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HANHATTAZ DIGTRICT HI1570RY
300K 1 - GANFRAL
VOLUMT 4 - AUXILIARY ACTIVITIZ
CHAPTER LY - I4VRSTIGATIONS OF MISCILLANAOUS

PROCTESEES OF SRPARATION CF URANIUM ISCTOPES
SECTION 1 - THR CENTRIFUGR MRTHOD

1-1, Purpose = In May 1941 the Jational Academy Committes, in
reporting on their review of the then existing uranium problem, stated
in perti~ "The seprration of the laotopes of urenium can be done in
necessary amounts., Several methods are under de.)lopment, at least
two of which seem definitely adequate, and =re ap ‘'oaching the stagze
of practical test, These are the methods of the :entrifuge znd of
diffusion through porous darriers, Cther methods are being investi-
gated or need study which may ultimately prove sv-arior, but are now
further from the angineering stage,*

Later events wore such that greater pregress was mais in
other directions and the centrifuge method was ultimately abs loned,
1t was, nevertheleass, determined %o be a means by shich isoto (o
aseparation could be obtained snd the purpose of this section of the
Manhattan District History 1s to outline the pert ient accomplishments
under that program,

1-2, Scope - The inception of the method and —uch of the research
on centrifugal separation of uranium isotopes preceded ths formation
of the “anhattan Disirict, The Uaval Research Lal_ratory, Carnegle
Institution of Washington, Hational Defense Rasear_a Council, snd the
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0ffice of Solentific Resesrrch =nd Cevelopment contriduted funds toward
the development, ilowever, zs the project termination wag not ungil

31 Junuary 194k, final control was assumed by the “enhattem District.
The we:k under the overall developnent wss divided among a number of
institations. “he University of Virginia conducted exteneive sxperi-
nental research., Columbia University was responsidle for theoretical
regearch, The “eatinghouse Zlectric and Menufecturing Company developed
the centrifuge machine at thelr Hesearch Ladoratory and construoted
productioa model parts at snother of thelr subsidiary organizations,
The Standard 01l Development Company developed, erected and operated

a pilot plant, Activities of each of the partiocipants will be covered

by the following.
1-3, Zarly Hiatory of the Centrifuge Process -~ The accound z2s here

presented is a condengation of historical information provided by
Professor J. W, Beams in hia report of 7 December 1946 on the subject
natter (App. 3-1).

The possibllition of separating isotopes dy centrifuging was
first suzgested by F. A, Lindemann end ¥. ¥, Aston in 1919, They also
worked out the equilibrium theory for separation in an ideal gas and in
an ideal incompressidle liguid, Following the adove work of Lindemenn
and Aston, the theory wss critically digcumssed snd extended by R. 3.
.fulliken, 3. Chapmann, ~nd ¥, D, Harkine., Mulliken also investigated
theoretically centrifugal separation in ideal 1liquid 1sotopic mlxtures
end suggested the so called ‘evaporative centrifuge" method, That
method consisted of drawing out vapor from the axis of 3 hollow gpinning

rotor containing the liquid in it perophery. In thia method the
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gseparation takes place in the vapor as it diffuses from the pariphery
through the centrifugal fleld to the axial point of withdrawal,
?gcouraced by thsory which showed that considerable szeraration
of isotopes should be obtzined, various zttempts were made to separate
different 1zotopes in speclally constructed centrifuges, Unfortunately,
asch of theae early attemptis proved to de unsuccessful, <we proéiﬁi;ft:f
convection, ~nd the nethod weg abandoned as impracticable, 'Yi1th the
development of the convection free vacuum type ultra-centrifuge in 1934,
the method was tried sgain and results were succéesful, In most of
the sarly suecessful experiments the evapormtive centrifuge mathod vas
employed to concentrate Olyy'and cléﬁfisotopes of chlorine in CCly.
3romine isotopes also were concentrated. It was found that consider-
able separation could de obtained and that the results wers in good
agrecment with the theory when squilibrium conditions were approxinmately
maintailned in the centrifuge. The theoery was further tested at dry ice
| temperaturs, with different rotor speeds, and found to held, G, H,
/ilson and A, 3romley furthep developed the theory, but it remeined for
H, C. Urey, K, Cohen snd their collaborators to work out the general
mathematicsl theory nnd to indicate theoretically the most efficient
way to g0 about the separation of isotopes by cenirifuging,
In addition to the aevaporative centrifuge method sevaral
othar schemes were tried, irom slementary thasory it was olesr that
the rate at which separation could tzke place in a centrifuge rotor
wag proportionsl to the length, or depth, of the rotor., Accordingly,
procedures for spimning tubular rotors ware devsloped for the

avaporstive centrifuge wnd several other methods,
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The so=called "flow through®, "cresm separator® or "con=-
current® method utilized the tubular vacuum type centrifuge, Cperstion
wes parformed with ethyl chlorila vapor, 2% adout 300%A, flowing through
the hollow shaft into the top of sm alley steel, 3" I.D, by 1L4* long,
tubular rotor (contalning «nd ¥:ilies) which wea spinning at 1C60 r.p.s.
Two equal fractlions were collected at the lower end of the spinning tubde,
one near the axis of fotatinn. and the other near the periphery. The
observed separation factor between the twe samples was 1,025 with a
continuous rate of flow of 2 grams per minute, Alpo, with the same
apparatug at various rates of flow up to 2 liters per minute, a large
nunber of cbgervations were made on the saeparation of gasecous mixtures
of ¥y oad Oy and !é and COB'

The "distillation” or "cascade” method, first suggested by
Urey, was also tried, using the above type of tubular rotor. JAbous
65 ce, of liguid CCly were plased in the 3" I.D. by 14 long tubular
rotor. The tubs, which contsinsd rsdial daffles, was spun to 1060 r.p.s.
and then evacuated and sesled, The upper end of the spinning tude vas
surrounded by a copper coil carrying cooling liquid, Ha at about 3 mm,
Hg pressure was introduced into the vacuum chamber surrounding the
rotor %o conduct heat to 1%, This arrsongament made the ligquid svaporate
in the lover warm par{ of the rotor and condenss in the upper cool pars,
thus, providing for & vapor circulation upward nd & liquid flow down
the periphery, Small aamplas, collected at the top and bottom of the
rotor after 15 hours centrifuzing, vere analyzed in the mass apaciro=
matar, Although results -sre orratic in some coses, the separations

obsarved vere slightly lerger then could %e ngcounted for by a simpla
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discuszed later) where the . s soves radially at the upper ond lower ends
of the rotor, The sxperlmentsl sesulls were not conclusive, .Slso,

soue difficulty wes ancoustered 1a supportiang the heazing rod, or tubde,
becuuse of its actural vibruilon, This experimeatal Ciffioulty was
overcoae goueblnme laler, but the sarly asjyerluent vas dropped ae it
gseened at tca time to de laflerlor to other centrifugs methods for
production purposes.

Xxperiuents wore also twrled la sidich a "wechanigal alsvator®,
or acrew, wes pluced along the axls of a tudular ceatrifuge to carry
tae gas, or liquid, up along the axis o. the centrifuge. Ceatrifugal
forde wue then expectsd to cause the elevaisd material to flow back
down slong the will of the tube. Unfortunstely, the experiments sere
never completed,

H, C, Pollock snd K. H, Kingdoa used a girculating evaporative
ceuntrifuge nethod for the concentratioa of the tin isctopes in SnCly,
but the waethod wss not oxtended,

Ia 1540 R, Cuan suggested ra ingenious mathod of isotope
separation in wihich the zadimentation produced by a high centrifugsl
field was opposed by the mobllity of the iloas under an electric fleld,
He also worked out & detezlled theory from which he could predict the
saparetion of the U~235 snd U~238 isotopes, It wag believed that
extensive ge, sration show.d be obtalned,

1-U4, Hasesrch ut the University of Virginia - Professor J. .

3esns +nd his sssoclotes of the Unlversity of Virginla had dbeen
prominent In the centrifuge nethod of isotoplc sepapstion alnce 1ts

laception, Iu .larch 1933, siwortly after tne snnouncement of urznium

14,6







cagcade processes, using long tululur rotors; also, previous experi-
ments on the separation of the chlorine isotopes in Oclu, and the geparaw
tioa of 33-003 gaseous mixtures, had demonstrated the advantsge of a
long tubular rotor.

The dealired operation of spinning tubular rotors, mnany times
longer than their dismeter, to high speed presented prodlems. First,
such rotors pass through "oritical® frequencies Yefore reaching the
speed required for cperation, At the first critical speed they vibrate
like the fundumental of a vibrating rod and at the second oritical
speed, depending upon the mounting, they vibrate like the first harmonie,
eto, In previous work at Virginia alloy steel tudular rotors 3* I.D,
by 14" long hed been spun well above their first oritical frequency. It
had been, found that, in order to spin them through the critical frequaney,
special damping of the bhearings was recuired, but that when the speed
axceeded the oritical frecuency the tube spun stably and smoothly for
long periods withoud sny sign of fatigus, Hevertheless, it wag not at
all certain that tubes with much greator length to diameter ratio could
pase through the critical frequencies 2nd reach the required aspeed,

Also, 1% was a debated questlon whether or not the tubes would spin
atably vithout fatigus above the second or higher critical fracuencies.
After considerable research on damped dhearings it was subsequently
found that long tubes could bYe spun through zs meny critical frequencies
as desired snd that they operated stadbly at high speeds,

At the early stage of the work on centrifuge separation of
ureniun 1sotopes the University of Virginia recelved a grant from the

aval Research Taboratory, That assiatance wvas followed {n April, 1940,




Sl
by & gront in ald from the Cornégle Institution of Weshington, This
latter grant, together with a Naval Raeseerch Laboratory contrrct,made
1t possible to direct the major efforts of the Physics Staff and
graduate atudents at the University into t;}a problem during the summer
of 1940, Jollowing the faval Resecrch Lsboratory contract the subject work
was conducted under contructs O:Mar-1l0 and 0iMar=-398 between the OSRD
and the University of Virginia, These contraots were respectively
effoctive ) August 1941 and 1 March 1gh2,

In February, 1940, Gunn made approximately 6 grums of UFg svail-
able to the University of Virginia., That material was the first suffi-
cient guantity for operation of the centrifuge, ft was: subjected to
tgotopts separatlon Dy the evaporative eenérifugo method for which a
theoretical geparation factor of 1,08, or an 8% change in isotople
ratio, applied. The UP, was successfully centrifuged without apprecisble
loss, or detarloration,and the gamples wers sesled in glass capsules.

At that time (Fedruary 191:0) the University of Virginia had no means of
esnalysing the samples, They were sent away o be anelyzed dut zppareatly
that znalysis was never performed, Iovever, the fessibility of handling
UFg in the centrifuge ves very definitely demonstrated,

About that time sctive work on the centrifvge method was
started at Columdbia University. Urey had sugrested several methods
for attacking the problem and his group, laed by Cohen, worked out a
general seperation theory which subsequently prompted a conclusion that
the refluxing counter flow method, using long tubular centrifuges, was

the nost officient for large acale separation,

Ay the middle of 1940 developments at the University of
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Virginia had reached the point where tubes of variocus sizes with
lengths mzny times thelr diumeter were --un up to their hursting
speeds, Consequently, a systematic set ' exporiments was undertaken
to test the efficiencles of the followi : methods,

(1) The "evaporative" me .od,

(2) The "distillation® m hod,

(3) The "flow through" o "com~current” method,

(4) The "counter-current method,
UFg was unavailable for these tests unt 1941 and meny of them wers
made with compounds of chlorine, bromin znd mixtures of Ha +nd Hy
and Ha and 603.

The evaporative centrifuge me.__.od was used to carefully check
the centrifuge theory end to make severs concentragted samples, In
December, 1941, two samples of 1 gram each /ere obtained whose difference
in 1sotopioc ratios, as measured by A, O, Ifer, was adout 4O percent,

The distillation nethod was ab .doned aftey sarly tests
because of its infariority to other meth s, It was, however, found
to give cascading effects,

Data in good agreement with Co n's theory was obtained with
the flow through,or con-current,msthod a . with the counter-current
me thed,

The counter-current method was he one finally decided upon
for pilot plant operation,

Juring the latter part of the ¢ tivity at Virginia affort
waa nade to get data which would permit a.. setimate of the performance

of @ large number of centrifuges 1in a czs ide, or production, plant,




That activity vas osrried cut in close cooperation with the S
01l Development Company. Also, through the zssistance of the
041 Development Company, the Unlvarsity of Virginia was able
and operate an8,35% 0,D., 7.35" I.D,, by 136" long, forged dura
tubmlar centrifuge rotor for use ln counter-current refluxing
experiments,

The foregoing presents a bYrief general zccount of t
experimentel work at the University of Virginia, Deteils of
which 1include general comments, daecfiption of apparatus, ope
informsation, and records of axperimental results for the evap
nethod, flow-through or con-current method, counter-current f
snd the counter-current refluxing method,are provided by the
raport (App. 3-1).

1-5. Theoretical Regearch at Columbia University - The Cs

contract OZNar~192 (continustion of contysct N173a~3974) to Cc
University for theoretlcal research on the centrifugsl separai
uranium isotopes, As referred to by the foregoing,Professor I
the University of Virginia had developed high speed centrifuge
operated by the simples flow-through process and by the evapor:
process, Undey the flowethrough process a gas entering at one
the centrifuge was segregated,in ite flov through the machine,
heavier and lighter fractions at the other end, ‘'he evaporati
spdurated with a liquid supply which was evaporated from the ce
lerting a residue of heavy lsotople concentration,

The work under contract CilMsp=192 initially concerns

of a counter-current flow of liguid ond gzs. The 1ilguid wos p
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to De evaporated at one end of the centrifuge rotor and the ges con-
densed to a& liquid at the other end of the rotor. The operation was
somevhat similar to a distillation colwm, Later, because of the grsat
stability of the flow of gaaes :nd bec.use of the strong field produced
by the ceatrifuge, the initial proposal was modified to the counter-
current flow of two zases,

Extensive consideration wag given to the fraotioﬁ§n¢
centrifuges, Ystimates were made of the overall rotor length to produce
the desired concentration, This work revealed the magnitude of the
sepnration problem and 4t also demonstrated the advantages of the
counter-current centrifuge method as compared with the flowthrough
cantrifuge, Cutstanding among those advantages were the use of smaller
shafts (because of the reduced flow from centrifuge to centrifuge) and a
somewhat shorter overall length centrifuge required for a given production,
or aseparation,

Centrifuge developments which had been, or vwere, made during the
early pars of the subject contract confirmed the magnitude of the prodlem,
Contacts had heen made with the Westinghouse Company for the development
of centrifuge machines, Those contacts resulted in a centrifuge develop~
xent subecontract, under Columdia contract H173s=3974, which is described
in a following portion of this history.

The g-neral properties of cescedes 24 applied to separation
problens were first worked out in connection with the cantrifuge method,
In 1939, Urey had suggested a centrifugal 1sotope separator which could
bs used continuously in a cascede, In 1941, Cohen made a detsiled

smalysis of the Urey unit (the fre donal distilling centrifuge) operating
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Details of the sudjeet raesearch -nd results obtained 1t
Columbia University are provided by rapsrts referred te by Appendices

3=2 t0 3~12 inclusive,
1-6, Development by Yestinghouse 3Ilectric :mnd Manufacturing

Company - The following general account of the development of cantri-
fugal zas separators is essentially a quotation of the historical
portion of an overall report prepsred by the Yestinghouse Research
Laboratories, Details of that development sre alse provided by that
report und reference is mnade in that respect to Ap-endix 3-13,

The prodlem of developing a suitadle centrifuge for sepszration
of urasnium isotopes vas first considered hy the Westinghouse lesearch
Leboratories in Augus¥,l940, cs the result of an iaquiry by Columbia
University, Approximate recquirements, given early in December of that
yeer, indicated a rotor dlameter of abous & inches, a length of two te
three feet, znd a speed of 500 r.p.s. ZIZarly discussions were almost
wholly confined t; the prodlems of supporting snd spinning the rotor
cylinder at the high rate of speed, -

Zarly in 1941 a contract ' as received by the Yestinghouse
Compas from Columbia University for the desigm of a centrifuge to
separ e uranium isotopes. The proposed ucri cqncornad the bowl design,
its s port cnd the high-speed drive, Other major problems, namely the
devel went of pumps =nd entry :nd exit sheft seals for the process g=s,
were reteined by Columbia University, lthough, later, this work was
turne ~ over to Yestinghouse, The possidility of large scale production

of ce rifuge units entersd into the consideration snd influenced many

yhage f the development,
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I8 wae desiruble that importecnt desigm principles snd detall

iuprovements revealed by centr fuge ressarch st the University of Virginia

and Colwabia Ualversity ve lnearporated in the apparatus designm,

rigid specifications at that
up. As a etarting point in ¢
that the rotor dowl gecnetry
body, that 1is to say, the fre
of vibration of the bowl as a
speed, This consideration fo
operating at 500 r.p.s., 1init

The centrifuge desi
about Jecembder, 198%, and shor
Reueareh und Development cont.
size dynsmical model centrify
the Jestinghouse Company. Thi
in a centrifuge pilet plant,
ia January, 1942,and produstic
wschines by the ¥Wastinghouse :
19h2,

3afore tosta snd de
completed,and defore completic
ultimately dslivered to the pi
made 1t apparent that the bowl
inoressed ag much as possible,
lished 2t 132 inches, %That le

vibration of the bowl itself,

Hence,
29 were not desirable snd vere noct drawn
dynamicel design 1t wvas generally agreed
such that 1t could be treated 2s a rigid
mcy of the lowest nutural bending node
'¢e body wes to be higher than the running
@ 8 dach diameter steel op aluminum howl,
the length to about 42 inches.

for Columbia University was completed

' thereafter the 0ffice of Scientifio

‘ted, under O¥Msr-ilS and 485, for a full
and 24 produstion units to be built hy
roduction units vere for installation
natruction of the dynamical model hegan
of detailed perts for the pilot plent

stric Ilevator Company began in March,

cpment work on the cdove model wars

>f the first of twe production units

t plant, overall project considerations
mgth of the canirifuge should de

\ long bYowl cylinder lepgth weg estab-

_h presented the prodleom of bending

the result of detalled inveatigations of




K]
bearings, ilamping, material strangth,
the davelopment of the L2-ineh length
to the 132~-inch cantrifuge snd in thas

Twe 42-inch centrifuges of 7
and 8,2 inches outside bowl diameter,
ware delivered to the centrifuge plilot
1943,
length of each unit was 123 inchas und

These machines opsrgted under p

A dynamie iodel of the 132-iacch cantri:
for the U4 .inech machine, was ussembled
overall 1 gth of the 132=-inch machins
was 3200 : unds, This machine wos vre
ence indt ted that successful design ¢
such leng ., were prodably rpossible,

l=7. -ilot Plant Novelopment snd (

2

i

d parts deelign carried out in
chine were nzturslly applicabdle
respects the work wag simplified,
inches Inside bBowl dI-seter

th rated speed of U470 »r.p.s,

lant in May and 3Jeptember of

st plant performsnce, Tha overall
sch machine weighed 1000 pounds,
38, with bowl diametors as chown
1 tested {n Dacembar, 1943, The
1s 188 inches and the total welght

}d ia tast; howaver, its perform=

l eperation of a centrifuge of

Jevelopme: _Cowpany = In Janusry, 1942, 1
Company =1 ered into a program under t
snd Devel( ment for the concentration ¢
fuge metht , Thad program, +hich termi
by the fol owing contrzeds bHetween OSUI
Company,

IMar=567, 2ffective 9 Januar

Mer-925, offective 1 Jrnuar

TMsr=026, affactive 1 Jonuar
The contrs bor's work under the zbove ¢
as here sh wni= (1) cooperation with th
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) B%anderd 011 Nevalopment
0ffice of Solentific Zeesarch
uranjum isotopes by the centri-
ted 31 January 194k, vas covered

ad the 3tandard 01l Jevelopmentd

1942,
1543,
1943,
tracts i1ncluded principal phsses
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@ngineering :nalysis of the centrifuge mathod of zzs separation; (2)
cooperation with the Yestinghouse 2emearch Labdoratories in the develop-
ment of a sultable centrifuge to operate on process gas; (3) desiga and
construction of a pilot plant to test the centrifuge method =ze aﬁplied

to the process geosi (B) operstion of the pllot plant to obisin separation
data under a variety of ccnditicns and to test the parformance of the
Hestinghouse centrifuge; (%) on engineering survey of the application

of the centrifuge method to a lerge scale plant; and, (6) correlation of
the experimental separation program carried out in the correspending
centrifuge project of the University of Virginis,

As indicated by this history, the theoretical baeis :nd the
sxperinental research for the overall project had bYeen snd vas being
provided respactively by Columbia tniversity :nd the University of
Virginia, The design and development of the centrifuge proper vas
assigned to the Westinghouse Company. It had been proposed that the
centrifuge be operated in a counter-current manner, and consideradle pro-
gress had been made in features of operating a cascade of counter-current
coentrifuges on procass gas., Under the Stendard C4l Development Company
contr:zots the cngineering sspeots of that process wvere further developed,
with perticulsr reference to a czscsde suitadle for production of 1 Kg.
of the desired produst, in 90% concentration, per day, The pilot plant
contractor's analysis also included working out the most appropriate
nethods for testing the theory of csgosde counter-current gas separation
by means of s limited number of machines in s pilot plant,

Centrifugal aseparation of the process gas had bYeen recognized

at the outket as requiring, among other thingst- (1) the use of
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corrosion-proof metals} (2) prevantion of contact of the process gas with
reactive naterials such s lubricating oil; (3) the use of absalute
pressures in the order of 10 to 20 mm, {g. (low enough to prevent conden-
satlon of process gas at the periphery of the bowl, at parmissidle howl
temperaturss, znd in the piping at room temperatures); ond, (1) the pre-
vision of san axceptlonally tight process gystem to prevant loss of process
ges (either by out~lsakage of process gZas or by in-lesknge of moist air),
The pilot plant design =nd construction work undertaken at
the heginning of the program provided for the installation of 2b
Westinghouse short-bowl (367) centrifuges., The plant, known as the
Gas Separation Pilot Plant, was located at the Standard 041 Bayway
Rafinery, "inden, K. J. Provision was made at the refinery fori- (1)
an elegtrical drive system for the centrifuges; (2) the required centri-
fuge auxiliarias such as lubricating oil, circulating water, nitrogen
seal gcs, cnd hydrogen casing gas; (3) a process gas circulating
system; and, (L) s refrigerating system for chilling the process
receiving traps.
At an executive maeting of the S-1 Commitiee, on 23 Cctoder
1942, dr, Z, O, Deutsch, of the 3tsndard 011 Development Company, pre-
sented a paper concerning the use of hexafluoride ns a fead material
for the centrifuge process, He also vresanted another paper, in abstracs,
outlining a full-scale production plant 28 it was then foreseen (App.
A=l and A-2), A further analysis of the cantrifuge nethod of concen-
trating uranlunm lgotopes was pravidad by the pilot plant contractor
subsequent to a coanfarence on 24 Fabruary 1943 between representativas

of the Kellex Corporation, the *estiﬁghoﬁso Nesearch Laboratori~s and




the Standard 01l Development Company (App. 4=3),
In dovember, 1942, decision was made by the OSRD committee

in charge of the centrifuge project to change the centrifuge pilot
plant from 24 to a single centrifuge dssis. This was for the purpose
of obtaining, as prompily as possidle, fundemental single-machine
separation data needed as a first step in testing the counter-current
gas separation theory., The state of pillot plent construction snd equip-
ment procurement at that time was such that the change to the single
machine dzsis involved only niner modification in the plans for the
elgotrical, auxillary, process gas, and refrigeration systems, Con=-
struction of most of the auxiliaries, axcept connecting piping, was
continued on a multi-machine basis,

Development of the centrifuge for use in the pilot plant
had been, and wes being, oarried out by the Zastinghouse Research labora=-
tory during the early part of 1943, The first of the so-called shors
dowl machines was delivered to the pilet plant on 29 May 1943 with a
temporary bowl fabricated from a duralumin forging. Assemdly of the
machine and i{te pipe connections was complated and various running
and tightness teats were carried out in the period up to 16 July., At
the later date the permencnt extruded (full strength) bowl became
availuble for installation. The complsted machine was amployed for
adbout fiva weeks of experimentsal operation commencing 13 August,
Yollowing this periecd a second machine with i{mproved dampsr construction
ond corrosion~proof (monel) shafts way instelled in plsce of the
firat unit, Operation of the second machine wag initilated 9 Cctober

and continued at various interv:las throughout 1943,




Although some mechanical difficulties, usually involving
damaged bearings, were encountersd with bdoth of the centrifuges sas
installed at the pilot plant, nevertheless, those faults were correct-
adle, After correction, run failures dus to faulty rotating parts on
either machine were practicelly non-existent,

The sngineering snalysis of a large plant employing long
bovl centrifuges, first mede at the outset of the Standard Ot1 Develop-
nent Compemy program, was revised in very general form in Degember, 15L3,
in the light of the more attrsctive fundamental separation data which
had Yecome available. Prelinminary plans vare also made at this tine
for convarting the centrifuge pilot plant te a multi-machine dasis to
test coscade operation,

The handling of nrocaess gas in a centrifuge asystem required
the development of various special instruments and other oquipment,
Under this project, development work was carried out on a nunber of
these items, including prineipallyt- (1) a trap for continuously separating
process gas from nitrogen seal gas; (2) low pressure-drop thermal flow-
neters; and, (3) bellows-type valves meeting sxtreme tightness speci-
fications,

‘The centrifuge pilot plant project also included a substantisl
amount of laboratory investigations relating principally to determining
the corrosive charagteriatics of vérious natals, rubbers, plastics and
liquids when uged with process gas, Laboratory work also included
operation of a Her nass-spectrometer for snalysing process gas samples

produced by the pilot plant operation,




The foregoing general =ccount of the centrifuge pilet plant
project has, in the main, been taken from the Standard 01l Development
Company report on the Gas Centrifuge Development Project (App., 3-1l),
Reference is made to that report and the details contained therein if
more complete information is desired concerning the overall cantrifuge
pilot plant project,

1-8. Discontinuence of the Centrifuge Method of Imotopie Separation -
S=1 Committee meetings, held 10 snd 11 Septemder 1943, resulted in a vote
to permit the University of Virginia coatract to run to its completion
date; that was, not to stop the centrifuge work at that location at that
time, and te have the Standard 01l Development Company continue to spin
the short bowl centrifuge for =n aggregate of L months at 24 small expense
as possidle, Dr, 3, V, Hurphree, one of the Committee nembers, and alio
an offlolal of the Standard 01l Development Company, indicated certsina
additional costs which would be involved tot= (1) complete development
of the short and long bowl machines; (2) continue pilot plant opsration
with the above machines; and, (3) cover the possidle continuation of
ceatrifuge research at the University of Virginia, A vote to determine
authorization of the directly adbove resulted in a tie, Committee memders
Doctors iHurphree, Compton and Lawrence were favorable to the full pro-
grsm and Doctors Conant, I2riggs and Urey favored the curtailed program
praviously voted, It was determined that final decision for the 3-1
Committas vag to De made by Dr. V. Jush, Director OSAD, without benefit
of any recommendation from the cor dttee (App. A-1l), but the situation
changed 2s the result of later dev~lopnents,

Through his latter of 6 ecember 1943 to the other members
of the 3=l Coumittee, !furphres pr¢.lded a summation of the céntrifuga

d B-IS
project os 1t then existed (Aapp. -&). That letter, end the repors
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transmitted therewlith, primarily concerned results odtained through
pllot plant operation snd referred to sn existing plen to discontinue
those operations =3 of 31 Degcember 1343, The letter indicated that
satiafactory results -ere being obtained and recommended that the overall
project be carefully reviewed by the 0SAD, or the Army, prior to
bandonment,

Lettersof 7 December and 11 Degemder 1943 from Urey, respec-
tively to Gensrsl Uroves 2aad Consnt, contain his views as to the possidle
attragtiveness of the centrifuge method (App., 4~5 and A=6),

from an independent investigation made at the direction of
General Groves 1t did not sppear that the centrifuge method could catch
up »ith the then oxisting ele “romagnetic rnd gas diffusion methods of
urnnium isotope separation, It did appear that extensive, 1f not pro-
hibitive, facilities would be ‘equired for the wartime construction
aof the proposed centrifuge plang,

On 18 December 1943 Ceneral iroves communicated with Consat
and invited his attention tot- (1) the condition that the 3-1 Committee
had not recormended that the centrifuge method de carried forward; (2)
the nppearance tﬁat 1t would be impossidle to complete the centrifuge
plant engineering ~nd construction in time to be of vslue 1in the warg
and, (3) the faot that more than one method of produsing the deaired
product had already been emdarked upon, Conants views from a scientific
gt.ndpoint were requested (App, A~7).

Dr, R, C., Tolman, +ho had inspected the centrifuge piloet plant
on 15 Cecemder 1943 informed Coneral Croves, by his letter of 20 Decenmber,

of his viowe on the merit of continuing the centrifuge method (ipp. A-8),




Acting upon the reyuent of Conzat, Murphree replied to him
on 22 Jecember and presented a rough time schadule for large centri-
fugal plants (App. 4=9), Under the asne date Murphree algo wrote to
Conant outlining the status of the cantrifuge orocess and indicated
further expariments which would be required if the centrifuge develop=
nent progrem was to be continued. (App, A=10),

Conant's reply of 28 Necember to General Groves' letter of
18 December stated that arrengements had been nmade for comment of the
individual members of the S-1 Gommittee in liew of a formal vote of the
Committee, Conant stated his personal opinion regarding the centrifuge
program to dei- (1) that in conslderation of the time schedule, 28
provided by Murphree, 1t was Impesgaible for the centrifuge method to
be drought into the then present program except as an additional
insurance sgainst failure of the three methods being pushed; (2) that
the United 3tates wuas thea spending all of the money, time, :nd naterisl
then Justified on the overall separation program; and, (3) that aa
insurance program wvhich would materialize at such a late date would be
entirely unjustified (App, A~11),

Hurphree presented his opinioa conceraing the continuation
of the centrifuge proJject to CGeneral Groves on 31 December., e reagoned
that two methods of obtaining the final produect ap;peared to bs suffi~
olent snd that. the alectromagnetioc methed had progressed too far to
warrent replacement, It vas suggested that the study of the feasibility
of replacing the diffusion nethod by the centrifuge method be determined
by a committee to be appointed by Gensr-:l Groves (App, A-12),

Lawrence informed Ceneral Groves on 1 Jaanuary 1944 of his
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recormendation that the centrifuge ;rogram be terminated (App, A~13),
Urey, in his latter of 3 Januery to Consnt stated his favore
able opinion of the centrifuge method (App., A=14), Urey also informed
Seneral Groves, on 3 Junuary, of his opinion that a committee should
be appointed to study the desirablility of sudstituting the ceantrifuge
method for the diffusion method of isotope separation (App. 4~15),
The 3 January comment of 3risgs to Cenersl Groves was
that procedurs with the centrifuge methed should be dapendent upon
General Grovas' opinion regarding the duration of the war (App, A-16).
On 12 Januery Coupton indicated his opinion in a letter
to Conant {copy to General Groves) that efforts should de concentratad
on methods already in hand and that the centrifuge ,roduction plant
should not be undertaken (App. A-17),
For reasons which hnve bYeen indicated by the foregoing
General Croves informed Conant on 19 January 1944 that further exten-
sion of the ceantrifuge project vas not Justified at that time (App, A~18).
Shortly after the above exchangs of correspondence work upon
the centrifuge method of separating uranium isotopes was brought to
a termination, “hile at that tlime there was still some question
regording the suitability of the other methods of separating the
desired product, neverthelesay later events, panticularly in regard
to the successful production obtained by the diffusion method, have

proven the wisdom of the decision made,
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2«1, General = Juring ithe late summer and fall of 194l Professor
H, D, Smyth, ss a member of the JURC Uramium Section, becams particularly
;ntorosted in slectromagnetic methods of separating uranium isotopes,
At that time Professor 3, O, Lavrence weza proceeding with his work on
the "calutroa? and obtaining evidence of promiaing results (see 3ook V),
Cne of the features of the "“calutron® consisted of sn essentially one-
dimenasion slit type of source., In contrast to that feature it zppearasd
that an extended loa source would possess obvious advantages, This was
discussed between Smyth and Dr, B, R, ¥ilgson and the latter proposed a
scheme by which it wes believed that a plene source of considersble area
could be used, The proposal was bazed upon the "bunching® of ions in
a monner similar to that done dy a Klyatron high frequency oscillator,
Because of that similarity the icheme wes at first referred to as the
"Klystron® method of separation, but later, as a security neasure, it
was identified as the "isotron® method,

Trom the above inception the isotrom proposal developed inte

a project at Princeton University, under OSAD contract ORMsr-279, at an
appreximate cost of 3$U80,000, The contract was effective on 22 December
1941 snd was terminated by OSRED on 15 Fedbruary 1943,

2=2, Theory - The theory of isotopic separation by the isotron
method 1s bHhased upo; ions from 3 sultable source heing accelerated into
a fleld free reglong first, dy a large constant voltage field, andy,
second, Yy an alternating voltage fleld, preferably of saw tooth wave

form, Ions goilng through the alternating fisld at the heginning of
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a cyole would not be further nccelerated, but those reaching 1t later

in the oycle would get an increment of kinetic enersy proportional to

the instantaneous value of the alternating voltage. The resulting
increase in velocity of the later lons would be such as to cause them

to catch up with those that had passed earlier into the field free space,
i.e. the ions would "bunch", The foregoing was sxpected to result in one
location, within a suitsble machine tube, which would be resched by all
ions of the same mass which entered the alternating fileld during the
cycle, However, as ions of different mass would be accelerated at
different velocities they would reagh the bunching location at different
tines, Thus, assuming lons of twe diffarent mamses being sccelarated
from the source, by choosing the proper value of pericd oseillation,
aacelesrating voltage and distance to the bunching point, a dunch of one
mass ions can he made to occur midway in the time interval between dunches
of the other mass ions, SJeparation of the bunches can then be achleved
by setting up deflacting plates %o divert the lon maasses in different
dirsctions of travel, As the bunching effect described 1s along the
direction of motion of the ions it thersfore imposes no limitation on

the cross-sectional area of the béan or the source,

2-%, Regearch and Developmen$ - Irom a theoretlcal standpoint there

appeared to bo no obvious imponsidilities in the isotron method; neverthe-
laess, it was quite avident that many difficultiss wers prodable 1in 1ita
development to a large scale producstion plant, Some of those difficulties
~era applicadle to all electromsgnetic methods of separation, some
applied in particular te the isotron method, but, fortunately, aome

which were very importaant in other methods were of little consequence
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in the subjset method,

a, for any electromegnetic method to succeed 1% was recognized
that a powerful sand :dequate source of ions must bHe aveliladle, Cut-
standing requirements for such a gource were reliadility, purity and
afficlency both as to nmaterial and power., ‘hen work on the "isotron®
method was started the only sources of uranium ions which had beea
daveloped successfully ‘'ere 2 gns discharge in hexafluoride znd electron-
controlled crcs in chleride vapor. HZarly adaptations snd developments
for the isotrom method resulted in twe sourcas, aither of which appeared
to de usable, but neither of them was entirely satisfactory, Those
sources vere ns follows:

(1) An arc was established in vscuum between slectrodes,
to be described, and the iong were drawna out of the
plasma of the zre. Innumerabls shapaes, slzes and
naterials were tried dut, in each case, the ursnium
eventually destroyed or seversly corroded some partd
of the source apparatus. Cne of the first elecirode
naterials tried was tungsten, Good sources were
eatablished but they deteriorated because molten
uranium alloyed with tungsten and, vwhen present in
sufficient quantity, grzdually ate through it, It was,
however, odserved that 1f a smsll quantity of uranium
Wag used it 'ould aveporate sa a vepor withou$ causing
gerious d mage to the tungsten, A source sas developed
in which a small piéce of netallic uranium was dropped

on the tungsten rod which formed the snode of a hot
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cathode ars, ‘then the ursaium was exhsustad the
potentisl drop zcross the nre increesed »nd activated
a mechanism to deposit another place of uranium metal,
This supplied more vepor and rostored the aro to
normal, The principal ndvantage of this =ource was
the purity of ilons odtained from it,

(2) A hot cathode arc in uranium chloride had deen
axtensively used at 3erkeley snd was the subject of
considerable work at Princeton, I% provided large
currents, ran steadily rnd served as a thoroughly
usable source, Tszentially 1t consic'ad of a deller,
containing the chloride at a controllable lemparature,
end an sro chambey into which the vapor diffused.,

The chief difficulty of this source concerned the
yurdty of the ions obtained,

Hot cathode arcs in metallic vapor were used for saveral
months on each of the axperimental "isotrons" placed in operation., An
automatic loader for renewing the supply of urenium wes devised snd worked
satisfactorily. The life of the tungsten anode wss found to he limited
in the order of 6 to 12 houre dut it could be easily renewed. ‘ork was
algo done on a continucus feed mechsnisms for both the uranium =snd the
tungsten, "That continuous feed gave promise of successful operation,

b, At the heginning of the projsct {t was realized that
apance charse might be 2 limiting factor in the isotron operation, It
wea considersed that such effzcta might be encountered in a number of

ways, Space charge could limit the ion current drawn from the source,
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Through space charge influence on the shape of the »re plasma difficulty
night exist in cbtaining proper focus of the ion beam, Space charge

night affect the formation of bunches, also 1t could cause the ions to
spread out trangversely. Resulta of early experiments prompted zn
assumption that space charge effects would not bs as serious ss at

firat feared, However, later experimental operation indicated the initial
agsunption not to be wholly correct, Certain difficulties then encountasred
causad a very definite suspleion that sprce charge, while not spreading
the beam ag a whole, was, nevertheless, affecting bunching znd keeping

the separation factor down, Investigations in this respect led to dis~
covery of "sccond order* bunching, It was established that decause of
spuace eharge there was a critical value of current density above which
"first order? duncihing fell off rapldly and high values of separation

ware not 1ikely, Vnrious operations with two of the experimental isotrons
confirmed this relation, The theoretical formula for the limiting
current density suggosted raising the voltege and shortening the isotron
tube ag a remedial mezasure, RHalsing the voliage required a chsnge in
frequency and an increase in voltsge on both buncher and analyzer. 3ut
by certain changes in the phase of collaction, 1t was possidle to shorten,
the tube without altaring appreciably the voltage or fraquency. ‘hen
that correction was nade on one of the experimental units »n increase

in usabdle current density was obtained., The next step was obviously to

20 to higher voltsges »nd Zfrequencies =»nd a still shorter tube. The
combination of higher voltares and higher frojuencies would no doudt

have presented additlonal problems in development of a production isotrons
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howaver, 1t wes bdelieved that those problaoma could have been solved,
Unfortunately at that time the impending termination of the overall
isotron work made it imposeible to adequately redesign or reconstruct
aithar the buncher or the analyser, As an alternative remedial measure,
in the event that a considerable decreace in the tube length and increase
in the voltisge could not be obtained, it wzs proposed that steps de

takea to neutralize the space charge or that higher order unching de
astablished, These las$-mentioned possibilities were bDased upon theory
only and were not experimonially sxplored,

6, ZRafersnce has been nade in paragraph 2-2 to the preference
for a saw tooth wave form for the accelerating voltege field, Actuslly
such a wave form was not obisined snd various approximations had to de
considered, It was, of course, found possible to odtain « degree of
geparation of 1sotopes with a normal sine wave if lons accelerated in
part of the cycle were discarded, Therefore a determination was required
bhetveen efficiensy and the degree of separation, The sfficiency related
to the used fraction of one cycle of the accelerating alternating
current, The saeparation of the produst was defined as the factor by
which the ratio of heavy to light isotopes was decreased, A wave form
made up of a sine wave in combination with a number of harmonics appeared »
to orovide a suitable substitute for the ideal saw tooth form, Cooperation
was obtained from the Radlation Laboratory et M,I,T. in constructing
saw tooth wave form oscillators, One such device operated by auccessively
charging a condenser through a resistor at a steasdy rate nd then dis-

charging the condenssr through a r=dio tube upon whose grid a sharp
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positive pulse was applied., Another cscillstor synthesized the desired
wave form by adding harmonic sine waves tozethar,

2-4, Zxperimental Units - The firs4 experimental isotron vas set

up in January, 19%2., The unit consisted of a brass tube 3 =, long

snd 11 cm, in dlameter. The tube wzg in several sections .nd had ports
spaced every 50 cm, for the purposes of observatlon; ingertion of
alectrodes, and so#brih. The lon source, accelerating electrodes, and
tunching electrodes were at one and of the tube with limiting diaphrahe,
deflecting plates, and detecting devices at the other end of the tube,
Auxiliary equipment, such as pumps, hizh voltage source, arc pover
source, zmplifiers, and osciliators had ecither been constructed or
adapted from squipment available in the laboratory. Initial operation
of the first isotron was simpliffied Yy the substitution of lithium for
uranium as the nateriel to de seperated, Thét substitution had two
asdvantages, Firs$, a plentiful supply of Li'* ions could be obtained
by heating spodumene, thus simplifying the source problap. Second,

the isotopes of lithium differ in mass by nearly 15 percg;iﬁg?dtha
approximate 1,2 percent for uranium; alsc the abundsnce ratio was adout
12 to 1 instead of 140 to 1, The nperation was further simplified dy
inserting beam limiting diaphragms near the receiving ond of the tube,
A high frequency sine wave wvas applied to the deflection plates., The
huncher voltage was applied and 1%s phase varied relative to that of
the deflaecting voltege, Under operation it was observed that the

Ty + yons were deflected to one side znd the Lls * 1on bunches were
deflacted to the othar side, The current for the first operation wae

ninute - of the ordesr of a nicroampere - but 1t wag demonstfated that the
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method was workable,

Jegessary refinements vere made to the unit for the ssparation
of ions differing in muss by only 1.2 parcent, ~nd early in April, 1942,
sxperiments with uranium were carried out in a nanner essentislly as had
been performed with lithium, Agalny success vas attained in the experi-
mentithun proving that the method wss workable for uranium 1sotopes,

In the latter experiment larger currsnts were aemployed dut they were
8till relatively amall for any practicadle purpase,

The next odjective was to get a larger current down the isotroa-
tude and to analyse the whole current in the tube instesd of diaphragming
out 211 dut a small part of 18, The tube and scurce conditions were
altered until currents in the order of a millliampere could be brought
down the tube, The problem of analyzing ions from the whole cross-
section of the heam was solved by a combined electrical lens and analyser.
That device consistad of a series of insulated carallel strips of
tzntalum being stretched across the tude nesr its colleetion end, D,C,
potentials were applied to the strips in such a manner as to direct the
ions forming the beam to a focal point., A high frequency daflecting voltage
was superimposed on the D, C, voltage with its phage such that zera
amplitude occurred whem hunches of the desired isotope came through the
snalyzer. Tor all other ion bunches the high frequency deflacting fiald
wag of sufficlent strength to deflect the foeal heam to one side or the
other off of the collector. The analyszer was first tested merely as 2n
alectrical lens. “here was no difficulty in dringing the beam to a
proper focus., lLater a drgree of sepsration of uranium isotopes was

obtained whon the high frequency bdunching and i?lecting fields were applied,
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The results of foregolng operstions were in many respacts
in accordance with theoretical dcsires dut 233330 currents of one milli-
cmpere vere of no practical use, To obtoin the necessary production a
plant capeacity of meny smperes hed to be contemplated and a single uni¢
capacity had to be in the order of amperes,

In order to study the problem of est. blishing =2ad maintaining
relatively large current in on 1sotron unit it appeared advantageous to
conduot axperiments with apparstus other than the isotrom itself, A tube
6 inches in diameter snd about 2% inches long was con-truntéd together
wvith a pumping system and auxiliary electrical equipment, 3oth types
of sources and nany alectrods geometries weras tried with the tube
arrangament, Using a metal vapor source dehind a tungsten screen wnd
accelarating the lons to another sorcren about one om, away provided a
current of 60 ma, from a sourde of about 20 cm® with a total drain of
only 180 ma, from tha source. The deam 4own the tube gave evidence of
very little spreading; however, 1% was recognized that additional study
was recaired to assure thrt the anguley divergence of the beaum would he
held to a few degrecs, It was ulse reculred that sputtdring of the
electrodes be studied. wxih a chloride scurce the electrodes ia the ion
path vere sputtered awey at an appreciable rate as soon as the current
density reached the order of 1 mafon®, However, results indicated that
uransium {ion currents in the order of nillismperes per om® could be
obtained and that such currsnts would bhe sufficient for igotron opera-
tion,

In continuation of 2xperiments on larger operating currents

the preceding tube wes replaced by a modarate silzed complate isotron,
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be ready for operation dy the end of larch, 1943, Cn the basis of
thelr findings at °rinceton ihe Committae recommended that work on the
isotron method bYe discontinued at an early date ss it did not appese
that development could bde completed within the time availadle for
wertime need,

Acting upon the recommendation of the S«~1 Committee the OSRD

informed the contractor that the subjeoct work was to be brought to a

close on 15 February 1943,
In the two months interval betwesn the review by the S~1

Conmittee and the actusl termination of the isotroan work coperations
were concucted on both experimental units, (7ork on the 36" isotron
wag terminated without its being completed.) Iﬁproved results vere
obteined -nd there was aevidence that a clearer understeanding of the
causes of the attending probdlems was being reached,

- (Refer to App. 3~16, 3-17, 3~18, 3~19 and 2=-20 for additional

details of the isotron devslopment,)
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SCTION 3 - THR COUNTZR-CUHRENT ALNCTROMIGRATION MITHOD

3-1. Ceneral - During the summer of 1941, A, Keith 3rewer and S,
L, Madorsky developed a reflux slectromigr:ation method for the concen=
tration of isotopes. The mechanism presupposed the existence of slight
differences in the transport velocitises of isotopic ions in solution,
The basic prineiplp involved in the process weg the estadlishment of
the conditions of counter-current roflux between the isotopic ions
nigrating in one direction in an electric field and a streem of slectro-
lyte flowing in the opposite direction,

3=2, Theory and Preliminery Z“xperiments - A difference in the

trensport velocities for isotopic ions had been postulated 28 early as

1921 by Lindemenn, Jumerous attempts by Kendall ond his co~workers in
vhich ions were electrolysed through long columns of agap failed to de~
tect 2 separation eoffect, It was not until the counter-current electro-
migration nethod was developed at the Jatlonal 3Jureau of Standards that
a separation based on ion mobility differences was realized, The process
was tested originally with potassium,

Reflux was attained by inducing a counter-flo§ of electrolyte
through a packed tube at such a rate that the net forward transport of
X" lons was reduced to zero. Under these conditions, the faster-moving
39% 1ons made headwey sgainst the flowing stream and wers concendrated
in the cathode compartment., At the sume time the less mobile Wy ionsg
were carried basck towards the ancde.

An electrolyte cell used in the concentration of 39K consisted
of anode end cathode compariments seperated dy a tube packed with a

uniform-grained porous material (sand). Th& anode compartment was
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connacted by means o u siphoa to a constant lavael spll{fyav. Platinum
eleatrodes were placed so as to provide a uniform potential distribution
scross the packing, '

3efore gtarting the run, the cell was fillaed with alsctrolyte
to the desired level as determined by the height of the spillsvay,

(%1 ther K50y or X0y solutions vere sultable as electrolytes, the effact
being indapendent of the chemicel aature of the anion, A concentration
of 1 nole of salt to 50 molss of water was found to be convenient although
the effect was independent of the conceatration between wide limits,)

In operation, K' lons migrated towsrds the cathode compartment
while Soh ions migrated to the =node, An elactrolyte stiream=flow wae
induced in the cathode-to-anode diraction by adding a solution of HoSy
to the cathode compsrtment and Z0H to the anode compartment, ‘‘hen the
concentrations and rates of :ddition of both selutions were such that
the concantration 2nd pH of the eleotrolyte throughout the cell remained
constant during the run, tha flow of electrolyte through the packing
was Just cufficient to reduce the net-forward transport of potassium to
zere., The packing thus bshaved as a puacked fractlionating column operating
under total reflux, aad 3% concentrnted in the cathode compariment,

in addition to the concentrations and nature of the ~nions,
a2 largs number of other vuriadles ware tested., These includad the
alzotrolysis current, the temperature of the dath in which the cell
was lmmersed, the composition of the packing material and the porosity
of the p=2cking, Among the packing matorials tested '7ere ssmnd, glass
beads, carborundum, ashestos, glass wool, cotton, filter paper, alundum,

snd rubder hattery separators.




The results odtained with potessium vere very encoursging,
Starting with ordinary potsasium in which the abundence ratiec 1s ’
39%/Mx = 14,20, the ratio wss changed to over 20 in less tham 200
hours, lilkewise, whenm the cell vas run in reverse “1x weg concentrated
ia the anode compartment with equal efficiency.

An snalysis of the isotope distribution throughout the length
of the packing showed that the entire concentrstion occurred in about
the first centimetsr of pecking, 1ue most rapid ghange in compositlon

wag found 1in the rirat tvo millimeters adjacent te the cathode compartment,

3=3. Attempted Seprration of Uranium Isotopes,~ The results obdé:ined
with potis=ium were 30 encoursging that they sugsested the method should
prove an efficlient means for th; concentration of uranium 1lsctopes,
During 1942 a large munber of experiments were performed using
an(xos)z. U0,S0), and U001, as the eloctrolytes. 7The results wefe
uniformly unsatisfactory. A change in concentratioa of only 0.5 percent
wzg the highest obtained by mass spectrometric measurements., Alpha-
Zount measurements in comparison gave enrichments as high as 2.9 parcend,
1t is believed that the discrepancy between the two methods was due to a
redioactive impurity in the uranium,

In applying the ion migration method to the concentration of
uranium ions, the National Sureaw of Standards had the cooperation of
Professor H, S, Hdarned and his co-vorkers at Yale University, (App. 3-21),
of Profassor Xraus and his co-workers at 3rown University, of Cuncan
ecinnes and L, 8, Longsworth of Rockefeller Institute of Jdedical Research,

and J, ¥, Yepthaver of the U, 3, Patent Office,
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SECTION 4 - THR COUNTIR-CURRENT RIFLUX MCLICULAR STILLS MRETHOD

bel, enersl - During February 19kl, the research on the separation
of iszotopes which was being carried on at the Fixed Nitrogen Research
Laboratory of the U, S. Department of Agriculture was transfarred to
the National 3ureau of SSandards under the direct supervision of D»,
Lyman J. 3riggs. For eight months prior to that }ine. all results
obtained relative to ;hil work had heen reported sxclusively to him,

4-2, Theory end Early Development - Two principsl mathods of

separation in which mercury was used ng the test licuid were under in-
vestigation, namelys (1) i{olecular distillation in counter-current re-
flux stills, developed by A, Keith Brewer, S, L, Vadorsky, and J, ¥,

esthaver; and, (2) Adiavatic distillation in lowpressure stills,
developed by A, Xeith 3revwer and J. ¥, Westhaver,

The term molescular distillation has been applied to tha$ type
of distillation where thers 1s no exchange bdetwsen the escaping vopor
and the evaporating surface. This 13 zecomplished by cperating at such
low premsures thats the mean free path of the ascaping molacules is of
the order of the distance between the surfzce of the evaporating liquid
and the cooled condensing walls of the still,

In molecular distillation, the relative rate of eascape of the
various rolecular species from a gomposite liquid surface is determined
byt (1) the partial pressure of sach component; snd, {2) the number of
tines sech component gtrikes the boundary medium, In the case of the
isotopes of the heavy elaments in qhich vapor pressure differences are
asmall, or non-existent, the relative rate of 3scape of the different

isotopes 13 inversely proportionsl to the square roots of thelr atomic
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weights,
The isotopes of mercury were first concentrated hy 3érnsted

and Hevesy in 1920 using small single-stsge melecular stills., This
nethod was extensively investigated by Harkins and his co=-workers at
the University of Chicago, ’hile the change in conceatration per cell
approached the theoretical value, nevertheless,the nethod was not suite
able for obtaining high iaotope concentrations decause of the very 1 rge
number of sepsrate distillations that had to be made, The laber invelved,
the time consumed, :nd the large cqusntily of nercury required rendered
the method of little practical value. 3rewer, ‘adorsky =nd Yesthaver
developed a new type of molecular still in which any deelred number of
single~stage stills were so connected together that the resultant
separation realized in one operation was equal to the separation per
staege ralged to the powsr of the number of stages., All transfer of
naterial between otaée: took place sutomatically by gravity faed. As
a regult, the labor involved in a multi{-stage system was reduced to
little more than that for a single-stage operation, In addition, the
quantity of mercury required, as well as the time of operation, was
reduced to such an extent that the method decams an efficient process
. for the ssparation of isotopes (App. 3-23).

The multi-stage molecular atill 2e developed consisted of
& series of avesporating surfaces, or pools, set aodjJacent to each other
bud at slightly different lavela, A cooled roof pluced directly above each
pool served to condense the vapor, The roofs eare so sloped that the
condensats ran along the surface and fell into the adjrcent cell higher

up,, Sach pool ves aquipped :Aith a apillway which allowed liquid to rua
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back in amount aqual to the cohdansed vapor carried forward, Thus,
in a series of cells, the vapor from each pool vas condensed and allowed
to drop into the next higher pool while an oqual volume of liquid rea
back, As a result, the more volatile msterial was concentrated in the
uppermcat cell vhile the least volatile was collected in the lowest
cell, At aquilidrium, the diffsrence in concentration Letween successive
cells wsg the same., 'he ratio of the isotope sbundance on the condensing
roof to that of the svaporating surface for any given cell was termed
the separation coefficient, The over-sll szeparation factor was the
gseparation coefficient raised te the power of the nunber of stages in
reflux,

A compound to be used sconomically in a molecular still must
be a liguid with a vapor pressure of the érder of 1 o, g at the tempera-
ture of the avaporating plate and 0,001 mm, dg, or less, st the temperature
of the condensing roof, Since river water is the cheajznt source of
cooling, the zreatest sconomy could be realized for those compounds
whose vepor pressure at room temperaturs wag negligidle,

4=3, Separation of Uranium Isotopes - The prodlem of finding a sult-

able uranium compound to use in the molecular stills was not simple, A
numder of double salts of the type UCyl, 2LiCl were tested by S. L, Madorsky
but they all decomposed a2t reduced pressures, In addition, a numbder of
solids having appreciadble vapor pressures were tested by 3, L, .ladorsky

snd T, I, Taylor, These compounds all failed to show an isotopls
separation bYecauses of the inherent difficultiee of mixing so0lid sources,
Tasts to find an azeotrope for the chlorides, or fluorides, of uranium

resulted in failura, It vas not until early in 1943, whon Profesasor
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Henry Gilman synthesized 0(00335)5. that 2 guitedle liquid was avail-
able for use ia the molecular =tills, A auasber of similar organic ursnium
compounds were developed at the atilonal 3ureau of Standerds, and dy
Profegsor Mlman, dut none proved 2s afficient s uranium pentasthoxide,
lhe other compounds were either less stable or had tao low vapor pressures,

lamediately following the diecovery of ursnium pentaethoxide,
work was storted on twe general types of aolecular stills, The firat
type developed by 3rawver, Madorsky, ‘esthaver and Taylop was of the
higheplatage allegravity faed design, Jumerounsg modifications of the
ssne genasral design were testad, The moat successful design consisted
of a long glass tude indented along the bottom at regular intervals to
form shallaw poola, A water-cooled copjer fube, to which copper con=
dansing plates were attached, wes then inserted in the glass tubde in
such a manner thut the liquid evaporating from each tube condensed and
dropped into the next highest pool. The sniire nssembly was pluced on
sn inecline of adout 5° so that the ligquid aspilled YBsck from pool to pool
equal in amount te the quantity ecvaporating, Stills of this type, &
fset in longth, zave a change in isotope ratioe of 8% after operating
25 days,

The second type of molecular still woe developed by 3. L,
Jdadorsky., It consisted of a number of vertical cells arranged in serles
in such a nanner that counter-current reflux was maintsained throughout
the entire group, Special msgnetic 11t pumps were designed to supply
the feed between coel's. Tha rasults odtsined from 10 cells 5perat1n¢
in series Zave a seperation ccefficient of 0.1 percent per theoretical

plate, Yhiz was Yo DLe comparad yith & thasoratical value of 0.29 per
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Plate,

The results on moleoular diatillation show that molaecular
stilles can bDe connected in series and made {9 operate in unison under
counter-currant reflux,snd the lsotopes of mercury and of ursaium have
been concentrated in such stills, Although the thaoretical separation
afficiency was not attained for the isotopes of uranium, the method
presonts certain advantages from the standpoint of power consumption
since temperatures not to exceed 150° C sre required for the evaporating
surfaces snd river vatsr can be used for cooling the condensing surfaces,

The Jational 3ureau of 3tanderds hud the cocperation of
Professor Henry O4ilmen and his co-workers at Iowa State Collage of Ames,
lowa, in developing the U(00235)5 and other ralated compounds used 1n
thies researchy and of v, J. ¥, Yesthaver of the U, 3, Fautent C{fice in

working out much of the theory involved,
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3:CTICH § - HE YRACTICHAL SUBLIMATICH
AETHOD ‘CF URANIUM ISOTOFK SEUPARATION)
=1, Ceneral - Turing the early part of 1945 u method of seperating

uranium 1sotopes by alternutely veporising snd condensiﬁg U!g woe DPro-
posed at Columbia University, The process appeared novel snd, on the
baslis of the then meager data from a limlted numder of experimental
runs, gave soue premiase of success,

Jriefly the method proposed consisted of moving process gZas
in a tube through successive hot und cold zones g0 that vapors vere
continuelly formed snd partially condensed. !nder such errengement i
wag indicated that the 1sotopes wauld move toward the opposite e=nds of
the tube, Under the experimenial setup, 5/8" copper tubde, in the form
of a 22 turn, 6% dlameter, helix, was rotated ulouiy (1.0 r.p.m.) on
a horizontal axis through statlonary hot and cold zonas, The test
unit, exclusive of drive mechanism, rofrigeration, ets,, occupled a
floor space of approxinmately 6 square faet, A nore complate description
of the equipment and mathod of vperation is provided by the contractor's
report {ipp. 8=23).

The potential advantages offered by the system seemed to del
(1) low capital cost of plant due to relatively simple aquipament =nd
floor space requirements; snd, (2) low operating snd maintenance
personnel requirements,

Analytical ta :d 2arly results odtained for tho’suhject
nsthod of isatople 2oncentration vere somevhat quastionable and empha-
gized the nend for further tasts to substuntiate the snhancement reo-

ported by the coatractor, That condltion 1ad to the recommendation
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that a program of study be zuthorized te: (1) estadlish conclusively
the separation reported; (2) det-ormine the sffects and importance of
various process variables; (3) thecretically atudy the principlas 'mdere
lying the functioning of the process; and, (4) conduot a chemical englmeer-
ing review of the ma‘“od to determine the type of equipment, process, snd
controls to de uaaii & production plant,

Sudeequent nventigation revealed that 1ittls or no separation
of ursnium isotopres uld Ye dependsd upon for the sublimation-conden=
sation process, Thi outcome had the full concurrence of all concerned

and the process was oppad zs Yelng entirely unsuccessful,
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SECTICH 6 - THT RTHRR« ATEZR METHOD

6«1, General, Preliminary experiments by Dre. 7, B, 3rowa ond B,
Yeinstock, a$ Columbia University, 1a Augush, 1942, indicated that a
fractionation of uranium isotopes tock place whem an aqueous solution
of uranyl nitrate was extracted with sther. The process is dsscrided
briefly by the following cutline of one of the experiments conducted
at Colunbia, An ather solusion containing 10 kilogrsms of uranyl
nitrate wvas sheken vith sufficlent water (20% by volume) undil diatri-
bution equilibrium of the salt Vetweea the twe layers was attained.,
The water layer wag then removed and the concemtiration restored to 1te
original value by evaporation of the ether. A small smount of water
was added to the solution tcv effect additional compensation, The
process of extraction was then repeated using 20% dy volume of water
which was equilidrated with the ether layer and subsequently removed,
Forty eaxtractions of thia type vere usually employed, which lef% about
one grem of uranyl nitrate in the ether layey, Thus the reduction of
the ursayl nitrate was from 10,000 to 1 and, as was reported, ylelded
a fractionation factor of 1,00063 (App. 3~2h),

On the besis of the above an estimate was made of the size, power
requirenents and cost of a plant to double the concentration of U235,
That estimate indicated that such & plant could be constructed without
a great drain on then atrateglac materials snd that 1% would not be
unduly costly,

Subsequent to the above notivity at Columbia, work on this project

weg carried on simultaneously at Yale University, at the University of
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Pennsylvenia, and at the duPont Company ladoratories, At Yale Uni-
versity, Professor Harned snd his co-workers repeated the original
experiments of the Columbia group, and slse made many new extractions at
diffarent temperaturss (App. 3-21). The work of Dr¢, M, Kilpatrick, at
the University of Pennsylvania, provided a great deal of information
with respect to the analytical procedures for uranyl salt solutioas,
and, also, the settling times for mixtures of ether and water solutions
of the selt (App. 3-25). The duPont Company work was directed toward
the determination of the necessary large scale spparatus (App, 3-26),

The foregoing study at Yale Univereity showed that the fraction=
ation factor for the ether-water method was not so large as had been
expscted, In fact, Repors A-T13 (App. B3-21) states in pert, regarding
samples analysed, that they "showed noc increase in y235 whatsoever, s¢
that the original favorable prognostication was proved to be entirely
erroneous.” The statement contained in Reports A-713 was considersd to
have been prbvon by the results of ten wvell conducted experiments.

In view of the foregoing the subject work wes discontinued and

the projec$ was adandoned,
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SECTIOR 7 - THE ICNIC CYHIRIFUGR M3ITHOD

T-1. Geperal, Tarly ia 1942 Dr, J, Slepian jJoined the group ad
Berkeley to engege in work on elegtromagnetic methods of separating
uranium igotepes, Slepien had conceived a particular method imowva as
the ionlg centrifuge, and his sotivity at the ladiation Laborstory,
until the end of the yeay, was confined to the development of this con=
oe‘ption.u After 31 Decembder 1942, further Investigation of the procecs
was traneferred ts the estinghouse Research Laboratories, Zast Fitts~
burgh, Pezneylvania, vhere 1% wse continued umtil the terminstiom of
the Manhatten Distric$ control, Appeandix A-19 of this histery provides
an sccount of the bdssie treory, the difficulties encountered, snd the
results obtained for the ionis centrifuge during 1942, In general that
aocound indicetes that some sepszration of the desired material was od=
tained; results vere nod consistend howvever, snd nccessery develoyments
vere not complated in time te offer premise of fulfilling the var time
need, Limited quantities of ursnium were made availadle to Dr, Slepicea
foy his continued iavestigation, tut furthery activity 24 the Vestinghouse
Research Laboratories, bsfore the termination of Henhattes Tistrict cone
trol felled to change appreciadly the siatus of this developmwens,
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SECTION 8 - M3 ~HOTOCIEMICAL !STHOD

8-1, General, Zarly in 1943 a program wug initiated to determine the
feagibility of separating uranium {yotopes by 2 photochemical nethod,
Initial work was undertsken by the Chemical Division of the Columbis
Group undey the direction of Professor H, C, Urey. The prodadility of
the succass of such a mothod was dependent uron whether or not a dif-
farence could be determined in the abaorptics spectra of the isctopes
and then whether or no% that dlfference could de exploited to obtain
separation, It wes Delleved that = sultable mixture might de i{lluminated
by light which would s vredominantly absorbed dy énly one of the ise~
topes, theredy bDringing it into an excited nlata, If a reaction could
be found whieh would talts place with the excited stoms only and that
reaction product could be removed from the mixture, 1% would, in an ideal
cese, contain the desired isotopss axclusively,
It wns fully tecognized that 1f such a sepavation nethod wss te

be succasaful tha fellowing conditions had to be fulfilleds

a, Thera must Ye a difference in the adgorpticn spectrum of
- compounds which ware identical axgept for their content of U235 or U238,
That differance nicht té -ither in the poni‘tinn or the 1ntem;1ty of on
absorption line.

¥, It suat de possible, to the greatest practicable axtens,
to {lluninate the compound with light containing the nbsorption frequency
for U235 bus L.s for U238, In that menner the molscules contsining U23%
would bs nore resdily excited than those containing U238,

8, There rmust be a chemical reaction vhich would affect the
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exgited melocules 2nd remove them, For this condition it vas important
that the exclitation energy not be exchanged from a U235 molecule to a

U238 molecule before the reaction could occur,

g-2, Investigation ﬂ 2esearch, The foregoing requirements could unot
be lavestigated with equal ease, and, as study of the absorptioz spestrum
would presend informatioan of asuitadle substances upon which further work
should be done, it was advisable to concentrate in the deginning upon
that subject,

Most of the spectrographic work was carried out ab Columbia University,
bus some of that resesrch vas conducted at Johns Hopkins University, nnd
X-ray investigations of the crystal struoture wers conduoted at Cornell
University, The exploratory spectregraphic work at Columbia extended
from February to December of 1943, Toward the end of 1943, in conduoting
a study of the spectrographic behavior of a uranium compound in a mag-
netio field, it became advisadle to vork with highey dispersion than was
available at Columbia, A seriess of experimenta was therefore made in
December, 1943, a$ Johns Hopkins University, where such facilities were
availadle. All speetroscoplc work, with one exception (U¥6), up te
June, 19ili, was carried out with compounds containing ordinary uranium,
In 194k, samples contalning chisfly U235 became available and from 1 July
of thas yeay to Il Janusry 1945 speatrographic atudies were made a¥ Johns
Hopkins wvith selected uranyl compounds prepsred from uranium ssmples
containing about 304 U235.

Detailed investigutions on the structurs of the spectra were carried

out at 20°K, the temperature of 1iquid hydrogen, In this connection 1%
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wea fully appreciated tha$ nny large scale process which nmight e
feasible for photochemical separes lon of uranium igotopes would in
all prodability have to be carri | out at a higher temparature,

The early research of the project was greatly aided by use of a
collegtion of various uranyl compounds in cystalline form which had
been prepared at Cornell University more than twenty years previously,
However, 1% was necessary that crystals used in the latter pa_.rt of the
work be grown on the spos, Pacilitles for this vere set up at Columbia

University prior to termination of the project work,

8~3. Investigation Results and Terminstion of 'ork, The differences in

the speetra of uranium salts where U238 was replaced by U235 were com=
pletely solved for two compounds, as far ns wave length shifts are con-
cerned, The results on intensity changes, however, required further study
and wvere not conclusive, Because of incomplete knowledge of the funda~
mental structurs of the spectra of these compounds a definite znawer to
the question of how other uranium compounds would dehave under izotopile
substitutions wes not obtained,

fven though definite snswers to all questions were lacking, the
results of the project investigations were such ag to permit a statement
on the feasidility of a photochemical separation of uranium isotopes, If
the two compounds investigated in detail are typical of other ure.niun
compounds, the changes in the absorption speatrs of uranium compounds
when U238 %a replaced dy U235 are too small to mske a photochemicsl pro-
cess utilizing these differences praocticable,

The preceding i{s a short summary from a final repord made of the

photochemical investigation, Tor details of the problems which existed,
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the investigations nade snd the results zttained on this projest the

reader is referred to that report (App. 3-27).

8-l, Personnel, Sclentific personnel prominent in the project investi-
gutions vere as follovas

H, 0. Urey directed the pr_odooi throughout 1ts extaetance,

The zdninistrative supervision was carried ous by H, 0. Crist
during the early stage, 'nd by M, i{lpatrick during ths later pars of
the work,

Direction of certain of the exploratory work on the photéch-utcal
process was assumsd by O, B, FHerrick, Jr,

A.3.7. Juncan and 3, Freed directsd the exploratory spectroscoepie
work at Columbia Univeraity,

The spectroscopis work at Johns Hopking University was undep the
direction of G, H, Dieke,

S%udy of molecule structures =2 derived from the spectra they pro-
duced was conducted by lirs, N, 0. Hayer.

York in obtalning the crystal structure of a uranium compound was
done by J, L, Joerd a$ Cornell University, R.‘ 0. 0ibbds cooperated in
meking the Cornell callection of uranyl compounds in crystalline fors -
available for preject study.

Columbis facilities for the preparation of crystals were under the

direction of L, Gildertson, 3. Freed and W, H, Taylor,.
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300K 1T - GENMBAL
VOLUME 4 - AUXILIARY ACTIVITI®S
CHAPTER 14 - INVISTIGATIONS OF MISCELLANTYOUS PROCZSSES
OF SEPARATION OF URAHIUM ISCTOPES

APPTEDIX A - DOCUMENTS
Yo, Teccription

1, Repors - 3y Dp, 2. G. Deutsch (report is unsigned dut outhor
fs 1dentified Yy correspondence not included smong following
documents) = Refers to uronium hexafluoride as feed material

for centrifuge process plansg,

2. Repord ~ 3y Dr, 2, G, Doutsch (identification of author as
shown for item 1) -~ Jazorides proposed produstion plans for
separation of uraniuws isotopes by centrifuge method,

3. Design Propesal - Outline of gas centrifugs plant, to operate
between concentration lavels of 36% and 90%, for production
of 1 Eg/day of muterial - dated 15 March 1343,

b, Letter - Trom Dr, % V., Murphree to members of S~ Committee,
6 December 1943 - Reviews zze centrifuge pilot plant progress,

Se Letter - From Dy, H, G, Urey to Ceneral L, R, Croves, 7 December
1943 - Provides comparative figures on gas centrifuge and gas
diffusion projects,

6, Letter -~ From Dp, H. O, Urey to Dr, J, B, Conant, 1l December
1943 - Requasts that investigation be made of centrifuge
m.mﬂdo '

1. Letter - From General L, B, Groves to Dr, J. 3,,Conant, 18

December 1943 = Raqueats view, from solentific standpoin$, on
feasibility of centrifuge projacs, :

8. Letter - From Jp, 3, C. Tolman to General L, 3, "Toves,
' 20 Decemder 1943 - Rafers to inspection of 3ayvey Plant and
discusses merit of centrifugsl method,

9e Letter ~ From Dr, 3, V, Murphree to Or, J, 3, Conan$, 22 December
1943 = 3ough time schadule for construotion and operation of
centrifuge plants for production,
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10,

12,

13.

1k,

15,

16,

17.

18,

19,

Lotter - irom Ir, 3. V. furphres %o Iz, J, 3, Consat,
22 December 1943 - Cutline of axpsrimental program dssed

upon favorable consideration of continuation of centrifuge
projact development,

Letter - From Ur, J, 3, Conand to Ceneral L, 1, Oroves,
28 Dacenbor 1943 - Zxprisses unfovorable viaw toward con=
tinuation of centrifuge progran,

Tietter - irom Dy, R, V, urphree o General L, R, Groves,
31 December 1G43 - Suggests appointment of conmitiee te provide
recommendation regarding continuance of centrifuge program,

Tetter - From Dy, A, O, Lawrence te Ceneral L, R, Groves,
1 January 19hk -~ Recomnends termination of the centrifuge

progran,

Lettey - ¥From Dy, H, O, Urey to Dr, J. B, Conant, 3 Januery
194k « Indicates fovoradle opiniom of centrifuge method,

Tatter - I'rom Dr. H, G, Urey to General L, I, Groves,
3 January 1943 « Recommends sppointiment of a comnittas te
study the centrifuge method, ‘

Letter ~ Tron Dr, L, J, Iriggs to General L, R, Groves,
3 January 1948 - Recommends continuatiom of the centrifuge
progran de dependent upon the prodable duration of the war,

Tietter - From Dr. A, A, Compton te Dr, J. B, Conan$, 12 Junuary
1948 « xpress opinfoa that centrifuge productioa plant should
not Y& undertakan,

Letter ~ From Genersl L, R, Groves te Dr, J. P. Conant,
19 Janusry 1944 « Indicates no further sxtension of the
centrifugs project iz Justified

Aeport JNiI3 Vel, 1Y Part III Chapter ! - 3y J. Slepian -~ The
Ionie Ceatrifuge, York on an Blestromagnstia Isotopic Sepa~
rator Carried on a$ the University of California Radiation

Laboratory, 1 January 1342 to 31 December 191&2._,
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results have not been entirely enosuragine, but a single ox?
perimental centrifuse boxl ia taing made. Some new Ng.
allcys aight be competitive with 14 97 aluminum.

Certalin netals have been found definitely to corrode
too raoidly to be of use. The high eiliocon alloys are in-
ferior. Lead 1s not resistant. A high strasngth ateel oon-
taining a small anount of molybdenum has been found to be
oonsidarably inferior to 1114 steel. Brass (high zinc alloy)
has also been found to be inferior.

Anong the non-metnls, the only things whioch are
found to be thoroughly resistant ars uorides or coanlately
fluorinated compounds. A nuaber of fluoroarbons have dbeen
prepared which seem to be entirsly resistant, but prectically
none of these has desirabls struotural oroperties.

Present corrosion tests, besides being almed at Ais-
ocloeing aore structural materinle, are b%eine conducted %o
determine with prscision the rate of destruction of hex
when in contact with the present "best" mrterials, 1.e.,
Durelumin, copper, nickel, etc.
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B, Casing Temmerature Control

As indicated in the first paper presented today,
hex will have to be kept above 75°C. at the pariohery of
aaoch sentrifume bowl to prevent its liquefaction. If it
should liquefy within the bowl, flow would soon be interrupt-
ed, and enough may acounulate to burst the bowl. Aside from
the danger of ligquefnction, a osonatant and precisely con-
trolled temperature is of extreme iumportance so es prevent
any loss of separative work through thermal turbulence. The
casing of each machine will be equipped =ith a coil through
whioh water will be oiroulated in order to supply the heat of
redlation and asintain the unifora oonditions desoribed above.
Por sach building, 1t is oonto7platod that water sould dbe '
circulated at about 2500 ggls./ain. to and froa a thernostati-
celly controlled reservoir. The reservoir would have the
triple function of providing a large dbodz of temperature-
sonstant water, regulating the make-up of heat and the make-
up of fresh water. Purification of the water may be either
periodisc or continuous.

C. H IoRgen.

The epace bYetween ths ro:ating bowl and the station~
ary casing auct bes oparated at a falrly high vacuua. An
extreme vaouuas is not feasible tecause of the neceesity of
maintaining temperature ocontrol through the conduction of
heat from the casing to the bowl. To facilitate this heat
tranefer and yat miniaise the windage, 1% is planned to fesed
each caging with hydrogen at about 1 cm. Hg. adbsolute pres-
surs. It will be nacassary to keep a small flow 2f hyirogen
through sach bowl so as to sweeo ocut ludbricating oil vanors.
It is antiolpated that the hydrogen will be gensrantsd in a
gingle osntral bulldiag, prodbaoly by elsotrolysis af water.
The hydrogen gas will te iried at atmoespherio preseurs and
fed to each maohine, probably near the center of the ocasing,
in a continuous streas oniatrolled by means of An acoustio
tube or orifice. Outlsts for sach ocasing will de at tre two
snids of the machine aonneating to a comwon manifold and
separate vacuuun maintaining compressor system. Rlooks of one
or two hundred uachines will probadly be handled on ssrarate
ocaslng vacuum systeus with oross-overs for smergenscy and
s cand~by service.

D. Oss Pump and Vo%or Qooling

As Mr, 3charmsnn has 3xplaired, a small gas com-
pre3sor or contrifugal pumo i3 located in each snd of each
centrifuge. The elescotric 4rive notor 1s located at one end.
A suaall part of the total heat whioh muit be di3aipated from
thegse plents muat be taken from trase three units. A bullt-
in 001l will bs oa ssch unit, arrcnged to taks 2 snall flow










druas to rill «nd hendle per eisht-hour ehift. However,
1t 18 1liksly that 1t woull be bettsr to convert the
aaterial to a nmore casily handled nroduct for sale to
present coneurera of uranium salte.

The desired end-product froz a 1 kg./day plant
weighe lees than 4#, and can therefore be shipped each day
in a snall nitrogen repressured cylinder without the need

of any spsolal auxiliary equipment.

J. Freguency Convergion

Somewhat in excess of 30,000 KVA of electric power
will be absorbded in operating the 17,000 main mnchines,
This power should undoubtedly be purchased as high tension
60 cycle alternating current. It is antioipated that it
will be stepped down to the 6,600 volt range. .As suoh, 1t
mould be fed tc the notor end of the high frequenoy

Jenerators. At the generator end, U430 cycle ocurrent would

be generated at 4,160 volts for dlstridbution to the cen-
trifure buildtinga. 1,000 KVA tranaformers to ateo down to
the hﬁo volt 1otors would be nprovided for perhaps each

400 centrifuges. U4,000 K¥ MO pets appear to be the site
which we are likely to use. Therefore, an important
auxiliary will bae nna bulldinm houging aome 15 5,000 HP NG
sets which are called the "running® units, The “atarting’
units which conalst of a oalr of vnriable sveed MG gete,
wi*h a rotatrol for constrnt torque acceleration, will more
likely be ocloier to the oentrifugee.

It should be annarent by now that many important
decisions regurding a large plant such as I have been
desoribing are y7et tc be nade. The genernl nature of the
plant has been fairly well visualized, and preliminary
designs made. Consecuently, oar asticate of canital coest
is necesearily a very apvroximnte ona, intended prinoipally
to ehow the scope of the project. On the slide Are three
sets of figures. Tha firat representa ths totals of
materlials which will be requirsd in thelr raw state for the
construction. For exanole, %the 10,000 tons of aluminum
reporesenta the <eipht of the rough extruled tubes and un-
nachined forgings which will have to bs ahinped to the
fatricator of the centrifuges.

The gsecond ast of fipures givea tre rouphly esti-
matad doller cost of the proteot up %o the noint when all
eqiiptent shown on the desipn Arawines will have heen set

up in place.
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TARLF_NO. 1

NUMRER OF WACHIMES AND S"MCEMTRATI N JRADIENT IN CASCADE

CNRICHING 3ECTI" N

Hold-Up f Coaposition of
Stayge No. Machinase Light Strean Light Strean
_Ho. __1in_Stage ] Kg. L
1 2,900 1.13 00.81
2 2,290 2.40 01.02?
a 1,850 b.13 01.2%
1,450 .13 01.61
2 : 1,150 .08 02.05
900 b.74 02.60
7 710 7.10 03.26
8 70 7.65 ok.11
9 60 5.10 05.1%
10 160 8.27 06.u8
11 290 8.46 0R.1%
12 230 8. 60 10.2
1 186 &.77 12.7
1 150 9.20 16.3
1 120 9.04 19.9
1 96 8.75 2.6
17 77 A.50 28.8
18 - 63 %.132 .2
19 1 7.94 4o.3
20 1 7.458 L6.8
21 34 6.92 53.
22 28 6.39 9
2 ou 6.05 5
2 20 5.50 70.5
2 17 5.00 75.5
2 13 .0 £0.
27 10 3.2 82-5
28 7 2.34 56.
29 b 1.38 ag8.5
14,091 133.00

STRIPPING SECTION

1 2,020 - -

2 20 - 0.5 (outlet)
2,3%0 _

NOTS: The equilibdrium tine equivalent to the hold-up tadulated
abnove {s 124 days. If enriching stages 12 to 29 inclusive
are oparatel at half pressure, the hnli-up will be 125 ke,,
and the equilidriun time will be RS days,
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Building Stages Total Ko. Approx. Building Size® SLIDE _NO +
Mo, Enclosed Centrifuges Disensions Noor Area /4 23 ] | " Z ,,' ’E: T
1 s1-52 2,940 290'x330" ggooo q.1¢, or
2 n =™ 290'xz330" ,000
3 © 2,29 290'2270° 78, 000 CENTRIFUGES
L 1 3 1,840 290'322%" 65,000
5 B4 1,480 290'x185" sk, 000
© BH- 2,050 290'x255 ' T4, 000
7 £7-88 1,280 290'x185" Sk, 000
8 3-R1 1,110 165'2285"' 47,000
9 R2-Kk 566 90'x330° 30,000
10 E15-820 (AW ] 90 'z 330! " 30,000
11 B -£29 151 90'x330" 30,000

17.031 654,000 (15.0 Acres)
}4———- —— 850
.
’ BLDG NO,
a! / 2 3 5 e
|
L!
] AUXILIARY EQUIPMENT
[ // /0 9
- 8
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The separating unit tc bte employen

ir. tnis plaat v
w1 electriocally drivea, high speed gas centritu

4 wialcen is

it
being develcped ot the Westinghcuse Resenrcer Latoratories,

Fig. 1 shows a scrematic arrangeiner.t f the cohuntetr-
current centrifuge. Tre dowl of the macuine o srproxiuately
11 ft. leng and 7.2 Llnches inslde dlameter. It rotates within
a cteel casing in an aticspnere cf hydrogen «t 1,7 cm Hg ab-

vlute pressure. Temperoture control 16 proviced ty circuln-
ting water at conegtant *emperatare torowl o coneer coll osur-
rounding tr.e steel casiiu-.

Rctution of the bowl at & speed 7 470 @53 10 ~ttaired
by means of 8 7-1/2 II.P. inducti-n tyve mnh™ v ~woude rotor is
clanped ts the upner snalt, The ertire rovirtii, acserbly 1o
guppcrted cn a thrust becring below tne end 2 *he lcwer shalt,

The shafts are tucie i nollorr dual 1ac e tubin, &40
0.D.) to conduct tne nrocess .as to «nd fror toe Lowvl. hoove-
ment of the ga8 1o accomunlisied by means of o nnp whilcn 1s
clarped to» each snaft.

Five JournaJ tyre Ttearings are leceoatet alens tiw
for positioning and two oil Jdamper bearin;s =ve nrcovided te
taxe up vibrations. The Jcurnal bearing below *:1e¢ motor actg
as the vacuum seal for the machlne oince below t.ils rolnt pres-
sures of about 2 cm. Hy; absolute will exis®,

Two water cooled pump housin,s ave ;rovided, cne aon
~eacn shaft. As shown in Fig. 2, thLess rouleEL contaln the
pump and progess gas passages whiich connect vit: the rotating
shaft, O5eale are required tc segregate tie nrocess gas ani
the lubricating c11l. These are stown in F1 . C -n each side
of the cpenings to the sraft, It 1s uvldanned to use bore dry
rnitrogen as the medium for Leeptag the process Jao separatod
from the lubricatin, oll, A certuin wuount .T procecs gas
leakage will occur in tPn saals and & recover.s system must Le
prcvided to return tihls naterlal to the syste: .

- Distribution o7 the ¢ns withila the rotating bowl 1s (o
be accomplisled by meaas ol end caps contelning radlal s8lots
or holes. The heavy s 15 conducted tu the peripnery of tuc
‘bowl through theee radisl slots and flows down the inside wall







FIG.-2

SCHEMATIC ARRANGEMENT

OF
U"ND PUMP
wrr
|

M

- o LML (AL o’y

Ny ANU PROZETS HAS
—_——— -~
' To RECOVERY TySTES

PROCESS
GAS SEAL -«

' PROCE™S L

SEAL BETWEEN ,NT)QF tgus,gc ;
INLET AND OUTLET '
PROCESS GAS —~

STREAMS
PROCESS ~ ”’MOO- _
GAS FROM PUMP T e LT
’ ] =~ STIFFENING ©, Et L€

— ANG P iMb R/ T &

ORIFICE FOR
CONTROLLING FLOW

A

N~

NSO

oD
>
7

No ANL PO BT L
T RELUJERY Sy Ty
#

NN

—e Ny ANC UL {RAIN

BE ARING




in an annular path, It 1s returned to the lower shaft throu_h
radisl elots 1in anoth:r cap of siullar consctinuction.

The 1li,nt gas flowe upward, countercurreat t; the heavy,
Radial holes in the loer cap introduce tiils gas in an anaulaer
strean approximrtely noalf way out to the wall >f the “owl, It
18 returned to the up.er shaft. throuph similar radicl lioles in
the upper cap. Iach nachine welghs approxlisately 30CC 1bs. and
has an overall length of 18 ft.

2. Plant Arrangcrient of Machines

A Xllogram per day plnut operating Letween 3¢ and CF
concentration levels requires the usce of 024 'machines arran:ed
in 15 stagcs as chown la Flg. 3. The machines in each stage
are all in parallel whilec the stages are 2]1 1n series.

: Floor space »f 20,00C &q.ft., would be required for the

machines alone with a center center spacing of # ft. The »uili-
ing required for maciines grouped intc 185 sta.cs would have
about 40-50,000 sq,ft. of floor space.

-Procegs hanifolds

The arrangement of the process manifolds 1is shown in
~Figs., 4 and 5. Figure 4 shows tlhe arrangemcnt of the pipin;;
within a stage. Valves are provided so that each row of ma -~
ochines wlthin the stagec may be isolated.

Fiy. 5 ghows R proocess manirfolds which connect stag
Valves are provided for 1b01&tinb and bypassing any stage.

Each stege 1s provided with two continuous type're—
covery traps in order to keep the seal leakage occurring at
opposite ends of the machine from mixing.

The tle-in between the centrifuge plant aand the plant
below is shcwn below tiie lowest stage in Fig. 5. It 1o assumed
that the lower plant rould be operrting st a nigher pressurc
than the centrifuge plant and 1n order to nix the streams at
~ this point a prassuré control valve eud a puip, together with

a control valve are provided

4. Operatgnh PJondttrons_and Floy Control

At an Operatin speed of 47C RPS aud proceas gas mani-
fold pressures of 2 cn ag absolute, throughout the ent;re
centrifuge plant, the temperature of the bowls iust be main-

tained at about 170°F 1n order to prevent condensation. ‘
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Zacih centrifuge is provided rith rour orificea wit |
t.e shafts to usiure pronar dlstrimtion and magnitude ©° o

in all machineg.

Forward flow equal to tie product witindrawal rat
cetier ~ith any unequalities of r'low betweern the maci.ine
place in the two vertlenl bypass lines shovm tn Fl,. 5. Al-
ternate velves in these lines will nermally be ~pen so thot A
conatlnuous path exists Hetweun the bottom »nd tep of tre pleat,
To compensate for uixin,.due to the use oI tiigse bypags lines,
four additional maciilnes are included in eact staye,

g, t
8, 2

o. Auxiliary services .

In order to iacure rroper operotion ol tae centrifu es
the followin euxilic.;  services must be Hrovided:

Poyer

Luoricating and coolin.-oil.
Dry seal gas (nitrogen)
Casing sac (hydrogen)

I

A
o

Vacuum oxhaust system. .

Casin, water (constant tcemperature)
Pump ~ad motor ccclling water..
Recuvery trans., :
Aafriveration (ethrrlenc, -150°F)
.Proiuct trap., C

13 IR
5 o o

")
£

—
O

: The requirenents for eacn of these services are out-
lined in Flilg. 3 ant 117 be discussed belcw in more detail.




2. BASIS FOR PR0CE33 DESIGN

1. HNumber and arran;.ement of .achines

The process desl n of a cascade of centrifuzes denenis
ci: the determlinatinn of two quantities; tre numher cf theoret!-
cal plates per centrifu.e, n, for a given ficw rate and the .
slmyle process factor, 1 + 3. Both of tagse quantities are
functicns of tiie dlametcr, length and rotatin: syeed cf the
becwl and of the flow nattern within the bewl, Thev uLay DLe
established tneoretically for o certaln assume’ flow nattern
cr trey may he establisheda by experiment,

It 18 proposel at present tc use a owl witih an ef-
fective length of 12" (3,2 meters), and a diauetcr of 7,2",
This bcwl will be opereted at a rotaticn sreed ~f 47C RP3 and
a temperature of 17C>F, For the purncse »f calculatin,g thne
theoretical operation of tuis Dowl, it 1s agsuned trat the
flow will take place in two countercurrent, infinitely thin
annular streams, one at a radius ~f 1.2" and tie cther at tiwc
periphery. The flow in each stres: ~ill “e 4 %./D. For these
conditions the ftnecretical number cf plates would te n - 12,7
and the thecretical siuple process factor *ould Le B - (274,

At praecent, soiie experimental data at lcw product
rates are avallable fron the Unlversity -f Virginia -n a ce.. -
trifuge operating as a single refluxings unit., Usin, the cal-
culated value of B = ,C25 and taring the Jdifference between
- theory and experiment as a correcti~n on n, the numrer cf
plates, the "plate efficiency" 18 abcut "07%.

Date - 1043 Jan. 2 Jarn. 5 Jan., 27 Feb, 3
Flow in each stream - m,/sec, 32,2 2.8 35,2 ag.,0
Product rate - my/sec. 0,77 C.41 .47 C.4"

- . P 4
B L0285~ 025 .CO8 .025
n, (number theo. platoc) A an L 00 .14 £.AC
(No/y,) max. 1,102 1.15¢  1.10%

A

n {actual number plates) 4,3 5.75

T

Plate Zfficiency = n/no 0p 740 S

Incidentally, tne runs rere made on » vewl of dlameter 7,80 cr.
and length 81.0 cm, rateting ot a sreedl ¢f 102C RPS., The tem-
perature was "C° . : .

~
Mo




In usin rrese data for design scme assumptlon nat
Ye made as o the speclfic affect ~7 the irefficlenny on n
ani B. Oince r and B are bnth functliens of *he flov paterr.
wittin %ne Towl, 1t seemed reaccnable tr iivide the vario®i o
be weer *hem. ~n *this basis the value ~t r for the larse crw
weuli be L12.0 ani the velue of B weuldl e €200, The gerneral
} rCteas lesiyn was therefcre vorzed cut ~n this basis. Figy. o
shews “ne general lay~ut cf the macnhines, Qecite allewarnce has
been “aie fcr certatn leases of efficlency whien will Te iz

cussed belcw. Tire frllrwing table summarlizes *“re dealgn:
5 I3

Tctal Helduyp

Avg,. Ccmpcesisicn

132

!
i

c*
RO Lok
D

.~

.-1'24

Tre ~cliu, f materisl sand resnlting ccntripution te the
cyuliivortium time are as follows:
Contriruticn te
Fquil. Time, Tays
Centrifuge Bowls
Flring ,
S0 Traps 2 difterert Al -s)

2. Lrsses of Efriciendy

The followin ' lcsses 1n efflclency Aue to cascade
.' - ie3ign and operation nove teen conaldered:

9
A
b Fs o ©




Corrcsion less.

Leaka;;e ~f alr intc system.

Leala.e cf process gas out nf scwls.

Bac! diffusio: cf prccess gas thr-u.i buffer asenls,
Incemplete reccvery c¢f precess gas Dy continuctc tra s,
Inequalities Detween upflcw and drwnflew in maciirec
in parallel in one stage. )
Byrasaing frou one manifcld to tl.e ata,2 ahead,
Mixing of 3eal a3 cutflcw frem peints of different
compesiticr,

Liess due to fi-v Letween upflew and Fownflew manifeci?
at each sta,e.

I thirougn & invclve lcsces wrich weuld affect the clze
~e tase rlant requiraed. The remainir,; i*e.s affect ~niy
ze of tie upper plant. These itens will be ilscuszsed
f~llowing raragr:n s numterel to correg cni with *the

abnve. ' .

v

-, ot
O . 0

~— 3
2R R e

b et O B4
’D»—

—~ 3y

o)
?)cf

ey
o

1. A corrcsion deatructicn rate ~f 2 ng/Bq.ft./day
wag adeumed ror all rnetal esurfaces in cc ntacf with pre-

e85 gus. IThe totnl area expcsed hae be calculated -
rcllows:

11,0CC f5, ~f 1" tubing 2ARC 8q.ft.
4 ,4CC fr, cf 12" " Y& '
2,000 fr, ;2" " 1cee
50O ft, ¢f 1-172" tubing 179
A24 centriluge bewls 12,CC0
Puars for abcve 1,Cac

i~tal area, cay, 15,00 gq.T*t.

";ing toe above rate ~f destructicn, the loss woull he
gr. 1oy of materlnl with an average ~~mpnsit arn cf

.

2R
9}, or avout 1l,+s of the net prcducticn of light ma-
:rial., )

L/

C. Teste now in _rogress st the Westinghicuce -
searcn Lab., indicate: that leazage tarough hard acldsret
Jeinta ¢f the trpe ccnteupla“ed qr t%e process - gas
system will De loss toan R x 1C~'~ mcl/ser, .rint,
Assuming 100 jJoints per machine, the tctal leax f =2ip
for the plant will be 0 C3Z nol/dar. Assuming that
tris air will corntain 5% water wnich wculdi react mcl
fcr mol with processa ms, the fotal destructicr. ~f rr-
cesc gas would ba abcut C,E3 gm/day. Tests cr. “he

A
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guch trat all 3cl4 surfaceg are scraped, 'hereby insuring; lew
holdup. A pcwder-senl is used te rencve the condensed process
gas from the bottom of tlie trar. 1t 1a then sublimel Trem a
heated section elow the vewder-seal and returned 4s gn3 te
tiie system.

- Bach stage will inve two recovery trap ays*ters, one
for the seals on tre upper part. of the minciilnes and cne ror

‘the lcwer seals as outlined in Fig, ¢. T8 total prccecs gas

which nust be recovered snncunts t- *78C mrs hr.  The amcunt in
the base stage 18 910 Gus 'hr, and the amcunta in rematining

‘stages are prepertional t. tre nucber of rachines in the stage.

It 1s also planned tn emplcy o ountinucus trap on *he

" entire materi:l leavli: tiic top 8'uge in nrder tc remove any

nitrcgen or air that exists ~r Las lTeaked inte tre dystem.

.7 Refrigeraticn

The minimum refrijeraticn requirenent for drying the
8eal nitrcgen wnd fcr ci'iiling tie guses in the reccvery trars
amounts to cnly 325 anl 12Cu 3TU/hr,, resgectively, The trars
will undcubtedly require censicerably nere bocause of heat
losses -and the recliculaticn thrcugh the rcwder seal. These
lesges, togather with tie losses in tite rofrigerant rpiping,
wlill constitute tie major 1024 on the systen. -

- In order that :he louss cf process zas from the re.
covery traps be Xept at a reascnablv low amcunt, 4t is necegs-
sary tc cool to temperatures of arproximately -~-15C:F, This
Luy readily be accomplisted by the use of liquid ethiylene as

the refrigerant. ) , o

Slnce a refrigerant of this type must be,emplcyéd, it
alsc presents a oonvenient method tor irying tre seal nitrogen.
10. Produot Trap
A batch trap Syctem will be used to ramaove product from
the plant, This tiap sratem would vse tie sars rs’rigerant as
the 5eal reocovery traps and it reprecente cnly A amall addi-
tional lcad ‘on the rofrijerdtion cyston, - X

W2
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Cenersl L. R. Jrovee - /1% - 2,

I tterefl re hope vary much it vill be your decia’..a to adbandcn tlhe
K-25 program, but !u event ycur decisicn s otherviee, you way reat assured
I will "play tall.” I shell aseume ‘hat [ A0 not Lave all the facts tefore

me and Lthat ycu have gocd reascns for cont'nulng.

Sincerely jocurs,

LB - oo

CC Dr. L. J. Brigss
Lr. A. H. Compton
Dr. B. V. Murphree
Dr. B. C. Urey

Copy Ir J. B C-nant

S AR Y &

.9
















ro Eriy,

~

(Vg
o

COLUMBIA UNIVERSITY, DIVISION OF WAR RESEARCH
Suit "nle oortal No,1 U-Lel7y

¢l ral L, &, Jrov 8 oarg Jai, , *J“l sugar J rrROM HSU
nutTiaLe

entrifuge were nerlectiy cleen-cut &no dellntte from tha
ery begliilng, Trey wers ohvlioue 12 ug ai., and without
eflanlte anegwerg on the feasibility 97 aspl.nlay the centrifuge
nd of mwaintelnli.s ti- counterdu-r<nt llow Irom the o niriduge,
o definite r-coz.en.otion wos ,dNeentbhle up to irz grecent tine,

However, t!» centrliuge jos now lwen 2nerat. .z eucceeefully
w.d 1ts problensg a,p ¢r to te no ;reater t: an tney did two
yeara sgo, Cn tae otnrr .ol ~er zethoas ..Ave revealed

theneelves to Le far morcicom;lex and dt-;ioui: than they were
thought to te tihien,

I do aot recsll that I have ever lecrned what your
tine li~it for any ~f tnecse :rdlests may te, My cwn idea
has been that anvtiing rod 3ro\uc1*r 75 by the autumn of 1345
is or little Interegt for tne .resent war, It would gseem to
me that snte .o ¢enuld te ;roducel by the centrifuge nlant by
that tipe, 'nd that the time egtlmates on the centrifuge plant
can bs pade with far rure configer e thoen can any such ecgtl-
nateg for tne diffusion plant, Howvever, the nnly worthshile
orinicn along trls line c¢»nuld ke made by A enmnittee after
it had studlied all time sch-2ules mdre car- fully,

3, I can thing »f tne followlag courses of action
in regard Lo tha2 centrifug. developmentg

a, Tre centrifu,e cou.l 2 used tor tho top of a
coabiratioun diffusion-centriruse plant, I do not
aubgceridte to this sugxLestlon,

b, The ceatrifu; - ,lant coull De rui 2m another undere

tating undoer Manhetltun Dilstrist, rerallel with precent |

projects, I would rot be in fav.,r of this,

¢, The centrifuge ,lunt cxidi Le rubstituted for the
d1ffugion or eletronapnstic pienty, I btelleve I
an well erough informed in regard Lu the electro-
magretle plant to conclude taeat Lt inouid go furward
and be ¢omnlet -3, The ,o-31bilily wi.ich 1 Jo see
1a the gubatitution 3f th ecentoifu e piaat for the
diffusion plant, I should llke to 8L¢J€bt that a
connjittee be asked to atuly this pouss'bility, Als>,
I would suggest that the committaee incluae in ite
Lorbership the principals of all the present separa-
tion projectia, Particuierly, tul- couclittes ehould
study oritloaily, ti.e schednles o the K-25 i roject
as aoapared with such schedules fo.° the centrifuge
plans, This comaittee c¢houlid aleod evtlaste the
effegt of voraihle difficulties nhead on necting time
echedulos for besh plants, algo the pocalbility of
using tha feoflitles botr of tne s.onufsic turing and
plant eltee al~dady dullt or iealined tor tha r.of

ia’\
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II. Gener-l B sis for Superiority of Electromssmetic Method
Since the only festure distinpuishing tﬁm isotope is its
3, =nd since mass, m, is defined only by the reli:tion, me = Force,
re a is uccelerstion, or whet comes to the snme thing %*W " & kinetic
rey. “Khere N 1is velocity of particle, it seemed pleausible thst tnose
ods of isotope separation would be most effective which give a larve
value to the kinetic energy of the psrticle. But lsrge relstive to
vhat? Study convinced me that it was the ratio of the ordered kinetic
eflirezy of the perticle to its random or thermal energy which wes the
ificant factor. I was led to believe that the expression

§w IVt

1y e = €

would givé the megnitude of enrichment attainable in a process where ::% is
tll fractional difference in mess of the isotopes being considered, %yﬁJ'is
tigl "ordered" kinetic energy, or the kinetlc energy ascribed to the average
vgibcity of the partiéle,‘%-ET is the "random™ kinetic energy or "thermal”
kimptic energy, or the kinetic energy ascribed to the instantaneous
di™erences between the actual velocitles of a particle, and that of a
particle undergoing only the average motion, and finally, where a is a

copgtant of the order of magnitude of unity .
The formula above may be illustrated by the mechanical centri-

. Let \[b be the peripheral velocity =t the outer rsdius Fi : then the

abfile formula (1) will give .. . ;%

(2) e = €

hY

i

the enrichment at the periphery over that at the center.




On the other hand, the centrifugsl force on a particle st
[
redius b ods 'wy Vg , and the integral of the centrifug=l force,

S B~

Y R Lo
W = gh\bv: Ar = Awig Hence, by Boltz€enn'b relstion,
" S 1wy
. & Ehalll Sl
(3) € = € ~ < € )

The formule may slso be readily illustrztec by the mremetic
m=3s spectroscope.

Now by purely mechenical or thermel vrocesses, including
diffusion, it is possible to give psrticles ordered kinetic energics of
the same order of magnitude as the random or taermal ererpy. But if the
particles can be charged electrically, then with electric #nd msenetic

fields it 1is possible to give the psrticles ordered energies thousrnris of

times as large ns the rundom or thermel energies. Hence it vould seem that

the electromsgnetic method of seperation should be superior to zllothers,
provided the cost 1s not too grest for producing cuantities of ions at

low random or thermal energles.

IIT,

I had knovn for some time that the vapor isSuing from the
cathode spot of an arc between metsl electrodes drawn in & vacuum ié in
a highly energetic state, and therefore prob&bly nearly one hundred per
cent ionized. See the following references: ;

Tanberg, Phys. Rev. 35, 1080, 1930

Kobel n " 36, 1636, 1930
C. Meson & V. E. Berkey, Phys. Rev. 38, 942, 1931










energy at the origin,
2
(8) 4wV, + LWy = —eV

where \( 1s the electric potential et the point reached by the ion, the

potential at the origin being zero. This gives
N
L —_
(9) L wvr = i\ Vi)

Thus the particle csn go out only if \/' (negative) exceeds

numerically \JLﬁalso negative). If the initial velocity of the ion is not

N\

zero, but (\)..)Q:A\)v) then (9) becomes

(10) ’%W\)rl - —-€ K\’ ~{VL‘+ % MKG:} )

The effect of the initial velocity is as if the Larmor Potential of the ion
were reduced (numerically) by the energy equivalent of the initisl velocity.
Concerning the axial motlon of the ions, it is clear from the
disposition of the axial magnetic field and radial electric field, that each
ion leaving the ion source will retain unchanged whatever initial axisl
velocity it had at the source. Thus, there will be a diffusion of the ions
to the axially bounding electrodes of the centrifuge, and this diffusion
rate will be independent of the radial electric fields which are impressed.
Suppose, now, that in an ionic centrifuge, that is a cylin-
drically symmetrical v=mcuum vessel with a point ion source on its axis, the
radial electric field is kept above the Larmor field up to & certain radius,
R, and is less than the Larmor Potential beyond this radius. &hen if the
individual ions follow paths given by equations (6) and (10), they will
out in spirals up to the radius R. Then, retaining the Larmor angular
velocity, they will spiral back toward the center. At anx’pgrticular radius







direct collisions in the sense of kinetic theory, beccuse the expected

censity of lons was too low to expect such kinetic theory collisions to

take plece. Nevertheless I expected interactions of some sort with

similar effects. Thst is, I believed that a beam of ions, pessing through
& cloud of stationary ions, woula be culckly scattered. I wes strengthened
in my belief by the known fzcts concerning the motion of electrons in a
plasma, Langmuir(l) had observed that a besm of electrons projected into
a plasma is scattered into a Maxwellisn velocity distribution in an ex-

traordinarily short distance. Others have verified this rnd further

1. I. Langmir, Phys. Review 26, 585 (1925)

investigated the subject. (2)

2. See R. Rompe and M. Steenbeck, Ergebnisse d. Exacten V.iss. V.18,
pp. 257 - 376, (1939)

Let us now, therefore, see what we c=n learn from ecuations
(6) to (10) if we now assume that ions moving relative to one another inter-

act, exchanging momentum and enérgy. ’

We first see that the circumferéntial veloclty of the ions will
be unchanged by the ion-ion interaction. For the “circumferential velocities
of the ions are all thé.samo at any point, whether the ions are moving
radlally outwards or inwards. Hence, interaction should have no influence

on the mean circumferential velocitiss.

However, according to equations (9) or (10), =t any point there




will be two redial velocities. Approximately one-half the ions will be
moving outwsrdly asnd the other half inwardly with the redial velocity
given Sy (9). With ion-ion interaction, such ss I expected, these two
radial velocities will be very largely converted into a Mexwellian dis-
tribution of velocitles with the same mesn scuare value.

Thus the picture of the ion motion becomes changed as far as
the radial motion is concerned. W®hile the ion cloud or swarm continues to
rotate with the constant Larmor angular velocity, the radizl distribution
of the ions 1s governed more by diffusion of ions under Maxwellisn radial
velocity distributions, then by the motion of two oppositely directed beems

of ions with velocities given by (9). If a rather complete Mexwellian

rzdial veloéity distribution 1is obtained, then the radial distribution of

density of the ions should be governed by a Boltzmenn relstion,

g —e(V-V.)

(11) n o= N, © nT

In any crse, the density should now be greatest where the
potential exceeds the Larmor potential the most. To obtain a particular
desired distribution of deposit on the axislly bounding electrodes, the
electric field should be controlled in this way: when the deposit is less
than desiréd, the potential should be increassed in magnitude; when the
deposit is greater then desired, the potential should be decreased.

So far we have not spoken of the motion of the electrons which
will need to be present to neutralize most of the space charge of the ions.

Actually, these electrons will have a density closely ecual to the density

o




of the ions, the two densities differing only by the small smount necessary
to give the small charge density called for by the divergence of the Lsrmor
field. It was expected that these electrons would be supplied by secondary
emission from the axially bounding electrodes of the centrifugé.

In a crossed constsnt electric and magnetic field, it is well
known that an electron will move in a direction at right angles to the two
fields, and with a mean velocity given by E/H. It is clear that with this .
velocity, the magnetic reaction e\\Vjuat balances the electfical force QEi
Superposed on this motion will be a motion in a circle with frequency §2} ;
the resonant frecudncy of the electron in the magnetic field. If the energy
of the electron is small, this circle will be of small radius.

In the moderste radial electric field of the ionic centrifuge,
the electron will move with this velocity E/H in a circular path, about the
axis of the centrifuge. At the Larmor field of the ion, this velocity will
be one-half the Larmor circumferential velocity of the ion, snd in the same
direction. The small mass of the electron makes the centrifugal force on
the electron in this circular orbit negligébble. Superposed on this motion
of the electron will be a motion in a very "small circle with the resonsnt
frequency of the electron. These results may be deduced more exactly
directly from the equations of motion of tﬁéjelectron.

Thus the spacé—charée/reducing“électrons in the ionic centrifuge
vill go around in circleé, with zero net radial velocity, providedithe
electrons do not interact or mske collisions with other particles. Of course,

~in the actusl centrifuge, the electrons will make collisions with the

" molecules of the residual ges, snd this will cause the electrons to have a




finite redisl velccity. This velocity may be readily estimeted. Consider
en electron in & crossed constent electric field E, snd megnetic field H,

end in a gas in which its mobility i=s % . We readily cslculete thet its

veloclity in the direction of the electric field is glven by
KE
V3 WY

() N = ‘e

where E is in volts/cm., H in gsuss, #»nd X in cm./sec. per Volt./cm. At
the residual vacuum expected, K 1s sbout 1010, E is of the order of 100,
and H, 5000. This will give N = Y cm./sec. This is infinitesimal compared
with the radial velocity of the ion, sbout 104 cm. per sec. Thus the
radiel current inwsrd of the space charge neutralizing electrons will be
an extremely small fraction of the ion current. |

Ve are now ready to discuss the expected operstion of the icnic
centrifuée. Lts slready indicated, sné ss illustrsted in Figure 1, the
ionic centrifuge is a cylindrical vacuum tank in an axial megnetic field.
In the axis of the tank is an &arc source of ursnium icns. At ench axisl
boundary of the vacuum space is a nest of concentric flat ring electrecdes,
which can be energized electrically es desired. The outer radius of the
vecuum spece is bounded by & metallic cylinder, which cen also be energized
electrically as desired.

What will happen if we reise the potential of say the first
end rings negatively, reletive to the arc, btut keep the other rings &t zero
potential? There will be & small electron emission from these first rings,

photoelectric or otherwise. These electrons will flow out into the space

3




opposite the first rings, and beceuse of the very small rsdisl mobility of
the electron, will rzise the votential of this spsce negetively. Of course,
this space poterntial csnnot become more negetive than the rings, for then
the electrons will flow freely axially beck to the rings. How closely the
space will follow the negetive potential of the rings will depend on the
intensity of the electron emission from the rings, tut in any csse the
potential of the space will rise negatively with the rings.

Until the spsce potential at the inner edge of the rings resches
the Lsrmor Potential, according to the theory just given, no ions from the
arc will reach the rings. The current from the rings will then be just the
small electron emission current from them or less. Vhen, however, the space
potential becomes greater than the Larmor, ions from the arc will reach the
rings and the current teken by the rings mey be expected to rise sharply.
The ions will not pess beyond the first rings beccuse the spece potential is
less than the Larmor there. As the first rings are raised negstively high
above the Larmor Potential, all the ions emitted from the arc should reach
these rings, =2nd the current to thegse rings should show saturetion, but
modified somewhat bty the small electron drift current,

Now suppose additional rings are rsised in potential, negetively
above their Lermor Potential. Then they will shh;e in the ion current
emitted by the arc. The distribution of current to the rings will be
determined by the potentials of the rings. In genersl, those rings whose

potentials exceed their Larmor Potential by the greatest amount will receive

the larger fraction of the ions.

AN
However! becsuse of the diffusive charscter of the radisl ion

flow, the inner rings will be favored over the outer rings. For example,




to obtein a uniform dencity of ion current to the excited rings, the outer
rin- woggf need to exceed their Lermor Potential by a little more then for
the inner rings.

Now suppose, for example, that the rings up to & certain radius
are controlled by suitable circuits so thst the‘currgnt density received by
the rings is the seme for sll the excited ringzs. Suppose also that this
current density is chosen so that the totel current which this current
density corresponds to, is somewhat less thon the ion emission current of
the arc. OSuppose now, also, that the lons emitted by the arc consist of
tv.o 1sot9pes. Then if s spuce poterntial is considerably above the Larmor
Potential for the heavier ion, it will be much less above the Larmor Potential
for the other ion. Thus with the given spasce potentiasl distribution near
the Larmor Potentlal, the ion-current distribution to the excited rings will
be very different for the two isotopes. .

If the Maxwellisn radial velocity distritution is sufficiently
wvell developed so that we may use the Boltzmann relation (11) for the redisl
density distribution of the one ion, the redial density distritution for the

' ) _
other isotope ion of mass W = "W+ 6W and Larmor Potential \JL ‘\VL+ EQJL

ill be !/
' g&‘_\d_f V‘-)
L “"

(13) <

leading to
e A
KT

(L) W [n €

Thus the degree of enhancement or isotope enrichment which will

cah \!
be obteined will depend on how small KT could be kept relative to € ZX{L c
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It was believed thet KTT would be of the same order sas

-1 -

—~
glven by equation (9) so that by keeping V close to VL’ kT would be kept

smell. The manner of electrical excitation described above should ensure
that V—VL should be small, since just enough potential would be applied to
the rirzgs to bring the ions out at the desiréd deﬁsity, snd higher potentisls
than necessary would not be used becsuse the total currert demended was lecs
then the saturation current from the ion source.

It wss hoped thst ka could.be mace so small ss to be ecusl

to ~< A\IL, in which cese the enhsncement would be

M' “' e‘\'l
(15) x:[w;: B

AN

which would be a large enough effect to make the ionic centrifuge a very
superior device.
I must emphasize in this closing paragraph of this section,
the theory given above is the theory as developed in the first half of 19
The results talked about are the expected results, and not the actual resu
‘obtainéd in the experiments finally made on an sctual centrifuge tested in

the last months of 1942, which will be described in later sections.

V. Expected Superdiority of the Ionic Centrifuge over other Electromagneti
Pevices,

The Ionic Centrifuge ras expected to be superior to other
electromegnetic separation methods in the following respects.

1. The ion cource is of supreme simplicity, and was expected
give an enormous yield at high efficiency. These expectations were based o

previous experience with copper ares in high vecuum.







voltage, tht is, =t & few hundred volts ss ageinst more thsn <5,000. At

the sene time, the drein, or current teken by the power source was expected
to be the ssme £s the current of ions sepsrsted, wheress for the Celutron
this drain wss more than ten times the ion berm current. Thus the electrical
porer recuirements for the Ionic Centrifuge per unit effect were expected to
be much smaller then for the Calutren.

The lower voltsge used by the Ionic Centrifuge, with grestly
reduced sputtering effects, slso would heve many other edv&ntifes.‘ At the
lo§er voltsge, the cost of power is very much lower per kiloweé?:;hen &t
thg higﬁer voltsge. Also the electrodes used vould huve sn extremely long
1life, and the recovery of the material would be very much essier,

7. The control of the ionic centrifuge wes expected to be very
much essier than for the Cslutren or Isotfon. Simple constsnt current
currents were to be used, with the potentials inherently automatically
ddjusting themselves to the proper veluecs by the intrinsic properties of
the Ionic Centrifuge itself.

8. The ion source in the ionic centrifuge was expected to be of
very high intensity. At tﬁe seme time, since interaction betveen 1ions is
permitted in the ionic centrifﬁge, in fact is expected, it was believed that
the ionic centrifuge would operate with very large yield.

9. The chemistry of the ionic centrifuge wes expected to be very

simple. The deposit would be in the form of the metasl or oxide, which wduld

be stable and non—corrosive;

10. Let me emphesize that the anslysis in this section is ss it

looked in 1942.




V. Experirental Development of the iArc lon Source
The ion source in the Ionic Centrifuge w-c expected to be simply

an erc drswn between two uranium electrodes in the axis. Almost st once,

8s soon ss we sttempted to put this ides into prrctice, we ran into diffi-

cultles due to the iﬁstability of the sarc.

I wzs aware thot ares between metullic electrodes in vzcuum
were extremely unstable with only a few amperes,'tut my past experience
huad indiceted that there should be no difficulty when more thsn ten or
twernty amperes were used. However, my previcus experience h;d not in-
cluded arcs st such high vacuua &s we were now using, e#nd also my previous
experience involved arcs of short time durstion as in vacuum switches.

-In Februry, 1942, our experiments with uranium electrodes
~uickly revesled the seriousness of this instability.

Sterting with & pair of electrodes which had been expossd to
the stmosphere, and efter pumping down to a high vacuum, a five empere erec
in a 110 volt d.c. circuit could be readily drawn. It would burn for ten
or twenty seconds, and then would go out. It could then be restruck, and
after a few seconds would again‘go out. After = few such restrikings, the
arc became so unstable that it would go out immedistely after being drawn.
The oscilloscope indicated that the arc would burn only a few thousandths
of -a second sfter being drawn. If the glectrodes were exposed to the air
again for a few hours, the initial rather limited arc stability would be
egein evident, but soon it nas lost again.

Going to higher current, or a higher voltage circuit, made

little change in the performsnce. The initial arc statility lasted a




F |
little longer perhzps, but soon egain arcs of only extremely short duration
could be drawn. A lirge reactor in the circuit did not help. The righ
voltege, (10,000 to 20,000 volts) developed across the reactor when the
arc went out, indiceted the hopeiessness of this direction of cttack.

The effect of degree of vacuum on the nrc strbility wes studied.

In helium the src remsined unstsble up to 0.2 mm. pressure, but in air it

became cuite stable 2t 0.1 mm. This seemed to be too hish = pressure for

proper operation in an ionic centrifuge.

At first it was thought thst this grest instability of the src
was a peculiar pr§perty of pure uranium metzl. However, a few tests
shqwed th=t copper nnd iron also showed this instability under similar
circumstinces.

It was noted that while complete stability was not obtained with
nir at pressures below .0l mm., nevertheless the duration of the arcing
period after each electrode sepsration was increased by the presence of a
little air or oxygen. Experiment indicsted thct with a few microns of
oxygen, the arc duration would be .05 secords or more., This suggested a
vibrating contact arc in the presence of a small amount of oxygen.

A vibrating arrangement wss therefore made wherébj electrodes
could be put into contact and withdrawn about thirty times = second. One
electrode was made of carbon with a hole drilled into it lengthwise,
through which oxygen could be leaked at a slow rate. The other electrode
was, of course, uranium metal. With this sﬁructure, and with an oxygen
pressure of one or two microns, the arc would burn through most of the

1/60 of a second open period duration of the vibrating contacts. An
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aver=ge =arc current of one ampere,‘actually two amperes during the srcing
périod, could be maintained fairly steadily. Currents to surrounding
negrtively charged electrodes in the vacuum vessel of more than 20 m.s.
vere observed, indicating that the ion emission wes of this megnitude. The
polarity of the arc did not make much difference. |

All these expérimgnts were made with no magnetic field impressed.
When finally the 37% cyclofron magnet became available for a few days test
and collection runm, it waé'found that iﬁ the magnetic field the arc became
increasingly unstable, the arc burning for only one or two thoussndths of
a second.

Thus, it bec=me incressingly evident to us that vibreting con-
tects were not the practical answer to the arc stsbility problem. After the
large ionic centrifuge was bullt end placed ir the fringing field of the
184 inéh cyclotron megnet, most of the summer was spent trying to find other
ways of making the arc stable. ' |

A great variety of experiments were tried, using cooperating

~ carbon electrodes impregnated with various meterials. Also additions of
. various metsls were made to the uranium. Results are recorded in the
laboratory record books, but are too varied and numerous to record here.
In general these experiments were unsuccessful.

It had been reported by others on the project that &n arc had

been succesgfully run in a high vacuum between a thermionic filament cathode

and a uranium.anode. A very high ion emission was also reported. Therefore,

8 thermionic cethode was constructed to fit into our ionic centrifuge, snd




tests with it «nd ursnium =znodes were c=rried out.

It wes found, however, thet the src ins unstable in the hizh
vacuum. The arc would be started by introcducing hydrogen into the vessel
until & pressure was reached at which a thermionic arc would start. When
the hydrogen wss pumped out, the arc would continue to play for a vhile,
but generally, in a very short time, the arc would go out. thile the
arc lasted, m molten pool would form on the uranium s#node, and in this con-
dition the ion emission was cuite low.

I a uranium anode was used which hsd previously been-exposed

to the air for a long time, the arc, usually of about 5 emper=s, would

persist for some time, a matter of a few minutes, after the hydrogen w:s

pumped out. Then the arc would terminate on the anode in s bright small
spot, with an arc drop of only 18 to 20 volts. Under this condition there
would be & large ion emission, usunlly more than 20 snd sometimes up to
200 m.a. But presently a molten pool would form, the ion emission would
fall to a low value, the arc drop would rise to 70 to 100 volts and then
the arc would go out.

As before, permitting a little air or oxygen to enter the tank
would make the arc more stable, but results were rather erratic in this
respect.

Again a large variety of experiments were tried with various
meterinals added to the uranium to try to obtain a stsble =rc with large
ion emission. These are recorded in the laboratory record books.

i The best result was obteined by using a slab of uranium clamped




e sleb of ursnium oride, =nd pleced so tart the electron strzem from the
filament flowming perallel to the mamnetic field would impinsge on the junctlon
of the metzl ~nd oxide. £ brizght anoce spot would form there, -nd the sarc
drop would be less then twrenty volts. A lerye r~ad cuite sterdy ion emission
exlsted in this condition. At a particulsr anod= spot, the ilon emission would
greduslly fsll 2nd the arc voltmge would rise efter & considernble number of
minutes., The filament c»thode would then b2 movad slichtly snd a new snode
spot would be formed. The arc current in these experiments wos usually five
amperes 2nd sometimes ten nmperes. The ion emission st a {resh snode spot

would be nesrly 100 m.a. This type of =rc was used in ¥4e various finsl

collection rmins with tie lonie centrifuge.
(=]







pover supcly wos nlso desisned by Dr. Brubeker, and built, which perritted
cortinucusly =djucrteble voltages to be applied to esch of the twerty-eight
ring eluctrodes ¢f the cerntrifuge. Later, Dr. Bruteker sdded elements to

the nower supply so that 1t would supply continuously s=djustrile corst-nt
current to e«ch of the twenty-elvht electrodes. ni speretus begrn te

be used in the big mrgnet sbout the niddle of July, 194c.

As with the smaller centrifuge, the currents observed fleowing
to tle various rings ns the voltryges were veried, contrzdicte! the *theory
develcped in Section IV. VThile holdino the inncr rinss‘at 7ero potentisl
would cut off the flow of current from the arc to the cuter ringe, never-
theless, current would rench the outer rinss when they vere st much less
then thelr Learmor Potentisls provided only thet the inrer rings vere rlso
made negetive in potentierl.

v(nite distressing ves the frecuent obrerv: tion of negetive
(electron) currents to rings. For exrmple, i0 the rings vere given £ con-
tinuously rising distritution of potentinls, sus for exsrmple, the Larmer
distribution, and then if tvo adjscent rines verc rdjusted to the c-me
potentisl, the inner ring would receive positive current, s#nd the outer
ring would receive a smaller but compersile negative currvnt. 7This spprrently
rether free flow of electrons rrdially in the centrifuge is completely
opposite to the expectations described in Section IV.

Cepping the climsx msy be described results obtained when
positive volteges were impressed on the rings as in run 21. It wss intended

in this run to hold the rings at a moderste positive voltsge, about 250

volts, so as to meke it impossible for ions to lewve the 2rc, and reusch the

rings. In thls wsy we expected to get Inform.tion concerning A |

B




aend distrivation of newto Y molecales e vin: the are The electron current

r esie=Xly “era, ncoording to thz

'
i

to the rings w5 =157 expects ‘o b

theory £ Section IV. In-t- ?, curreonts cuch os follows nere observe!.

Ring No. o« 5 Qﬂ

Ring Volws $L4C : $o13 0 1213

Lower Ring -30 L AR SIS TR S0
Curr=nt, m.n.

Thus very lnrge clactron currznts feem to Clos to the ilnner
rings, anl =t the s.me time, agrinst a strong opposing potentiunl,
ion currents recch outer rings. Mersursmonts rer: 39 @ of the de

mterial, which indic tel thet mors mcterisl ceme out to

e incomprahensit
1-*cr yours at Westinghouse th it it bee:me clecr how they aizht be sccounted

for LUy an intersction between lons snid electronc.

Nevertheless, the experiments showed thot In the m~wmnetlc fi-14,
energised.
curr-nts vers dresn Srom the ore to #he—riAgshuith hundr-Ts of volts. This
could only mesn th=t the currant currying particles mnt zcaul correspond—

inz kinatic energzies. In the masimetic field, there <did not szem to any
24 ¢ ) 1 Y

icubt thst it would be the positiva ions which would scculre tals encrag;

r.thcr then the electrons. Also, with direct, kinstic theory collisions

8
kitecern ions on? electrons or molecules negligaeble in numbers, it wes hrrd

SRS S8 i

to aee how the kinetic energy of the lon (presumably thst of some oscillstion)

could be cuickly dissipited into random or thermsl enervy, ~nl therefore,

i

n, s







unrs inchéuren nwere izstensd to the various rin o,

1S

r3, #ith & ar:met Cielt current of €0 amps., =2nd pr.. urs

-/ . . .
1.4 x 107" mm., the relative densities depocitez on tae collectors

ned by toking alphs counts with e«ch collector.

chown in Floure The depasit on the

lover rinss vas hervier than on the uppor tecuce the <re wro oot n-or
the tonk, snly oig inches Tron the lower rinss. On ¢ llin
) J g

deposits on lowers «nd up.ors toostiher, we vet o« crutifylinsly const

Jeposit on to 6, but ring 7 which should 4lso show this ssme de-

posit, Thz deposit should drop sharply to zero
he theory of Sectlon IV, but inst-=d, it drops

& ruther grwilual msnner. £An enricnment fsctor of 1.14 wes indicets
chemists for the s=mple teken from ring 3, low=r, but therz are un-
certalnties about this s described in the next section.
tn example of & less frvoruble looking run is shown in
Here rings 2 to 16 were excited with uniform current density

4

with a total current of 4 m.a., pressure 1. 10~% mm. =nd mesnetic field

Figure 5.

current of 650 smperes. Ruuning time 3%} hours. The ©4 counts were con-

verted to micrograms per in.? by the sppropriste multiplier. In this run

the chemists did not report results indicseting sany lerge enrichment factor.
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Berkeley Report 1.20

Columbia Check 1.42
of Berkeley
Sample

Colunbia Re-
purified sample

~ Lm‘_- _

e by e by e by
£/m_ __Vr (/m)_ ._L/_)_.J./.ii

Ssmple Run 10, 18U

1.90 0.81 1.45 1.50 <.23

1.80 0.79 1.63

Sample Fun 15, 3L

e by
f/m i / f _ Mmj

Berkelesy Report
Columbia Check
of Berkeley
Sample

Columbia Re-
purified sample

S

Berkeley Report
6L

Berkeley Recount
6L

Berksley Report
7L

Berkeley Repuri-
fy, 7L

C&lumbia
6L + 7L

0.94 0.98
0.96

Samples, Run 15, AL, Run

e by

f/m ~/f (%/m)
0.91 1.13

0.90 1.16
0.9z 0.70

1.02
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Description File Tocetion

Report {unnumdered) - Time of Zquilibriunm AZG Mle
of a 3ingle Refluxing Centrifuge - 12 June

1942 - I, EKaplaen and K, Cohen

Report A=195 « The Aprroach to Equilibdriun AZQ Tle
of the Counter—=Current Centrifuge -~ 17 June

1942 - 1. Kapleam and K., Cohen

Report A-302 - Some Properties of Cagcades  AEQ Tile
of Concurrent lements = 13 Septemdey 1942 -
K, Cohen and I, Kaplan

Repors (unnumbered) - The Westinghouse Ces APSYP File
Separators, Developments CiMgy 429 and M15 -
Tndated = A, O, Hagg

Report A-1793 - Gas Centrifuge Development  AEC File
Project - 20 Harch 194k - 3tendard 041 ‘
Davelopmen$ Company

Letter and fork Review ~ Lettey from Paul ATSYP File
3, Xuhl te 3, ¥, llurphree, dated 2 Jecember

1943, trangmitting Summary Review of 4,3.P,

Plant Operation by 3, C, 3elden, 7, A,

Rusgell and B, G, Gillesple, dated 1 December

1943,

Report A~-643 - Princeton Universily C3RD ARG File
Project SSRG-5. Overall Repor$ #13, The

#Igotroa® Method, Cenersl Report covering

pericd from December 1, LWLl to May 15,

1942 - Undated - 3, D, Smyth =nd R, B, ¥ilson

Repors A-803 - Princston University OSRD AR¢ Fle
Project STRC=5, The Isotron Method General

Repord #18 covering period from Msy 16, 1342

to August 20, 1942 - Undated -~ H, D, Smyth

and ®, ], ilgon

Repors A~824 - Memorsndum For i{embers of AZC Tile
S=1 Ixacutive Conmlttes, Preparatory to
Yisit to Princeton = 16 December 1942 -

H, D, Smyth

Report A-82h, Suppl. 1 - Nemorandws Tor AZC Mle
Members of 5=1 Zrxecutive Cormittes - 13
January 1943 - H, 9, Smyth




o,

3

23

27

Desaription E

Report A=1742 = Princeton University OSRD
Contract CEMsr 297. Zinsl Report - Cotoder

Report A=T13 - Finol Report of the Sterling
Chentcal Labdoratory in Fulfillment of Con~
tract OEMsy 381 and Extensions 1, 2, 3 -
19 May 1943 = Herbert 3. Harned,

Wollney, Matohett and Levine ~ Ind, “ng
Chem., Annual Fdition 16, 519 (19uh).

Repor$ DR=512 = Receat Zxperimeats on the
¥ractional Sublimation Method of Uranium
Isotope Separation - 31 July 1945 - Allem 2,
Reid ‘

Repord 4=1933 = Final Report on Contrzets
OEMax=106, CMar-107, OMer«l92, OXMer-hl2,
and Assoclated Sub-contracts - 26 Februsry
1954 - iarold C, Urey

Repors A=-L%5 - 7{nal Repors of the _
Peansylvania Croup on Substitute leterials
Projeet, 1 Septemder 1942 to 31 Decenmder
1542 = 31 December 1942 - ¥ertin Kilpatrick

Report 4~519 ~ Final Report on Coantrzet
(EMsr-788, Design of ZtherwVater Con=
tacting System - duPont da Nemours &
Company = 18 January, 1343 - J, 3, Tepe
and W, K, Yood

Report (unnumbered) ~ Spectrogrephic =nd
Fhotochemical Froperties of Urenium Com-
pounds #ith Particular Reference to Ise-
taple Sepsration - Undated - G, H, Dicke
and A, B, 7, Duncan
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