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The aC90mpanying report presents the results of a-study on the p,roduction
Qf' ,enriched uranium f'or m.~clear weapons ,by nations X, Y, aI)d.Z by means
of' the gas .centrifuge process. It containS the inf'9rmation requested in
your letters. of' Febrttary 15 and 19, 1960.

W~ wish. to stress that we claim .no special qualif'ications for translating
.U. S., .requirements into the reCluirements of foreign. nations. The limita­
t1.on of' time precluded ,a thorough.',investigation:of'·the problem..Neverthe­
less, the correlation which was develo:ped in .the report appears reasonable:.

We shall be glad to provide any additional inf'ormation which you may"' re-.
Cluire.
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PRODUCTION .OF ENRICIlED URANIUM FOR 'NUC~ ·WEAPONS

BY NATIONS X, Y, AND Z BY 'MEANS OF

TEE GAS CENTRIFUGE PROCESS(Lt}

:"'"':. ..

I ~ INTRODUCTION

The nations· of the Western.Alliance have been engaged in a .$eries Of spora4ic
negotiatioI!B with tl:].e-8oViet blqc Qn the subject of nuclear disarmament
spanning the last several years. In order to provide valuable background
material' for future di8armament conferences it was deemed desirable to conduct
a. study for the purpose. of' as.sessing the f'easibility of prod.ueing a small /
number of nuclear weapons, either overtly Qr covertly, in a country currently
not known. to hav:e a nuc:lear weapons program.

. Two apPr'oat:hes to the problem of' :producing .nuclear weapons on a small scale
have already been .studied: a) the natural uranium. .reactor f'or the :production
of :plutonium.and b) t:q.e high_speed gas centrifuge process for the production
of iSQtoPically enrich,ed uranium..* It was.concluded, as a result of' this study,
that the gas .centrifuge plant was the shorter and :probably the more economical
:path to a nuclear weapOn. It also became apparent that,' in general., it would
not.be too .difficult to build a relatively small clandestine gas centrifuge
plant .capable of' producingsuff'i.cient .enriched uranium fqr a Sll!all number of
nucle~ wea:pons.

The gas.cen.trifuge process len,ds itself to clandesti.:q.e o:peration for the
following reasons. Most important is. the f'act that the powe;r requirement for:'
the centrifuge plant under consideration is relatively. small: only about 3
megawatts ..are required for its operation; Secondly, one can .obtain a rela­
tive:iy large separation ina single centrifuge: thUS, the number of centri­
fuges.~quired.for the plant, particularly if they are of an advanced design"
isI-esa than the number of' gaseous dif'fusion stages .which would be required
for this small production goal. Since .centrifuges ,are mounted .vertically 'and
are less thano:q.e foot in diameter, "they take Iittle floor SPace and a small
centrifuge plant can be .contained ina :building of' modest dimenE1ions. Due to
both of these properties ·of centrifuge plants, such a plant would be d,ifficult
to detect, especially in an i:q.dustrial country.

* The results of' this centrifuge f?tudy are presented in Report KB-789, "Small
Centrifuge Plant for Producing U-235 Weapons, " L. B. :E;mlet, Union Carbide
Wuciearcompany, OakRidge, Tennessee, December 14, 1959.
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In. this. .repQrt an a.ttempt is made to correlate the pro'Qability of some country

(an nth pow~r) successfullyprqducing a nuclear weapon by.means.of a .cla~destine
program involn.ng the construction and operation .qf a hidden gas centrifuge
:plant with the indmr1;.rial ca1)ability of that country. For this purpose the
countries .of interes.t have beendiv:tded ihto t~ee groupsd~E!igna.tedby,X, Y,
and Z..Grqup X c9untries are. those which possess a relatively high degree. of
.~ee4nological .competenge a~d which.4ave.a high level of i~ustrial activity~c .

;. 'test Germany .a!'..d .sweden a,r.~~~ ~untries~ which woUld come uncle:r.:.~J?!~L.E.l~~~i.-"
.~. "~ieation.rGroupZ countries are those which possess relatively .little techno~

logicalskil1:a.n:d which h,aye relatively. litile industrial activity. '. Egypt and
CubS ~re two o:f the- countries. in this. category~J-Groull y'countries are those

.which li:;;;be.tw:.~n.and which..pave limited inter:qB.1 industrial act.ivity• -Brazil
B.lld .IE!rael a:r-e both cnnsidered as groull Y cOUl1tri~s. ;

The produi::tion :factlitywhich will be cons.idered is one callable of prodacing
50 kilpgra.Jl1S.per yea,r of highly.enriched U-235 which.shou1d be a sufficient
amount of fissionable material for the fa'Qrication of at least one nuclear
-weapon per yea;r. T4e production facility 711ay ·b~ considered as consisting .of
t~ separai;.e processes. These a,re:

L The. feed plant;in .which_ :t:g.e qre co~centrate.is .converted .to
·Ilrocess gas.•

2. The isotope /;lep~rationplant i tfieJ,f in which th~ concentration
Qt' U....235 is.raisedfi'om..that of the feed (O.71.weight percent)
to that required .:for- a nqcl~T'weapon (> 90 percent).

3" The ,metal reduction plant in which the enriched UFo from the ­
isoto1)e separation plant is co~erted to.uranium.meta1 and then
.machined .1.0 make finished metal Ilarts. .for the nl+clear vreallon.

Two differe~t isqtqpe ~epa,rationplants &I'S' considered. Both are gas c'entrifuge
plants. One plant is .assumed to utili.ze centrifuges. which e.x;periment 1;J.as. shown
should .be dperab1ewitl;lout the net!essity. of' further- d.evelopment work ../ These
centrifuges are 3. meters in length and r~tate with a peripheral velocity. of
300 meters per /;lecond•. T.Q.e other plant is assume,d to uti1i~e centrifuges ·of
a~ advanced .mec4a,nical design .which .are 1.1 meters in length. and which rotate
with a peripheral velocity 9f 450 meters per second. It is postulated that
centrifuges ·of this. ·type can be developed within three years. The sizes of the
feled plant an.d of the metal reduction plant are not a,ffe.cted.by the tyPe of
centrifuge in.use and are the same for both .cases.

Estimates are made of the total length .of time necessary to const~ct an,d place
in operation each of the two types of centrifuge plai:tts in those countrieS
categorized .byX, Y, and Z. Estimates Qf the va,riations in manpower require­
ments..andover-all .cOflts of bui1din;g a comIllete Illant in the various. countries.
are also presented. The specia1.problems.which are peculiar to.each class of
countries a,re ·discussed separl:!-tely. .
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II. SUMMARY

•

It is felt t~at it is feasibie that the countries described in th~s report
which do not now :qave a nuclear weapons program could produce enriched uranium
by means of a small gas centrifuge plant. A class X country would need no
outside assistance. .A class Y country would probably have to impqrt some Of
the hardware necessary to fabricate the centrifuges and also some of the
aUxiliary. equipment. A class. Z country would probably have to purchase pre­
fabricated centrifuges and almost all of the allXiliary equipment from foreign
vendors. In addition a class.Z country would need technical advisors.from the
outside to. aid in the construction and·operation.of the centrifuge plant~

A summary. of the over-all time, investment, and work f9rce required.for con­
struction of the nuclear weapon facility and the cost and .manpower required
for its operation is presented in Table I for the X, Y, and.Z nations. A de­
tailed cost, time, and manpower breakdown of the. nuclear weapon fl:\.cility into
its three separate processes - isotope separation plant, feed plant, and.metals
:pla~t - is presented in Tables II through IV based on U. S. experience. Esti­
mates are given both for centrifuge plants containing 300 meter-~er-second and
450 meter-per-second maChines. ·A correlation which is. used to obtain factorS
for converting U•. S. requirements 'into reqUirements of other nations is pre­
sented in Figure 5.

rt can be seen tPat the time reqqired to produce the first atomic weapon in
an X" Y, or Z, nation is about 5, 6.5, and 8 years respectively. These times
may be compared with 4 yel:\.rs in the case of the United States. The construc­
tion of the 450 meter-per-second centrifuge plant, howe'V'er, can not be under­
taken pri9r to 1963 since it bas been assumed.that this advanced design will
not be developed before that da,te. .

The total capital investment which amounts.to abo~t $62,000,000 and the operat­
ing cost of about $7,000,000 per year for a 300 meter-per-second centrifUge
plant in the case of a class Z country would be a burden, on the economy of the
country. .A class. Z country would have to be highly matiV'ated to undertake sue:p
a project. However the lower construction.cost of about $12)000,000 and
operati~ cost of $2,500,000 per year in the case-of a 450 meter-per-second
centrifuge plant for the class Z country woUld make t:q.e project more feasible,

,

In converting the U. S. requirements for manpower into requirements for class
X, Y) andZ nations the manpower 'conversion factor was. applied to both techn1-.
cal and total .manpower • Hqwever t:pe proportio~ of technica.l Ii:la.npower to total
manpower actually·may very well be.different) especially.for I:\. class Z nation.

Tb,e physical concealment of the ce:ntrifuge plant should present no problems
because of the relatively small size of the plant. Tb,e ground.a,rea of the
300 meter-per-second centrifuge plant is about one-:Qalf acre and t4e ground
area of the 450 meter-per-second plant is about one-fourth acre. While tl:J.e
centrifuge plant might be about three storiet! high for conventional construc­
tion, this would·not be especially noticeable in indu~trial areas·of X and Y
nations. The building height could be lowered by using a less convenient

----------... """.,~_.~,
" -.
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layout of the plant. e9.uipment. This may 'be desirable in the caSe of class Z
countries in which a lar~e three-story 'building could'not be easily.camou­
flaged. The feed. and. metal prqcessing are relatively small opera.tions which
could be performed. within the centrifuge separation plant.

The power requirement for the plants is very small, about 3 megawatts for the
30e meter-per:'second. centrifuge plant and I megawatt for the 450 me'ter-per­
second. centrifuge plant. The power could. be eaf;lily suppliedeither through
conyentional.power lip;es or if desired bydieselengine-gener&tol' sets which
would be self-containedb

The ef.fluents from the plant could .be l.:!andled easily. The waste stream. from
the. plant over a period9f o~e .year, Which is essentia,lly the same amo~t as
the fee.d,J c~u.ld .be si;or~d. .in tb,ree. ie-ton UF6 cylinders~ .These .cylinders .&re

10 feet long and 4 feet in diameter a.r¥i are of' stand,ard steel const~ction•
. Thus they could be stored c.oJ:!.venientlyanywhere within the p~t. The off­
gases from the feed aRd ·metal plants .are ne~tralizel;l with ..caustic. and .easily
disposed of.

-
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QAS.. CENlmFUGE PIM'T S~Y fOR ·C.r,.ASS X, .Y"AND 'ZNATJ;ONS

~
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III. PLANT DESCRIPTIONS·

Estimates ·of t~e capital investment, operating cost, time schedule, and man­
power requirements for each of the processes of the production facility are
presented in Tables II through V.

~~ .,.

"

•

,A. Gas Cent+ifuge Plant

In our previous study, KB-789, in making the estimates for the gas centri­
fuge plant it was assumed,t4at a prototype of the centrifuge was available,
similar to the one described as "Presently Proposed German" in Report
K-1368.*This centrifuge is 300 em. in length, 20 em,. in diameter, and
has a perip4eral velocity of 300 meters per second. ,The separative capacity
of t4e centrifuge at an assumed 60, percent efficiency is 3.6 kilogra~ U
per year. This machine has been developed under the d,irection of pro Groth
of t4.e University, of Bonn. This machine is illustrated .in Figure 1.

Recently 'a new centrifUge design, developed.by Dr. Zippe, an Austrian, at
the University of Virginia has received considerable attention. The work
was done under an ~C contract and is based on ,previous work which Dr. Zippe
performed .while associated with the Russian centrifuge project. This new
high-speed subcritical centrifuge is relatively very simple in design and
'has, to a great extent, removed the problemsassociated.with the 'bearings
and process gas handling. At present this machine has ,attained only an
efficiency of approximately.20 to '30 percent~ For the purpose of this
report it is assumed.that development work would take place over a three­
year period which would result in ~n improved Zippe type centrifuge
operating at a higher efficiency'and also at'a higher speed due to newly
developed materials of construction." The centrifuge would be 110 em. in
length, 20 em. in diameter, and have a peripheral velocity of 450 meters
per second. Tb,e separative capacity of the centrifuge at an assumed 60
percent efficiency is 7.2 kilograms'U per year. 'This.machine is illustrated
in Figure 2.

Therefore in this report two centrifuge plants ,have been considered: one
plant containing 300 meter-per-second centrifuge~ which could be started
in a relatively short time and the other plant cbntaining 450 meter-per­
second' centrifuges which could be started three years hence. The centri­
fuge 'plant description ,given below is es~ential1Y the ~ame as that previ­
oualy presented for the '300 meter-per-second cen~rifuge plant in KB-789.
I~ t~e case of the 450 meter-per-second centrifuge plant based on the
Zippe tYIie centrifuge, some of the process, control and Bu:lc1!l;il:a:ry.;:'j;,tems .,may
not be,neces~ary.depend.ing.onfuture development~.

* D. A,. Hayford and S. A. Levin, "CompetitiveEconomicStatus of the Gas
Centrifuge," Union Carbide Nuclear Company, Oak Ridge, Tennessee, December
19, 1957 (K-1368) •
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ROTATING SYSTEM

01 Upper hollow shaft
02 Rotor
03 Lower hollow shaft
04 Drawing off nozzle
05 Motor shaft
06 Armature
07, Tachometer assembly and anchoring clamp
UPPER GAS SEAL
A Gas chamber
B Trap chamber
10 Housing of the upper gas seal
12 Gas inlet
16 Evacuation conduit
18 Oil drain
MOTOR
M Motor chamber
20 Motor base plate
21 Upper bearing
22 stator assembly
23 Cooling jacket of the stator '
24 Pressure chamber of the oil piston pivot bearing
25 Packing of the 0 iI piston pivot bearing
26 Lower cellar bearing
27 Oil collecting main
28 Upper damping bearing
29 Detector choke of the oscillation measuring device
SAFETY CASING
D Casing chamber
30 Oi I catcher
31 Safety casing
32 Cooling coil
33 ScreWing ring
34 Seal ring
35 Protective lining
36 Guard ring
37 Gliding plane for anchoring clamp 38
38 Anchoring clamp for the connection of the lower

gas seal with the safety casing
39 Oil collecting main
LOWER GAS SEAL
E Blocking chamber
F Gas chamber
40 Lower lid of the safety casing
41 Connection for the gas trap
43 Evacuation conduit
45 Oil drain
47 Oil drain
FOUNDATION
51 Apparatus support
52 Counter-nut of the lower gas seal
53 Concrete foundati on r=---

L-----1---..::>4--

Figure 1
The Present 'German 300 Meter-Per-Second Gas Centrifuge
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B. Upper bearing

C. Magnet mounting

D. Steel tube

E. Feed tube

F. Gas withdrawal scoop

G. Gas withdrawal scoop

H. Baffle

K. Molecular pump

L. Molecular pump

M. Electric motor

N. Armature

K

E

G

F

H

o

K

O. Centrifuge rotor

Figure 2
The 450 Meter-Per-Second Gas Centrifuge

(to be developed within three years)___ -..
. .
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The separation in the centrifuge depends on the countercurrent flow of gas
relatively near the core to gas relatively near the periphery.,. The centri­
fuges are connected in series to attain the desired.enrichment and in
Parallel to get the desired throughput. The 300'me~er-per-second centrifuge
plant would require 2400 centrifuges and the 450 meter-per-second centrifuge
plant would require 1200 centrifuges. Ideal plant tapers for these plants
are sho'WD. in Figures 3 and 4.

The centrifuge itself consists of the following components:

(1) a drive motor

(2) a bowl and end .caps

(,3) bearings and shafts

(4) process gas seals

(5) vacuum jacket, blast shield, fittings, and frame.

In addition to the centrifuge itself a certain amount 'of auxiliary 'equip­
ment} instruments, pipiJ;lg, and other items must be installed, . These items
maybe divided into the following groups:

1. Electrical Equipment

Even though the operating, power requirement of.the'~process is small,
about 3 megawatts for the 300 meter-per-second centrifuge plan.t and
1 mega~tt for the 450 meter-per-secOnd plant, the following ,equipment

.is necessary: .

a.

b.

c.
':'

d.

e.

f.

Step-do'WD. eca.uipment, main sritchgea:r, swltchyard and switeh house.

High frequency motor-generator sets for normal operation with the
reca.uired ,frequency control equipment.

Variable frequency motor-generator sets·for acceleration of the
centrifuges, instrumentation f'or controlling the frequency, and.
startup control .equipment. . '

-. .
Direct current motor-generator sets for braking of the centrifuges.

Distribution system to individual centrii'uges inclUding automatic
controls ,for starting, operating, and stopping .of each unit.

Distribution.sy~tem.for process auxiliaries.

2. Process Controls

The controls needed for the operation of the centrifuge plant are those
reqUired to maintain' steady proce.ss gas flows. and pressures and those

r" required to insure reliable mechanical operation of the centrifuges as
follows: '
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a. Process gas fJ:ow'and pressure controllers.

b. Bearing oil press-we and temperature monitors wi"th cell shutdown

controls!

c. Vibration level monitor with cell shutdown controls.

d,' Process f!,as mass spectrometer leak detectors.,

3. Uranium Hexafluoride Handling and Process Auxiliaries

a. ,Seal gas system

b. Casing gas system

c. Lub,e oil system

d. Cooling water and coolant system

e. Vacuum system

f. Process gas feed, waste and product system

g. '. Refrigeration system

h. Instrmnent air and building auxiliary systems

i. Process gas purge system

4. l'rocess Gas Piping'

The process gas pipipg for ,the centrifuge plant consists of the process
gas headers and control val"(es} the prQcess gas header compressor, the
interheader trall$f~rliQ.es, the centrifuge unit-process gas lines an;d
control valves, the by-pass hea,ders aq.d.valves, and the heated h~der
jackets.

5.. Process Building

The centrifuge process building would.be of a type similar to the
gaseous. diffu.sion plants. The building would b,ave a .floor for 'auxili­
aries, a ,floor for an operational area, a ,floor as a pipe gallery,
a main centrifuge floor and an overhead gallery for reaching the cen­
trifuges. The 300 meter-per-seco:qd centrifuge plant would be in a
f01ll"....story building with about 24, 000 f!qua,re feet of ground area. The
450 meter:-per-second centrifuge plant wouJ,d.be in a t~ree ...storybui1d­
ing with about 12,9.00 square feet qf ground ar~a.

6. Outside Auxiliary Systems

The outside aUXiliary systems include such items as. the recirculating
water system and cooling tower, steam plant, mainte:qance shops, lab?ra­
tory, etc.
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Centrifuge Operating· Cost. The principle items that make up the operating
cost for a centrifuge plant ar~ as follows:

(1) centrifuge·and.auxiliary systems direct operating labor

(2) maintenance labor and.materials

(3) plant utilities cost

(4) plant overhead :~"'

B. Feed Plant

A roughcptimiz~ti6n of the combination qf plant and feed.requiredfor
th~ 300 meter-per-second centrifuge p~ant resulted.in.a feed.rate of 25
tons U per year. Since a relatively small facility.is reQ.uired to prqcess
this feed and since the cost of the ore concentrate is unknown, the same
feed.rate was used for the 450 meter-per-second centrifuge plant.

Briefly, the process can be des.cribed as f'ollows:

The ore concentrate, assaying approximately·60·percent uranium, is
treated With HN0

3
and .the uranium is dissolved. The foilowing chemical

reacticms occur:

The uranium is purified by solvent erlra,ction using TBP in kerosene as .th~

solven,t. Extraction and stripping are accomplished in two 4-inch diameter
glass columns, eaCh approximately 20 feet in height; eitl:!.er agitated ·or
pulse type col~s wtll suit•. Tankage, piping; -valYes, pumps, and the
interna~ liquid contacting ~echanisms of the col~. are of stainless steel~

The rejected aqueous nitric acid streams (raffinate) are neutralized 'With
caustic potash and discarded. The purified.uranyl nitrate solution is
eyaporated to remove all free water and the he:xah:ydXa,te of the uranyl nitrate
is. calcined in an agitated vessel to produce urani~ trioxide•. Stainless'
steel equiplllent and prqcess piping are required for all phases:of this step.
The off-gases from the calciners, which contain primarily nitrogen diox:ids:)
oxygen, and water are piped to t:Qe waste handling area.a~ treated.with
caustic potash.

-
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The urani~~rioxid~ is fluqrinated.directly.to uranium hexafluoride with
elemental fluorine using a flame reactor similar to design to the enriched
assay Jlrocessing unit in K-1420: .

£)C7G

~~-•.-..-,-._-,,.-...-..- ---- .• • ~ELr=TED JiJm-eacted material )~~;J
is caught in an ash receiver bolted to the bottom of the tower.

The uranium.hexafluoride is separated from the product gas stream by batch
cold traps mounted vertically in trichlorethyle:l1e baths•. The bath liquid
is cooled by coils in which Freon-22 is evaporating. The refrigeration
system is a 5-ton, 2-stage (Freon l2-Freon 22) refrigeration unit•. The
uranium heXf!,fluoride is transferred out qf'the traps as a.vapor.

All itemS of equipment and piping in contact with uranium hexafluoride.are
constructl?d ·of Monel. The oxide hopper and the rotary disIJersers are made
of' steel. .

Fluorine 1.s produ.ced from two 6,000-alYq)ere Monel .fluorine cells a:r;J.d hydrogen
fluoride is removed from the fluorine stream by sodium fluoZ:ide. The
fluorine is cOlYq)ressed to 40 IJsig. by a Worthington piston compressor. The
compressed:- gas is stored in a 200-:cubic .foot Monel .tank and with~awn as
required•. Fluorine piping can be of steel. HYdrogen from ,the generator is
pumped to the waste disIJosal system by a rqtary lobe compressor. Fluorine
disIJosal is accomplished by means of a pqtassium hydroxide sEray tower.
Provision is also made in, the .fluorination system tor evacuation. General
de90nta~ination.facilitiesare also available.

C• Metal. Component Faci].ity .,

DELETED ;;Jc1~
f,I c;l J

t5;l:a)
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DELETED

{',

Casting ,skulls will be burned to oxide, leached, extracted, and retur~ed

,to wet chemistry ,for precipitation. Machining chips will be briquetted
and recycled to red-q.ction. All ,massive metal wi'll be returned to casting.
The wet chemistry, and reduction salvage will be d,iscarded.' ,
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TABLE II

300 METER-FER-SECOND GAS CENTRIFlJGE P~'T

(u. S. Experience)

Total labor

Total

Total mat~rial

Maintenance material
Utilities ·and auxiliary system material
PoWer,. 2400 kwat 5 mills/kw

Construction Manpower
'and Scheduling

Men

Peak Manpower:

Engineering 50
Non manual 150
Manual 800

Man-Months

Total Manpower:

Eng,ineering 900
Non ,manual 3,000
Manual 11,000

Til1le Required: :3 years
,/

I

$ 576.,000
1,200,000,

72,000

$1,848,000

1,84B,ogo p-S 0

1+8,000< ;'70

288,000 -'-----t
-: }{1_ '

240,000, I'

$4,272.,000

1,200-,000
120,000
105,120

$1,425,120

$5,697,120

2,200,000
5,000,000

$28,800,000

$36,000,000

$14, '304,000
2,400,000
5,400,000

816,000
4,200,000

480,000
1,200,000

Total

Direct construction costs

Capital Costs

Engineering, design and
inspection

In~irect,constructioncosts

Centrifuges, installed
Piping
Instrumentation and ,controls
Electrical system
Process auxiliaries
Utilities
Building

Operating,Manp0wer and costs, Dollars Per Year

Direct opera~ing labor (96)0'
Maintenance labor (200) at $3jhr 0

Anxiliary systems,labo~7(12)

Direct· la.bor

Overhead
. Wo~ks laboratory technician, 8 at $3!hr.
Technical supervision, 24 at $6/hro
Technical and scientific staff, 20 at $6/hro. '

r--,
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TABLE III

450 METER-PER-:SECOND GAS CENTRIFUGE PLANT

(U. S~,Experience)

KOA-662
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Capital Costs
Construction Manpower
and SCheduling

Centri~uges} i~talled

Piping
Instrwnentation and controls
Electric system
PrOC~SB auxiliaries
Utilities
BUilding:;f~r.

Direct con~truction costs

Engineering, design and
inspection

Indirect construction costs

Total

$2,200,000
500,000
990)000
110,000
230,000

70,000
430,000

:j;4,530}000

400,000~.
960,000 ~,

$5,970,000 .

Peak Manpower :

Engineering
Non .manual
Manual

Total Manpower:

Engineering
Non manual
Manual

Time Required:

Men

20
60

200

Man-Montns

400
800

2,000

3 yea,rs

..

Opera,ting Manpower and Costs, Dollars Per Year

Direct opefating .labor (32)' .
Maintenance labor (6o) 'JL at $3/hr.
Auxilia,ry systems labor (4)

Direct labor

Overhead
Works laboratory technician, 4 at $3/hr.
Technical supervision, 12 at $6/hr.
Technical and scientific staff, 10 at $6/hr.

Total labor

Maintenance material
Utilities and auxiliary system material
Power, 1200 kw at 5 mills/kw

Total IIl8,terial

Total

$' 192}.000
360,000
24,000 ·tt!)O

$ 576,000
jJJ:'
2.'t 3

576,000 ".

24,000 7. l( ,(,,>
,'~

144,000
120,000

$1,440,000

300,000
40,000
53,000

393,000

$1,833,000



.Capital Costs

Installed Equipment:

Dissolver
Jl;xtraction columns
Evap~rator and calciner
Fluorinator
Fluorine system
Auxiliary chemistry systems

Piping
Instrumentation
Utilities

r--. Maintenance .facility
AdministratiYe, laboratory
Building·

Direct construction costs

Engineering, design
and inspection

Indirect construction. costs

Total

Operating Manpower and Costs, Dollars Per Year (40-Hour Week Operation)

Labor:

6.chemicaloperators J
2 maintenance
1 laboratory technician at $3/hr.
1 clerk

2 supervisors at $6/hr.

:$ 60,000

24,000

$ 84,000
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TABLE IV (CONTINUED)

Operating .Manpower and Costs, Dolla,rs Per Year (40:"Hour Week Operation) (continued)

..

,,--..
{ '.

Overhead
Chemicals
Maintenance materials
Other materials
Utilities

Total

$ -84,000
90.,520
27,520

4,380
9,490



KOA..662

~2l~

TABLE V

METAL COMPO:NENT FACILITY

(Uo B. Experience)

Capital Co~ts
Construction.Manpower
and Scheduling

1/.

r··
\

Installed Equipment~

Wet chemi~try process
Reduction bomb.s
Casting equipment
MachiniIig and testing

facility

Piping
Instrumentation
Utilities
Build,ing

Direct const~ctiori costs

Engineering". design
and inspection

Indirect construction

Total

$ 33,000
3,000

26,000

28,000

$·90,000

10,000
2,000

22,000
24,000

$148,000

20,000
34,000

$202,000

Peak Manpower:

Engineering
Non manual
Manual

Total Manpow~r:

Engineering
Non .man'QB,l
Manual

Time Required:

Men-
2
1
4

Man-Months.

18
18
48

12 months

Operating Manpower and.Costs, Dollars Per Year (40-Ho~ Week Operation)

/--....
\

Labor:

2 operators L
1 maintenanceS

1 engineer }
1 supervisor

Overhead
Materials

Total

at $3/hr.

at $6/hr.

$ 18,000

24,000

$ .42,000

42,000
'25,000

$109,000
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IV. DISCUSSION

A. Feas.ibility. of Clandestine Operation

As ind,icated above, any nation in groups X, Y, and.Z eQuId, if suf;ficiently
motivated, build a gas centrifuge plant which.would produce sufficient .
·fisSio~ble material for the co~~truction.of a nuclear weapon•

': .,

.A class X countr,y .could build.a .clandeE1tine cascade containing eith!="r the
presently developed 300 meter-per-second c~ntrifuge or containing centri­
fuges·of the advanced design with no outside assistance and with little
drain on its economy. A class X country may be seen to have several la.rge
universities. In general, all have conducted research of va,rying d~scrip....
tionpertain1i1g to problems in isotope separation. :l;t appears quite
evident that any .type X country has the experienced sci'entists and .engineers
necessary to bring a centrifuge plant into s-q.ccessful operation. Similarly
a claSs. X country would have no problem in .obtaining the services .of skilled
machinists for constructing the centrifuges nor in.recruiting t!'"ai~d

operators and .maintenance men for running the plant. Tq.e special mate.rials
required for the copstruction of' the isotope separation plant and related
facilities..would moat likely be readily available in a class~X country or,
if not·, could be purchased with()ut arousing any suspicion" due to the high
l~el of domestic induE;ltrial a,ctivity. For example, masa spectrometers,
it needed, could be purchased by a class X country" say} through a university,
for itsrese~ch departments without inviting attention.. Furthermore, the
countries in this. category already. have, or may be expected in the ·ver.:y near
fut-ci:t:e to have, nuclear power programs. Thus these countries.will, the!'e­
fore, have a valid requirement for uranium ·ore.. It would not be possible
to detect .tl:!.e small~iversionof -qranium necessary to provide feed to a
small isotOPe sep~ration Gascade under t~ese circumstances

A class Y country may be c:Q.aracterized.as.a country which possesses tech­
nologicalcompetence, out which has limited industrial activity. A class Y
country .could not build.a.centrifuge plant without some outside;assistance;
however, it could probably adequately disguise the pature of its activities
:from 'the outside world. A. class Y country may be a~su.med to 4ave asuffi­
cien~ number of scientists'and engineers to ~!'"ing a cent!'"ifuge to success­
ful cq!ll]?letion. Since these men may lack specific experiellce of this
nature, it may be assumed that it would take appreciably longer :for a
.class Y country to achieve succes~fu1.operationthan a.class X country
would requi!'"e. A. cl,assY country would have some dif:ficulty in recruiting
the skilled machinists; operators, and maintenance men necessary ·tp con­
struct and ·ope~ate the i~otope separation .plant·. .A class. Y countfy would
in all li.kelihoodhave· to ·.impott much of' .the hardware necessary· t6 :fab:d­
cate the centrifuges and also some of the auxiliary equipment reqUired .for
the plant. The material of construction .of the centrifuge bowl would
probably have to be im.POrted.. Howeyer, since further machining could be
done after delivery, the us~ to which this.material is. to be put may,not
be evident..A class Y country would probe.blyalso.have to import seals
and "bearings, motor-generator $ets for high frequency.current; process._.
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control eq~ipment~.mass spectrometers, and perhaps other items of special­
ized :q.ature~ . Thel?e or.derscould b~ distributed among a large m,l.mber of"
vendors, 'inorder to. prevent detection of tne CO!lE?trU,ction effQrt. Class Y
co~triesmaY'well'have access to uranium.ore either by virtue of a domestic
nuc~ear power pr".gramor their own natural res(;mrces. If not, they w.oul.d
have to procure, it elsewher~ and this .may provide a.methodof det~ction.

There' are, howeverJ many countries. able to e.xport uranium. oJ:'e and one should.
J:emember that 25 tons is a "relatiyely small q~tity·. o.f ore.

:A ~lass.Z.country would .findthe const~ction.and operation. of a.centrifuge.
'plant a ,difficult task, .Such .a .plant would be a .harden ·on the economy: of
a class Z country, but not so .much .as to prevent theco~try fro.m undl?r-:
taking the project..A l::lass.Zcou,ntry·would.need a great .deal of outside
assistance hoth lnmanpqwer and in material in order to bring a centrifuge..
:Pl.ant.to succes/?ful completion, Countries in t4is categorywoU;ld proba1?-1Y
need technical. advisors fJ:'om abroad, c9mpetent scientists.and engineers,
W aid .in the. development· of an o~~able separa.tion .cascade. - OperatoJ:"s
and maintenance men wouldha.ve to be tr~ined:for their particular jobs. A
class.Z .co~trywol;1ldprobably not have sutficient skilled ma.chini.E?ts to
fabricate the centrifuges~ It would be expected,' therefore, that a type Z
coUntry wouldp'Q.rchase prefapricated centrifuge.s. 'I'4e;i.r .alternative would
.'be ~o ~raj,n ..the n~c:esl?ary 'machinists and to' p~¢hase the la.thea, .drill
pl."esses~ and 'other I?ho.p .equiJ)ment wbich would be required :for centrifuge
man-q.:f'acture.. In a.dditionto the centrifuges,. almost al,l. o:f tbe auxiliary
equipment required for the plant would have to be p~~.l1ased from. foreign
vendors. ~e power requ:i.rement of the centrifuge plantwh;Lch .was 0.1' little
importance in the case of cless X..an!i Y countries.w011ld.be an. apPl::'eciable
percentage (2 to 5 percent) of' the el~ctrical ::power usage in.a typical
class.Z. country. ~thel;'1llOreJ the pla,nt itself, whi.eh would o'cCllPY about
o~-·ha1.f' a~re of ground would. probably be somewhat mq.re Gliffictilt to hide
in.anoni~dustrial (:£ountry. In. short .1 it appe~s tha.t a ,class ·z co~try
could not build .aqomllletely cla.ndestin,e n~clear ~pons facility.. It -cquld,
ho~e~er, W,ith .the c,olla:poration. of a .. c;Lass X cotm.try,. build. such a plan~ .
but..even then it woul.d .have much more difficUlty. ·in .hiding it than.wou:\.d.a.n.
X 9;r Y country." .

Deye.lop!1lent Time

AlthOUgh it has been assumed in this.repqrt. that a.300 meter-per-second
c~ntrifuge has passed tArough .t4e deve~opment stage ana. 'is .currently
operable, it is important topoi~t o~t that this assumption should not.be
ini;erpreted to meantha;t a ,cascade of su;ch centrifuges.is .c~rrentlyoperable.

Up to the present time there has been .no indica.tio:p. that anyone has.s'Uccess­
fully.run.even two interco~ected centrifuges,. much less anything.appro~ch­

inga use:ful isotope separation cascade. It has b~en assumed th&t aIJy.
country desiring to build·a centrifuge cascade would, if nect;ss.a.ry:,.first
purChase a prototy:pecentrifuge, TIle .~lass X_and Y cOUI+tries .:could then
duplicate this prototype and only a:min~mum of development er:fort on. the
centrifuge itseif' wou~d.be. required. The time required tor the deve~opment
.Q.f the centrifuge plant refe;rs thererore to the time required to soJ,.ve the
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problems encountered when .oneattempts to connect'large n-uzqbers of' centr;!.,­
fuges .together and. run them in the series-parallel arrangement w.hichcon~

stltutes the sep~ration cascade. These problems ..a~. primari;LY" those of
plant design and process .control..

The. developme:qt of' a tiu.ccessf'ul 450 meter-per-seci)nd. .centrifuge depeI!ds
to a large ex~e~t on the develo~ment of a·suitable material of construc­
tion,for the centrifuge bowl capable of Withstanding the higher peripheral
speed•. It. is felt that a developine~tpr.ogram. of this .nature would b,e
carried out only in a .class X C'ountry ~ It has been postulated that tb,r~

years would be .r.ecauired for ~ class' X coUIltry to achieve this goal. .Thus
Y andZ cOQn,tries.will achieve 450 meter-per-SecdIJ,d.centrifuges.only.af'te:r
they ·have. 'Qeen developed bya,class X country and then ·.only if they can
Obtain'eith~r ·the centrifuges.or the ~terial. tor their con~tructionfrom
a .Class.X.country~

froce~B ControlS

Att~ present time th,ere is .no reliable i:q.f'ormation about wba..t a.cent.rifuge
separation. piant control system. should be ii,ke.. T1:J,ere is' no data from an
·experimental cascad~ and no particular·theoretical studies on this problem.
A centrifuge plant can be made. hydrody:qamically stahle i.n the. /;lame sense
as.a ga~eous ·diffusion. plant! For instance .t?- .slight change in speed of all
the centrifuges would .result in a large surge of process gas that ,wo'Q.1d h8.ve
ti) be removed by proper controls ·on grouJ;lsof centrif'uges in paraU-e;L. Fri.....
t,upe developments.will have to q.eterniine w:qether the -variations in tllS flows
.and. ;tnvelltories between indiv;l.d~l centrifuges _a~e harmf'ul enough 1;,0 .mak~

i.t de!':lirable to .add additional controls. These va,riations betwee:q. i.ndivi-.
dua.l. ee~tri,f'uges would result ill a loss in the plant separative. capac:ity.

The .. amount of control that should .be included in a centrifuge plant would
be deter:min,.ed, ideally", by a.n .eeonpmic balance betweep' the cost of' add,i­
t.io:rw.l controls and the yalue of the lost productiion. A centrifuge,pla...71t
to produce :w~a~ons .should be conservl:tt:!;yelydesigIled be.cause of' the high
yalue of production (that is,,, bombs).

D. Operatlion .and Ma,in.:!::enanc7

Be,cause of' the lack of' knowledge ~egarding the reliapility of' tb,e cen.trifuge
oyer.extendedperiods.of',operation arealIY,meanin&ful estimat~ of operating
aDd ·maint~pa.Iiee requirements is ,impossible.. 'The operating .labor is .deter,..
mined more by-the neeessity. of the availab;Le $taff' being able. to handle
It fI . . ".
ab.no~l periods.of trouble rather ·than .normal periods.of' quiet operation.

U:q.til reli.abl.e operating data .is available it 'Wou1.d .be advisable to allow
for an adeqo.ate staff of operators and perhaps later it may. be r.educed.~

Similar ~oI,lsiderat1.ons apply to maintenance.

...~
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Centrifuge Manufacturing Plant

It has been assumed that the development program resulting in the construc­
tion and testing of a prototype centrifuge is essentially~completef+t
present in the case of a 300 meter-per-secondcentrifuge and will be. com­
plete three years hence in the case of a 450 meter-per second centrifuge.
After the prototype design is accepted, manufacturing and inspecting p~o­

cedures would have to be determined. A :few machines may be made as pre­
production models at a higher-than-production unit cost in order to test
manufacturing procedures.

Construction of a centrifuge manufacturing plant wouJ.,d have to be started.
concur:r:ent with that of the centrifuge separation plant. De~irably, :the
centrifuge manufacturing plant would be finished in time to coordinate the
manufacture of the fir~t production centrifuges with the installation of
centrifuges which would start about midway in the construction period of'
the centrifuge separation plant. The rather extensive manufacturing
facilities required would, in general, have little fqture economic value
and would have to be changed against the centrifuge. This additional cost
incr~ases'the ·.ba~r.l:c centrifuge cost by 25 percent.. .'. :
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v. CORRELATI.ON .OF INDUSTRIAL CAPABILITY OF NATIONS

., ._ - I

To estimate the order in which the various nations can be expected to achieve
an isotope separation process and the time reqUired for this accomplishment,
it is nec'ess~yto choose some feature or features. ·of a:r+ation' s economy which
are indicati~ of that nation's i:q.dustrial competence.

The two such features which reflect all areas of modern industrial activity
are the consumption of electrical eI:J.ergy and .the consumption of .steel. further­
more the ~er ~~pita value of these quantities provides. a measure of t4e level
or relative effectiveness of application ofa nation's industry, since.J?er
capita consumption is itself an .empirical statement of demonstrated.effec~ive­
ness.

Accordingly, the following quantities .were defined:·

Relative Industrial
Size, S =

Steel Consumption
U. ~ .. Steel Consumption

Electrical Energy Consumption
U. S. Elec. Energy COI:j.Smnption

r
\.

Relative Indu~trial
=Level, L

Per Capita Steel Con­
sumption

u. S. Per Capita Steel
Consumption

Per Capita Electric Energy
Consumption' .

u. S.. Per Capita Elec.' Energy
Consumption .

Relativ:e Industrial Capability == VS' L

The Relative Industrial Capability (RIC) 'Was then related to a.ctual time, cost,. ,

and man:pQwer reqUirements by.correlating theindustrial:E!X.Perience of nations
for' which such data were available with the computed .RIC' sof those nations.

The results of the correlations-are shown in Figur~ 5, in which factors for
converting. U. S. requirements into the requirements qf other nations are shown
for man-months required for buildirig a plant, the time which ,will elapse be­
tween inception and end ·of CO:ry3truction; the number of men engaged in construc­
tion or operation. of the' plant (applicable to peak work force in the case of
co~truction), t4e construction or capital cost~ and the annual operating cost.
In each case an estimate made for the U. S. may be multiplied by the appropriate
factor of Figure 5 to obtain the corresponding estimte for a nation for which
the RIC b,as been computed...

~e RIC was computed for a v~riety qf nations and these are located on Figure 5.
Also sho:wn are the .zones.which define the X, Y, and Z categories of nations re­
ferred .to in this report.
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Statistical dataused.in computing the RIC WaS obtained.from "Statistical
Abstract of the United States rt* which contains international statistical data
drawn chiefly 'fJ:"om tne United Nations Statistical Office •. This ~gency's
annual publication, "Statistical Yearbook II provides ..a wide variety. of detailed
statistical data.
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