.
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CHAPTER 7

AZMWORD

The preceding assessrrent has focused quite narrowly on a particular

class of technologies. Nevertheless, it has touched upon several issues

and problems whose significance extends far beyond the realm of laser

enrichment policy. These include, for example:

(i) the general problem of managing long lead-time technological innova-

tions under rapidly changing and unpredictable economic, political

and institutional conditions;

(ii) more specifically, the impact of the especially volatile political

climate for nuclear energy on decision-making in all sectors and

phases of the nuclear power industry, from uranium production to

nuclear waste management, and from exploratory research to comercial

operation;

(iii) the question of 'institutional choice' with respect to research and

development in the United States, and in particular the appropriate

roles for Government laboratories and private industry;

(iv) policy conflicts amng nations over the relative priorities to be

attached to the desire for nuclear fuel supply autoncmy and the fear

of an uncontrolled spread of nuclear weapons capabilities, if not of

weapons themselves;

(v) the relative weight to be given to technical and institutional nuclear

fuel cycle 'fixes' on the one hand and political measures on the other

in the development of non-proliferation policy;

(vi) more generally, the balance to be struck between short-term efforts to

shore up the existing non-proliferation regime and longer-term,
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more radical measures directed towards the underlying causes of

conflict within and among nations;

(vii) and more generally still, conflicting perceptions of the fundamental

nature of technology, as an instrument of social progress or a source

of social ills.

As a postscript to this assessment, we briefly address two such issues,

which, although diverse, are nevertheless linked by much more than just the

question of laser enrichment technologies. First, we take up the general

question of the evolving U.S. role in the development and application of

civil nuclear energy throughout the world. Second, we attempt to extract

from the preceding assessment some modest insights into the general process

of technology assessment.

7.1 The United States and the International Nuclear Order

The first phase of LIS technology development in the U.S. has coincided

with a period marked by rapid changes, an erosion of confidence, and some-

times outright confrontation in relations between nations concerning the

peaceful uses of nuclear energy. Many of the tensions can be traced, at

least in part, to the emergence of new foci of technological and industrial

capabilities in the nuclear field. After a quarter of a century of largely

unchallenged U.S. dominance, the international nuclear order within the last

ten years has come to be characterized by a much greater degree of multi-

polarity. As a result, U.S. nuclear policy has entered a period of

uncomfortable reassessment, and the U.S. government is now groping its way

towards a new role in international nuclear affairs.

The success of this prccess will depend on the ability of U.S. policy-

makers to gauge the extent and the limits of U.S. power and influence in

the international nuclear field. In turn, the success of this task will

depend'heavily on a clear recognition of the importance of foreign percep-
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tions of U.S. policies and actions, and an understanding of how these percep-

tions are shaped. By now almost a cliche, it is nonetheless still true that

perceptions acquire their own reality. And, of course, the reality becomes

more inportant as the ability to act upon it increases.

Historically, U.S. influence over the direction of technological

innovation and industrial development in nuclear energy overseas has been

motivated by three underlying goals: simply stated, the pursuit of commer-

cial gains to the U.S. nuclear industry and of economic benefits to the

nation as a whole; the prevention of nuclear proliferation; and the

maintenance and strengthening of U.S. prestige abroad.

Several kinds of policy instruments have been applied to the pursuit of

these goals, including a variety of measures not directly related to nuclear

energy. In the nuclear field, domestic technological and industrial strengths

and financing capabilities have enabled the U.S. to provide vital strategic

support to the nuclear power development programs of other nations, often

with major benefits to domestic industry. In addition, export controls and

conditions of assistance have served U.S. security and economic interests.

And in recent years, the U.S. has sought to influence the nuclear policies

of other nations through national technological abstentions, most notably

in the area of nuclear fuel reprocessing.

The relative emphasis given to these various instruments of U.S. policy

has not always remained the same. The pendulum has swung from near-total

secrecy and exclusion in the immediate post-war years to the enthusiastic

pronotion of international cooperation and technology transfer in peaceful

nuclear applications sparked by the Atoms for Peace program of 1954, and

then back to a nore restrictive set of nuclear policies in the last five

years.
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A long-running domestic political debate has focused, with fluctuat-

ing strength, on the question of where the pendulum ought properly to be.

In recent years, as first the Ford and then the Carter Administrations,

aided and sometimes led by Congress, have sought to augment U.S. export

controls and generally to strengthen the barriers against nuclear weapons

proliferation, the debate has intensified. Proponents of the new policies

have stressed the need for U.S. leadership in developing new, more stringent

non-proliferation controls on international nuclear commerce and in bringing

about a deferral (and preferably, for some, an abandonment) of the transi-

tion to plutonium fuel cycles, while opponents have argued that U.S. power

to influence the nuclear policies of other nations is limited, that the new

policies of the U.S. are overly repressive, that at best they will fail and

at worst they will catalyze the developments that they were designed to avert,

and that cooperation in development rather than restriction or confrontation

is the best way to realize U.S. objectives, in both the non-proliferation

and econamic spheres. An often-used and not inappropriate metaphor for the

controversy has been that of carrots and sticks, with the latter faction

urging that more nuclear carrots are necessary, and the former favouring

greater use of the stick.

This debate, and its predecessors over the last 25 years, have all

rested on a foundation of U.S. technological supremacy and industrial strength

in peaceful nuclear applications. Without this pre-eminence, such debates

would have been largely irrelevant; international cooperation in the develop-

ment of nuclear energy would have been an ineffective policy instrument be-

cause the U.S-. would have had little to offer in return for its insistence

on adherence to non-proliferation controls; on the other hand, the effect

of inposing more stringent export controls would also have been inconsequen-

tial, since the flow of U.S. nuclear goods and services overseas would have

been small in any case.
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The importance of U.S. technological and industrial power to its

international nuclear policies has been acknowledged so often during the

last 25 years that it long ago became almost too obvious to mention in

policy debates, an unchanging part of the policy scenery, as it were. It is

perhaps for this reason that its dissipation, actual and potential, has

failed to attract the attention that a process of such importance undoubted-

ly deserves. For in the last several years a combination of two separate,

powerful forces has gradually and with little fanfare undermined U.S. leader-

ship in civil nuclear power to the point at which, almost without warning,

the whole foundation of traditional U.S. international nuclear policies has

been thrown into question.

First, it has already been noted that the growth of national nuclear

technological and industrial capabilities overseas has ended the era of

virtual monopoly power for the U.S. and led to an increasingly polycentric

international nuclear order. These developments have also aggravated long-

standing tensions in U.S. policy to the point of incoherence - the incoherence,

as Stanley Hoffman has observed, of unilateralism versus internationalism.

While on the one hand the U.S. has sought to cooperate with the other

advanced nuclear nations in the development of new non-proliferation controls

(in the London Suppliers Group forum)' and with all other nations in develop-

ing new international technical and institutional arrangements for the future

development of nuclear power (in INFCE, the International Nuclear Fuel Cycle

Evaluation), on the other hand the Nuclear Non-Proliferation Act of 1978

contains unilateralist export controls of unprecedented stringency. The

Act has already taken its toll on U.S. relations with many of the countries

with which it is trying to cooperate, including the nations of the European
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Community, Japan, and India. And more difficulties arising frn this

legislation are certain to follow.

But apart from the diffusion of nuclear technological capabilities

to many nations, and the rise to nuclear industrial power of some, an even

nore fundamental threat to the traditional conduct of U.S. international

nuclear policy is coming fram within. The once commanding partnership

of government and industry which established and reinforced the position

of the United States in the vanguard of international nuclear developments

has fallen into disarray, and is in retreat on several fronts. For the

government, other energy sources have begun to conpete increasingly vigor-

ously with the nuclear program for Federal .research and development funds,

a trend which has emerged in a time of wider fiscal restraint, while nore

generally a position of overt support for the damestic nuclear option is

now perceived as being too costly politically to be worthwhile; under the

Carter Administration, ambivalence towards nuclear power has effectively

become institutionalized. The nuclear industry, deprived of traditional

government support and facing what appears to be an increasingly hostile

public, is less willing to make long-term investnents; indeed, firms in

several sectors of the industry are re-evaluating their nuclear-related

activities with a view to reducing their scope, or even withdrawing from

* Future historians may very well identify the Nuclear Non-Proliferation
Act as the swansong of the era of unilateralism in U.S. nuclear policy.
Although it is still too early to be certain, the Act seems likely to
accelerate the erosion of unilateral U.S. control over the nuclear fuel
cycle practices of other nations that it was actually intended to

'strengthen.
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them altogether. And for similar reasons the utilities, whose commit-

ment to nuclear power was the sine qua non for the development of the U.S.

nuclear industry, has virtually ceased ordering new power plants. How

long this de facto roratorium will last is presently highly uncertain.

But the stark fact remains that without a dynamic domestic nuclear power

sector, the whole basis of traditional U.S. international nuclear policy,

in its various shades and ramifications, is undermined. In the long run,

the significance of the Ford-Carter decisions to defer domestic spent fuel

reprocessing may be less that they established a precedent for allowing

domestic nuclear power policy to be determined by external non-proliferation

objectives than that they marked formally the onset of a period of nuclear

technological retrenchment in the United States, a retreat from what has

increasingly come to be perceived in domestic political terms as the tread-

mill of world technological and industrial leadership in civil nuclear energy.

Interestingly, the coalition between the environmentalists and the

arms-control community which proved to be so effective in the debate over

dm-estic U.S. reprocessing in the mid-1970s may prove to be quite short-lived.

Indeed, there are already some signs of divergence (although not of dispute).

Earlier, important support for the restrictive and abstentionist elements of

U.S. non-proliferation policies had cne from domestic anti-nuclear groups,

which saw such actions as strengthening anti-nuclear factions in foreign

nations, and thus bringing about a change in their policies of increased

reliance on nuclear power. Now, while many environmental groups are con-

centrating on limiting the lifetime of the nuclear power option in the

United States, non-proliferation advocates have become irmersed in the

intricacies of export controls and international institutional arrangements,

with U.S. -policy officials seeking room for manoeuvre in a highly constrained
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environment, bounded by the rigours of the Nuclear Non-Proliferation Act

on one side, the announced policies of other nations on another, and the

declining power and influence of the U.S. on a third.

But the stratification of the domestic and foreign policy debates

masks a crucial fact: that recent and expected future developments in the

domestic nuclear sector of necessity will shift the locus of U.S. non-

proliferation policies away from the present emphasis on nuclear fuel cycle

controls, a shift which, ironically, many of those opposed to the current

U.S. strategy have been attempting to obtain all along.

Possible new directions seem to be in short supply. With a few

small exceptions the Carter Administration's initial attempts to find and

promote economically attractive, more proliferation-resistant new fuel

cycle systems as alternatives to the conventional plutonium cycle have

largely petered out. On closer inspection, most of the alternatives have

few advantages from a non-proliferation point of view, and many economic

disadvantages; moreover, even had the search been successful, the preced-

ing discussion suggests strongly that the U.S. nuclear industry, in its

present torpid state, would have been either unwilling or incapable of

undertaking the substantial development efforts required to achieve con-

mercial feasibility.

In principle, the U.S. could exert influence over foreign nuclear

programs by offering attractive new non-nuclear energy technologies, and

in the long run this could conceivably occur. As a source of influence in

the near term, however, the opportunities seem very limited; indeed, the

most graphic example currently offered by the U.S. to the rest of the world

in the non-nuclear energy sector is its vast consumption of scarce fossil

fuel resovrces, an example that other countries will do well to avoid, and
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which is generating increasing hostility towards the US. throughout both

the developed and developing worlds, with U.S. demands on the world petrol-

pum market increasingly perceived as the primary source of the cfrent

world energy crisis.

Nevertheless, at least as far as proliferation is concerned, it

is in areas outside the nuclear power field that the U.S. will probably

draw most of its influence. Security guarantees; mutual defense pacts;

conventional military assistance; concerted superpower pre-erptive

action; to the extent that they are practical, these are the kinds of

policy measures upon which the success of U.S. non-proliferation policy

will increasingly come to -depend. And if, in the present period of

declining confidence in the reliability of American security guarantees

and of what is perceived overseas as a growing reluctance on the part of

the United States to act decisively in regional conflicts, this seems a

frail thread on which to hang such nomentous goals, it also underlines the

need for new, internationalist approaches to the problem of proliferation.

As the unilateral power of the United States fades, the need for a

strengthened international consensus against the spread of nuclear weapons

grows. There, too, the U.S. role is circumscribed, but this time by its

status as a nuclear superpower. Just as domestic political disputes have

interfered with the ability of the U.S. to retain its leadership role in

civil nuclear power, its massive and growing nuclear armament will surely

inhibit its role in efforts to build an international consensus against

nuclear proliferation. A strong and sustainable international consensus

will be in-possible unless it is based on a commonly held set of values

opposed to the existence of nuclear weapons. But the sharing of such

values by the United States is fundamentally untenable, and will be regarded
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as such by the rest of the world. U.S. non-proliferation policy is a

prisoner of the U.S. role as a superpower. Stripped of its moralistic

overtones, U..S. non-proliferation- po.icy boils down, in practice and

in overseas perception, to an attempt to preserve existing power structures,

to preserve the international status quo. Yet in the long run, the success

of efforts to prevent the further spread of nuclear weapons will ride on the

very antithesis of U.S. motivations; stated differently, and with apologies

to H. Alfven, nuclear non-proliferation and nuclear disarmament are Siamese

twins. It is in this paradox that the ultimate source of the limits of

U.S. influence is to be found.

7.2 The process of technology assessment

Taking a cue from an authoritative early study of the process of

2.
technology assessment by the National Academy of Sciences, it must first be

noted that the preceding assessment started out fram one particular point,

out of several possibilities. That is, the assessment began with a cluster

of related new technologies and sought to explore the political and economic

consequences of their continued development. The Academy study noted that

in addition to such a technological focus, alternative starting points for

assessments include the environment (or some segment thereof), society (a

social system or relationship, for example), and the individual. In the

end, the NAS study opted for a mixed approach, with several focal points.

To the extent that the present assessment had too narrow a technical focus,

th6 conclusions presented here will have a correspondingly limited applica-

tion.

First, the observation made at the outset, in Chapter 1, can be

confirmed in retrospect: there can be no useful prescriptions for tech-
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nology assessment. To be sure, certain themes and objectives must be

common to all assessments: for example, the need for broader perspectives;

the emphasis on the preservation of future options; the need to deal with

the problem of decision under uncertainty; the proper degree of public

participation. But to prescribe in further detail is not useful. The

structure of this assessment was determined by the nature of the particular

set of problems in question, not by a pre-determined methodology. The

same will be true of any innovation which raises nore than the most insub-

stantial set of problems.

The second conclusion relates to the timing of assessments. Here

there is always a trade-off. The earlier in the process of technological

innovation that the assessment is undertaken, the greater is the uncertainty,

and the greater the likelihood that the results will be misunderstood,

distorted, or simply ignored. On the other hand, beyond a certain point,

the assessment will come too late; interests associated with various

aspects of the innovation will become entrenched, and the political or
*

economic costs of changing direction will become too great. On balance,

the dangers of the latter outweigh the risks of the former. There is

always a chance that misunderstandings and distortions can be cleared up,

and that apathy can be cured; but the consequences of delay are frequently

irreversible. Mbreover, delay in undertaking detached assessments leaves

the field open to the already canitted. As the Academy study warns,

"only the contending interests of those who already recognise their stake

* A variation of this problem was encountered in the present study.
Here, one of the dangers is that by delaying the assessment of LIS
technologies (and advanced enrichment technologies in general) for
too long, the conmitment to the Portsmouth gas centrifuge plant. could
become effectively irreversible, and an important area of policy
flexibility would then be lost.
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in the technology and are prepared to enter the public arena to defend

their position find their way into the legislative and appropriations

processes.',3 The result is frequently a debate that is polarized from

the start, a debate in which the contribution of assessments whose goal

is to be as objective and neutral as possible may be lost from view

completely. For all of these reasons, therefore, assessments of new

technologies should be undertaken as early in the innovation process as

is reasonably achievable.

Like the innovation process itself, the process of assessment is

a process of successive approximation. Indeed, the process of assessment

should properly be considered as an integral ingredient of the innovation

process. During the course of an innovation, not only will more techno-

logical information become available, but the external environment will

evolve: uncertainties will be resolved and new ones will appear; the

economic climate may change, and new policies may be implemented; poli-

tical and economic relations between nations may be altered; underlying

social values may be transformed. Clearly, no single assessment can

provide the last word. Continuous assessment is necessary to ensure

that all such developments are properly accounted for in the innovation

process, and in the evolution of the' associated institutional supporting

structure.

A third issue, which is linked to the question of timing, concerns

the problem of uncertainty, and how to deal with it in assessments, and in

the policy derived therefrom. The problem of uncertainty becomes more

acute when, as is the case in the present assessment, the innovation is a

large technological system, with large investments required for research

and development, long lead-times for conmercialization, and an extensive
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institutional supporting structure. For such innovations, the institutional

supporting systems tend to be monolithic, almost by definition; frequently

the government plays the dominant role. Here, a heterogeneous mix of views

of the future, which might otherwise provide an implicit mechanism for

accounting for uncertainty, is often not a natural or a feasible character-

istic of the decision process. On the contrary, monolithic supporting

systems foster an internal uniformity of view. With survival and continuity

of development funding frequently the primary objectives of those with

immdiate responsibility for the .technology, diversity and flexibility of

assumption are not encouraged; internal consistency becomes a nore highly

valued asset, and there is a tendency on the part of decision-makers to seek

to shape the external environment so as to coincide with their own views of

what it should be, rather than vice versa.

These institutional tendencies add significantly to the inherent

rigidity of large-scale technological innovations, and to their vulnerab-

ility in periods of rapid external change. There is thus an important role

for the assessment function in ensuring that real uncertainties which might

otherwise be assumed away or ignored are introduced explicitly into the

decision process.

The present assessment focused mostly on two kinds of uncertainty

which, despite being very closely related, nevertheless enter into the

decision process in quite different ways. The first kind included those

uncertainties associated with the level of future demand for enrichment

services; as was shown, a reduction in the expected demand could have major-

consequences for the direction of U.S. enrichent policy, but many uncertain-

ties currently obscure the demand picture.
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The second class of uncertainties included those that external

actors perceive to be associated with U.S. government actions and policies;

the significance of these uncertainties is in how they affect the behaviour

of these actors - individuals, corporations, nations, international organi-

zations - and what the consequences of their reactions are for U.S. policies.

Thus, for example, we have shown how indecisiveness and a lack of clear

priorities have caused other nations to lose confidence in the reliability

of the U.S. as a supplier of nuclear fuel; how the possibility of future

unpredictabilities in U.S. policies and actions is currently a source of

concern both domestically (to JNAI) and overseas (to actual and potential

enrichment customers); and how basic U.S. policy goals have suffered in

the past and may suffer in the future as a result.

These various uncertainties feed upon each other and upon the

larger set of uncertainties which currently surround the nuclear option in

the U.S. No amount of assessment will resolve any of them completely.

But in this respect two limited goals of the present assessment are worth

emphasizing: one was to place realistic bounds on the uncertainties flow-

ing into the decision process (such as, for example, the demand for

separative work); and the other, was to gain a clearer understanding of

the impact of uncertainties flowing outward from it. In certain circum-

stances, inherent uncertainties may be aggravated by policy decisions

and actions rather than alleviated by them. Th use a simple physical

analogy, technology assessments should help to ensure that technology

policies dampen rather than amplify the instabilities in the system arising.

from uncertainty.

The problem of how to deal with uncertainty is closely related

to the principle of preserving future options to the greatest possible
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extent. Aside from the inherent appeal of this principle, it is clearly

a logical response to present uncertainties. For a technology still in

the development phase which is suspected of possibly deleterious secondary

and tertiary consequences, one of these future options is, of course, not

to deploy it widely. Once again, however, ccmplications arise from the

nature of the institutional supporting systems for large-scale technologies.

In this case, there is an increased risk that political and institutional

mcmentum will accumulate prematurely to the point of irreversibility.

Thus, another important role for the assessment function is to identify in

advance points of potential irreversibility in the innovation process, and

the characteristics of the institutional supporting system which might be

responsible. One such example that emerged in the present assessment

was the possibility that an irreversible conmitment to building the Ports-

mouth centrifuge plant could be made before it was either prudent or

necessary to do so.

This discussion is consistent with a more general point which

emerged during the present assessment and which the Academy study articul-

ated ten years earlier. The nature of the institutional supporting system,

as well as the technology itself, is an essential element of technology

assessments, and frequently the principal target of policy.

The penultimate conclusion concerns the question of the appropriate

scope for assessments. As with the issue of timing, there is a trade-off:

here, it is that of breadth versus depth, or, in more pejorative terms,

suprficiality versus narrow-mindedness. The exact dimensions of this

trade-off obviously will depend on the resources available for the assess-

ment, and prescriptions here, as elsewhere, are impractical. - Nevertheless,

on balance,, the evidence provided by the present assessment points to the
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need for an emphasis on breadth, even if some superficiality is unavoidable.

It is easier to add more detail to an existing framework at a later date than it

is to graft on whole new facets of the problem. To the extent that techno-

logy assessments serve fundamentally as catalysts for policy debate and

formation rather than as substitutes for it, holism more than precision

must be the primary goal. As a corollary, assessments which do focus only

on certain facets of the overall problem, for whatever reason, should be

accompanied by statements defining the limits of inquiry as clearly as

possible.

There is also another side to the question of scope. In addition

to seeking the maximum feasible breadth of analysis, it is also desirable

to ccmpare the innovation in question with other technologies and support-

ing systems, with a view to identifying similarities and differences in

policies and consequences.

The final point concerns the proper degree of public participation

in the assessment process when, as in the present case, information concern-

ing the technology in question is subject to classification restrictions.

We make no judgements on the need for classification or its efficacy in

this case or any other. We note, however, that even in the case of laser

enrichment, where most technological data are closely held, it has proved to

be possible to discuss several issues of considerable importance for national

policy in some depth on a wholly unclassified basis. The government itself

has made no significant effort to conduct an unclassified assessment of

these issues, and has not sought a public debate on the subject. This is

not surprising, since in this case, as in others, those with access to the

information are generally those who are identified with existing policies,

and for them there can be few incentives and probably positive disincentives
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to encourage broader debate.. But as we have argued in the IntroductiQn

and also here, there is a clear need for such debate, beginning as early in

the development process as possible. The stimulus will generally have to

come from outside the government (or at least those parts of the government

nost closely involved in the development). What the present assessment

has sought to demonstrate, in this broader context, is that such efforts

are not only necessary to stimulate debate, but can also contribute

materially to its progress. The present assessment in part was stimul-

ated by and benefited considerably from earlier assessments of the same

subject, and it is the author's hope that the future assessments that will

certainly be required in this field will be served by the present one in

the same way.
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