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ATOMIC ENERGY COMMISSION

GAS CENTRIFUGE METHOD OF ISOTOPE SEPARATION

Report to the General Man r by th 8 O tion
nternational Af d R c

THE PROBLEM

1. To determine the method and scale of proceeding wilth the
development of the gas centrifuge method of isotope separation,
including possible control and collaboration with The Netherlands,
West Germany and the United Kingdom.

SUMMARY

2. On November 5, 1954, an Ad Hoc Committee appointed by the
General Manager to study the Gas Centrifuge Process recommended
an orderly development program be carried forward to resolve
certain key technical problems. The Ad Hoc Committee recommenda-
tions were never implemented and the Commission has hitherto not
acted to establish policy on the development of the gas centrifuge
process, Recent developments in this program are reported in
AEC 610/5 - 610/13,

3. The lack of foreseeable U, S, production need for a gas
centrifuge plant, estimates that this process was economically
non-competitive with gaseous diffusion, and budgetary limitations
have combined to 1limit the U. S, effort in this process during
1954 - 1960 to a modest experimental program at the University of
Virginia, where, howaver, some significant advances in the
technology have been made. Part of a captive German group which
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developed a short tube contrifuge in the USSR during 1946-1954
has duplicated the USSR work at the University of Virginia since
1958, The simplicity of their presently developed unit, along
with materials improvements developed in missile programs, indi-
cates the feasibllity of design of a short tube unit showing
conslderable potential for isotope separation, Information on
forelgn work in the USSR, Germany, and The Netherlands has become
avallable., The German program is considered to be the most
extensive and most complete gas centrifuge program in the world
at this time,

4k, Informal discussions have been held with Dr. Boettcher,
Director of Research, DEGUSSA, Germany (see AEC 610/10), Profeasor
Groth, University of Bonn, Germany, and Professor Kistemacher,
Director, Laboratory voor Mass Spectrographic, Netherlands (see
AEC 610/7, 610/9) concerning their technical programs and the
desirability of collaboration, As yet, official proposals to
collaborate on a development program have not been received from
the German and The Netherlands governments.l/ The United Kingdom
has shown renewed interest in the gas centrifuge isotope separa-
tion process, and classifled discussions permitted under the
present bilateral agreement were held with representatives of the
UKAEA, Risley, at the University of Virginia in November. The
process. appears attractive to them in view of the notable advances
achleved since they discontinued work on this process in 1948,
Other reasons which arouse thelr interest in the process 1s a
U.K, decision to base their next round (1553-1965) of power
reactors on enriched (1,5 - 2%) U-235, plua the fact that gaseous

diffusion is a more expensive process with them than with us.

1/The Secretary of State recently called Chancellor Adenauer's
attention to the implicaticns of Germany's work in this field.
The Chancellor indicated that he would look into the matter,
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5. A technical and economic evaluation of the short bowl gas
centrifuge process has recently been completed by the General
Electric Company under a contract with the AEC, Their study
reveals that, following a three-year development program, the
U. S. could then build a gas centrifuge plant which would produce
separated U-235 at a price competitive with the present AEC price
schedule, Thelr study also reveals that such a plant requiring
primarily mechanical englneering skills could be built at a cost
of about $17 million, following a 2-3 year development program,
which could produce 500 kgs/year of 95% U-235 and have a power
requirement of approximately one megawatt, Except for the pre-
paration of feed materials, the skills needed to design and con-

struct such a plant are avallable to some 20-30 countries,

6., The potentlal of the gas centrifuge process in contributing
to the Nth power problem has also been evaluated in a study by
Union Carbide Nuclear Company., It 1s belleved that the centrifuge
route, as compared with the reactor route, studied by Hanford
Operations Office, would be the easler to pursue both covertly and

overt 1Y .

7. In order to prevent gas centrifuge information and equip-
ment from becoming available to other countries and permit them
to use the gas centrifuge process in the production of weapons
grade materials, agreements for classification, export controls,
and collaboration should be explored with the United Kingdom,
Germany, and The Netherlands, Collaboration would be technically
and strategically desirable, Although serious procedural diffi-
culties are recognized in establishing the agreements with Germany
and The Netherlands, the problems are under exploration with the

Department of State, (see Appendix D). In the meantime,
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information developed as a result of U, S, work in this area is

no longer being declassified,

8. An expanded U, S. development program costing about $6
million over three years should proceed expeditiously and inde-
pendent of the negotlation, implementation, or rejection of an
agreement with Germany and The Netherlands, A program, costing
about $2 million a year over a three year period, is outlined
which the staff belleves would place the U, S, back into a
position of technological leadership in this area of 1soctope
separation, a subject of considerable military and commercial
concern, The incentives for such an expanded program are:

a. Impact on economy of economic commeroial power,
b, Military security through plant dispersion,

¢. Reduced power consumption,

d. Cheaper incremental production,

e, Separation of commercial and military economy.

f. Maintain knowledge of sources and capabilities of
foreign production of fisslonable materials,

g. Retain U, S, leadership in forefront of isotope separa-
tion technology.

The recent work which has been done on the centrifuge method of
isotope separatlion and its relevance in connection with the Nth
power problem was brought to the attention of the White House,
Departments of Defense and State, and the Central Intelligence
Agency at a meeting on February 6, 1960 (AEC 610/13). On February
11, 1960, the Joint Chiefs of Staff were also briefed., The General
Advisory Committee at its last two meetings, February 1-3, and
March 17-19, 1960, considered the centrifuge process, Thelr
comments and recommendations are included in Appendix "E", The
JCAE was notified of the lmpllications of this process to the Nth

DOE ARCHIVES
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power problem in a letter dated 2/12/60 from the Chairman to
Senator Anderson (Appendix "F").

STAFF JUDGMENTS

9. The Divislons of Finance, Intelligence, Military Applica-
tlion, Office of Operatlons Analysis and Forecasting, Office of the
General Counsel and Production, concur in the recommendation of

this paper.

10, The Divislon of Reactor Development notes that successful
demonstration of low capltal cost isotope separation plants can
have major impact on the growth and develooment of industrial
atomic energy. To the extent that low prices for enriched uranium
may result, it would have an obvious effect upon achlevement of
economic nuclear power, both in this country and throughout the
world, It would make possible real simplification of AEC problems
such as those discussed by the Commission at meeting 1596 on
February 26, 1960, on the subject of sale of special nuclear
material, toll procesgsing in Government diffusion plants and
related matters, Lastly, the beneficial effect of making possible
a completely private chaln from ore through the entire fuel cycle,
with the possible exception of ultimate waste disposal, cannot
be overemphaslzed, The introduction of private industry at each
phase of the cycle will bring into being cost-cutting incentives
not otherwise available in the program and should significantly

advance the date of low cost nuclear energy.

11, The Division of Production agrees that addltlional effort,
over and above the currsnt level, on gas centrifuge development is
desirable but believes that such additicnal effort should be
directed primarily to the resolution of the current technlcal

“He DOE ARCHIVES
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and economic uncertainties as to performance of a group of cen-
trifuges operating as a cascade. The Division of Production
believes that this feature of the proposed program should be
emphasized in favor of accelerating the development of more
efficient or advanced centrifuge units, Emphasis in the direc-
tion suggested above would permit proper evaluation of the Nth
power problem at the earliest practicable date and would provide
a realistic basis for anticipating the effects of further
technological advances in individual centrifuge units.

12, The Division of International Affalrs concurs in the
recommendation that prompt discussions should be held with the
Europeans on the feasibility of controlling gas centrifuge
process technology, but notes that the serious policy problems
assoclated with classified cooperation in this area referred to
in paragraph 40 of Appendix "A" may be difficult to overcome, The
Department of State has been asked to furnish its views on the

international aspects of this problem,

13. The Office of General Counsel notes that the provisions of
Section 144a of the Atomic Energy Act would be applicable to the
proposed international exchanges of olassifled information, Thus,
any international cooperation involving the exchange of classified
information would require authorization by the President and the
existence of an agreement for cooperation within Section 123 of
the Act.

CONCLUSION

14, a, The U, S, onou.d proceed with en expended research
and development progrim on the centwitfuge process at an
estimated cost of aprroximately $2,000,000 per year for three

years, as described In detail in Appendix "B", .
DOE ARCHIVES
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b, Suitable agreements concerning tha control of gas
centrifuge information, materials and equipment should be
sought promptly, if the Department of State agrees, with
Germany, The Netherlands, and the U, K,

¢, Classified cooperation with Germany and The
Netherlands would appear to be desirable from a technical
standpoint but may be politically impractical.

d. Classified cooperation with the U, K. should continue.

RECOMMENDATION
15. The General Manager recommends that the Atomic Energy
Commission:

a. Approve an expanded U, S, research and development
program on the gas centrifuge process as set forth in
Appendix "B";

b. Note that total funds estimated to accomplish this
program are six million dollars for an approximate three
year period.

¢, Note that funds to initlate and conduct this program
through FY 1961 will be obtained by reprocessing funds
now budgeted for the Division of Research and the Division
of Producticon,

d. Agree that the prompt initiation of exploratory
discussions with the German, Dutch, and U. K. governments
to seek control of all gas centrifuge information, equip-
ment, and materials in light of the Nth power problem is
desirable;

e, ree that classifled cooperation with the Germans and
Dutch would be desirable from a technical standpolnt;

f. Note that the Department of State has been informed
of the potential of the gas centrifuge process in the
context of the Nth power problem, that it will be informed
of this action, and that the Department's views have been
requested on (a) the desirability of our seeking agreed
controls among the states where gas centrifuge research
and development is being carried out and (b) desirability
and ga:aibility of classifled collaboration with these
countries;

g. Note that the Commission will be promptly informed as
soon a8 the views of the Department of State are received.

h, Note that classified collaboration in this area, which
has been Initiated with the United Kingdom, will be con-
tinued within the limits provided by the U,S.-U.K. Civil

Uses Agreement for Cooperation;
DOE ARCHIVES
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i. Note that the expanded U. S. development program
should proceed independent of the negotiation, implementa-
tion, or rejection of any proposed agreements with Germany
and The Netherlands that may develop;

J. Note that successful operation with gas eentrifuges
have far reaching implications in development of a privately-
owned atomic energy industry in the United States, which
subject will be covered in other papers under preparation;

k., Note that the JCAE has been informed of the potential
of the gas centrifuge process to the Nth power problem by
the letter in Appendix "F", and will be advised by appro-
priate letter of the planned expansion of the AEC's research
and development program on the gas centrifuge process.
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APPENDIX "A"

BACKGROUND AND DISCUSSICN

FRESENT POLICY

1. The Commission has hitherto not acted to establish
policy, either domestically or abroad, in connection wlith the gas
centrifuge process except in the area of classification. The
present Classification Policy Guide (AEC 27/136) provides that the
gas centrifuge program be a classified program but that experiment-
al work on the detalled mechanical design for the centrifuge
method of isotope separation may be declarsified, There is,
however, a restrictive paragraph attached to vhe topilc which
requires that such information be held classified when it
becomes apparent that 1t could reasonably be used for the pro-

duction of large quantities of U-235.

HISTORY OF THE PROBLEM

U, S. PROGRAM
2. The history of the AEC posture relative to the

centrifuge process 1s outlined in the AEC 610 series. Pursuant

to recommendations in a November 5, 1954 report by Ad Hoc

Committee appointed by the General Manager to evaluate the

gas centrifuge process, the Division of Research solicited

bids from four companies to manufacture a prototype unit based
upon as realistic an extrapolation of the war-time Westinghouse
experlience as possible. However, contract negotiations were halted
and 1t was determined that the Research Division support should

at that time be limited to the basic problem of spinning long thin

tubes at the University of Virginila, DOE ARCHIVES
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3, This classified program at the University of Virginia,
now supported at a level of $300,000 per year, has had as a long-
range goal the development of a high-speed, long-tube centrifuge
and the application of such a centrifuge to the separation of
isotopes., Emphasis in the early phases of the program was
devoted to attacking basic mechanical problems associated with
bearings, seals, drive systems, etc, In 1957, the Virginia
group solved a major problem in successfully spinning a long
tube through a series of critical vibrations, a problem inherent

in high speed rotation.

4, Since that time emphasis has been placed on the problems
of providing tubes of higher strength materials for higher
rotational speeds and the problems of introduction and extraction

ox_‘;’ gases., f;f 3= Dcé ({hj

DELETED

DELETED

5. An unclassified program has also been supported at the
University of Virginia since the summer of 1958, The work is
being carried out by Dr., Gernot Zippe, an Austrian sclentist who
assisted Steenbeck in the development of a short tube (suberitical)
- 0= Appendix "A"
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centrifuge while a prisoner in Russia following World War II.

Dr. Zippe has completed the construction of several of the units,
has subjected them to lifetime tests, and is currently conducting
isotope separation tests with UFg. The simplicity of these
units 1is impressive, Total AEC funds provided to this project
are $108,000,

6. A contract with the General Electric Company was executed
in June, 1959, to provide the Commission with a technical and
economic analysls of both the long and short tube methods and
to define the over-all problems, The study of the short tube method
(GEL 0708) 1 has now been completed, and indicates that the United
States could build in two years (preceded by a three year
development program) a gas centrifuge plant.2 This plant would be
based on a short tube design and could produce enriched uranium

at a price competitive with the present AEC price schedule,

7. The AEC has licensed Thor-Westcliffe Development, Inc,,
of Santa Fe, New Mexico, to import seven gas centrifuges from
Germany for use in that Company's studies to determine the
commercial feasibllity of this process for the production of
enriched uranium. The AEC 1s considering an application to permit
construction of an experimental cascade, This activity 1s currently
unclassified, but future work may have to be conducted on a
classified basis, Discussions with Mr, ILohbeck of Thor-Westcliffe
are reported in AEC 610/8.

FOREIGN PROGRAMS

8. Since World War II, the German, and later the Dutch,
effort in this fileld has been greater than that in the U,S,; and

1/ On file in the Division of Research
75,000 Kg U/yr at 2%, 500 Kg U/fyr at 95%
DOE ARCHIVE»
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in recent years, the rate of growth of the German-Dutch effort has
been substantial. On the grounds that (1) they should not
blindly adopt a U-235 separation process chosen by the U.S, in
1943 under the pressures of war; (2) that they should carefully
study all competing processes from the point of view of
technical merits, flexibility and economy; (3) that they are
seriously considering plants considerably smaller than those

in the U,S, (for which the centrifuge has a greater chance of
being fully competitive) and that they consider it advantageous
to be able to divide the operation into several smaller plants
at diverse locations, the Germans and the Dutch have parted

ways with the French who have chosen the path of gaseous diffusion.

9. During World War II, the gas centrifuge was the method
selected for study by the Germans for separation of uranium
isotopes, The group of scientists who led the war-time program
(Croth, experimental; Beyerle, instrument development; and
Martin, theory) are now working on a program carried on by the
GFKF (Soclety for Nuclear Research), This non-profit corporation
1s supported by the state of North Rhine-Westphalia, the
Federal Government, and private industry. The gas centrifuge
units are designed and constructed by Professor Beyerle in a
GFKF laboratory in Aachen. The mechanical parts are manufactured
by SARTORIUS Instrument Company, Goettingen, and the electrical
drive and control equipment is provided by the AEG (German General
Electric) Frankfurt. At the University of Bonn, Groth leads
the experimental group which 18 now located in the Institute
for Physical Chemistry; he is alded by collaboration with
Professor Martin of the University of Kiel who has been provided
with a centrifuge unit in order to test his theoretical predic-
tlons., The characteristics of the centrifuge units developed

- 12 - Appendix "A"
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by this group are given in the following table, which was

published in Chemie-Ingeniur Technik, 31,

Peripheral Separative Specifiec Scec

Year Length Radius Le Spee Work
Cirea cm cen _ Diameter m/sec Kz U/yr

ifie

At

O

Uz I 1946 WO 6.0 3.33 302 0.502 12,050 4,200
UZ IIIB 1952 63.5 6.7 b4 302 0.935 8,380 2,860
63 1957 66.5 9.25 3.60 302 0.97 6,300 2,460
26 5 1959 113.0 9.25 6.11 302 1.64 3,710 1,460
2 6 24b0.0 20.0 6.0 302 3.5 1,750 685

3k0 5.32 1,150 k50
26T 1960 316.0 22.5 T7.03 302 .77 1,285 500

340 7.25 845 330

10, The Bonn/Aachen group plans to assemble 50 to 100 cen-
trifuges at Julich, This cascade would have three stages of
centrifuges and enrich uranium to about 2¢% U-235, and the type
of centrifuge to be used will be determined as a result of the

testing of the various centrifuges at Bonn.

DELETED

11, The program supported at Frankfurt by DEGUSSA-AEG was
reported on by Dr, Boettcher, Director of Research, LEGUSSA, at a
meeting held at the AEC (see 610/10) to discuss DEGUSSA
activities in the fleld of the gas ultracentrifuge method of
isotope separation and the question of U,S, - West German
cooperation in this field, Boettcher reported that DEGUSSA and
AEG are "cooperating without contract" to develop the gas
centrifuge for isotope separation. Their project 1s under the

direction of Scheffel, who is reproducing the device which he 45 G
e L 7 )
together with Steenbeck and Zippe had developed in the USSR, ' ]} \T‘)
o \ ( % ~
DELETED l 0
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12, The Netherlands centrifuge program 13 several years
old, although as of this time, only two publications have been
issued, They have performed an economlc analysis of the centrifuge
process, but their estimate does not appear to be soundly based, |
It is not known whether they have separated any isotopes by this
method,

13. An extensive review of the German and Dutch activities
1s contained in a report, K-1425,1 by G. A, Garrett and S. A. Levin.
These authors conclude that the West German prozram 1s the most
extensive and most complete gas centrifuge program in the world
and that the work is competent, relatively far advanced, and of such
a nature as to lead to centrifuges that can be direcily incorporated
into a production plant, The costa to be expected from this
production plant would be in the range of about $2000 to somewhat
less than $1000 per kilogrﬁm U of separative work., Their develop-
ment program probably costs of the order of one million dollars
per year 1including the industrial participation. This level
cannot be considered a crash program, Manpower anddollar levels,
and the technlical status of the European gas centrifuge activities
for the period, 1941-1958, which substantiate the above, are on
file in the Division of Research.

14, The French have determined to go the route of gaseous
diffusion for U isotope separation. A report on the evaluation of
theilr program is glven in the report K-1409 by Dr. G. A. Garrett.2
However, Dr, Boettcher reported that the French were interested in

the gas centrifuge and offered to assist in its financial support,

e 1n e 8ion o searc
2/ Ibid DOE ARCHIVES
o 2l Appendix "A"
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and he believes that they will consider using it to replace

AETC L

the top stages of their gaseous diffusion plant.

15. Brazil has purchased three ZG-3 unlts from the West
Germans (Sartorius). It is reported that they are planning to
purchase more units and are having two of thelr people trained

in the operation of these units in Groth's ILaboratory.

16, At the meeting on November 4, 1959, Dr. Boettcher of
DEGUSSA reported that he had learned that the USSR had reinitiated
thelr activities on the gas centrifuge process. DIoettcher
thinks that they are attracted to it by the possibllity of
decentralization for reascn of military security or that they are

interested in the separation of plutonium isotopes.

DISCUSSIONS WITH FOREIGN GROUZS
17. Informal discussions have been held with Dr. Boettcher,

Director of Research, DEQUSSA, Germany (AEC 610/10). Professor
Groth, University of Bonn, Germany (FVR-50)1, and Professor
Kistemacher, Director, Iaboratory voor Mass Spectrographile,
Netherlands (AEC 610/7)-(AEC 610/9) concerning their technical
programs and the desirabllity of collaboration. As yet, formal
proposals to collaborate on a development program have not been
received from the German and Netherlands governments. However,
the Division of Research has been advised by Dr, Boettcher that
the question of collaboration is under consideration in several
departments of the German ministry. These discuasions were held
prior to the evaluation of the centrifuge process by General
Electric and prior to the safeguards studies in light of the Nth

power problem,

18. Classified discussions permitted under the present

bilateral agreement with the U,K., were held with representatives
17 On file in the Division of Research,

=g Appendix "A"
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of the UKAEA, Risley, at the University of Virginia in November,
1959. The process appears very attractive to them in view of the
notable advances achieved since they discontinued work on this
process in 1948. Other reasons which arcuse their interest in
this process are a decision by them to base thelr next round
(1963-1965) of power reactors on enriched (1.5 - 2%) U-235,

plus the fact that gaseous diffusion is a more expensive process
with them than with us. They believe that they now have a
unique opportunity to study another method of isotope separation
before proceeding to the design of a plant.

ECONOMICS AND POTENTIAL

19, The economies of the gas centrifuge process in comparison
with that of gaseous diffusion were evaluated in 1957 by three
different groups; AEC staff (610/3), Dr. Manson Benedict (610/4),
and Union Carbide Nuclear Company (K-1368). These studies,
based on the technology avallable at that time, concluded that the
gas centrifuge process did not compete economically with our
gaseous diffusion process in the large scale separation of U-235.

20. The General Electric Company, under contract with the
AEC, has taken a fresh look at the over-all centrifuge program
(both domestic and foreign) and has again examined the economics
of the process. Thelr Phase I Report (GEL-0708) presents a
detalled study of the short tube unit. Thelr study is
continuing with an examination of the long tube unit. Results
of their study indicate that, due to significant advances in the
centrifuge technology and with a 2-3 year period to develop
foreseeable improvements in the technology, it is llkely that the
United States could construct a small gas centrifuge plant which
would produce enriched uranium at a price competitive with the
present published AEC price list, The plant described in the

- 16 - Appendix "A"
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General Electric study would cost approximately 17 million dollars,
would be capable of an annual production of 500 kilograms of

U-235 at 95% enrichment, and would have a power requirement of
approximately one megawatt of electricity. Such a plant could,
with minor design changes, be so arranged as to produce larger
quantities of U-235 at corresponding lower enrichment. For example,
the $17,000,000 plant referred to above could be so arranged

as to produce 75,000 Kg 2% U-235.

21, The gas centrifuge method of 1sotope separation has been
considered by the General Advisory Committee at the PFebruary 1-3,
1960 and March 17-19, 1960 meetings, Their comments and

recommendations are contained in Appendix "E".

SAFEGUARDS STUDIES

22, Sir William Penney, U.K,, in conversation with Chalrman
McCone, expressed great concern over the development in Germany
or. the separation of U-235 by gas centrifuges. The Chairman
requested a study of the possibilities of using the centrifuge
process for the'production of a small number of atomic weapons,
either overtly or covertly, by nations not now having a major
weapons program, For comparison, two approaches to the matter of
the production of atomic weapons on a small scale were studled; the
natural uranium reactor route for plutonium production, by Hanford
Operations Office; and the high speed centrifuge route for U-235
production, by Union Carbide Nuclear Company (UCNC).1

23.f ' ' \)D(’/ kﬁb

DELETED

The capabllities of various type countries for building eentrifuge

1/ Reports on file in the Division of' Production

= e Appendix "A"
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plants have been analyzed for three degrees of capability -
classed as X, Y, or Z where: a class X country would need no
outside assistance; a class Y country would probably have to ‘
import also some of the auxiliary equipment; a class Z country
would probably have to purchase pre-fabricated centrifuges and
almost all the auxiliary equipment from foreign vendors and, in
addition, would need technical advisors from the outside to aid

in the construction and operation of the centrifuge planb.}

DELETED

24, The results of the Hanford and UCNC studies are further
summarized and analyzed in a safeguards report (Appendix "C") which
also takes into account the GE study. This safeguards study
concludes that the centrifuge route would be the easier to pursue
both covertly and overtly, and that it would require less

- 18 - Appendix "A"
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specialized personnel, of fewer disciplines, than the reactor
route, The principal 1llabllity of the centrifuge route as
against the plutonium route lies in the fact that centrifuge
technology 1s yet to be proven and the designs of the more
advanced centrifuge units have not as yet been published nor have

the units been tested,

DISCUSSION
25. The U.S, can 1ll-afford to lose technological leadership
in this area of 1sotope separation. The gas centrifuge process
a8 indicated in the GE study already shows the potential of
producing U-235 at a cost which is competitive with the costs as
reflected in the AEC price schedule, Moreover, there are other
long standing arguments in favor of an expanded U,S. program.
Separations for which the gas centrifuge method has particular
advantages and for which the process 1is likely to find application
include:
a) Separation of plutonium lsotopes especially
in view of the utilization of high exposure plutonium
generated by the growing nuclear power industry.
b) Topping of the gaseous diffusion plants,

¢c) Separation of U-236 from U-235 (reactor fuel
"Clean-up").

d) Separation of particular stable isotopes when
required in large quantities,

26, The Division of Production sees little incentive for
developing a highly efficient gas centrifuge plant on an
accelerated schedule from the standpoint of U,S, needs, They
feel that there 1s only a very slim possibility that centrifuges
could ever be competitive with the current or anticipated cost
of separative capacity in our large diffusion plants, There is,
further, no need for additional separation capacity for at least

ten, and more likely, fifteen years, DOE ARCHIVES
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27. Should the U,S, determine not to move forward on the
development program and merely to continue the limited work at
the University of Virginla, it is likely that it would become
increasingly difficult for the U,S. to hold together this group
and its research return can be expected to diminish, Such a course
would also weaken the present and future U,S, position in seeking
internationally agreed controls over the process in light of the

Nth power problem,

28. In AEC 27/135, as revised, the Commission adopted a new
Classification Policy under the terms of which gas centrifuge work
would be conducted as a classified program with the information
produced being declassified until such time as a breakthrough might
occur, One factor that influenced the determination to classify
the program in this way was the fact that at least two other
countries (Germany and The Netherlands) were (and still are)
vigorously pursulng studies 1in this field, that they have ad-
vanced thelr technology to the point where it was equal to or
better than ours, and that, moreoever, they were publishing the .

results of theilr work. Thils situation still prevalls,

29. The research project at the University of Virginia
concerning the spinning of long tubes has been conducted in a
physical security area on a classified basis, The other research
project there, under Dr, Gernot Zippe, an Austrian sclentist,
on the reproduction of the short tube unit developed for the USSR,
has been conducted on an unclassified basis in an open area.
Progress reports prepared by Zippe and issued under the AEC
contract have been given dlstributlion by TISE at Oak Ridge.

30, Since the drafting of the gas centrifuge classification
policy adopted in AEC 27/135, not only the German and Dutch work,
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but the U.S, work, as well, has progressed considerably. The
Germans have now already so far progressed in their development
of the gas centrifuge method that it appears that they could,
without any further advancement in thelr technology, build a
working plant for the mass production of U-235. The table of
the Groth-Beyerle centrifuge in paragraph 9, Appendix "A",
showing steps 1n the development of thelr program, indicates very
clearly that in a period of approximately 14 years they have been
able to increase the separative potential of their machines by
better than an order of magnitude, while at the same time reducing
total plant costs also by more than an order of magnitude.

The U,S. work has also progressed to the point where it would
appear that in the very near future, using the long thin tubes
developed by the University of Virginia, a plant could be built
for the mass production of U-235.

31. There are other important advantages of the gas
centrifuge method of separating isotopes. One of these 1s 1ts
very low power consumption, as compared with the gaseous
diffusion method. One might say that for an approximately
equal total outlay in dollars (that is, power plus plant), one
could build equally productive plants, However, to a nation
short on power, the low power-consumption for the gas centrifuge
method could make possible a production plant at a time when a
gaseous diffusion plant would still remain a desirable but
impossible goal, Another advantage 18 the relatively small size
of the gas centrifuge plant as compared with gaseous diffusion
in producing 95% U-235. This factor would enhance the position
of military security by means of plant dispersion as well as
permit an operation in a clandestine manner, DOR ARCHIVES
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32, Because the "breakthrough" mentioned in topic 2-741 of
the Classification Pollcy Guide (OC Doc-68) has taken place, the
importance to the national defense of the gas centrifuge method
of isotope separation 1s now considered great enough to warrant
classifying existing and future U.S, work and to request the
Department of State to explore the possibility of entering into
discussions with the West German and Dutch governments in an
attempt to obtain the cooperatlon and the agreement of these
governments to keep the results of their work in this fileld
classified,

33. Clearly, however, the purpose to be served by any
classiflcation action the Commlssion might take could be vitlated
if the German activities were to proceed on an unclassified basis,
It appears, therefore, that i1t is important to determine whether
the German government could and would classify thelr work in gas

centrifuge technology.

34, The alternatives that present themselves in this matter
are, of course, dependent on the views expressed by the Department

of State and negotliatlons with the several states involved.

35. There are several problems which could make a classifi-
cation actlon difficult, The German development to date has been
undertaken almost exclusively by private parties interested in
ultimate commercial exploitation., The German Atomic Ministry has
no classified programs due in part at least to Germany's commitments
under the Brussels Treaties. Any modification of this position
could perhaps have serlous political repercussions in Germany.

It 1s unclear both from the standpoint of Treaty provisions and
policy as to whether Germany could or would take a classification
action in this area that would prevent disseminatlion of fthe
technology to her EURATOM partners, although limitatlon of the
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technology to the EURATOM members would obviously constitute a
degree of information control substantially greater than a
completely unclassified development. The problem as regards
The Netherlands, 1s not treated separately, but the EURATOM
aspects would be similar,

36, The Office of General Coursel believes that the subject
matter of the proposed cooperation would probably be considered
by EURATOM as outside the purview of its treaty. In any event,
they suggest that this is a matter which should be determined

in the first instance by the EURATOM member nations involved,

37. Notwithstanding these problems, the safeguarding of
ultracentrifuge technology by agreed procedures for the control
of this information among the several states in which centrifuge
work 1s belng carrled out is important and should be explored.
It would further appear that such exploration should take place

with the German and Dutch governments,

38. Moreover, regardless of whether these governments or
EURATOM could classify theilr present and future gas centrifuge
work, agreement should be sought to control the export of gas
centrifuges and related equipment and to subject such export to
safeguards., Agreement on such controls taken together with the
controls the U,S, is seeking among wuranium supplier nations,
would mitigate to some extent at least the likelihood of an Nth

power exploliting the process,

39, As a related matter, it is recognized that technical
cooperation in centrifuge research and development with the Germans
and Dutch may be desirable, While such cooperation 1s not
essential to achieving the stated objectives of the proposed U,S.

developmental program, it 1s reasonable to assume that it would
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contribute to the rate and probability of their achlievement. 1In
addition, 1t would permit an immediacy of assoclation with
European development, The Europeans also may have a strong.

interest in pursuing such cooperation from their standpoint,

4o, If it proves feasible, therefore, for the Dutch and
Germans to establlsh control over existing and future gas
centrifuge information, the possibllity of cooperating with these
two countries on a classified basis should be examined. However,
it is 1mportant to note that there are a number of serious
policy problems associated with pursuing classified cooperation
with the Germans and Dutch in this area. These include: (1)
whether 1t would be politically feasible for the U,S. to enter
into new classified agreements with two member states of EURATOM
without also agreeing to transmit the Restricted Data lnvolved to
EURATOM and the other member states, including France; (2) the
need to define the role of EURATOM in any agreement that might
ensue; (3) whether any such cooperation would directly or
indirectly assist the French military program; and (4) the
poeslble inconsistency between our willingness to cooperate, on
a classified basis, with the Dutch and Germans on the centrifuge
process (if separate agreements with these countries are
feasible) and our refusal to transmit Restricted Data on the

gaseous diffusion process to France and the U.K,

41, Finally, if agreement cannot be reached with the Germans
and the Dutch to control gas centrifuge information, then there
may be serious guestion as to whether a real purpose would be
served in classifyling our own work., Should we, therefore, as a
result of our inability to secure German and Dutch agreement to

control ecentrifuge information, decide to declassify our own work;
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it would appear possible to work out an arrangement for unclassified
technical exchange wlith the Germans and Dutch under the amblt

of EURATOM if this should prove desirable; and, probably without
modification of our existing agreements for Cooperation either

with EURATOM or the member states.
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U,S, EXPANDED DEVELOPMENT PROGRAM

1. A three year U,S, development program is proposed at a
total estimated cost of $6 million, The program would include
simultaneous undertakings of experimental and theoretical studies
of basic centrifuge problems, the design, manufacture, and
teating of a prototype, and the design, construction, and operation

of an experimental cascade,

2, These areas of development are delineated belicw and
are presented on a following time-scale chart:
a, Supercritical centrifuges

(1) Mechanical development
Bearings, gas seals, drives

(2) Hydrodynamic development
Internal circulation

(3) Process testing of UFg

DELETED \ 13'%.6} (“)

!

(1) Alternate means for internal circulation
(2) Process testing on UFg

¢. Cascade development

' &
DELETED ] Y ’D(,, ,9(&)

{
L o S
(2) Analogue computer study of large cascade
d. Hydrodynamic studies

(1) Combined theory of thermal plus Coriolis
effects

(2) Olass centrifuge experiments

ff(3% Phenomena of turbulence, scoop design, and
effects
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(li Design
(2) Fabricate two units
(3) Mechanical and process testing
f. Advanced mechanical studles of higher speed machines
(1) Bearing characteristics
(2) Material fabrication

3. The development program as outlined should serve to
accomplish the followlng objectives:

DELETED { DDZ/_Q_({“’\

b. Demonstrate an operating experimental cascade.

¢, Establish a sounder basis for theoretical projec=-
tions of the centrifuge process, including cascade
behavior.

d. Determine potential for further improvement of the
centrifuge .process,

e, Improve the accuracy of the economic projections
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GAS CENTRIFUGE DEVELOPMENT PROGRAM

July July July
1960 1961 1962 }
; 1§ 1 B | | l | L ] L L 1
A. ~SUPERCRITICAL CENTRIFUGES l
1. Mechanical Development
Q 2, Process Testing }
3. Re-evaluation 4
ll. Probable Further Devel_gin___ =3
D‘D& 1 Alternate Means for Internal Circulation
2, Process Testing on UFg
6. CASCADE DEVELOBMENT
1. Operate 20-35 Unit Experimental Cascade
a. Design and Build Cascade >
b, Experimental Tests
i 2. Analogue Computer Studies
% a. Find Dynamic Flow Characteristics e —
b. Program Computer Wi essim——
' c. Study Stability as Gaaerae
d. Determine Cascode Parameters -3
tud ta o= |
D. HYDRODYNAMIC STUDIES
1. Computer Studies
a. Program Computer jS——
z b. Solve Equations —
b c. Optimize Parameters >
2. Experimental Studies 2
E? g 3: Unprogrammed Continpation licsinitas rtaducs >
w) g, DELETED e .
=) "E " Design Prototype g
& }(\ 2. Build Prototype and Test Bed R ) (U o
> 3. Test Prototype
; 6 4, Redesign for Optimm Flow P
o 5. Confirm Separation Q
o
P
<
=i
'~



8 CENTRIFUCT DEVELOPMENT PROGRAM

{continued)
. July July July
gt o 1960 1961 1962
i T T T r 1 iy .
F. ADVANCED STUDIES OF HIGHER SPEED MACHINES
1. Bearing Characteristics c S
2. Material Fabrication b
3. Unprogrammed Continuaticn emmm s e
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APPENDIX "C"

CONTRIBUTION OF THE GAS CENTRIFUGE PROCESS TO THE
NER COUNTRY PROBLEM

SUMMARY
1. In an attempt to delineate the potential contribution
of the gas centrifuge process to the Nth sountry problem, speclal
studies have been undertaken by Hanford and Oak Ridge, (graphite
reactors - gas centrifuges), In addition, the General Electric
Corporation has recently completed a broad technological review

on the subject of gas centrifuges for the AEC,

2, These studlies indicate that the reactor approach has
the advantage of a proven operability and readily available tech-
nological data. On the other hand, the gas centrifuge route has
the advantage of smaller manpower requirements and a lesser degree
of specialization required in the manpower for construction and
operation; more readily available materials, equipment and
components; a lower inventory of uranium; an ease of fission
weapons fabrication from the product material; and the potential
for the construction of thermonuclear weapons. Finally, in terms
of costs, electrical requirements, and time, the gas centrifuge
route based on present technology is comparable to the production
reactor route. It is therefore concluded that at present the gas
centrifuge route is the more attractive and perhaps easier route

for an Nth country.

3. Controls and safeguards therefore need to be exercised
over the gas centrifuge process, The forms of control which
should be sought are not substantially different from those
already encountered in connection with the efforts to establish

gimilar controls over other types of nuclear production facilities
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and materials, Strateglc technological information should be
controlled on a classification basis. Gas centrifuge plants

or important components and materials of such plants, if not
classified, should only be exported when committed to peaceful
uses and subject to safeguards, Finally, controls should continue
to be exercised over the supply of feed materials (natural

uranium),

INTRODUCTION

4, Recent advances in the technology of isotope separation
via the gas centrifuge route warrant an evaluation of this process
in terms of 1its potential contribution to The production of atomic
weapons by nations not now having a major weapons program, In
analysis of this problem special studies have been undertaken by
Hanford and Oak Ridge, (Reports KB-789 and K24-662), Summaries
of this work are attached as Annex I. The Hanford study treated
the present production potential of plutonium via the natural
uranium-graphite reactor route, while the Oak Ridge studies
examined the gas centrifuge method based on technology known to
date as well as commenting on the gaseous diffusion process. In
addition, the Division of Research recently completed its
comprehensive review of the gas centrifuge field to determine the
potential of the method based on forseeable technological
advances (Report GEL 0708).

5. Basic to the consideration at hand i1s the realization that
the detision by any country to acquire a military capability will
be a political decision taken at a time when the country believes
it has the means to do so., These means include the utilization of
any type of production facilities and the acquisition of any neces-
sary materials or equipment by any procedures, providing that the
objective is obtainable through the combination of resources of
money, manpower, and materials.
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6. Three production methods might be considered, (a) plu-
tonium via the reactor route, (b) Uranium-235 by the gaseous
diffusion method, and (c¢) Uranium-235 by the gas centrifuge process,
The example of France would seem to indicate that the first
choice might be the plutonium reactor route, Further, the lack
of availability of complete technical information on the
gaseous diffusion method, and the lack of the ready availability
of components together with the magnitude of effort and
investment required, represent serious obstacles to the pursuit
of this course. In present circumstances it would seem that the
initial choice by the Nth country might be narrowed down to the
reactor and centrifuge methods. For the purposes of this study
the comparison 1s so limited.

7. The specific points which would be likely to be examlned
by a nation in reaching a decision between the two routes are
as follows:

a. The potential and proven capabilities of the
method.

b. Skills and numbers of personnel required for the
deslign, construction, and operation of the necessary
plants and processes,

¢, The avallability of the necessary technical
information.

d. The availability of the necessary components
and materials without restrictions on theilr use, if
the country is largely dependent upon the import of
such equipment and materials,

e, The time required to achieve a military nuclear
capablility.

f. Capltal costs and operating costs.
g. Electrical power requirements,.

h. Availability of the feed materials and inventories
of these materials in the process.

1, Willingness to demonstrate overtly the military
intentions of the program,
P T Appendix "¢"
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J. The relative ease of using the final product,

whether Uranium-235 or plutonium, Considerations here

are toward (a) the effectiveness of the materials in

fission or thermonuclear weapons, (b) the quantities

required to achieve the objectives, (c) the skills and

equipment required for fabrication of the weapons,

{d the ready avallability of necessary technology, and

e) the hazards involved in fabrication,
EVALUATION

8, The studlies presented in Annex I compare the production
of 10 kgs of plutonium per year by reactor with the production of
50 kgs of U-235 per year by centrifuge. These two methods are
evaluated in terms of these foregoing factors in the following
sections., In addition, attention will be given to the Division

of Research review of the gas centrifuge problem,

9, The potential and proven capebilities of the two methods
differ widely. Reactor productiocn of military quantities of spe-
clal nuclear material has existed for many years. The technology
assoclated not only with the reactor portion of the complex but
also with the feed material preparation and chemlcal separation
aspects of the system have received wide unclassified dissemination.
On the other hand the gaseous centrifuge process is yet untested.
To date experimentation and development has been limited to the
evaluation of single centrifuges, and no multiple cascade

arrangement has been examined.

10. Evaluation of the two methods in Annex I indicates
that the manpower requirements for the design, construction, and
operation of both kinds of facilities, differ with fewer personnel
required if a Nth country were to pursue the gas centrifuge route
(reactor 3,411 - gas centrifuge 1,653). These numbers might still
be further reduced by having personnel serve dually in the
construction and operation phases. In addition, the skills re-

quired to proceed with these processes differ considerably. If
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the nation desired to pursue its military objective through a
reactor complex, a specialized series of skills in feed material
preparation, reactor technology, and chemical separation techniques
are necessary, For the most part, these skills differ from
normal mechanical, chemical, and civil engineering practices, The
gas centrifuge method, on the other hand, offers a nation the
posslbllity of proceeding on a military nuclear program relying
predominately on mechanical skills with the exception of the

feed material portion of the complex, For example, it appears
that a nation skilled in machine tool manufacture or large scale
appliance production could readily proceed to fabricate and
asecmble a gas centrifuge plant, This point was emphasized in

the General Electric study where 1t was pointed cut that a
possible prospective supplier of gas centrifuges 1s their Hot
Point Appliance Division., Further, the gas cenirifuge method does
not present safety problems of the magnitude assoclated with the
reactor route, where speciallized skills would be required in
handling and treating highly radicactive materials,

1l. There exists a wide difference in availability of the
necessary technical information required to construct and cperate
the two types of facilities. The nuclear technology for civilian
power reactors and chemical separations has been given wide
dissemination not only by the U,S, but by the nuclear powers,
There 1is little difference between this technology and that
involved in producing plutonium for military uses. The informa-
tion on centrifuges, however, is still relatively closely held
in the Western world, i.,e, limited, it is believed, to the U.S.,
Germany, U.K, and the Netherlands. In these cases only a small
number of individuals are intimately associated with the projects.
However, the technological information to date is limited to the
centrifuge per se, and little or no work has been devoted towards
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the plant control and cascading problems associated with the

SEORE L

operation of many centrifuges in unison. Commercial sales of
gas centrifuges, which it is understood are contemplated by the

German group, would make present technology readily available.

12, A study of the important component parts and materials
required in construction and operation of reactors shows them to
have many especlally designed or prepared features, 1.e., nuclear
grade graphite, nuclear instrumentation, and control rod drives,
The reactor route also requires specialized equipment to fabri-
cate and process the fuel materlal before and after reactor
irradiation. The gas centrifuge method, on the other hand, pro-
vides potentially less difficult fabrication taechniques, This
route would permit a nation to concentrate a major portion of the
total effort on the construction of a centrifuge plaat rather than
on a variety of plants from fuel fabricatlon through reactors to

chemical separation,

13. Purchase of a plant or the principal components would,
in the case of some countries, make the problem substantially
easler, At present, by law, U,S, exports of reactors and other
production and utilization facilities require an export license
issued by the Atomic Energy Commission in connection with an
appropriate agreement for cooperation. This control could also
apply to gas centrifuges 1f they are designated as a production
facility or as important components of such a facility. The U.K,
has in being its mechanics for a similar control. Germany does

not.

14, The results of the special safeguards studies indicate
that the time required for nations to independently achieve a
nuclear capability by either route is approximately the same
(reactor 51 months - gas centrifuge 49 months). It would seem
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from this that a nation has little cholce on this basis here in
determination of the route to be followed,

15, Examination of Annex I in the terms of the capital and
operating cost of comparable production facilities indicates a
further similarity (capital costs, reactors 38.7 million - gas
centrifuge 38.8 million; operating costs, reactor 7.6 million -
gas centrifuge 6.7 million). There are two additional factors
that should be noted in this connection, The first of these 1is
that for an additional million dollars the assumed reactor complex
could increase production by a factor of 4 or 5., The Hanford
study shows this to be achievable by addition of more. heat
exchanger facilities to the reactors, thus allowing an inorease 1in
the reactor power output, The second point 1s that gas centrifuge
costs could be sharply reduced 1if the General Electric conclusions
concerning the short range potential of the centrifuge process are
correct, On the basls of these conclusions, the costs of the gas
centrifuge route could be reduced by perhaps as much as a factor
of four, It may then be concluded that these two further
points tend to cancel and no further distinction between the two

approaches can presently be developed on a cost basis,

16, One factor that has been to the disadvantage of the

gaseous diffusion route for the separation of uranium isotopes

for many of the less industrialized countries 1s its large
requirements for electrical power, The General Electric study on
the gaseous centrifuge route, however, indicates that the power
requirements for this method are nominal (a few megawatts) and
comparable to those of the reactor route, This factor would then
permlit ready conslderation of this method of isctope separation by

& power=-poor country,
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17, In considering the availability of feed materials for
either process, it 1s important to examine the inventory of mater#q
necessary to produce either 10 Kgs., of plutonium or 50 Kgs. of I
Uranium-235, The special studies conducted, indicated that for
the reactor route 100 tons a year of natural uranium were
required, while in the gas centrifuge method only 25 tons a year of
natural uranium were required, This may be a very important
difference for a nation without indigenous natural uranium or

possessing only a small quantity.

18, In considering whether a nation would be willing to
demonstrate overtly its intention, little chclce exists betuween
the routes. Clearly a reactor ostensibly four the civil purpose
of producing power could be used to produce plutonium and a gas
centrifuge plant might be constructed ostensibly fer the purpose
of producing very slightly enriched uranium for power purposes or
very small amounts of highly enriched uranium for research and
test reactors. -“If the military production program is carried
out covertly a gaseous centrifuge plant might be more easily hidden
than a reactor complex, simply because of the smaller size, the
lack of asgsoclated radioactivity, and the possibllity of breaking
up the facility into sub units,

19. In analysis of the final weapons fabrication and
assembly of the produced material, consideration must certainly
be given to the radiocactivity hazard asscciated with plutonium
and the limited amount of unclassified technology presently
avallableon plutonium metallurgy. Further, it might be simpler to
fabricate the uranium weapon since a gun barrel approach might be
utilized, in contrast to the implosion techniques required for
plutonium, On the other hand, plutonium has the advantage of
requiring substantially less material for a given fission weapon
size, as presently reflected in the ground rules of the study,

- 37 - Appendix "c"

DOE ARCHIVES




I e 3

equating 10 kilograms of plutonium and 50 kilograms of uranium,
Another factor that needs be considered in this light, 1s that if
it 1s desired to maximize the weapons effect of the special nuclear
material on hand, the thermonuclear weapons route may be chosen.

In this instance, Uranium-235 would be necessary since the utiliza-
tion of plutonium would require an extremely advanced degree of '
weapons technology. In ..an over all sense, though it would seem
reasonable to conclude that, i1f a nation possessed either pluton=-
fum or Uranium-235, a weapon could be constructed, although the
Uranium-235 would seem to be favored in terms of simplicity of
weapons design and construction, together with a maxlmum potential

of weapon ylelds.

CONCLUSIONS

20. In summary, then, of the factors influencing a nation
in a choice of the two methods it can be seen that in terms of cost,
electrical power requirements and time there 1s probably little
to be gained by either method. The reactor route has in its
favor proven operability and readily availlable technological data,
On the other hand, the gas centrifuge plant is attractive because
it needs smaller manpower requirements and a somewhat lesser degree
of specialization in the manpower required for construction and
operation; reguires more readily available materials, equipment,
and components; and requires a lower inventory of uranium, The
reactor route has to 1its disadvantage the fact that the equipment,
component, and materials required are at least in part specialized,
and if a nation 1s dependent upon import of such items safeguards
would normally be attached, .In a similar manner, the gas centrifuge
route suffers from the unproven aspects of this means of isotope
separation, although this disadvantage should be removed within

the next few years if the projected programs proceed.
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21, It might, therefore, be concluded that a nation desiring -+
a military nuclear capabllity might choose the gas centrifuge
method in preference to the reactor route, The method is at
present the more attractive of the two for reasons noted above,
and 1f its potentilal 1s fully realized, probably the easier route

to pursue,

22, It 1is, therefore, urgent that attention be given at this
time to the means of control and safeguards applicable to gas
centrifuge utilization by other countries, It appears that the
problems involved are not substantially different from those
already encountered in connection with efforts to establish
simllar controls over other types of nuclear production facllities
and materials required for their use, An important question 1s
whether any potential Nth country could manufacture all the
equipment and components required to construct and operate a gas
centrifuge complex, It appears that this question cannot with
assurance be answered in the negative, since countries having
highly developed capabllities for the engineering and manufacture
of industrial equipment, could proceed with such a plant in the
near future. The estimates of the Oak Ridge study groupp (KOA-662)
as to the representative nations possessing the potential

capabllity for such a production plant are given in Annex II.

23, Two forms of control may be imposed over gas centrifuges
and thelr related technology. These are securlity control and
gafeguards, In a manner similar to that adopted for the gaseous
diffusion method of isotope separation, the centrifuge technology
and important components of centrifuges utilized in the process may
be classified and subjected to rlgid security controls, This form
of control for gas centrifuges cannot be complete since considerable
detalled iInformation on the process has already been divulged
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through normal commercial channels by the German and Dutch groups,
However, it may potentially be possible with the cooperation of
Germany, The Netherlands, and the United Kingdom to restrict,
through classification, the dissemination of any further tech-

nological advances in the gas centrifuge process,

24, The second form of control that might be exercised over
gas centrifuges and their related technology is safeguards, This
sort of control would only be applicable to the unclassified
exports of gas centrifuges, This system of control should
involve agreements among the countries having the present
capabllities to manufacture 1sotope separation centrifuges and
their components to export such devices only when committed to
peaceful uses and subject to the application of safeguards, Since
such centrifuges come within the definition of a production facility
in the meaning of the Atomic Energy Act and AEC regulations they
would be exported only by the U,S. under an agreement for cooper-
ation, The U,K. and Canada in accordance with their practices
concerning other nuclear production faollitlies could be relied
upon to acquire safeguards for the export of centrifuges in
simlilar circumstances, The Federal Republic of Germany does
not have the mechanics for controlling the exports of reactors
or isotopes separation centrifuges except when these deviges
might be destined for Soviet bloc countries., There are indicatiors,
however, that West Germany would instltute export control mechanlcs
and require safeguards, if the U.S, so reqﬁeated, and there could
be achleved a simlilar agreement by other potential exporters and

production devices,

25. While no specific studies have been made of the safe~
guards techniques which would be required for application to the
centrifuge isotope separation plant and complex, it appears that

s B0 = Appendix "C"

SEEREF—Rp. ROV



S§—E-6-R—5-T

the problems would not be substantially different from those
which would be encountered in a gaseous diffusion complex, The
techniques and effort required 'of this latter type of complex
have been the subject of a study. It appears on the basis of this
work that effective safeguards could be devised,

26, In addition to direct controls applied to gas centrifuge
information and components and devices assoclated with the gas
centrifuge method, controls on natural uranium needed for
operation of the plant would also prove important to an effective
control system. Controls on natural uranium would no:é only assist
in deterring the utilizatlon of centrifuges as well as other
production methods for military purposes, but at present appear
to be essential to the applicaticn of any meaningful international

safeguards,
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ANNEX I TO APPENDIX "C"

SUMMARY RESULTS -~ COMPARISON OF COST, TIME SCHEDULE AND MANPOWER
R T~ RODUCTION OF 10 XU BU VIR NATURAL

10 Kg Pu 50 Kg Oy
Item (and 10 Kg Pu/yr) (and 50 Xg Oy/yr)
Capital Cost ($MM) 38.7 38.8
Operating Cost ($/yr) 7.6 6.7
Time Schedule (Months)
Deaign and Construction Ly 36
Operation (Reactor or Cascade 21 13
thru Weap, Feb,)
Over=-all 51 49
Manpower Requlrements:
Design and Construction
Professional and Sclentific 355 68
Skilled 575 179
Other 1940 969
Total 2850 1216
Operations
Professional and Scienti- 55 57
fic
Skilled 309 225
Other 197 155
Total 561 437
Grand Total Manpower# 3411 1653

¥ TUncorrected for personnel who conceivably could serve
sequentially in construction and/or operations, if only one
year of production

Annex 1 to
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ANNEX II TO APPENDIX "C"

REPRESENTATIVE NATIONS POTENTIALLY
CAPAB [ZING THE GAS CENIRIFUGE ME

United States
Union Soviet Socialist Republics
United Kingdom

Austria
Belgium
France
Japan
Netherlands
Sweden
Switzerland
West Germany

Annex II to
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APPENDIX “D"

UNITED STATES
ATOMIC ENERGY COMMISSION
WASHINGTON 25, D, C.

February 19, 1960

MEMORANDUM FOR: Mr. Philip J, Farley
Department of State

SUBJECT: CONTROL OF AND COOPERATION IN GAS CENTRIFUGE
RESEARCH AND DEVELOPMENT TECHNOLOGY

The attached background paper summarizes the current state
of the art both domestically and abroad in the gas centrifuge
method of U-235 isotope separation, It notes that as a result
of recent developments here and in Germany, the process now shows
significant promise of producing U-235 at a cost bracketing the
AEC published price schedule, The capital costs, power reguire-
ments, and technical skills necessary to bulld and operate a
production scale plant may shortly be within the capabilities of
as many as 20 to 30 foreign countries if development meets ex-
peotations and the technology remains unclassifled, The 1lmpli-
cations of this on the Nth power problem are obvious, The staff
is now preparing recommendations for Commission consideration as
to (1) the future scope of our own gas centrifuge program; (2)
control of the gas centrifuge process including information in
the light of the Nth power problem; and (3) cooperation with the
Germans, Dutch, and possibly others in this area.

Because of the complexity and interdependence of the foreign
and domestic aspects of this problem, we would appreciate the
views of the Department as to the several questions raised in the
attached paper,

Members of my staff are, of course, avallable to discuss
this matter in further detall and provide such additlonal techniecal
background information as may be of assistance to you,

A, A. Wells, Director
Division of International Affairs
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ENCLOSURE TO APPENDIX "D"

CONTROL OF AND COOPERATION IN GAS CENTRIFUGE
T RESEARCH AND DEVELOPMENT” TECHNOLOGY

—_—

The Commission has for a number of years supported a modest
experimental program at the University of Virginia in the separa-
tion of U-235 isotopes by the gas centrifuge process. Most of
this work has been done on a classified basis and has not been
pursued as a matter of priority due principally to the lack of a
foreseeable need for expanded United States U-235 production and
the relatively high efficiency of our present diffusion plant.

Within Germany a gas centrifuge research and development
program has gone forward with groups working at the Universities
of Bonn and Kiel, the Max Planck Institute at Aachen, and at
DEGUSSA and AEG, All of the German work has been docie on an un-
classifled basis and aimed primarily at developing 35.ie process for
commercial exploitation. 1In addition, a Dutcn group has been
working under the FOM (Society for Fundamental S:udies on Matter)
at several different sites on a basis which appesrs to be partially
classified, Although the Dutch interest is undoubtedly partly
commercial, the possibllity of using the process for developing
a natlve U-235 capabllity for national purposes such as naval
propulsion was noted in our recent discussions with the Dutch
Naval Group.

Until recently, the state of the art both domestically and
abroad did not suggest that the economics of the gas centrifuge
process were sufficiently attractive to justify consideration of
building a ocentrifuge plant. As a result of developments in
Germany and in the United States, i1t now appears possible that a
gas centrifuge plant could be designed, buillt, and put into
operation within the next five years in the United States that
would produce U-235 at a cost roughly eguivalent to our published
prices. The basis for thils assumption is a detailed study that
has already been prepared for the Commlssion by the General
Electric Company. It should also be noted that the bullding of
such a plant in Germany ls judged by the General Electrie study
group to be within the capability of the Germana, It does not
appear, moreover, that successful conclusion of such a project
elther in the United States or Germany 1s dependent upon coopera-
tion since the state of technological advancement is roughly equal
in both countries, with the Germans, if anything, enjoying a
slight lead.

At the present time, the information which has been published
on the German centrifuge effort (the Z0-III model developed by
Professor Beyerle of the Aachen Group) if used as the basis of a
separations plant, would result, according to our eatimates, in
the production of U-235 at a cost approximately ten times that of
our published price achedule, A refined model of this centrifuge
(the ZGJVIIE is also unclassified and is currently an article of
commerce, (The Commission has issued a license to Thor-Westcliffe
to import seven of the ZG-VII centrifuges into the United States.
We understand Thor-Westcliffe plans to construct an experimental
cascade for purposes of studying the economic potential of the
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process,) Complete information, however, has not yet been
published on the ZG-VII, According to our estimates, a plant
designed around this unit if bullt could produce U-235 at a cost
of two to four times our published price,

The General Electric study referred to above would require
a $6 million research and development program to advance present
technology to the point where a plant could be bullt to produce
U-235 at a competitive price,

We have reviewed these developments in light of the
potential of the gas centrifuge process for ccntributing to the
Nth power problem, Our preliminary conclusion 1s that this
potential is significant and that the process now may, in some
circumstances, be equal to or slightly more attractive than the
plutonium reactor route, Some of the more significant factors
underlying this conclusion as useful to an appreciation of the
problem, The hypothetical plant described in the General Electric
study would cost from 17 to 24 million dollars, would be capable
of producing 500 kgs of U-235 at 95% enrichment annually, and
would have a total annual power reguirement of approximately one
megawatt of electricity, Except for the preparation of feed
materials, the skills needed to design and construct such a plant
are primarily in the area of mechanical engineering and are
avallable to perhaps some 20-30 countries.

The principal liability of the centrifuge route as against
the plutonium reactor route today lles in the fact that centrifuge
technology 1s yet to be proven and the designs of the more advanced
centrifuge units have not as yet been published, nor have these
units been tested, Because of our concern with the attractiveness
of the process to a potential Nth power we are studying what steps
might be taken to control centrifuge technology both in this
country and abroad. It should be noted that independent of this
study, the staff has under consideration a recommended research
and development program designed to advance gas centrifuge tech-
nology within the United States to a polnt where 1t could produce
U-235 at a cost competitive with our published price schedule,

The principal justlfication for adopting such a program would be
to maintain U.S. leadership in isotope separation technology
rather than to fulfill any currently forecast requlirement for
expanded U.S. production capacity.

In view of the potential of this process for contributing
to the Nth power problem, our current intention would be to carry
out such a program on a classifled basis in order most effectively
to safeguard the technology.

Clearly, however, any classiflcation action the Commission
might take could be vitiated if the German activities were to
proceed on an unclassified basis, It appears to us, therefors,
that 1t 1s important to determine whether the German Government
could and would classify 1its work in gas centrifuge teohnology.

We are mindful of several problems in this regard which
could make such an actlon difficult, The German development to
date has been undertaken almost exoclusively by private parties
interested in ultimate commercial exploitatlion, To the best of
our knowledge, the German Atomic Ministry has no classified
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programs due in part at least to Germany's commitments under the
Brussels Treaties, Any modification of this position could per-
haps have serious political repercussions in Germany. It is
unclear both from the standpoint of Treaty provisions and policy
as to whether Germany could or would take a classification action
in this area that would prevent dissemination of the technology
to her EURATCM partners, although limitation of the technology to
the EURATOM members would obviously constitute a degree of in-
formation control substantially greater than a completely un-
classified development, The problem as regards the Netherlands
is not treated separately here but we would assume that the
EURATOM aspacts would be similar,

Notwithstanding these problems, we believe that the safe-
guarding of ultra-centrifuge technology by agreed procedures for
the control of this information among the several states in which
centrifuge work is being carried out is important and should be
explored, It would further appear to us that such exoloration
shogld in the first instance be with the German and Dutch Govern=-
ments.

We belleve, moreover, that regardless of vwaether these
governments or EURATOM could control thelr present and future
gas centrifuge information by classification or cotherwlse agree-
ment should be sought to control the export of gas centrifuges
and related equipment and to subject such export to safeguards,
It 418 our impression that agreement on such ccntrols could probably
be successfully negotliated, and taken topether wlth the agreed
controls we are seeking among uranium supplier nations would
mitigate to some extent at least the likelihood of an Nth power
exploiting the process,

As a related matter, the Commission staff recognized the
technical desirability of cooperating in centrifuge research
and development with the Germans and the Dutech, While such
cooperation 1s not essential to achieving the stated objectives
of the proposed U.S. developmental program, it 1s reasonable to
assume that i1t would contribute to the rate and probability of
their achievement, In addition it would permit an immedlacy of
assoclation with the European development which in itself could
enhance control, If 1t proves feasible, therefore, for the Dutch
and Germans to establish control over existing and future gas
centrifuge information, the possibility of cooperating with those
two countries on & classified basis should be examined, We
recognlize that classified cooperation with the CGermans and the
Dutch raises certain problems with respect to EURATOM, including
the concurrence of the Community in the negotiation of new bi-
lateral instruments and the feasibility of the German and Dutch
governments' segregating their work from their EURATOM partners.
In this regard the possibllity of considering a classified agree-
ment with EURATOM to permit exchange of gas centrifuge information
deserves examination as a means for cooperating with the Germans
and the Dutch even though we recognize the policy problems that
such an Agreement would present to both the Europeans and ourselves,

Finally, Af agreement cannot be reached with the Germans and
the Dutch to control gas centrifuge information, then there may be
serious question as to whether a real purpose would be served in
classifying any of our own work, Should we, therefore, as a
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result of cur inability to secure German and Dutch agreement to
control centrifuge information, decide to declassify our own work,
it would appear possible to work out an arrangement for unclassi-
fled technical exchange with the Germans and Dutch under the
amblt of EURATOM if this should prove desirable, and, probably
without modification of our existing Agreements for Cooperation
either with EURATOM or the member states.

The staff 1s now preparing recommendations for Commission
consideration as to (1) the future scope of our own gas centri-
fuge program; (2) control of the gas centrifuge process inoluding
information in light of the Nth power problem; and (3) cooperation
with the Germans, Dutch, and possibly others in this area., Because
of the complexity and interdependence of the foreign and domestic
aspeots of this problem, we would appreclate the views of the
Department as to:

a, Whether an approach to the German or Dutch Governments
to seek thelr agreement on classifying or otherwise control-
ling present and future work is feasible and desirable from
an over-all U,S, foreign policy standpoint; and

b. Whether the German Government to your knowledge, could
or would, in view of its Treaty and forelgn pollcy commit-
ments, be likely to agree to such an action,

On the basis of your consideration of these questions we
vwould appreciate your views regarding the general desirability of
cooperation in this field including your specific comments as to:

a, Whether, if the German and Dutch Governments could
agree to the control of gas centrifuge information it would
be desirable from a U.S. foreign policy standpoint to
cooperate with them billaterally on a classifled basis in a
research and development program; and, if not, whether it
would be possible or desirable to seek to do so with EURATOM
under a classified agreement,

b, Whether, if it is not possible for the Dutch and
Germans to agree to control gas centrifuge information it
would be deslirable from a forelgn policy standpoint to
cooperate with the Dutch and Germans either bilaterally or
through and with EURATOM,
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APPENDIX "E"

GENERAL ADVISORY COMMITTEE COMMENTS AND RECOMMENDATIONS

1, The General Advisory Committee at its February 1-3, 1960
meeting was briefed on the gas centrifuge method, Thelr comments
and recommendations as contained in thelr report, dated February 29,
1960, to Chairman McCone are presented below:

"Dr, McDaniel of the Division of Research and Dr, Jesse
Beams of the Committee described reocent developments in the
gas centrifuge separation studies, both at the University
of Virginia and abroad, particularly in Germany and Holland.
Although the Committes has followed this program rather
closely during the past few years, through Dr, Beams, it 1s
now felt that 1t has reached the point where 1t demands
serioua and careful consideration. Recent experiments and
achlevements are not only exciting but promising for the gas
centrifuge separation process.

"It 1s recommended that we co-operate with the United
Kingdom, the Netherlands, and West German programs so that
we may be fully informed of the progress that is being made
in this endeavor, At the same time, we should establish in
the United States a substantial program that would lead to
the development of a pllot plant. The program should be
carried out in co-operation with industry, particularly in
those phases that demand engineering skills neceassary for
the development of the pilot plant., Furthermore, it was
suggested that a detalled study of the program and its
potentialities might be made by the K-25 group at Oak Ridge."
2. The General Advisory Committee was further briefed by
G. E. Garrett and his assoclates at Oak Ridge at the March 17-19,
1960 meeting. Dr, Garrett presented the Qak Ridge paper studies
of the potential possibllities of the centrifuge method for the
separation of uranium and other isotopes. Also, he compared the

Oak Ridge estimates with those made by the General Electric Company.

3. The General Advisory Committee comments and recommendations
on the centrifuge process as expressed at the March 17-19, 1960

meeting are glven below:
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"It 1s believed that the centrifuge method has certain
characteristios that may make it attractive especlally
where small separation plants are required or where power
is scarce as is the case in many foreign countries.

"In order to assess these potentialities, we wish to
reaffirm our recommendation at the last meeting to the effect
that a research and development program be carried on with
the view of exploring further the possibilities of the
method, Also, we wish to recommend that the following
specific programs be undertaken,

1 DELETED ' DD‘Z;(“) |

b. "This suberitical machine should be operated as a
single unit with uranium-hexafluoride until an efficiency
of at least 60 per cent of theoretical is sbtained.

¢. "A small cascade should then be constructed of a
sufficient number of these centrifuges to determine the
characteristics of thelr operation in a cascade.

d, "The supercritical centrifuge has greater potential
poesibilitlies than the subecritical type, but the art is
not as far advanced, In view of thils, we recommend that
laboratory research be continued on the supercritical
centrifuge,"
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UNITED STATES
ATOMIC ENERGY COMMISSION
WASHINGTON 25, D. C.

February 12, 1960
Dear Senator Anderson:

The first phase of a technical and economic evaluation of
the gas centrifuge method of l1sotope separation being performed
under contract to the Atomic Energy Commission by the General
Electric Company has now been completed, The attached study
(GEL 0708) reveals that, following a three year development program
including the operation of an experimental cascade, the U, S, could
bulld a gas centrifuge plant which would produce U-235 at a price
which might be competitive with the published AEC price schedule,
This study was based on the short bowl (suberitical) units and 1is
being continued to factor in the long bowl developments belng
carried out at the University of Virginia.

The plant described in the General Electric study would cost
about 17 million dollars, would be capable of an annual production
of about 75,000 Kgs of U-235 at 2% enrichment or about 500 Kgs of
U-235 at 95% enrichment, It appears that only about one megawatt
of electricity would be required to operate such a plant., Except
for the preparation of feed materials, the skills needed to design
and construct such a plant are primarily in the area of mechanical
engineering and are available to many smaller countries which here-
tofore have not been considered as belng capable of producing
weapons materials. Much of the basioc information underlying this
process has been developed outside the United States and can be
considered to be generally avallable to all countries.

The Commission is currently considering this problem and
has begun discussions with the Department of State and Department
of Defense on those aspects of the problem of concern to those
agencies. We shall, of course, keep you fully informed on this
matter.

Sincerely yours,
/s/ John A, McCone
Chairman

Honorable Clinton P, Anderson

Chairman, Joint Committee on
Atomic Energy

Congress of the United States
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UNITED STATES
ATOMIC ENERGY COMMISSION
WASHINGTON 25, D. C.

December 7, 1959

TO : A, A, Wells, Director
Dlvision of International Affailrs
FROM : C. L, Marshall, Director

Division of Classlfication
SUBJECT: COOPERATION IN THE FIELD OF GAS CENTRIFUGE
SYMBOL : C:CLM

Ls you know, a toplc of the new AEC Policy Guide provides
that exper:mental work on the detalled mechanical design for the
centrifuge method of isotope separation may be considered de-
classifiable to date., There is, however, a restrictive paragraph
attached to the toplc which requires that we classify that work
when i% bacomes apparent that 1t could reasonably be used for the
productica ~f large guantitles of U-235.

One of the factors that influenced the determination to
classify this program in thils way was the fact that at least two
other countries (West Oerwany and The Netherlands) are vigorously
pursuing studies in this field and that they have, moreover,
advanced their technology to the point where 1t is equal to or
better than ocure,.

In considering the proper classifications to be assigned to
this progrem, not only now but in the foreseeable future, a number
of facts inevitubly made themselves felt., Important among them is
the fact that %he Germans have now already so far progressed in
thelr development of the gus centrifuge method that they could,
without any further advancement in thnelr technology, bulld a
working plant for the mass production of U-235, The attached
table, which represents steps in the development of their program,
indicates very clearly that in a period of approximately 14 years
they have been able to increase the separative potential of their
machines by better than an order of magnitude, while at the same
time reducing their costs also by more than an order of magnitude.

Another of the important aspects of this method of separating
isotopes is 1ts very low power consumption, as compared with the
gaseous diffusion method, One might say that for an approximately
equal total outlay in dollars (that 1s, power plus plant), one
could bulld egqually productive plants, However, to a natlon short
on power, the low power-consumption for the gas centrifuge method
could make possible a productive plant at a time when a gaseous
diffusion plant would still remain a desirable but impossible goal.
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We all, I know, realize that a large-scale plant for the
geparation of heavy 1sotopes is an important part of a weapons
program, Therefore, a method of separating isotopes, which would
make such a program possible for an unfriendly nation, is clearly
one which should be classifiled,

The presence of China among the nations inimical to the
United States glves that view both point and substance., This re-
awakening nation of several hundreds of millions of people is
already significantly inoreasing its Industrial potential, with
the help of the Soviet Union. It should be expected that as soon
as possible China will attempt to embark upon a weapons program
that, significantly, may be without Soviet help. When one consld-
ars that the Chinese bullt an advanced civilization many years
before our so-called Western civilization existed, the probability
of thelr succeeding in such a venture must not be under-estimated.
China is, however, still power-poor and probably will be forg some
time to come. The gaseous diffusion process for separating heavy
isotopes is not, therefore, within thelr grasp for many years to
come, The gas centrifuge method, however, with its low power con-
sumption, 18 not nearly that far in the future, if one remembers,
as I pointed out earlier, that present technology would already
permit the construction of a working plant, It is not impossible,
therefore, that in a relatively short time China could, unless
steps are taken to prevent it, purchase on the open market a pro-
ducing isotope-separation plant for heavy isotopes,

In imposing classification on information and material in
the field of the centrifuge separation process, it 1s not suffi-
cient to think only in terms of U, S. work since, as I have said
before, both Germany and the Netherlands are known to equal or
excel our own state of the art in this field, In order to insure
that such nations as China would not be allowed to accelerate
their weapons programs by the use of this isotope separation
method, it would be necessary also to prevent them from obtaining
the information or the materilial from other knowledgeable nations,

I therefore recommend that immediate consideration be given
to amending the olassified bl-laterals with West Germany and the
Netherlands to include full cooperation in this fleld with both
nations on a classified basis., Because, I am sure, full coopera-
tion with both these countries will depend, at least in part, on
economic considerations which might involve the purchase of the
frults of German and Dutch labor, and because of other powerful
considerations involving our relations with the British, of which
I am sure you are well aware, I would also strongly recommend that
the bi-lateral existing with the United Kingdom (and possibly that
with Canada in the future) also be amended to permit the same full
cooperation, This would not only help to maintain our friendly
relations with the U, K, and increase substantially the potential
market for Dutch and German produocts, but, by helping to obtain
the cooperation of the West Germans and the Dutch, would enhance
the security of the nation by denying to unfriendly nations, such
as China, information and materials which would enable or assist
them to establish a nuclear weapon program,
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EFICIOSURE TO APPENDIX "G"

Peripheral Separctive Specific Specific

Year  Length  Radius L/R Speed Potential Power Cost Investment
Circa cm cm m/sec Kg U/yr K.Hh?@ U m?ﬁg U/yr
Uz 1 1946 Lo €.0 3.33 302 0.582 12,050 17,200
Uz 3B 63.5 6.7 k.7h 302 0.935 8,380 11,950
ZG 3 66.5 9.25 3.60 302 0.97 6,300 10,300
! 2G5 113.0 9.25 7.03 302 1.64 3,710 6,100
w
= 26 6 240.0 20.0 6.0 302 3.5 1,750 2,860
' : 3ko 5.32 1,150 1,880
06 7 1960  316.0 22.5 7.03 302 L.TT 1,285 2,100
340 7.25 8u5 1,360
Gaseous
o Diffusion 9,000 2,350
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