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CHAFfER VI 

Introduction 

6.1. As has been made clear in-Chapters IV and Vr the information 
accumul ated by the end of 1941 as to t he possibili t y of proctuclng an ato~c 
bomb was 3uch as to wa rrant expans ion of the l;ork. and this expansion called 
f or Bn adrn.ini.s trative reoreanization. I t was gener:Jlly accepted that there 
-was a very hieh probabili t.y that an at omic borr.b of enormous d.estructi ve 
JX>WC r could bP. r.nde , either f rom concent r a ted U-235 or fro:n the new element 
plut-onium. It wJ.s proposed , Lhcreforc, to in::;t~ ._ute an intcnsi vc expcr­
ir:lental and theoretical program i ncluding v·ork both on i3otope separation 
nnd on !..he chain-reaction pr oblclils . It was hoped th•1t this prot;rJ:n v:ould 
cstl.l~llsh definitely whether or not U-235 coul d bE' oepar nted in 3ignificant 
quc1ntHie:; from U-238P either by electromagnetic or statistical r.ethods ; 
whether or not a chai n reaction could be established with natural uranium or 
its compound3 and could be made to yield r el atively l arge quantities of 
plutonium; and whethex· or not the plutonium so produced could be separated 
!'rom the parent material. urnniumo It was hoped also that the program would 
provide the theoretical a nd experimental data r equired for the design of a 
f ast-neutron chain-reacting bomb ~ 

6.2. As has been explained in Chapter V, the problems of isotope 
sepJrat.ion had been as~i£.,'11ed to groups under Lawrence and UrP-y while t&'1e 
x~crna.ini~ problems were as signed to Compton's group, which wus organized 
under the crypt ically named "lletallurigical Lab o~,atoryn of the Universit,y of 
Chicar,o. In this cha pte r and the folloi'line t wo chapters we :.~hall deoci'ibe 
the worlc of the Metallurr,ica l Laboratory and the associated laboratories up 
to June 1945. In laLer chapters we shall discl..l!J3 isotope-separation work · 
and the work of the bomb development erQup, which was 3eparated from the 
Metallurgical Laboratory early in 1943. 

6. 3. It would be foolbh to attempt an assessment of the relative 
importance of the contributions of the various laboratories to the overall 
succes:J of the atomic-bomb project. This report makes no su~h attempt, and 
there is little correlation between the space devoted to the work of a given 
group and the ability or importance of that eroup. In dccidine which sub­
division of the atomic-bomb project should be discussed first and most fully; 
we have been governed by criteria of general interest and of military 
security. Some developments of great technical importance are of little 
eeneral interest; others both interesting and important must still be kept 
s ecret. Such criteria, applied to the objectives and accomplishments of the 
various laboratories set up since large-scale work began, favor the 
Metallurgical .Laboratory as ~he part of the project to be treated most 
completely. 
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6, l , o I n <!ccorda.nc~ r'ith t he i'!enera l obJt.ctivcs ju~~-. outlined J the 
i nit i1l obj ectives o! t he !.: ~t.allurzical LabC'rator .( v. c.::-e ; fir:1t, to find a 
sy:J t un u~inrr ncr mal 1:ran:lum .!.n which .1 chain rc lC'Jior, ,., 0u..ld occu r; se cond b to 
shuv1 that. i f s uch a c h.:~in reaction did oc c•tr , it \tO•J. l d be po:.ssible to 
s epara te plut onium cheru.tcally from t he ot he r rril t crial; and, fina lly 1 to 
ob t ain t he t heoretica l and experimental da t a fer e ffecti ng an explosive chain 
n:nct'ion with either U-235 or with plutoniuril~ The ultimate objective of the 
l abora tory was to prepare plan~ for the l ar ae-5calc prouuction of plutonium 
and !or its usc in bombs. 

~iza t ion of t he •::ork 

6.5 . The l aboratory h3d not onl,y to concern it~elf with its im­
mediate objective3 bu~ simultaneounly to bear in mind the ulti~1te oojectives 
and tc work toward t!lem on the assumption th.1 t the in:mcdiate objecti-ves 
would be attained. lt could no t wait for a chain reactio!1 to be achieve d 
before studying the chemi3try of plutonium. It had to as ~nu:Je t hat.. plutonium 
would be sep~rated and to eo ahead with the fornulation of pl ans for its 
production a nd U3e . Con3eo.uently problel!l3 were cont imw.ll,y r cc:!efined as new 
info r ma tion becacre available 0 ar.d renearch prograL,s we r e reas~essed almost 
from week to week. In n ecnerul way the experi:nental nu.clca r physics croup 
under E. Fermi was primaril,y conce rned. with getting. a chain rcnc tion going, 
the chcrnis tr,y division organized by f. H. Spedding (lat er in t urn under 
S. K. 1\Hison~ .J. Franckp ·::. C. Johnson, and T. Hor,ne3s: l'fit h the chcmistr,y 
of plutonium and wlth.separation methods» and the t.heor e t i ca l group under 
E. v;i G 1e r with designing production piles. Ho wever, t he pro ble!:I.S v;c re inter­
t·rd.ne d and th!.! various scientific and '.:.echnical aspects of the fission 
pr·oces s were s tudied in whatever e roup 3eemed bes t equipped for the particu-
1-:u· t a sk. In Uarch 1942, Thoma3 \'.'. Uoore was broueht in to head the engineer­
i ng group. Other senior ~re n in this g roup we re M. C. Leverett g J. A. v;hceler 
and C. W. Cooper~ who later succeeded ?~core as head cZ the Technical 
Division In the summer of 1942 the importance of health problems became 
apparP.nt and a health division was organized under Dr . R. s. Stone. The 
difficult task of organizing a nd adminis t erine a r esearch laborator y growing 
in size and complcxit.Y with a lmost explosive violence was carried out by 
R. L. Doan aa Laborator,y Director. 

6,.6 . 'Se have chosen to confine this chapter to the work of 1942 
because a self-sustaining chain reaction was first achie'ved on December 2nd 
of that ,year, at a time when the whole Chicago project was heine appr~ised by 
a reviewing committee with the membe rs particularly selected for their 
~ngineering ba ckground.* That was a dramatic coincidence and also a 

* This coi:liltittee w.as composed of ~·;. K. Lewis, c. H. Greemmalt, T. c. 
Gar,y. and Roger \\'illiam.s. E. V. Murphree was also a member but <1ue to 
illoe~s was unable to participateo 
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conveni ent one for ptu' j>J ~ es of thtc r~ port Gl'l(':~ ei Lt."r lnC'! uent mit;ht be 
corwidcJ'cd to r•v:: rl~ th~ enrl cf an P.J,;CCh <lt t lv; M':!l.-:lllur .jlc;tl L.aborotcr.,7. 
Further-::10rc ~ ln pre p.:1 rution for the ~vlcr1lne corm1 L t "!~ T s ,.;_nit a compre­
hcns i vc rcp"J rt had bcci1 prepared. Thc t r oj.ort Ytl13 ce•• <:ra ll~· known <:!2 the 
11 Fe 3slbillty Report" and has been u:Jcd extcn:J i ve ly ln preparinG this chaptero 

Plan of this Chaote r ,__ ... ._.__......~ 

6. 7 o In this chapter we shall pre sent. the ma terial ln the order of 
the ob,j ecti vcs 6i ven above. In Part I Tie shall di ::3cuss procress towards the 
initial objectives, includine (a) procurement of m8terial~, (b) t he exper­
imental r roof of the chain reaction, (c) the chemist-ry of plutonium and some 
of the problems of sc~1ration, (d) some of the type~ of ~uxJliary experiments 
that were performed, and finally (e) the 11fas t neutron" wor~. Ncce.ssarily 
the work described in dctHil is only a sampling of the large amount of 
theoretical and experimental work actually performed. In ?.ert II we shall 
discuss the possibilities that were considered for production piles and 
separation methods, and the specific proposals made in November 1942. 

. I 

Part I 

h·ogress toward the Initial Objectives 

Procurement of Materials ---
General -....--r-· 

6.8. It has been mnctc clea r in earlier chapters of this report that 
the procurement of materi als of sufficient p.1rity was a major part of the 
problem ~ As far a~ urani~~ was concerned, it seemed likely that i~ would be 
needed in highly purified metallic form or at l east as highly purified 
uranium oxide. The other materials which were going to be needed were either 
erafhite, heavy water, or possibly beryllium. It was clear at this time 
that, however advantaeeous heavy water might be ae a moderatorg no large 

· quantities of it would be available for months or yearso Beryllium seemed 
less advantageous and almost as difficult to geto Therefore the procurement 
efforts for a r.1oderator were centered on graphiteo As has been explained in 
Chapter V, procurement of uranium and graphite was not primarily the 
responsibility of the Uetallurgical Laboratory but was handled through E. v. 
t!urphree and others on the 11 plaP.ning boardo 11 In fact, the obvious interest 
of the Metallurgical Laboratory in the problem led to continual intervention 
by its representatives. A great deal of the credit for the eventual success 
iQ obtainine materials is due to N. Hilberry and later R. L. Doan, always 
supported by A. H. Compton. 
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6.9. Ol.Jvicu:>\,. there would b0 no point ·in UiidcrLakin:; this whol e 
pro j ect i f i t wct'e net coine to be possible to find. enough ur-1niw:t for pro­
duci ng the bomb 3 . r~ rl:; indic<l tions were f c.vorablr. p an-:1 a ca::-eful survey 
made in Novcmb~r- 1S·42 s•tcwed that i!lT.lediate delivery could be :!!.ade of 
adequate tonnahcs or uranl u~ orcs. 

Uraniurn O;::ide and Urani \l.IT' Me ta 1 --.-----..........---..--

6.10. At the end o f 1941 the only uranil@ metal i n exis t ence wa3 a 
f ew grams of good n:a tcrial ;na de on an expcrim~ntal .tx::sl .3 by t he •,·, es t inghoUBe 
Electric and ~anufacturiPg Compa~y and others and a· fe~ pounds of highly 
imr;u r c pyro J=(loric fONd~ r modt:! by 1.1e t al Hydrideo Co-npv ny. The only consider­
able amount of raft' m..1.terinl then availabl e in thi s country was ln the fo nn of 

. a cooune r cial grade· of black ur.:1niurn oxide, which couJ.d be obtained in l i..mi.ted 
quanti t i e s from the Canadia n P..e.di un; and Ur anium Co . It c:mtained 2 t o 5 per 
cent of impuriti es and was the ma t e rial wh.lch gave a neutron mul tiplication 
factor of only about 0.07 when used i n an exrom:nt i a l pile . 

6.11. By May 19Lt2, dellve ri e:.~ averagi ng 15 ton::; a mcnth of bl ack 
oxide of highe r purity and mor e uni form gr ade started c ocnint; .Ln. Tota l 
impurlties we r e les3 tha n 1 pe r cent, boron comprieed a few parts pe r million» 
and t he neutron multl plica tion factor ( k ) W33 about. 0 . 98 . (It is to be 
remembere d tha t the multiplication f act or dapends a l s o on the pur i ty of the 
gr aphite . ) Deliveries of t.his materia l reached a l.on a day i n Sept ember 
1942o 

6.12. Experimen ts at the National Bureau of Standards by J. I . 
Hoffma n dcmonatra t ed tha t, by the use of an ether extracti on method, all the 
imp.J.ritics are r emoved by a s i ngl e extract ion of uran;rl nitrate . The use of 
this nc thod r emoved t he grea t hulk of t he· di fficult i es in securing pure oxide 
and pure ma t erials for t he producti on o! me t al. Ear ly in May 1942, arrange­
ments we r e comple t ed wi t h t he Uallinckrodt Chemical ;.·,·or ks in St. Loui s to 
put the new gr ade of oxide through an ethe r extr acti on pr ocess on a produc­
tion bas is for a further r eduction in impurity content and to deliver the 
final product as brN m diox i de . Deliveries started in July 1942 at a r a t e o! 
30 tons a month. This oxide is now used as a sta rtine point for all metal 
production, and no higher degr ee of purity can be expected on a commercial 
scale. In !act, it was a remarkable achievement to have developed and put 
into production on a scale of the order oi one ton per day a process for 
transforming grossly i mpure com~ercial oxide to oxide of a degree of purity 
seldom achieved even on a laboratory scaleo 

6. 13 o The process which Westinghouse had been using to produce the 
metal was the electrolysis o! KUF5 at a cost of about $1 ~000 a pound. Since 
the KUF5 was produced photochemically under the action of sunlight this 
method con:J tituted a FQtcntial bottleneck in produc tion o It was found that 
uranium tetrafluoride could be used instead of KUF5, and steps were taken to 
have thissalt produced at the Harshaw· chemical Company in Cleveland and at 
the du Pont plant in Pe nns Grove, New Jersey. Production sta rted in August 
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1942 and by October 1942 vws up to 700 pounds per day at Harshaw and JOO 
poundn per d~y at du Pontp the method of manufacture in both cases being the 
hydro!luorirwtion of Mnlllnckrodt-}:Urified dioxide o 

6.14. As the result of thi3 supply of raw materials to We3 ting­
house, nnd 83 a result of plant cxp:msion, deliveries from Westinghouse 
had accurr.ulated to a total of more than 6000 pounds by Nov~mber 1942 and were 
ex[X! cted to be at the rate of 500 pound~; per day b.i' January 194). The purity 
of the metal was good. and the cost had dropped to $22 p~r pound. 

6.15. Dcliv~ries of acceptable metal from }letal H.,ydrides co. wero 
delayed for var ious reas oro and were just beginning in Noverrber 1942. Thi.ls 
compan,y' s production was supposed to reach a thousand pound~ per week there­
after. 

6.16. Neither t he 'r';estinghouse process nor the M~tal Hydrides 
Process was entirely satisfactory. Intensive activity designed to acceler­
ate metal production0 and carried out independentl y. by F. H. Speddine and 
hie associates at Iowa State College at Ames, Iowa, and by C. J. Rodden at 
the.National · Bureau of Standards, resulted in the development of a satis­
factory method. Production facilities v1ere set up at Ames in the fall of 
1942 and had already produced more than one t on by the end of November. 
The process wa.:J extremely simple, rapid and low coat. 

· 6.17. Further research indicated additional change3 that could 
bo made to advantage, and by the middle of 1943 Spcdding at Iowa and other 
producers who entered the picture were using the final production method 
adopted. 

6ol8. By tl~ end of 1942 arra ngement~ had been made by the 
Manhattan District to increane W£tal production by making greater use of 
the Hallinckrodt Chemical Viorks. the Union Carbide and Carbon Corporation, 
and the du Pont Company. 

6ol9. To summarize, almost no metal was available during most o! 
1942. a fact that seriously delayed progress as we shall see. but the pro­
duction problems had been nearly solved by the end of 1942 and some 6 tons 
of metal were incorporated in the pile built in November 1942~ The whole 
problem of procurement of metal was taken over by the l{anhattan District at 
the end of the year, under the general direction of Colonel Ruhoff, formerly 
with· the Malllnckrodt Chemical Works. From t he point of view of the 
Metallurgical Project no further serious delays or diff iculty have occurred 
because of metal shortageso 
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0 . 20 . /,t the b0gi.~ning of 1942 traphltc produ~ticn wa:; s till 
w1:nti:>f actory hitt jt wns , of cour se , in qulte a di ffnre:1t coP·:litlon from 
t he r.1u t J l prcductior. ninc.e t he i ndu!:l t r i a l prodLl ~t.to :1 of c rnphite ~ad alre ady 
been very lar ge . The rwoblcm ~1as me r e l y one of pt r 1ty u ,d p<iorlty. Largely 
t hr oueh th e af f orts of !L Hi] b~rry, the tla tlonal C arb•)n Co::1pa ny a1d the 
Speer Carbon Co1:1pan,:,• viere bC'th drmm into the pir.ture, Follo·dne suc;gesti ons 
made by t he exper t s o! the J:c.o tlonal Bureau of St:111dc. rds , t hese co 'ilpanies were 
a ble to pr oduce hlghJ.; puriiied Graphite with a or: ul ron ab!Jo ;:-ption so:ne 20 
pe r cent les s tha n the stanc'a r ct cCtm'Iierci a l rra t e r ialf pr-eviously used. 
Although effortn furtrer to r educe the impuritie s h< ve !n d somz success, t he 
purity problem -.,as es~entia.Uy solved by t he middle of. 191.2 .:md large orders 
were placed " i t h the c.ooperction of t he War Product ion Board. AtJ in the case 
of the metal, the grar:hite procurement problem l'fllS ~ aken over by the .Man­
hattnn Dis trict o 

~lrther _.!ntermr~_iate Expe,r,lr,n~ 

6o2L At t he tlmc that th~ Metallurgic~1 l Pro.\cc t wu~ orgunized11 

mo~t of the physicbt~ f a:niJ jar with the prol>l em be:•ieved that a chain­
n nctina pile probably could be built if sufficientl y pure g ro.phite and pure 
uranium metal could be obta'\.ned . Enough work rad been done on resonance 
ab:.Jorpt.ion~ on ~he theory o5: absorpti on a nd diffuni on of neutrons in a pile11 

anci on intermediate expe riments to make it poss ihle to des.::e n a lattice 
s t .ruc:ture that had a v~ry good chance of me.inta inJ.nc a cha1n r eaction. 
Neverthe l ess 0 there were unce rtainties in the experimental da ta and in the 
approximat.:t.ons that had to be made in the theoretic ·l l calc'l lations. There 
\,ere two altern~ti vcs: (1) to build a p5.le according to the best possible 
design:; (2) to mal<e more accurote determination.s of the pertinent nuclea>.~ 
constants, · to perform inte r n:edia te experimentsa nnd to improve the ca lcula­
t i ons. There is little doubt t hat the firnt a l tr?:·ncti vc \'las the one likely 
to l ead most rapidl,v to the product ion of plutoni.•.l.fll . The re were many 
important que3tions which could have been anmve:red · r .or e rapidly by 3uch an 
opera ting pile than by a 3eries of small-s cale expel'iments. Unfortuna telyD 
the necessary amounts of materials ·were not available and did not become 
avdilable for nea rly nine months. Conseq uently, it was neces sary to choose 
the second alternative. that is, to accumulate all relevant or possibly 
relevant information by whatever means were availabl e. 

6. 22o The major line of investigation ~an a series of intermediate 
experiments. The particular set- up for each inte r mediate experiment coul~ be 
used to test cal c ula tions ba3ed on s eparate auxiliary experiments. For 
example , the propor t ion of uranium oxide to graphite was variedD oxides of 
different purities were used 0 oxide was used in lumps of various size s and 
shapes and degrees o! compression, the lattice spacing was varied, the effect 
of surrounding the uranium oxide units with berylliwn and with para!fin was 
tried, and, finally , piles of identical lattice ~ype but of diffErent total 
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oizc were tri ed to s e c Y:hcthcr the V'.llucs of. the multiplica t i on f actor k 
(for infJ.nite s i ze ) ca lculated from t he differe nt 3ct,s of r esults Ytcre 
i d enti cal. In gener al , E. Fer mi had di r ect char ge of i nvestigations or 
effects of i _mpurities. and S. K. Allison had char ge of tests involving dif­
! crcnL l at tice dimcns ionse All these experiments strengthened the confidence 
of the t{roup in the cal culated va lue of k and in t he belief thut n pile 
ooulcl uc l>uilt wt t h k r.rr•a tc r t han unity . I n J uly enour,h purified ut·anium 
oxldo from 1.1.:l llinckrodL wn:1 uvu l labl c t o pe r mit buildinp; int.c rmodi a t e pile 
No. 9. Ao .i n pr<' v.1 ou3 t.'.Y..f"! rlmcnt ~ , l.l rudium-boryllium noutron ttource waa 
pl ~r"rl ~ t t.hr l•<Jt l.o 'n o f t.hrt l11 t. tlc~ f1trllc tllre anrJ thf'! neutron de unl t 7 

111ntl f1 111·n d n l " IIJ.: !. li n v r: .-1. 1 , .. ~ 1 n x ln p f l. h P 1•\ l ...,. !ly t hl n l.\, rnq it. V/~(1 l<nol"'T\ 
t.l1 ttl, tilt• llt:l tl.l ~H I ll t: n:-, i Ly tl t! ta•t: /ltt~t1 t>l(j •W· nt.t u l ty I'I U h .i tllH'~ uH .i llt; lH ht.unC;o 
from the neutron nouree 1 (h ence tile n 11 •;e often us~d fo r exper i ments of t hia 
t.ype. "exp:mentia l pile") and t hat, from 3UCh rates o! decrease P the 
multi plication cons tan t k fo r Dn infinitel y l ar ge pile of the same l attice 

· pro ):.O r tions could be calculat ed . For the tir~t time t he multiplica tion 
c ~nstant k ~o ca lculat ed from experiment a l r coults c~c· out greater than one. 
(The actual value was 1.007.) Even before t his expel'iment Compton pre­
dicted in his r e port of July 13t that a k-value somewhere between 1.04 and 
1.05 could be obtained in a pile containing ·highly purified uranium oxide 
and e r n phito » provided that the air Tlas removed from the pile to . q,_v.o.id_. . · · ~. '" , 
neutron absorption by nitrogen. 

An A~liary...,13PJ.Eim~t; J2ela,~d ?reutro~ 

6,.23o We shall not mention a ma j ority of the various au.xilla r.Y 
expe riments done during this period. There was one, however , -- the study 
of delayed neutrons- -tt\:lt v1e shall discuss beca use it is a good example of 
t he klnd of experiment that had to be performed and bocau.se it conce rned one 
cf! t>c t , not here tofore mentioned, tha t is o! great i mportnnce in controlling 
a choln-rcnct.inl~ pilo. 

· 6.24. From previous invel.ltigations , some of which were alrcad.Y 
published ~ it vras lmovm that about 1 per cent of the neutrons emitted in 
fi ssion processes were not ejected i mmediat e ly but \'Jere given off in de­
c re as i ng quantity over a period of time, a f act reminiscent of the el!lis:Jion 
of beta rays from shortlived radioactive suootances. Several half-lives had 
been observed, the longest being of the order or a minute. 

6o25. It was realized early that this time delay gave a sort of 
inertia to the chain reaction that should greatly facilitate control. If the 
eff ective ~ltiplication factor of a pile bccamP. slightly greater than one, 
the neutron density would not ~ise to harmfully large values almost instantly 
but would rise gradually so that there \"K>Uld be a chance for controls to 
operate. (Other time intervals involved. such as those between collisions, 
are too small to be useful o) 

6.26. Because of the importance of this effect of delayed neutrons 
for control it was decided to repeat and improve the earlier measurements • . 
(The fact that this was a repetition rather than a new measurement is alDo 
typical of much or the work in physics at this period.) A description of the 
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experiment i s c5vcn in Appendix }o The results indicated th::~t 1.0 Jnrcent of 
the ncutrono e;n.lt.tcd in uranium fission are del ayed by at least 0.01 second 
ond th .:~ t about Oo07 percent are del..'lycd by as much a3 a minute. By denign­
ine n pile such t.hat the effecti ve value of kp the mul tiplica tion f actor, io 
only 1.01 the nunber of delayed neutron:J is sufficieut t o allow eaay control. 

The Flrst Sel!-Sustainine Chain-n~actin[ Pil e 

6. 27. By t he fall of 191~ enoueh graphite. uranium oxide, and 
uranium metal were available at Chicago to justify an at t empt t o build an 
actuol self-3ustaining chain-reacting pile. But the anount of metal availa­
ble wJs small -- only about 6 tons -- and othor ~~terials were none too 
plentiful and of varyine quality. These conditions rather than optimum 
efficiency controlled the desi gn. • 

6.28. The pile was constructed on t he l attice principle with 
graphite as a moderotor and l umps of @C t~l or oxide as t he r eacting units 
reGularly spoced through the graphite to form the lattice. Inst~.~ents 
situated at various points in the pile or near it indicated the neutron 
intensity, and movable strips o! absorbing mat~rial serFcd as controls . (For 
a mor e compl c t e description o! the pile, ~ee Appendix 4. ) S1nce there were 
bound to be some neutrons present from spontaneous fission or other sourccB, 
it wa3 anticipat ed that the r eaction would start ao soon a::J the structure had 
reach ed critical size if the control strips were not : et in 11 retcrd 11 position. 
Coooequently, the control strips were placed in a sui1.able "retard" po-
sition from the start and the neutron int ensity was rreasured frequently. 
This v1as fortunate since the approach to critical condition was found to 
occur at an earlier stage of assembly than had been anticipated. 

6.29 . The pile was first operated as a self-sustaining system on 
Decembe r 2, 1942. So far as we know, this was the first time that human 
bcine~ ever initiat ed a self-maintaining nuclear chain reaction. Initially 
the pile was opera ted at a power level of 1/2 wattp but on December 12th tho 
power level was r ai sed to 200 watts. 

Ener~l Developed by the ' Pi~e 

6.30. In these experiments no direct measurement s of energy re­
leased were made. The number of neutrons per second emitted by the pile was 
estimated in terms of the ·activity of standardized indium foils. Then, from 
a knowledge o! the number of neutrons produced per fission, the resultant 
rate of energy rolease (wattage) was calculated. 

Conclusion 

6.]1. Evidently thisc:cperi.ment, performed on December 2nd just as 
a reviewing committee was appraising the Chicago project, answered beyond all 
shadow of doubt the first question before the l!etallurt.:ical Laboratory; a 
self-sustainine nuclP.ar chain reaction had been produced in a system using 
nonnal uranium. This expcrment had been performed under the general direc­
tion of E. Fermi, assisted principally by the groups headed by w. H. Zinn 
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and 11. L. !1rd"r~cm . v. C. \':il son ar.d hi~ c roup fnd bc:en Jnreely resfXJnsible 
for devcloplr..:; t ile .i..n::> tr:umentJJ and controls . OlJd a gr~at many ot.hcrs in the 
l aboratory had contributed to the succe~~ of the ent~rpriaeo 

Relat.ton bctv·ccn Powe r and Production of Pl utoni.um 

6. }2. The i mmediate object of building a uranium-eraphite pile was 
to prove that there were conditions under Nhich a chain reaction would occur , 
but t.hc ultimate obje ctive of t he l aboratory was to produce plutonium by a 
chain reaction. There f ore v1e are i nterested in t he relation bet·xeen the 
power at which a pile opera t es and the rate at which it produces plutonium. 
The relation may be evaluated to a first 8[)j'?r oximation rathe r easily. A pile 
rutmine stably must be producing as many neutron3 a s it is los i ng . For every 
the r mal neutron absorbed in U-235 o ~crtain number• of neutrona, ~ » is emitted. 
One of these neutrons is r eqtdrcd to maintain t he chain . The refore , assuming 
the extra neutrons all ar e abno rbcd by U-238 to f orm plutonium~ there will be 
"'-1 a tomn of Pu239 formed f or every fission . Every fiasion releas~s roughly 
200 l.!e v of energy. Therefore the formation of il1-l a toms of plutonium 
accomrL~nics the rel ease of about 200 Mev. Since "1-1 is a small nwnbe r 0 we 
can guess that to produce a kilogram a day or plu tonium a chain-reacti ng pile 
must be re leauing energy at t he rat '~ of 500»00(} to l e500p000 !'J.4,owatta. The 
first chaln-reac":.ing pile that we have just described operattd at a maximum 
o r 200 watts . As s uming that a singl e bomb will r eqtdre the order of one to 
100 kilogr ams of plutoniu m, t he pile that has been de scribed r;ould have to be 
kept going at least ?OQOOO years to produce a single bomb. Evidently the 
pr oblem of quantit~ production of plutonium was not ~et solved. 

The Chcmistr:t of Plutonium 

6 . 33. The second 3pccific objective of the :Metallurgical Lubor£;\tor~ 
wan to show tha t, if a chain reaction did occur, it would be fea::3ible t o 
aoparate the plutonium chemically from the other material with which it is 
found . Progress towards this objective was nece::;saril~ slower t han t oward 
the atta inment of a chain reaction. Initially little was done at the Mctal­
lurrrica l Laboratory on chemica l problems althout;h the extraction pr oblem wa!S 
cllscusscd in a conference s oon after the p roject wo:J organiz ed and the \vork 
o! Senbo re'a group at the University or California on plutonil\m wns en­
couraged. On April 22-23 , 1942. a general conference on chemistry was held 
at Chicago, attended by F. H. Spedding, E. w. Thiele, G. T. Seaborg , J. \·,. 
Kennedy, H. c. Ure~ , E. :;;igner, N. Hilberry, G. Eo Bo,Yd, I. B. Johns, H. A. 
~·.'ilhelm, I. Perlman, A. C~ ~lahl ~ and J. A. i'iheele r . Spedding r in opening 
the meeting, pointed out that there ~~re t wo main tasks for t he chemi~ts: · 
first, to separate plutonium in the amounts a nd purity required for war pur­
poses; second, to obtain a good understanding of the chemistry necessary !or 
the con3truction· and maintenance of the pile. The separation problem was to 
be studied by a new e-roup at Chicago under the direction of Seaborg 1 by 
Johns and i.iilhelm at Ames, and by \\ahl and Kennedy continuing the work at 
California. Other. closely related groups at Chicago v1ere to be C. D. 
Cor~cll•s, working on the fission products, and Boyd•s on analytical 
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problems. The chemistry group at Chicago has c~rown speedily since that time . 
A new building had to be constructed to house it l ate ir:. J::)42 9 anC. this 
building was mlarged subsequent.J.y. Altogether~ the solving of ~n:J of tile 
chemical problems has been one of the most r emarkable ac!U.everuent~ of the 
Metallurgical Laboratory. 

6. 34 . The first isotope of plutonium discovered and studied was 
not th~ 239 isotope but the 2)8 i sotope, which is an alpha-ray emitter w3~h a 
half-lif e of about 50 years2 U-238 bombarded with deuterons gives 93Np2 

~hich disintegrates to 94Pu J8 by beta emissi on. 1he first evidence of the 
actual existence of the.se new elements 0 (ruling out t he original erroneous 
interpretation of the splitting of uranium as evidence for their existence) 
was obtained by E. Mc~~llan and P. H. Abelson who isolated 93-238 f rom 
uranium bombarded with deuterons in t he Berkely cyclotron. This ne~ element 
was i centi fied as a beta err~tter but the s3mple was too s~all for i solation 
of the daughter product 94-238 . Later enough Pu- 238 was prepared to permit 
Seaberg, Kennedy and r;ahl t o begin the study of its chemical properties in 
the winter of 191,..0-1941 by using tracer chemistr_y v.ith carriers according to 
practice usual in radio-chemistry. By such studies :na.ny chemical properties 
of plutoniwu were determined 0 and-severa l possible ch~nical prcce~ses were 
eYolved .bY whlch Pu-239 might ba removed. f rom the chain- reacting pile o The 
success of experiments on a tracer scale led t o plans to produce enough 
Pu- 239 t o be treated as an ordinary · ::mbstanct! on t he ultra~microche::Ucal 
scale . Such quantities were p1-oduced by prolonged bombardrr.ent of several 
hundred pounds of uranyl nitrate with neutrons obtained ;·;ith the aid of 
cyclot rons , f irst at Berkeley and later at Wa shington University i n St. Louis a 
By t he end of 19h29 something over 500 I"'icrogr~:ns had been obtained in the 
fo rm of pure plutoniurn sal ts . Although this amount is l ess t han v1ould be 
needed to make the head of a pin, for the micro-chemists i t was sufficient t o 
yield considerable information ; !or one microgram is conside red sufficien t to 
carry out weighing experiments • t itrations, solubility studies, etc.,. 

6. 35. Fr om its position in the periodic t able , plutonium might be 
expected to be similar to the rare earths or to ur aniur.1, t..l--tor ium, or osmiu.T.o 
·::hich of t hese it will resemble most closely depends 9 of course 9 en the 
arrangement of the outermost groups of electrons ar:.d t.hls ::.rrangc.~lent could 
hardly have been predicted . On the whol e, plutonium turned out to be more 
like uranium than like any of the other e l ements na:aed and cight ever. be r e­
garded as t he second member of a new rare-earth series bc1ainning with 
uranimn.. It was discovered fairly ear ly t hat there were at l<:!ast t wo states 
of oxidation of plutonium. (It is now known that there are four , corres­
ponding to positive valences of 3D 4. 5P and 6.) Succe3sf ul nicro~ 
chemical preparation of some plutonium salts and a study of their proper ties 
led to t he general concl usion that i t was possible to separate plutonium 
chemically f rom the other mater ials in the pile o This conclusion r epre sents 
the a t tainment of the s econd i mnediate objecti ve of t he Metal l urgi.cal 
Laboratoryo Thus 9 by the end of 1942 ~ plutonium. entirely unknown eighteen 
IIDnth~ earli er , was consi dered an element whose ehereical behavior was as well 
understqod as that of several of t he element s of t he old periodic table . 

--- - -
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6. 36. Dc.3ldc:; the m1.jor problems W() hove 1110n tioncd, i. c. , the 
chain rcactlon, the ch~mical scparat.ion11 and th e planning for a production 
plant.· there wer!) innumerable minor. problems to be solved. Among the more 
irnFQrtant of these were th-:! improvemf:nt of neutron counters, ionization 
chambers, and other instrtm.cnt3, the study of corrosion of uranium and 
aluminum by water and other po3sible coolants 5 the determination of the 
cff ects of temperature variat ion on neutron cross sections, the fabrication 
of uranium r ods and tubes 1, the study of fissfon products, and the determina­
tion of the b.iolor,lcal effects of radiation. As typical of this kind of work 
v1c can cite the ·dcve lopm0.nt of methods of fabricating and coating uranium 
m<!tal 8 llnder the direction of E. Creutz. ~'lithout the accomplishment of these 
secondary inve~tir,ationo the project could not ha~e reached ita goal. To 
ei ve some further idea of the scope of the work, a list of twenty report 
titles is presented in Appendix 5, the 20 reports being selected from the 
400 or so issued during 1942. 

Th o Fast-Neutron Reaction 

6o J7. The third ini tlel objective of the Metallurgical Project l'loB 

to obtain theoretical and experimental data on a u.rast neutron 11 react ion, 
~;uc h as would be r equired in an atomic bomb. This aspe ct of the work was 
in.ttl ally planned and coordinated by G. Breit of the Univcrsi ty of Wisconsin 
f.nci l ate r continued by J. R. Oppenheimer of the University of California. 
Since the actual construction of the bomb was to be the final part of the 
procrom , the urgency of studying such reactions was not so great. Consequent- · 
ly. little attention vms eiven to the theoretical problem$ until the summer 
of 1942, when a group was organized at Chicago under the leadership o! 
Oppenheimer. 

6.38. In the Irr.!antime experimental wor k initiated in most 
ins t ances by G. BreitD had been in progress (under the general direction of 
the Uetallurgical Project) at various institutions having equipr.ent suitable 
for f ast- neut ron studies (Carnegie Inntitution of Washington, the Na tional 
Bureau of Standards 0 Cornell University, Purdue University, University of 
Chicar,o» University of Minnesota, University of Wisconsin, University of 
California, Stanford University 1• University of Indiana , and Rice Institute). 
The problems under investigation involved s cattering, absorption and fission 
crosa section, the energy spectrum of fission neutrons, and the time delay in 
the emission of fis sion neut1~ns. For the most part this work represented an 
intermediate step in confirming and extendine previo~s measurements but 
reached no new final conclusions. This type of work was subsequently 
concentrated at another site (see Chapter XII). 

6.39. ArJ indicated by the 11 Feasibility Report 11 (in a section 
written by J. H. Uanley, J. R. Oppenheimer, R. Serber, and E. Teller) the 
picture had chaneed sienificantl.r in only one respect since the appearance 
of the National Acadomy Report a year earlier. Theoretical studies now 
showed that the e!!ectiven~ss of the atomic bomb in producing damage would be 
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li• .L r t!wn ;;CJ d h<Je'1 i11die:·. '.cd .l.n the ::1tj c'laJ. i.cJ.·-I.•·::J,i' r·;:-ort. l :o .Y.!V~ r, 
cr. ti< :1 l u.lzc of the bomlJ \'J,.ln at.U l UJL!r r )-:J\'.n. 7.:C'dw.:lo of rl'!trJr.:t:..lr.g the bcmb 
twd be a invcsUt;ated /JOIJtewh<rc , but on th~ w:1ole no C•!l't..J:. rt 2ns ·,·; r~ rs had b12en 
ar r:t v,··d at~ 

Pa rt IX 
Pr<?g~eso toward the Ultimate Objective 

• 

l'lanntn~ and Technical \'/ork 

6 .40 . Aa we have scenD the initial object,ives of the Metallurgical · 
Laborr.tory had been r eached by the erid of 194?. » but the ultimate objectives, 
the produc t .'lon of lar~_;e quantitie s of plutoniuiO. and . t lio d. ~oign and fabrication 
of bontbo ~ were still far from attained. The r cspon.'J ibiJit y for the design 
and fab r ication of bombs Ytaa trane fczTed to another group about thlo timo; 
i b woi.' !( is rc}X>rted in Chapter Xli. The production of Pu-239 in quantity 
hao rcr:aincd t h e p rincipal responsibllity of the Metallur gical Laboratory 
ali.houc;h sh ar ed w:lth the du Pont Company since the end of 1942o 

6.L~L On the basis of the evidence available i t waG clear that a 
plnt onium prouuction rate somewhere be t ween a kilogram a r.tonth and ·a kiloeram 
a day would be required. /l.t the rate of a kl.logrJ.m l i day , ·a 500a000 to 
1. ~iOO~OOO kilowatt plant '(K>Uld be required. ( 'l'hc ultimate capacit.y of the 
hyd roelectric power plants at the Grand Coulee Dam i.s ex pected to be 
2 r000r000 .kw.) Evidently the creation of a plutonium procluction plant of the 
r equ1red size was to be a nejor enterprise even without attempting to utilize 
the thermal energy liberated. Nevertheless, by November 1942 most of the 
problems had been well defined and tentative solutions had been proposed. 
Although these problemB will be discussed in some detail in the next chapter, 
we will mention them hereo 

6.42 . Since a large amow1t of heat is generated in any pile pro­
ducine appreciable amounts of plutonium9 the first problem of design is a 
cooling system., Before such a system can be designed ~ it is necessary t o 
find the maximum temperature at which a pile can run safely and the factors 
- - nuclea r or structural ~ which determine this temperature. Another 
major problem is the method !or loading and unloading the uranium, a problem 
complicated by the shielding and the coolJ.ng s~rstem. Shiel ding against ' 
radiation hus to be planned for both the pile it~elf and the chenD.cnl 
ocparation plant . The nature of the separation plant depP.nds on tbc pHrticu­
lar separation process to be used. which has to be decided • . r,inally, flpeed 
of procurement and construction must be primary factors in the planning of 
both the pile and the chemical planto 
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Pos s ible T~o of P~ 

6.43 . Af t er examinine t he princi pal f actors affecting plant 
donir,n; i.e. ~ cooling p ef!J.c i cncy , aafet yp and opeed of construction ~ the 
"Feasibility R~Jpo:rt rr auggest ed a number of possible plant types in the 
follo vd ng order of pr ef erence : 

1. a . Ordina ry urani um meta l lat t i ce in a graphite 
moderator with h~llum cooling . 

b. The same, with wate r cooling. 
c . The same • wi th m:>ltcn bismut h cooling·. 

II. Or dinar y uranium metal latt ice i n a heavy-water 
moderator • . 

III . Uranium enriched in the 235 isotop~ using graphite, 
heavy water, or ordinary water as moderator. 

Types II and III 1ver e of no imnedi a t e interest since neithe r enriched uranium 
nor heavy water was available . Deve lopment of both these types continued 
honevcr D since ·if no other type proved f easible they might have to be used. 
Type I £• calling for liquid bismuth cooling, seemed very promising from the 
point of view of utilization of the thermal energy released, but it was felt 
that the t echnical problems involved could not be solved for a long time. 

The Pilot Plant at Clinton 

6.44. During this period , the l att·er half of 1942, when production 
plants were beJ.ng planned, it was r ecognized that a plant of int~rmediate 
size wa s desirable. Such a plant was needEd for t wo reasons : fir eti as a 
pil ot pl ant; secondg as a producer of a few grams of plutonium badly needed 
f or expe rimental purpo3ee. Deaigned as an air-cooled plant of 1000- kn 
copacity, tho inter mediate pile constructed at Clint on , Tennessee, might have 
3erved both purpooes if helium cooling had been r et ained for t he main plant . 
Although t he plans for the rral~ plant were shifted .so that water cooling was 
called for, the pilot plant was continued with air- cooling in the belief 
that t he second objective would be reached more quickly. It thus ceased to 
be a pilot plant excep~ for chemical separation. Ac t ually the n~in plant 
was built without benefit of a true pilot plant, much as if the hydroelectric 
generators at Grand Co.ulee had been designed merely from experience gained 
with a generator of quite different type and of a small fraction of the 
power. 

Specific Proposa~ 

6.45. As r eviewed by Hilberry in the "Feasibility Report" of 
November 26P 1942. the pros pects for a graphite pile with helium cool~g 

·looked promising as regards immediate production; the pile using heavy 
water for moderator and using heavy water or ordinary water as coolant looked 
better for eventual full-scale use . A number of specific proposals were made 
for construction of such plants and for the further study of the problems 
involved. These proposals were based on time and cost estimates which were 
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n··cc.l :Jtlrily :u .. ttlc h•Jt t ':! r t.l t:m rouch eueGnca. MJ t,hc r c.3ult of further 
i ~tvr: :1 L.i.1; .• tion tile .J.c iJu!l l prr>c'P'·~·,, of con~1truction - - de s c r ibed in la tcr 
ct' apt ~l'"l --· h~~ s 1 ':!en qi.dLe <liff•!:ccnt. from t.h~t propooed. 

6.L16. The procur<!mcnt probl em v:hich hC!d been delaying progress wa.'l 
e nscntiully·~wlved by the eni cf 1942. A small nelf-:mst.einine graphite­
uran inm pile was cons t ruct ed in Nov ember 1942, and was pt:.t into operation for 
t l e first tin~~ on Decer.;ber ?., 19h2, at a power level of l/2 watt and late r at 
2CO wa tto . I t \vas e.Jsi ly controllable thanks to the phenomenon cf delayed 
n F: utron cmi s.Jion. A t0tal of 500 microgr a r.1.9 of p2.utorP:lUI'l v-.as made with the 
cyclotron an,l sepa rated cher.rl.call y fr01n the urani u11 and fission products. 
Enough v:n a l earned <f the chemi~try of plutonil•.m t o indicate the possibility 
of separation on a rela t.ively large scale. No grea t advance was made on 
bomb theory, but calculations were checked and cxp~riruants wUh f ast neutrons 
extended. If anything, the bomb prospects looked more f avorable than a 
year earlier. 

6.h 7. Enotlt;h cxporimentine and plann.1.ng v.rere d::me to delineate 
t he problems to be enco"Lmtered in constructing and O?~rating a l arge-scale 
production plant. Some progress was made in choice of type of plant0 first 
choice at that time belng a\ pile of metallic ura nlum and graphite, cooled 
e.ithcr by hellwn or \Yater. A specific program was dravm up for the con3trl\c­
t ion of pilo1i and production plants. This program presented time and coat 
es timates. 

/ 
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7,4. As soon as it had bcc.n ci~ cided to GO ohe<·d v::Lth large-scale 
production of plutonium, it W"dS evident that a grc CJ.t exp:-.nsion in organiza­
tion lT<\, ne:cesJary . The Stano and Ylebster EneineeJ.·ing Coorporation had been 
a elected as the overall engim cdng am construction finn for the DS!.{ Project 
ooon after the J,{anlnttun Dlstrict ttas placed in char Ge of construction work 
in June 1942. Dy October 1942. it became evident ~hat various component parts 
of the work we:-e too fa r separated phy~ically and were t oo complicated tech­
nicallr to be handled by a single company - es ~cially in view of the rapid 
pace required. Therefore it was decided that it would be advantageous if 
Svne and \''lcbs t cr we re r:llievcd of that portion of the work ·pertaining to the 
const r uction of plutonium production fadli'ties. Thia r;us done • and General 
Qroveo sel ected the E. I. du Pont de Nemours and Compaey as the finn best 
able to carry on thi8 phase of the work. Th~ arrangements made with various 
industrial companies by the Manhattan Di3trlct took various forms. The ar­
rangement r1ith du Pont is discussed in detail as an example. 

7.5. General Groves broached the question to \'!. s . Carpenter, Jr., 
president of du Pont, and aft er considerable di3cussion with him and other 
officials of the firm& du Pont agreed to undertake the work. In their ac­
ceptance, they made it plain and it was understood by all concerned that 
du Pont was undertaking the work only because the War Department considered 
the wo rk to be of the utmost importance, and because General Groves stated 
that this view an to importance was one held personally by the President of 
the United States, the Secretary of \':ar, the Chief of Staff, and General 
Groves, and beca~e of General Groves' assertion that du Pont was by far the 
organization bes·t, qualified for the job. At the time, it was recognized 
that the du Pont Company already had assumed all the war-connected activities 
which their existing oreanization could be e>..-pected to handled without undue 
difficulty. 

7.6. The du Pont Company, in accepting the undertaking, insisted 
that the work be conducted without profit and without patent riehts of any 
kind accruing to them. The du Pont Company did reque3t, however, that in 
view of the unknown character of the field into which they were beine ask~d 
to embark, and in vie~ of the unpredictable hazards involved, the Government 
provide maximum protection against losses sustained by du Pont. 

7. 7. 1'he cost-plus-a-fi:>-."Cd-fee contract b;.;tHeen the Government 
and du Pont establi~hcd a fixed fee of $1 .00. The Government agreed to pay 
all costs of the work by direct relmbursement or through allowances provided 
by the contract to cover administrative and general expenses allocated to the 
work in accordance with no1mal du Pont accountine practices as determined by 
audit by certified public a ccountants. Under the terms of the contract, any 
portion of these allowances not actually expended by du Pont will, at the 
conclusion of tho work, be returned to the United State!. The contract also 
provided that no patent rights would ~ccrue to the companyo 

7.8. The specific responsibilities assumed by du Pont Yrere to 
engineer , design, and construct a small-scale semi-v.ork8 at the Clinton 
Engineer Works in Tennessee and to engineer, design, construct, and operate 



( ( 
' .. VII-3 

n lo rr.c~:Jca lc pluton.iurn production pl ant of laree cnp3clty at the Hanford 
Eneincer -.·;orlw in the Stat e of \;aohl ncton. Bccatwe of its close connection 
with funda.J;,cnta l rcnearch, t.he Clinton scmi-\·,-orks v:!1s to be operated under the 
direction of t he Un.tversity of ChicaGO• A l art;e number of key technical 
P'JOpl e from du Pont we r e to be U3cd on a loan bJ.sia at Chicago and at Clinton, 
to provide t-he Unlvernity with muc;h needed personnel , particularly men with 
industrial experi ence, and to train certain of euch personnel for future 
Bervice at Hanfordo 

7.9o Innsmuch as du Pont. wa5 belng askod to step out of its normal 
role i n chemis t r y into a new field involving mtclear P'lysics 1 it was agreed 
th1t it would be necessary for them to depend most heavily upon the ~etal­
lureical laboratory of the University of Cldcago for fundamental research and 
devel opment data and for adv'ice. The du Pont Coapany had engineering and 
indu3trial experience 8 but it needed the Metallurgical Laboratory for nuclear­
phy!:! ics and radiochemistry experience. The Metallurgical Laboratory con­
ducted the fundamental research on problema bearing on the design and opera­
tion o! the ncmi-worl<s and -large-scale production plants. It proposed the 
csJcntial parts of the plutonium production and recovery processes and equip­
ment~ answered th e many specific questions raised by du Pont. and studied and 
concurred in the final du Pont decisions and designo •. 

7.10. The principal purpose of the Clinton semi-works was develop­
m0nt of methods of operation for plutonium r.!:.S.o:x.!:.:.t:X..· The :3emi-works had to 
include of course , a unit for plutonium 2roduction, in order to provide 
plutonium t.o be r ecovered cxp~rimentally. In the"" time and with the informa­
tio~ availnble 1 the Clinton production unit could not be designed to be an 
early editlon of t.he Hanford production units which, therefore. had to be 
design~d, constructed and operated without major guidance from Clinton ex­
perience• In fact, even the Hanford recovery units had to be far along in 
doaign and procurement of equipment before Clinton· resQlts became available. 
Hov;cver, the Clinton seroi-v:orlre proved to be an extremely important tool in 
the solution of the many completely new problems encountered at Hanford. It 
also produced small quantities of plutonium which, along with .Matallureical 
Laboratory data on the properties of plutonium, ·enabled reaea1.•ch in the use 
of the material to be advanced many months. 

Choice of Plant Site -
7 .lL Once the scale of production had been a~reed upon and the 

responsibilities asaigned. the nature of the plant and its whereabouts had to 
be decided. The site in the Tennessee Valley, known officially aa the Clinton 
Engineer Works, had been acquired by the Army for the whole program as recom­
mended 1n the report to the President (5ee Chapter V) •. 

7 .12 . Reconsideration at the end of 1942 led General Groves to the 
conclusion that this site was not sufficiently isolated for a large-s.cale 
plutonium production plant. At that time, it was conceivable that conditions 
might arise under which a large pile might ~pread radioactive material over a 
large enough area to endanger neighboring centers of population. In addition 
to the requirement of isolation, there remained the requirement of a large 
power supply which had originally determined the choice of the Tenneasee site. 
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To n:-:ct t.heoe t r;-::> rcqulJ•cm1:nts ll ncl'l n1tc w·.: s chosen a nd a cquir ed on the 
ColuTJJlR Rh-cr .in tho cc ntrnl pm·t of t he State of i':aohlnr,ton near the Grand 
Coulc~ p111cr Uno. Thi3 ::!itc \'/~ O knorm a3 the Hanford Ent;lneer \';ork~. 

7.1). ·since· the ColudJia Ri· ·c r is the fin~ st. supply of p·..tre cold 
river l':.:ttor in this country, tho Iia nfo ·d site nas well ouited to ei the r the 
helium~ coolf! d plant originally planned or to the water-cooled plant actually 
erected . The great distances s c pn.rati.-:,~ the home office of du Pont in •,·:il­
ming t onp Dclawnrc, the pilot plant at CJjnton, Tennessee, the Metallurgical 
Lllbora tory at Chicago, and the Hanfor-6. site were extremely inconvenient, but 
thin .separ a tion could not be avoided. Difficulties also were inherent in 
bringinr, workmen to th0 s ite and in providing living acco!llnX>dations for them, 

9Jlo.tce of Tzpe o.f Plant 

7.14. It waa really too early in the developnent to make a care­
fully wdehcd d,ccision as to the best type of plutontum production plant. 
Yet a choice hJd to be mnde ao that d J o.ten could be started and construct.ion 
ber,un ns noon ae po~wible, Actually a to n·cntivo choico was made and then 
ohangcd n 

7.15. In Novembe r 1942. the helium-cooled plant was the first 
choice of. the Metallurgical Laboratory. Under the direction of T. v • .Mocre 
and 11. C. Leverett, preliminary plans for such a plant had been worked out •• 
The a~sociat.ed des:ten studies 'rtere used as base s for choice of sHe, choice 
of accessory equipment, etc. Although these studies had been under~aken 
partly bccau.se it had been felt that they could be cDrried throueh more 
quick.l.y for a helium-cooled plant than for a vlator-coolcd plant, many d.if.­
ficultle o were r e cognized. Meanwhile the theoretical group under \'ligner.$ 
wit!l the cooperation of t.he eneincering personnel, had been asked to prepare 
a r eport, on a wa ter-cooled plant of high-powe r output. This eroup had been 
interest ed in water-cooling almost from the beginning of the projec~ and was 
able to incorporate the results of its studies in a report issued on January 
9, 1943. This report contained ffi3ey imJX)rtant ideas that were incorporated 
in the dosign of the production plant erected at Hanford . 

7 ~ 16 n When du Pont came into the picture . it ut first accepted 
the proposal of a helium- cooled plant but after further study decided in ."~ a·ror 
of water--cooline. Tho reasons for the change were munerous. Those moot often 
mentioned were the hazard from leakage of a htgh-prc:J:Jure eas coolant carry­
ine radioactive impurities, the difficulty of getting large blowers quickly, 
the large an~unt of helium required, the difficulty of loading and unloading 
uranium from the pile, and the r elatively low power O'lt~t per kiloGram of 
uranium metal. These considerations had to be'balanced against the peculiar 
disadvantages of a water-cooled plant, principally the greater complexity of 
the pile itself and the dangers o! corrosion. 

7.17. Like so many decisions in t his project, the choice between' 
various types of piant had to be based on incomplete scientific information. 
The information io still incomplete, but there is general agreement that · 
water-cooling was the wiae choice. 
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'?'.13. In Ch ::>.pto .. ~ I I of tlli ~ r eport r:o a t t cr:1ptcd to define tho gen­
eral problem of the tu' ."TU I.ln\ rro~i c:ct ae .tt appcnrcd l n t,lw ounr1e r of 1940. Wo 
n0w wb h t o give prn <:bn doi'i nitit)lt t,o t he pt•ohlf.1m of t.hG ciB.Ji.gn o! a large­
t~cnlc plaat for th~ r r oductlon of pl ut0n.l urn , :'he obj e c t i vo had already been 
delim.it•1d by dor:: l.si ona a.:J to ocnl e of pr o(l'Jc t l on 1 t ype of plant 9 and ai te 0 

Aa i t. t lu-n otoodr t i-le op'Jci t'ic probl em y,-oo to dcait:;n a Ytater- cooled graJ)I'lite­
~orloratcd plle (or ocvorul such pile,:J) with nt:~ eod?.ted chemical separation 
pla nt t o pr oduco a opocif.icd~ r eJ.ct.ivoly l nr gfJ umou.nt of plutonium each dayi 
the plllnt to bl! bu:\.lt. ~t. thl!l Hanford .site be:J J.de the Colurrbia River. l~cdl\3ss 
to s a y, apeod ·or ~1nnt~uction and cffic1cn0y of operation w~ro prime con­
siderationoo 

!!~ o! tho ~·.!££.. 

7.19 . Tho lattices n"l have been describing her etofore consiotod o! 
l ump3 of uranium imbed.dcd in the gr-aphl ~o mod·~rator. rL'her tl arc t wo obj cc­
tiona to such a typo of lattice for productlon pu;: poccs : first , it is di!­
!'icu.lt to remove the uranium wi thou.t dioascembling tho pile ; cecond, it i6 
difficult t o concsntra t~ the c oolc1nt at the uranium l umps. which arc the 
polnto of mrudmurn production of heat. It wac falrly ob vious that bot h these 
difficultie3 could be avoided if a rod lattice r ather t han a point lattico 
could be uocd, thnt io, i f the urani\vn could be concentrated along lines 
p.lo3il18' throuc;h the moderator instead of be ine ::~ituuted merely !It points. 
Thero nas littl e doubt that the r od arr angement would bo excellent a t ruc­
turally and mcchanicalJ..y, but ther~ wa5 real doubt CHI to whether it wa3 pos~ 
aibl o to build such a l at.ti::e which HOUld still have a multiplication factor 
k graator thnn un.lty. This became a propler.1 for both the theoretical and 
experimental physicist~. The theoretical physicists had to compute v:hat was 
the optimum apncine and dilllMt er or uraniwn rods ; t he experimental ph,Ysicista 
had t o pt!rform exponential e.xperinX! uta on latticeo of this type in order to 
oheclt tho findings of tho theoreticnl grou.r. .. 

Loadin& and Unloadin~ 

7 .20, On co the idea o! a lattice lTith cylindrtcal symuotry wa 15 ac­
oc pted , it be como evident that tho pilo could be unlo.s.dnri. and re-loaded with­
out dio,J:saembl.Y since the uranium could be pushed out o! the cylindrical 
channels in the graphite mod~rator and n1·m uraniu.m inserted, The decision 
had to be made as to vmether the uranium nhould b~J in the form of long rods . 
nhich had adva ntages from tho nuclear-ph~Jic s point of view , or of relatively 
ehort cylindrical piecaa, which the advantages from the point of view of 
handling. In either case, the materials nould be s o very highly r adioactive 
that .unloadine would have to bo carried out by remote control, and th~ un­
l oaded uranium would have to be handled by remote control from behind shield­
ing. 

----------~~----------------------~----------~~~~--~------------------~----~----~ 
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7.21. l f w.:~t.cr 7/Cl3 to be U::Jcd no cool a'."'t, it YlOil) d lw e t o be con­

veyed to the rc8ion.9 whe- r e heat h<:.o r.cn~ rated t,hrouGh ch.:mnnl~ o · some aort . 
Since graphit e p.tpeo were not practical, 3ome other l<ind of 1=-i~ YIOuld have 
to be t1scd . Rut t he choice of t he mJtcrinl f or tt. ~ pipe , lllc~ t '1c choice of 
all t he uote rial a to be u~cd in t he pile , 'J:as JJ.mj ted by nuclear- phys ics con­
sideratlons. The pi pes mu:Jt bo wJde of somE: materi a l r1ho.sc nbsorption cross 
section for· neu.tron!.l wan not 1a.r£;c enoue h t o brtnr. the value of k below 
unity . rur tharmore , t hP. pi pes fllu.st l)c n•Rde of material which . would not dit'­
inteeratc: under the lleavy density of mutron and en:m1a rudi a tion present in 
the pile . .Finally , the pipe s mu.'l t m~ct all ordi n<:. r y requirem~nts of cooling­
system pipco: t hey mus t not l calq t hey muot not cor r ode; they must not warp • 

• 7 . 22. Fr om the nuclea't'-phy3l cs point of view there were seven 
potJsible mater ials (l'b , Bi, Be , Ill. 1,\; . Zn, Sn), none of whi ch had high · 
neutron-ah~orption croos .!lcctiom • . No beryllium tubing wa3 a-vailable, and 
ot all t he other metals only alumlnwn l'lilS thought to be possible from a 
corroLdon JX11nt of view •. But it was by no m nnn ce rtain· t hat a luminUJil l10uld 
be satisf actory, nnd doubts about the corrosion of t he aluminum pipe were 
not Bettlcd unt.U the plant had ac'c.ually operated for ao:n13 tir.le . 

7 .·23 • . While the choice of material for 'th'! pipi ne v1as ver y diffi­
cult, s irnilar choices - ·involving both nucleur-phy3ics crite ria and r adia­
tion-~·csistance criteria -- had to be mE.d c for all ot her "latc riale t hat were 
to be U!Jod in t he pile . For OJ:illl".ple, t he electric ins ul t.ti ng rnatedala to 
be u~~d j~ any instrumentB buried in th~ pile must not disL~teer~te under t he 
radiati on. In ccrtal n instanc~:l \there control or ex per imental prob{!s had to 
be i nse r ted and r f)moved from the pilo, the likelihood hnd to be borna in mind 
that t he pr6bes YIOuld become intensely radioactive as a ••esult of t hel.r ex­
poourc in the pile and that the dogree to Yzhich this would occur would dopend · 
on the mntcrial used. 

7.24. Finally, it waa not knorrn what effect the r adiation fields 
1n the pile would have on the graphite and the uranium. It ¥-as later found 
that the electric resintance, the elasticity, and the ·heat conductivity of 
tho graphite all ch~nge vlith exposure to intense neutron radiation. 

Protection of the Uranium from Corrosion 

7.25. The mont efficient cooling procedure would have been to have 
the water flowing in direct contact v1ith the uranium ln which the heat wae 
b eing produced. Indications were that this wae probably out o! the question 
be cause the uranium would react chemically with the Ytat~r, at least t.o a · 
sufficient extent to put a dangerous amotmt of radio&ctive material ~1to 
solution and probably to the point 'of dir . .integrating t he uranium sl'.lg3. 
Therefore it was necessary to find so~e m0thod of protecting the uranium 
from direct contact with the water. TY1o uossibilities were considereds one 
YlllS some sort of coating, either by elect~oplating or dipping; the othor waa 
eealing the uranium slug in a pt-otective jacket or "can. 11 Strangely enough, 
thia 11 cannine problem"· has turned out to be one of' the most difficult problems 
encountered in such piles. 
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7 .26. Tho problom of di ooipating thouoaildiJ of kilO\Tlltts or tmorgy 
ia by no mnnw a ar..1U om. Hor. n:uc.h 1;n tcr lf.:to n~rocd dopended• of courae. 
on the maximum tci:lporuture to wh.tch tho llat'!r could aafoly be heated and the 
maxlmum t cr::tperaturo to be cxpcct.~d in tho i ntake !ror:1 t h:l Columbia River; 
c~rt.ainl.y the w:'lto:J r supply rcqttircrc-nt l';oJo c o:npnc>.blc to that of a fair-sized 
city. Pwnpine stationn, filtration ond trcat::1ent plo1nt3 all had to be pro­
vided. Furthermore • the 5.7:1tom lw.d t o be a very rcli r.ble ono; it Tiils ncces­
:Jary to provide faot-opcl'lltine controls to ohut dorm tho chain-reacting unit 
in a hurry in c 1::~e of fai l ure of the llater supply . If it \lao decided to use 
"onco~throueh" coolin~ inntc~d of I'C C:troulotion, a· rotcntlon ba~in would be 
r equired ~o that th~ radioactivity induc ed in the water might die down berore 
the water ilao r c turnod to tho river, Th".l volwoo 'of l'1ater d.iocharged was 
eoing to be 00 great that 5UCh proble.!IlD or radioactivity were il:lportant 1 and 
therefore the minimum time that tho water m~t bo held for ab3olute safety 
had to bo determined. 

Control3 and Instrumentation 
ww 

7.27. The control problem was very·oimilar to that diecussed in 
connection nith the first chain-reacting pile except tha t everything waa on 
a lureer scale and was, ther0!orc, potentially more dar~eroU3. It ~as nccea­
:sary to provide operatine controls which \TOuld auto.r.uatically keep tha pile 
oporati~ at a determined power l ovel. Such oontrol:J had to be conn<Soto<i 
r.ith inotl.'UJmlnta in the pile which ltould mca!Jure n~utron cton::3ity 9r aomc other 
pro~rty which indicated the poY.er lcv~l The re ~ould alao have to be a~or­
gency controls which would operate almo8t inotantanoo\~ly if tho power l e\el 
t!-howcd cien:a of rapid increa.s!! or if ther~ was any intor1--uption ot the water 
nupply. It \Yas highly dealrab~ that there oo so:ne m<Jana of dotectif'l..g in­
cipient difficulties ouch aa th~ plugging o! a aingl~ watc~ tube or a break in 
tho coating of one or the uranium alu.g::1. All these controls and iMtrll.r.lOnta 
had to be operated trom behind tho thick ahlelding walls deocrircd bolow. 

Shiel~ 

7 .28. As we have n:entioned a nwubcr of tin:es • the radiation given 
o!f from a pilo operating at a hlgh power level is so otrong aa to rnake it 
quite impossible for any of tho operatlng peraonnc l to go near the p.i.le. 
Furthermore, thla radiation, particula~ly tho neutrons, has a pronounced 
capacity for leaking out through holes or cracks in barriers. T.he Ythole or a 
power pile therefore has to be oncloaed in very thick walls of concr~to~ 
steel, or other abBorbing material. Btlt at the same time it has to be pos­
siblo to load and unload the pile throt~h these shields and to carry the water 
supply in and out through the shields. The ehields should not only bG radia­
tion-Ught but air-tight since air exposed to the radiation in the pile would 
become radioactive, 

7.29. The radiation dangers that require ohielding in the pile 
continue throueh a large part of the eoparation plant. Slnco the fission 
products associated with the production ot tho plutonium are highly radic~ 
activf: • the uranium a!ter· ejection !rcxn the pile must be handlod by remotu . . 
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control .rron lYJh1nd ohi~ ldl11[: .::md n:uo t bn ahioldGd during transportat ion to 
tho oop.1ration pJ.ant. · All tho ot11.;<.3 of t he :.1oparation plant, includin,e 
analy3eo , mu"Jt be hnndl~cl by rcrr.ote control from bnhiml vhields up t.o t ho 
point whero tho plutonium 1:J r a latively free o! radioactive fieaion producte. 

Uai ntcnancf) ..._....__ ... .._.._ 

7 .JO. The probl em of mai ntenance ia very aimply atated. There 
could not be any m3intennccc in3id~ the 3lUeld or ptle or.ce the pile had 
opcr ato d. Tho .3ano r o.11a rk applic:1 to a s omeTthat lesoer c;...-tent to the s~para­
tion tmit, whor e i t wa13 prob!lb l~J that a Jhut-do•m for ocrvicing could bo ef­
f ected, p rovided, o~ cour s e, that adequate r emot "!ly-cont l·ollod decontamination 
proccs~ws wer e carried out in order to reduce the radiation intensity below 
the level dangerous to personnel. The maJ~tcnance problem for tho auxiliary 
parts o! the pl.1nt rms nornnl except for the extreme importance of having 
sto.nd-by pumpine and poVic r equipncnt to prevont a sudden accidental breakdown 
o! the cooling syotoru . 

Schedule o! Load~.ne and Unloadln[ 

7.31. Evidently tho em~unt of plutonium in a n undisturbed operating 
pile increases ·~th t i me o! operation. Sine~ Pu-239 ituclf undergoes !is~ion 
its !ormation tends to mintain the chain reaction, while the gradual dioap­
peflrancc· o! the U-235 and the appearance of fi3sion product~ with largo 
neutron abnorption cross 6Cctions tend to stop tho r eaction. 1'he d(ltermina~ 
tion of when a producine pile ahould bo shut dmm and the plutonium extracted 
involves 8 nice balanCinG of thene f actors again3t time DChcdulea, m&t~rial 
costa, separation- process o!ficiency, etc. Strictly a~aking, this probl~ 
iD one o! operation rather than ot de3ign of the plant, but aome tho~ht h~d 
to be givon to it in ord.gr to plan the flow o.f uranium slugs to the pile and 
!rom the pile to the oeparation plant. 

Size of Un1to 

7 .32. VIe havo been speaking of tho production capacity o! t he 
plant only in ter~ of overall production rata. Na turally, a givon rate of 
production might be achieved in a single largo pile or in a nurrber of oiMller 
ones. The principal advantage of the orualler pilc3 would be the reduction in 
construction titoo for the first pile, the po.3sibility of making alteratione. 
in later piles, and -~ perhaps rost important -- the im~robabillty c! 15imul­
taneoua breakdown of all pilea. The diaadvantag0 of small pileB ia that they 
require ditsproportionntely laree ruoounts of urCinlum, moderator, otc. Thoro 
is, in !act8 a preferred "natural size" of pile which can be roughly doter­
mined on theoretical grounds. 

General Nature of the Separation Plant 

7 .33. Aa we have alreody pbinted outr the slugs coming from the 
pile nre highly radioactive and therefore mu9t be processed by remote control 
in shiolded compartments. The general scheme to be foll~7ed was suggeatcd in 
the latter part o! 19/~2. particularly in connection with plano for the Clinton 
separation plant. This scheme ~as to build a "canyon" which would consiat of 

-- gg; gg 
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a ll~rieo of c o: :'1rl·,-;:m·lto r1ith h':':lVJ concrc i..o ;,·c.J.l::~ .Jrnn:~~d. in n line and. 
nlr ):lL cr.:-J p l•!t'".l)J buried ir, the rrro unct • .C.:;c.l-} o c:._:-">'lr t.r.~-n t nou l d cont. a.tn the . 
rv:~ mrary <.1\.r.:;ol"lr'G or p:- :cipitatinc t;; nl~':l or C" l~·~~ r:~.tu;;n ::. The. 3lulJ3 would 
co;n! into tho co.:;p-: rtro.~nt <::. t, l)n~J end of t..h~ c-~n!on; thc,v would then be dia­
volvrd and t;o through tho •r.trlon!J :3t.l:'.ge3 of s0lutlon, pt·odpitat.ion~ o:d.da­
t. icn. or rtxlnction , bain,~ pumpnd f1•om cnc c oropart.n•'Jnt. t0 tho next until n 
oolution of plutonlum !r·~~ from uranium nnd fi33ion pr<Xluct::~ cnrre out in tho 
l aut co.-np'lrtrr:cnto Af!. in tho cn:1e of the piler cveryt,hine wov.ld be opornted 
by r"lmot~ c ontrol from above e round, b1.rt. tho opo;rnt.ion~ vtould ba !ar more 
co•nplicatcd than in the case of the plle. Hol'fe·~r, aa f a r as the chemical 
op<:~rat iono thcm~Jalv~a were conc,rnect_ their general nature wa:s not ao far 
r emoved from the normal !ioldo of activit,y of tho char.'.iats involved • 

• 
7.34. In th~ {irst ota~oa of the aops.rat.ton proceos flvcn the rou­

tine annl,ynin of t'ampl(!s which wan necessary in chcckina t.t'1e operation of the 
vnrloun chemical proc~sAea had to be dono by :remote control. Such teFJtine 
watJ I a.cilita ted , .howevor, by use or radioactive methode of analysis as well 
atJ conventional chemical analys~a. 

Wasto DJ.sJ?Osal. 

7.35~ Tho r ali TilAterial (uranium) is not daneerously radioactive. 
'I'he dooired product (plutonium) does not. giv.J off Fenatrating r adiation, but 
the ccrr..binntion of its alpl~~ray activity and chemical properties make it one 
of the moat dang~roun su.b8tanceo known if it once geta into t he body. Horr~ 
ov.n · , the rea lly troubleuome materials are th~ fission products, i.ey , tha 
m-'3jo r !ragmonts into \"thich uranium in aplit by .fission. 'the fission products 
nro extremely e.cti ve and i nclude sowe t hirty elcnent3. Anong them are radio­
active x.nnon and radioactive jodinoo Thoae aro rc113aaed in considerabla 
q unntity when the a luga llrc disDolV'Cd and must b() diopo~H~d of with t::pecial 
ca"Ml. High stack:J must be built wW.ch r1ill cru. .. ry off the:Je geoeo along with 
the acid fumes from the fir:Jt dioaolvine uruJ;,, a nd it muo t be . establi:Jhed 
that the mixlng o~ th~ radioactive gasee ttlth the atm~ephere will not endan­
g1lr the ourrounding terri tory. 

7.36. Most of tho other fis3ion products can be r e t a ined in solu~ 
tion but muat eventually be disposed ot . 0! course, poooi~le pollution of the 
actjacent river OUlot. bo considered. 

Recovery o! Uranium 

7 &37. Evideut.)..y ~ even 1.1' the uranium were le.rt in the pile until 
all tho U-235 hnd umergo.oo !isBion, there would atill be a lnrec anpunt o! 
U-2)8 which had not boon converted to plutonium. Actually tho procooo ia 
~topped long be!oro thia Btage is r eached. Uranium is an expensive ~terial 
and tho total available vupply is eeriounly limited. T!1erc!ore the pos:Ji­
b\lity o! recoverine it after the plutonium is separated muat be considered . 
Orlginally there was no plan for early recovery, but merely the intention of 
stor1ne the ur~n1~ solution. Later, methods of l arge-scale recovery were 
developed. 
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7.33 . ~~ n unut'ual tec,turc of the chcmtcal proc os ues involved wa3 
t ha t the~o p1·oces:Joo occur in tho preJonco of a hic;h density o! r adia tion. 
Thor af ore the containor o uacd l{)ay corrorle more rapidly thun they flould under 
norm.-:11 circuir.B t::.nc~:!l . Fur thermore . any nuch corroaion will be serious be­
cause of t ho difficulty or access. For a l one time, information was sadly 
lacki ng on t.hc ~ o dnnecJ.·o. 

E.liec t ot: R.:.diation ori Ghcnic nl Ro9.ctiono - -- -----
7.39. The chamical rcBctiono propose d for an ~xtraction pr~ce~s 

lvere, of courDc, te~ted in the laboratory. Ho"t:0wr, they could not be tet:r~ed 
with appreciabl e amounto of plutonium nor could they ~~ tested in t he pre­
sence of r adiation o! a.nythine like the er.pccted intenoity. 'l'herefore it 
wa~ r oalizcd th~t a p1~ooes found to be aucceas!ul in the laboratory might 
not work in the plant . 

Cho.tc~ o! Proceae -
7 .40. The descri ption given above aa to· -:~ha t was to happen in t.he 

oucc<:HJoi ve chambere in tha canyon 1,1ns ve ry vague . This Yf'as nece:lsa rily so. 
ainco even by January 1943 no decinlon had been In3.ds as to what process would 
be used for tho extraction and purification ot plutonium. The major probl€m 
bcforo the Choml5try Division of t he Metallurgical Labor atory was the 3elef­
tion of the best process tor the plant. 

Thfl He"lth Probl~m ____ , ------··--
----~·----

7.41. Beeidos tho hazard3 nonually present during conotruction 
and oparation ot a l nrco chomical plant • d.:lngcrs of a new ldnd were expected 
here. Tiro types of radiation hazard r;ere anticipated -- neutrons generated 
in t ho pile, and alphB-particles, beta-particles. and ga~~ raya ~mittod by 
producta o! the pile. Although the general effcct5 of these r adiations had 
been proved to be sim:tlar to those of· X-raya, very little detailed knowledge 
wae available. Obviously the amounts of radioac t ive material to bo handltjd 
were many tim~s greater than had ever been encoqntersd before . 

7 .42. The hcal ·lbgroup had to plan three programa: (1) provisicn 
ot instrUIIJSnt5 and cli nical testa to detect any evidence of dangerous ex­
posure of tho porsonnelj (2) reacarch on ths~fecto of radiation on persons, 
instruments, etc.; and ~J) eatimates of what ahielding and safety measureo 
must be incorporated in the design and plan of operation ot the plant. 

The Pro~rties or Plutonlum 

7 .43. · Although vre were embarking on a major enterprise to produce 
plutonium, we &till had less than a milligram to study and still had only 

~w-~----------------
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llm.itcd farnlllarity r<ith its propcrtie~. Tho utudy of plutonium, therefore, 
r~nainod a rr3jor problem of the Uetallurgical Laboratory. 

7.44. Evidently the op~ration of a full-scnle plant of the typo 
planned would rcqu:lro a l arec and hlehly skilled group of operators . Although 
du Pont had a tromcndoue background of expc rienco in the operation of various 
YJ.nd3 of chemical plant, thi.3 was someth.i.na new and it wa3 evident that oper­
ntine per.3onnel viould need .~pccial training. Such training was carriod out 
partly in Chicago am i t s environ~. but principally at the Clinton Labora-
tories. • · 

The Need for Further Information 

7o45. In the precocling paragraphs .of this chapter we have outlined 
thfl p1~blems confronting the group charged rQth designing and building a 
plutonium prod-uction planto In Chapt er VI the proeresa in this field up t o 
t ho ond or 1942 was revier1ed. Throughout thc.:Jo chapters it io made cleal" that 
n r,rcat deal more information was required to a:.;oUl·c t he aucceos of tho plant. 
Such lmowers aa had been obtained to moat of the · queBtions wore only tenta­
tive. Consequently reBearch had to be puahed simultaneous~ l~ith planning 
and con3truction. 

Tho Ronoarch Pro~ 
~-- : t :: ::::::o&:::CI':S:--

7.46. To meet the . nccd for further information, rcncarch programs 
were laid out ·for tho Metallurgical Laboratory and the Clinton Laboratory. 
The following paa58ffe is an excerpt from the 1943 program of the Metallurgical 
Project: 

Product Production Studies - These include all aspects of the research, 
doveloprnent and 6emi-\Yorks atudies necessary for the design 5 construction, 
and operation of chain-reacting piles to produce plutonium or other 
materials. 

Pile Characteristi cs - Theoretical studies and experiments on lattice 
structurea to predict behavior in high- level piles, auch ns tempera­
ture and barom'ltric offecta 1 neutron characteristics, pile poisoning, 
ctco 

Control of neacting Units ~ Design and experimental tosts of devices 
for controlling rate of reaction in piles. 

Cooli~~ of Reacti~ Units - Physical studies ot coolant material, 
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~l l(;ln~urine probl".!m~ of circulation , corrosion, eronion • otc ., 

tnotr •. trno nto.t5.on - Devul opnr.nt of ins tn.unz nta and tf'!chn1quo for 
mnnitodll£r~PlTe and nurvo,ying radia t ion throughout. plant area . 

Prot.er::Uon- Shielding, bioloci.cal e!fect s ot radiation at pile 
and oliniC'v.l effect3 of operations associat ed lVith pile. I 

1-f.l\ tcJrj l'.\ l s - Study o.f' phy!.licnl ( m~chanical and nucl ear) propertie.s 
of"corGtructlon and procoos ml t eri &.la u3ed in pile construction and 
oporntion. 

• Act~~lvcatiantlons - Production o! experimental amounts of 
radioac tive r.utcrinls in cyclotron and in piles and study o! activa­
tion of materials by neutrons, protons, d.ectrons, gamma-raya , e ta. 

Pil~ Oper ation - Study of pile operation procedurea such ·as materi~ 
handling, 'instrument operation, etc. 

~c~1_P~1~ - Study of poBsible production processes aG a whole 
loading to detailed work in othe r cateeories o · 

f!:_o_~S.!: .. J~e c,eovcrz Studies - These include all aspects of the work necessary 
!or t.be dovclopment of p;.•occanes for the extraction of plutoniwn a.""ld po::J­
s ible by·-producta from the pile material and their preparation in purified 
form. l.~"l jor effort at the Uotallurgical Laboratory will be en a si ngla 
procoJn to lx! 3cloct.ed by Juno 1, 1943 for the production of plutonitun, 
but altornati vcs nill continue to be s t.udie.d both at the .. ~tallurgical 
Laboratory and Clinton 11ith l'lhatevor mnnpov1er i.s available . 

~~tatfon - Processes for solution of uranium, extraction of plu­
tonium and decontamination by removal of fission products. 

Concentration, P'!r.,!fication and troduct Reduction - Procesoca leading 
·to production of plutonium as pure metal, and study of properties of 
plutonium necea5ary to ita production. 

Wastes - Disposal and possible methods of recovery of fi:ssion prod­
ucts and metal from \<astes. 

Instrumentation - Development and testing of instruments !or monitor­
·ine chemical procos5es and surveying radiation throughout the area. 

Protection- Shielding studies , determination of biological effect8 
or-radioactive duats, liquids, solids, .and other process materials, 
and protective measures. 

r~terials - Corrosion of equipment materials, and radiation etability. 
Noce~aary purity and purity analyais of process materials, etc. 

Rooovery of Activated Ma teri.alo - Dovelo}:Wllent of methoda and actual 
recovery of activated m~al (tracers, etc.) from cyclotron and 
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pile~act:t va t ed nn t eri als. 

Q.e.?_~~~~~';!....§_~i~ - Equipzoont pcrforri!anco, proccao control, material 
handlin.~ operations, etc~ 

!]'~:E.2,~'l_!;r;n, - Study of product, rocovc't'y proccsscB aa a whole (Y!et 
proc'!!o3e a, phy!l i.cal m..1thodo) l oadintr to detailed work in other oato­
gorico . 

futviamenj~nl Ji?.E..s:.~.£.!:. ~ Studios of the fundam'!ntal ph,veical, chemical and 
bioJ.ocical j11cno~1·ma occur-l'ine in cha:ln-r~actlng piles, e.nd basic prope r­
tieo of all lrlD. t erlals involved. Althoueh the prim.:1ry emphasis at Clinton 
in on tho semi~works level, much fund&111(mtal raaearch \Till require Clinton 
condition3 (high r adiation intensity, large scale processes). 

Nucleax:._.!!l.zaAS1.- Fundamontal prop3rties of nuclear f.i.3aion auch as 
crooo o~ction, neutron yield, fi~3ion species, otc. Other nuclear 
properties important to procesees , ouch S3 orosa aections, properties 
ot moderators, neutron effect on materials, etc. · 

Gener~~sics - Basic instru~nt (clectro~c, ionizetion, optical, 
«;tc.) roaoarch, atomlc mass determinatiolliS, neutron,C{•/3•o radia­
tion studies, X-ray investigations, etc. 

~~~on Chcmi~trl - Effect~ of r adiation on chemical procasaes and 
che~~cal reactions p~oduced by radiation. 

Nuclear Chcrn.~:J_'t!,tY,. - Tracing of fi3sion products, disintegration con­
otant:;~, chains, inve:Jtigation of nuclei of possible usc of project. 

Product Cbe!'l..l.str.l.- Chemical properties of various product~ and 
basic studies in eeparation and purification of products. 

Gonoral Chern:latr,t- .Chemistry or primary l!l.1.terials and. sr.aterials as­
sociated with process, including by-products. 

General Diologz. - Fundamental atlldics o! effects of radiation on 
living matter. metabolism of important materials, etc. 

Clinical Investigations - Basic inveatigations, auch as hematology, 
pathoi'Ogy;-C"tc .-

Metallurgical Studies - Properties ot U, Pu 1 Be, etc. 

En~i~ocring Stu~- Phcnom~na basic to corrosion and similar 
etudics osscntlal to continued engineering dovolopment of processes. 

7.47. An examination of this program giv~s an idea of the· great 
ranu~ ot investigations which ~~re considered likely to give rolevant in~ 
formation. Many of the topics .listed are not specific recearch problems 
such as might be eolved by a small team ot scientists working for a !6w 
months but are whole tields ot investigation that might be etudiod with 
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profi'., i'or ;nun.. l t l1lJ Cl':'CCi'l:; '3r/ ~~ r1.ck t.h ~ nrrctfiG pr.:> 1) :_C"~'.~ th~t iTO!'O 

1\ l:cly- '·.o :;"t.,-,, 1ho nCJ t .t r.:;'.~dt~~td:t u~f:d .. :Y'5'llt.!> but. <-'.t t :1•1 ~l-:\71 ') tirr.tt i'~ 
wr:J C: r"i.;~l..ll"l t.o try t c U!1c0·•or 5'';~~.~.~1 J.!.'lr~dpl·~;; For nJ:-1:'~ph . ~he effect 
o! radio'~icn on the propor tica 0f rr1t.'.-:!.T.l l3 ( 11 1 £\d)at ion nta';)11Jty11 ) w&s nL'710:5t 
entir ·J l;! un!mmm. 1'\- rma nec~~ .J<~ rJ b')t.}l t.J J."..')}.P. crrpirical tcett: on pnrtic­
ular mnbriab Uat m:\.r,ht be u:1 :"'t 5.n ·.l ~ ·ll\:! and to ctovioc g-eneral theor1e:l of 
tho o!J7'cJ."Vfld. ctf~c t3. Ev!!r,y off'">l-t Tna rnad3 to relate all work to the gen.,ral 
obj oc t.1 V<J: a nucceaaful produ.ctlon pl;mt,. 

7, 43. Thoro ha•ro b tJr.m tJ.rm:r chanc~s in the ~trgan.ization and personnel 
of tho p:roj<~r.t. Dnrlng mo~t o~ tho por.iod o! constru.ctlcn at, Clinton and 1-:an­
t'ord . A. H. Cor.1pton '~ao Direc~.or of th~ Met!dlTlrelcal Project. s. Kc Allivon 
was Dit"c•c t.or o! the l~ctallurgical J..a.boi'a tory at Chic~g?J and. .tt D. i'lhitalt.er 
M8tl D b-<· l~tl)r or the Glinton l~borator,;. Th<! Chicago gri>Up iHl5 organ.i;-:ed .in 
!our dl v.~.vion s }tly~lcs • cherol5try, t cd·.nolC)GY, and. heal.t h . IP ter t ho 
ph_voi cs ciivlaion .ra~ 6pJ.it into gon~ral physic~ and nuclear physics . R. L. 
Do an '"l\9 rer;ea.:-ch director at Clinton but. the ro rms no. corr.,aponcUng position 
at Chi-::a .;o . Arnone other:J ~:tho h3vo been a~sor:iato or aa!li~t&nt l li.boratory or 
project •Urectora or hcJ vc b~~n division. directors are s. T. Cantr.U , c. 1{. 

Cooy:n , F. r anieb, A. J. D~mpster. E. F(lrmi, J. FNnck, N. Hi lbcrr.v, T. R. 
Hoenc:n, Vl. c. Jol,nson, Ho D. Smyth, J. C. Stearns. R, s. St one, H. C .. Vernont 
r.·. ~·i. 'llntavn , llnd E. Wigner. 

'7.h9. j :t vr..1.1 the J.'ea~noibilJ.t; of thetsc ~n to ~HH:l t.hnt tho ro­
scnrch J:'l'O ~rrun deGcribed abo te w1:s carried out e-.nd t hnt eign).fic::.nt rezult.IJ 
mr~ reported to du Pcm.t. It was their reepo;1aibillty aho t o ana-,:or que.o­
tion.s rniacd by du Pent a1"rl to approve or Cl~\. ticizfl plan3 sui::mitted by 
du Pont. 

· 7 ~50. Slnr.e du Pont was the <!eoien and construction organlz&tion 
and the lJ()t,c.llurglcal lllboratory w \3 t L·w reses.rch oreanizlltion, it "TfBR ob­
viou:5 that clo~e ccopcration v.:as e:; <Jcutial.. Not only did du Pont naeci an­
alTer.:~ to ap<}cific quc <Jtiona, but t l":.ny could benefit by crit:lciom nnd sue­
geationo on the mnny p-.>j nts wh<:lrc 'o:.ho 9f.•: talluraical group wac especially 
nll-in!orm~d. Simi] &rly, t :1o .Motallurglc::al g1•oup could profit b., th•;) 
knoYTlect/~6 of du Pont on many tech.nl·:al questions of design, corwtruction. 
and op-or.~t.i·:m . To pr·o:note this kin·i of cooperation clu Pont. ut.ationcd one or 
thoir phy:!llcls'~<a , J. B. Miles, nt Cl' "tr.ero~ and had m:my othe:..4 du Pont mono 
part.icul.Rrly c. H. Greencwalt, -spero..C .T.tH·.h o: their time at Ch..\cago. Milo.e:~ 
and Clre ~ntmolt roeu:tarly attend ed n·.c \tines of the Labo:ratory Council. Thera 
vrae LO s:loilar r.ecipl'·ocal urrangemcn·~ aJ.tho~h msny me:n~ers ot the laboratory 
vi:3ited Wilmington informaD.y. In n<"cUtion) J. A. Wheeler wao transferred 
fro~ Chicago to WU.m:t ngton Md bcc.1me 11 membtn' of th~ du Pont etat'f. Th0re 
-..-a:1, or cour3e 1 con3tant exchange of ; ·~ports and lottcr3, and conferences 
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r10 ro hold !roquontly bot wocn Corrpton nnd R. l'iilll o.:nn of du Pont. ',';hitt.kt: r 
vpcnt much of hin t ime at Wilmlngt.on during the p~riod when the Clinton 
plant l'ias bei ng deaiencd and con!Jtructcd . 

7.51 , By Janua ry 1943, the decision ha~ been made to build a plu­
tonium productlon plrmt vtith a l ar!!ll capacit y. This meant a pile developing 
thous ands of kilorratta and a chemical :Jopo.r-o.tion plant to extract the product~ 
The du Pon~ Company was to dcs ien , conotruct , and op~ra'te the plant; the 
Uc tallul·t;ical lAbora tory 'l'r-:18 to do the n~o eaoary ro Clearch. A :5ite nas choaen 
on th" Coltin::bi a River a t Hanford , Wa::;hinljton. A •t entative decision to build 
a hollunrcoolcd plant mw revers ed in favor ot wator-cooling. Tho principal 
problemo wore tho.Je involving l attlce design, loading and unloading, choic~ 
o! materials particular)~ ~ith reference to corrosion and r adia tion. water 
oupply, control~ and inntrumentation 1 hea lth hazards, c hemical separation 
procflo~, a nd de :Jign of tho separation plant. Plarw ncrEl Ii'.ade for tho necoa­
oary fundamontal and technical ro3earch and !or the training o! operators. 
Arrafl8'cnumta wcre made for liaison between du ·Pont and the Metallurgical 
Laborator.Y• 

I 
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CHl\.PT.CR VIII 

i~~U i\R)' __ .l2't2!....'f9-.~1lE ill5. - .-t.-- .._-,_... . .......... , .... ..., ...... _ ___ -..n 

Introduction 
~:.Jio.~;:;:-~ .. .;.,_""':"" .....,.ll-a 

Bolo The n~cos3ity for pushing the design and construction of tho 
. f nll-aca.lo plutoniW:t plant simal taneously nith resear ch and development in­
evitably led to a certain amount of confusion and inefficiencY'~ It became 
ess~ntial t o invootigate many alternative proces~oso It became necessary to 
invostigd.'! ::.11 po~sible en uses of failure oven when the probability of their 
becomin17, serious 1ms vory small ~ Non that th1'3 Hanford plaht 1 ~ produc;ing 
plut.oniuru suco~vaiully i we beliave it is fair to say that a laree percentago 
or t he reoults of investigation wado between tho end of 1942 and the end or 
1944 ~ill never be used -- at least not f or tho originally intended purposes o 
Nev~rthelees had the Hanford plant run into difficulties s any one of the no~­
euperfluous investigations might have furnished j ust the informat ion required 
to convert fsiluro into sueceae o Even nm' it ie impossible to say that future 
improvements may not depend on tho results or researches that seem unimportant 
today ., · 

8 o2o It is estimated that thirty volumes will be r equir ed for a 
~omplete report of the significant scientific r esults of researches ~onducted 
und~r the auapic~e of the Metallurgical .Projecto rlork was done on every it~ 
mentioned on the r esearch program presented in the last chaptero In the p~e­
s•.mt account · it. would be obviously ilnpossibla to give more than a brief ab­
stract of all these researchvs o \le believe this ,..,ould be unsatisfactory and 
that it ia preferable to givo a general discussion of t he chain-reacting unitl5 
and separation plants as th~ now operate p with eomo discussion or the earlier 
development s o 

The Chain n,action in a Pile 
:::tJ.-~ 

8 "3o In Chapter I and other early chapters w~ have given brief ac­
counts of the fi ssion process, pile operation» and chemical separation., We 
shall now review these topics from a s001ewhat different point of view beforo 
describing the plutonium production plants thamselvee o 

8 o4 ~ · The operation of a pile depends on the passage of neutrons 
throueh n~tter and on the nature of the collisions of neutrons with the nuclei 
ttncounteredo The collisions of principal importance are the following: 
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I. Coll ~ s lor.w in l'h.i.c::l n!:·ut ~·-:.m;,: nl'o !1C' £1 i~ter~>r1. ;,;·1C: lo31'l 
<l[)pi.'Ct:J.alJlo <\r'\r:ount:J of {l~ I EII 'i~' , 

(z.., )" Inul.netic coJ.JJ.fJion3 o.f fa:Jt DO ilY·t'or ;; 1'11th 
nr.r:lnhmt nncJ. Diry 

(b) .El<l~Jt.ic coJ.J.i:-1:i.0nG 0.f f·1~.t. or mo lcrC\tcl? f<>G ~ 
neutrons ,.,5_~·.h th" lJ ~:,ht rJ.:Cl'li of ti.,~ mod0ra­
t.or matt1rla.l; thGso r:cll~_o1on•J 2crv<:~ '.:,o I'9duco 
t.he neut ron 'lnertJ:;r to vor;r lon (so~~alled 
theriiL3.l ) cn~rr,i<> a , 

JL Colli!:iion!:! in ,vhich t l:. e neutrona a re 1-lbs., rbncl.o · 

(a ) Coll :h l ons ,.,hich r eoult in f:ts3 i on of 
nuclei and gl·,r e fl~wion products and 
adct.ition<".l neutronso 

(b) Collisions which remut. in the .forr.it:.t.ion 
of new nuclei t~hic.h snbf1equ~ntly · d1sin-~ 

tegrate radioactlvel.y (oogot 92U
239 

2.39 ) 
which produces 94Pu o 

B, 5o Only th~ second class of col lision r equ:res furth0r discnssionc. 
As rc1,;-·,!'l~S collisions of type II (a) 1, the mo;;t important in a pUc are tho 
coll:i.sloas bet ween neutrons ancl. U- 235 v but the high .. eDergy .fh:sion of U-238 
and the thermal fissic>n of Pu-239 als o talce placeo Co.llislons of type II (b) 
a:t:'e ch:lt~fly those bst.neen neutron:::; and U-238., Such collisions occur for n~\l­
tro.ns or all enorgie3p but they are most li!~~ly to occur .for neutrons whose 
enore;:i.o3 lie in tho 11r oaonance 11 region loc&t~d. aomtm.hat above thermal 
ennrgios u The s~quence of results of. the type II (b) collision is repre­
sented u.s follolvs: 

u238 
92 

·u239 
~ ..... 92 

~ 

+ ·gamma rnye 

N 239 
93 p + 

* gamma r.syrJ 

Bo6o Al"JY ot.her non-fission absorpt:i.on p:roce s ses are iu:portant 
chiefiy becauaa .they waste noutrons; they occur in t.he moderai~Ol'p in U-235 P 
iil the coolant p ln tht' impurH.ies originally pre~ent ~ in the fission produ~~ts., 
and even in plutonium itsolfo 

8 o7o Since the object of the chain reacti0n is to generate pluton­
iump we would like to abaorb all excess nout1~ns in U-238 9 leaving just enough 
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noutrons to produce fieaion and thus to .maintain tho chain reactiono Aotua..l.ly 
the tendency of tho noutrono to be abcorbed by tho dominant isotope U-238 is 
oo great compared to their tondency to produco fission in the 140-timee-rarer 
U-235 that the principal dosign effort had to bo directed toftard favoring tho 
fieeion (as by using a moderato)\~ a suitable ).atticeg materials ot high purit7, 
etc o u) in order to maintain the chain reaotiono 

Life Hiot~:rz of One Generation of Neutro!l!!. 

8o8o All tho chain-ree.cting piles designed by the Metallurgical 
Laborntor.y or with its cooperation consist of four categories or material -­
the uranium metal, the moderator, the coolant, and the auxilJ.arjr materials 
such as water tubes u ca:sings or uranium, control hrips or rods. impurities~~ 
etco All tho piles dep6nd on stray neutrons from spontaneous fission or cos­
mic rays to initiate tho roactiono 

8o9u Suppose that tho pile ~ere to be started by simultaneous re­
leaoe (in tho uranium metal) or N high-energy neutronso l.!ost of these neu­
trono originally have enorgieo above the threshold energy of fission of U-238o 
However~ as the noutrone pass back and forth in the metal and moderatorp they 
suffer numerous inelastic collisions llith tho uranium and numerous elastic 
collisions with the moderatoru and all thaoe colliaions serve to reduce the 
enorgios below that thresholdo SpecificallyD in a typical graphite-moderated 
pile a neutron that has 05Capcd from the uranium into the graphite travels 
on tho average about 2o5 em bet~e~n collisions and makes on the average about 
200 elastic coJ.liaions before passing from the graphite back into the uraniumo 
Since at each cuch collision a neutron loae3 on the average about one sixth 
of its ene:"Q?p a one Mev neutron is reduced to thermel. energy (usually tc:.ken 
to be Oo025 electron volt) conside~nblybefore completing a singlo transit 
through the graphiteo There aTe 11 of courseu~ -neutrona thnt depart from 
this average behavior9 and there ~ill be enough fissions produced by fast neu­
trons to enhance slightly the number of neutron~ pre3ento The enhancement 
may be taken into account by inultiplying the original number of neutrons N 
by a factor(/ which is called the fast-fission effect or the fast-multiplica­
tion ractoro 

8 olO o Ae the average energy or the N 0 neutrons present continues 
to tnll, inolaetio collision in tho urnnium becomes unimportant, the energy 
being reduood e~aentinlly only in tho moderator~ Howover, the chance of non­
!'ieoion aboorption (resonanou cnpturo) in U-238 becomes significant ao tho 
intermediate or resonance energy region is rcnchedo Actually quite a number 
of neutrone in this energy region will be absorbed regardless of choice o! 
lattice de3igna The effect of such capture may be expre3sed by multiplying 
Nt,.. by a !'actor Pe (which is always loss than one) called the "reoonance escape 
probability" which is tho probability that a given neutron atnrting with energy 
above the resonance region will r oach thermal energiee without absorption in 
U-238o Thus from the original N high-energy neutrons we obtain Ntp neutrons 
of thermal energyo 

8ollo Once a neutron hae reached thermal energy the chance of its 
losing more energy by collision ie no greater than the chance or its gaining 
energy-o Consequent}J" the neutrons wUl remain at this average energy until 
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thoy arc e.beorbr::d ., In the t.herru.U.~enc~r;; r1J0lon th:J chw1CIJ fo r absorption 
of t-he n :.::ntron by tho mo•J.oratorp t.ho c oJJ.e>nt e.nd t he D.UY~Ui.:-.r:r ntc:torial o ia 
gr~n~tcr thnn at lliG!1~i' onorgic3o At on.v rat s it i ,J found th"lt we introd.uco 
little error into our C0-.1..cLt.1..iJ.tj.on*l by a~:mming aLl such un~ented absorption 
t ukc.'J .rJ.nc c in this cnor gy roc:i.on ~ r:o no'l'f i ntroduce a factor f g called the 
thern:~l utilization f actorp Hhich ie dofined as t ho probability that a given 
thonmal neutron r.ill bs absorbed in the uraniumo Thus fro~ the original N 
f aot noutrone we hnvo obtnined H0p! thermnl neutroni'J l'lhich aro absorbed by 
uranium. 

8 ,,1:2 , Although thore· ni'n o ~voral ·;;ays in ~hich the normal mixture 
of ur.:\niwn inotope ::~ can nb::~orb nou't'.rons P the reader filA'/ r ocall that we defined 
in a proviou5 ch<:~ptar a quantity:; D l'lhich is the nur.J)or c f fir;si.on neutrons 
producsd for each t herrual noutron ab~orbod in ure.nium regardless of tho de-• t a.Us of th~ procosso If0 thoreforiJg 'We n:.ultiply t."le nu..~er of thermal neu-
t rons absorbed in ur3Ilium, Ntpf 8 by? » v1e h11ve tho number o! neu high spo~d 
neutrons generated by the original N high speed neutrous in the course of 
th3ir liveso If Ntpf' i~ great(3r than N9 we have a chain r £action and the 
nulllber of neutrons is continually inc~ea.;,ingo .l!;vidently tho product C.pf>J 
• k00 , the multiplication factor alr~ady defined in Chapter IVo 

8ol3o Note that .no mention has bo-en ma<.le of n eutrons escaping !rom 
the pileo St\Ch mention bas baen deliberately avoided since t.'le valu~ .of k00 
as doflned above applies to an infjnite latticoo F~-om the knor.n valu~a of 
kw and the fa.ot that th~se piles do operata» one .finds that the percentage 
of neutrons escaping c~&not be ver,y groato As we s~~ in Chepter II v the ~6-
capo of neutrons becomes relatively le~s ~aportant as the size of the pile 
increnaeao If it is necessary to intr·od11ce in the pile a largo amount of 
auxiliary material such as cooling-o7atom pipesp it is nec~ssary to build a 
somewhat larger pile to counteract the increa3e in absorptiono 

Bol4o To sum up» a pile oper ates by r educing high-energy nautrons 
to thermal energies by the use of a moderator-lattice arrangement 0 then al­
lowing the tharmnl-energy neutrons to bs t~bsorbed by uranit\Dtp cnuaing fis sion 
which regenerates further high- onorgy nnntronso Tho regcmoration of neutrons 
is aided slightly by tho faat neutron effvct; it is impeded by resonance ab­
sorption during the process of energy reduc·liion 0 by abnorption in graphite 
and other materials~ and by neutron escapeo 

The ~ffocts of Reaction Products on th~~!!~i~c~at~·i~o~~n~F~·a~c~t~o~r 

8ol5o Even at the high power level used in the Hanford pilesg only 
a fen grams of U-238 a.nd of U-235 are ueed up per day per million grams of 
uranium proaento Nevertheles3 the effects of these changea are very importanto 
As the U-235 is becoming d epl etedp the concentration of plutonium. in increae­
ingo Fortunatoly, 'plutonium itself is fissionable b7 thenn~l neutrons and / 
oo tends to counterbalance the decrease of U-·:235 as f a r ao maintaining the 
chain r eaction :ta concernedo Howover 11 ot.h<Jr fission products ar3 being prO­
duced alaoo These consiot typically of unstable and relatively unfamiliar 
nuclei eo that it was originally impossible to predict ho~ great an undesir­
able of!ect they ~ould havo on the multiplication eonstanto Such deloteriouD 
effects are called p oisoningo In spite o! a great deal or preliminar.y study 
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of .fisaion pr oduct o .. Hn •mforc~eon pol :mrd.nc offec t of this ldnd ver-; nearly 
p rovcnt3 opor<.~t.ion or t.he Han f o rd p:il.oo e ua i'IO 8hnll tJ(lO l ator c 

Tha Rca-:t i.on Produc t.s nne\ th~ Separatton Prcblom ----- ·- -----.....---..... ---·--... ·-·-·--- ·-· .. ---·- .. ·----- -.~ -·------- ·--·-··_.-. .._-_...___...,_"' __ ....... ..---------~------""m 

8 ol6 .. Thf)re~ a ro t~o nw.tn parts of tho plutord.um production proceas 
at Hanford: actual production in tho p:i.le ~ and separation of tho plutoniQiil 
!'rom tho urnnil.lm sluga in !!hich it. is formvd ~ He t.urn now to a d.iscusaion 
of the second part P t.ho sapal'C'\t ion pr or.ess o 

0 .. 17 ., Tho uranium slu.gs conta ining plutonium also contain other 
el~ments resulting !rom the fis3ion of U-2.35 ... l',hen a U-2.35 nucleus undergoe.e 
ficL~don . lt emits one or more neut.rons and splits' into tno frar,ru.ents o! com­
parable ~ize and of total n~s3 235 or les3 o Apparently fission into preciscl1 
oqu.a.l massoa rarely occurs D the most abundant fravncnts being a fragment of 
mas~ nu111.bor betwoon 1.34 and 144 and a fragment of mass number between 100 and 
90 , Thus there aro two groups of fission products: a heavy group v1i th mass 
nUIDbers oxtflnding approximately from 127 to 15h e and a light group from ap­
proximately ll5 to 8.3 o These fission products are in the main unstable i ao­
t.op~e of thr' thirty or so .known elements in these gen.,ral ranges of l!'.at~s num­
bero Typically they decay by successive beta amissions acco~~anied by gamma 
r adiation fin.-..U.l,y to form known stable nucloio The hal!-lives of the various 
i ntermecliata nuclei range from fractions of a second to a year or more; s ovoral 
of the impox•tant species havv half-livol!! of the order of a month or so ... About 
twenty ~.fferont elements are pre8ent in significant concentration o The most 
abundant of these comprises slightly loss than 10 percent of the aggregateo 

8 ol8 ,, In addition to radj.oactive fia~ion products~ U-2.39 and Np-239 
( .lntermediate pr-oducts in the forn~ation of plutonium) ar~ present in the pilo 
ilnd a r e .radioactive o The concentratione of all these products begin to build 
up at the momont. thl3 pile starts operating o .t;ventual.l.l the rate of radio­
active decay equals the rate of formation so that the concentrations become 
constant o For e.x.ample v th.E!I number of a tC'ms of U-2.39 produc~d per second 1 ts 
conotont for a pile oporating at a fix~d power lev elu According to the la~s 
of radioactive disintegration » the number of U-2.39 atoms disappearing p€lr 
3econd is proportlonal to the number of such atoms present and is thus in-­
creRe:ing during the first few minut~es or hours after the pile ia put into 
operationo Ccnsoquently thare soon vsil.l be practically aa many nuclei die­
integrating each second as are formed onch Decond o c;quilibrium concontrat ione 
for other nuclei will be npproached in eimilar manner ~ the equilibrium concen­
tration being proportional to the rate of formation of thet nucleu5 <tnd to ite 
half- lifeo Products which are etable or of oxtrer.J.ely long half-lifo ( e u g ~ • 
plutonium) will steadily increaso in concentration for a considerable tine c 
i,htm the pilo is stopped~ the radioactivity of courso continues~ but at a con­
tinually diminishing absolute rate ~ I2otopes of very short hal f -life may 
"drop out of aight 11 in a few minutes or hours; othere of longer half-life keep 
appreciably active for days or monthso Thus at any ~ime the c oncentrations 
of the various products in a recently stopped pile depend on what the powor 
level was , on how long the pile ran, and on ho~ long it has been shut downo 
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Of c/''.11 '.'..1 :', t'-tc lon .~e; th"' p i.lo b:1a r•.1n: t.h•' J.r .. rgor ie th~ conca•Itrat:i.on of 
plnt.ord.wn un1 (un£ortunnt•1l~·) th? lnrgar i s the conr.onl~r~tlon of long-li'Ved 
fin ~· .i.c-n p.·od ucts The lon~ur tho 11 r:ooJ.ing11 p·Jriod.~ i .o . v t h fl por.lod betm'lon 
r!'!l tv '/O.l of n;:~ t~t'll:\.1 r roJII. t ho pilfl and. Ch "l"Jd C<.1 l tre.'ltfilCrlt g the J.or:er is the 
rEJdlaU.on :\nt-hn,!jH,y .lrom tho n.b~:lon .!J r odncts" A comprc:TJ.;.J H ;nust b e made bc­
tVtOJen ~ uch comd.dor.g,t :i.ons e.J tho defilre for a J.one, J'1.mrling nnd cooling time 
on tho on~ hnnd anci the de::d.re .for OP:dy IJXtr·action of the~ plutortium on th6 
othor banda 

8 .,1 9 ., Tables can be prep:1n·d s h::ndJlf, tho cbanicLll concentrations 
of pJ utonhun and the various fisoion proctuctr, as fU>"lct .ions of power lev~l » 
lene; t.h of opqratio:1 P and loneth of cool i.ne pvriod ~ The hnlt life of the U·-239 
i s s o u!1ort that it3 concentration b~l''!Or\~3 ne~igibl13 t~oon after the pile shuts 
dorm- The neptuni•~'ll becom.ez c o~wert. FJd fairly rapi0J.y to plutonium.. Of courseD 
tho tot.al wf3i~ht of fission products~ stc.blo and unstabler r e:nains practically 
conflt.-mt a!t"'r tho pile is :;;topped. for the Clinton and Hanford operating 
conditions the max1mu~ plutord.uo c oncQntro.tion attained is so 3mall as to ~dd 
matorinlly to the difficulty of chemical separation .. 

~ .,20 o The probl em then is to m,:\Y.o e. chemical Deparatio11 at the 
d~ily r.?.te of P Gays severCJ l era.ma of plutonium .from several thou:?and grams 
of u't·:m iwn contaru.i..nated wi'~h lc:.rge amounts of dangerously radioacti-re :fi3sion 
pr<.'rtucts comprising t\',enty diffarent elomentso Th3 problem is especially dif­
f .i.cult as the plutonium purity requirements are very high lndeod~ 

8o2l, Four types of method for chewica.J. sopar.::.tion wore or..n.ruined : 
w>ls.ti.lit.y~ absorpl;.ionD :.olvent. e:x.tractton. and procipitnt.ion, 'l'he l'IOrk on 
absorption und solvent. e.'ttract.ion methode; hn.s been oxt~maive and ouch met:.hodts 
may be increasingly twod in the main p:r.ocess or in waste recovery P but th(') 
Hanford Plant was desi~1ed for a precipitation procosso 

8o22 o * The phenomena of co-p:cecipitation~ i ~ e ., ¥ the prcclpitation 
of smull concentrat.ionn of one element along yd)~h a '1ca'ri .. ier" prec ipitate of 
som~ other element~ had heon commonly used in radioactive chemistry ~ and was 
adoptf.ld for plutonium separa.tiono The early work on plutonium chemistry. con­
fint"d as it was to minute amounts of the elcrnflntP made grea t uDe of precipi­
tation reactions !rom which solubility properties could be derduced" It l7as 
ther~fora nat.ural that preclpitation methods c-f seraration 'liOro the ruos·;:. ad­
\'anced at the time when the plant dasign ms started~ It was .felt that~ shottld 
t he sevfll 1. st(lpD :ln tho separations prvco3s have to be developed partly b;r 
.the empirical approach 9 there would be loss ria}{ in the 3Cale--up of a pr ecipi­
tation process than » for exsrnple~ of one involving solid-ph~se reactionso !n 

* Paragraphs 8?22 - 8 o26 are quoted or paraphrased f rom a ganaral 
report of the Metallurgical Laboratory prepar~d in the spring of 1945 ~ 



( ( 

VIII-7 

addition 9 thf.J pr3cipltat:.ion procoac":)B thon in roind could be broken into a so­
quonce of r P.pc&tod opQra tione (cnllod cycleo)p thereby limiting the nuobor o! 
diffor~nt equipment piecoo requiring doaign and allowing considerable proc~es 
chllilge without equipnent chan[!;Oo Thusp l'lhi1e t he basic plant detsign 1'ae made 
with one mothod in mindo tho final choice of a diffoJ•ent method lod to no om­
ba.rra.aoments o 

8o2)o Moat or the precipitntion procooooa ~hich have received 
serious conaidoration mad~ uae of an alternation b6twoon the (IV) and (VI) 
oxidat i on sta.tea of plutoniuma Such procecsas involve a precipitation of 
plutonium (IV) with a certain compound aa a carri er, then dissolution of the 
precipitate, oxidation of the plutonium to the (VI) state, and reprecipitation 
of tho carrier compound 'While the plutonium (VI) remains in solutiono Fiosion 
producto 'Which are not carried by these compounds'remain in solution when 
plutonium (IV) is precipitated a '!be · fission producta which carry are removed 
from tho plutonium when it is in the (VI) stateo Succossive oxidation-reduction 
cyol~s are carried out until the desired decontamination is achievedo (The 
process or elimina~ion or the fission products is called decontamination and 
the degree of elimination is teated by measuring the change in radioactivity 
or the materialo) 

Combination Processoso 

8o24o It is possible to combine or coupls the various types ot pro­
cesso Somo advantagoa may be gained in this way oinca one type of process may 
supplement anothero For example~ a process which giv0s good decontamination 
might be combined advantagoously with one which P while inefficient ! or decon­
tamination P would be ·very efficient for oeparation from uraniuma 

8a25o At the time ~hen it becams necessary to decide on the p~cess 
to serve as the baeia for the design or the Han!'ord plant (J,une 1943) D the 
choice, for.reasons given above~ ~as limited to precipitation processes and 
clearly l ay bet111een t wo euch proceases o Hov1evor 8 the procestS ae !inall.y 
chosen actually represented a combination of the twoo 

8o26o The succeos of the separation process at Hanford ha8 exceeded 
all expectationso The high yields and decontamination factors &ld the relative 
ease or operation have amply demonstrated the lfisdom of its choice as a procesaa 
This choice was based on a knowledge of plutonium chemistry which had been 
gleaned from leas than a m1lligram of plutoniumo Further developments may 
l'llllke the present Hanford process obsolete, but the principal goal 8 which lf as 

. to have a workable and efficient process for use as soon aD the Hanford piles 
"Were delivering plutonium, has been attainedo · 

/ 
The Argonne. 

8o27o The kgonno Laborator;y Ylas constructed early' in 1943 outside 
Chicagoo The site or1ginal.l.y intended !or a pllot plant, 'Was later considered 
to be too near the city and "as used tor reconstructing the so-called West 
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Siat''G pilc1 whirh rno oritinul1y lm'.lt on thtJ lln.\v.l-.1.~.~--/ o.f Ch:i.cf\go lFOtmd o 
· and ·, td c:t Vi'l~l c cr1· Binly -l..rno ':' • wu~:, Ult<i'-"r tho d5 roc: t.ion of E, Fe~1i nnd his 

coll•• 'Ctt'-'3 .• fl , L ~ .\n•.1oroon ~ \\' . II. 71Jmr G ·. ~·:~:l. l r e.r1•l (,~.h:)r"J) ~hla pile ha~ 
so!"v .::.i U.'J n pro~,ot:rp::l unit for Bti.IC\i ': tt of thor.nnl ~tobD .l.ty • controlo s instru­
mon b ,, nn:l. Jh.i. clrllng ~ a.ncl as a neut r on :Jom·ca for. m1.toriv.ln t.o3ting and 
nf'Jutron-·phynlce~ ~t ucli~'.Hl . Furthcrmoro ,, it hoa provo:!. valueble no a tra ining 
cs chool for plo.nt op C!r.~tor:1., Hor<.> r or.;~ntly n hca·ry-r.·nter pile ( :~oe below) 
has b~~n constructed thcr0. 

8 . 28 c Tho f:tr ot Areormo pil'~ ,. o. cn\phite-url'.niwn pile 3· need not 
be dC'sc ribod in dcb:llo Tho mat~.rl:l.l .J nnd J.nt.ttcs rtructuro are nearly identi­
cal to tho-30 which ,,,!re us•Jd for the o..ciginal i\'o~t Sta.nd5 p:Uen The pile ia 
a cube; i t :ls :mrr01.mdect by R shield r.nct h~s control~ end Ba!ety devices 
~omcr;hat similar t o t hose used later at Cl:lnton, It has no cooling ~yete..n 
and is norm."lly run at n pcmor h"rol of only a few kilo·:1atta " It has 
occ;wlonnlly bocn run £\ t high -pOl.et: levels for \'cry brlef periodo c Consider­
ing that :lt i~ mcroly o. r econstr•uctlon of tho first chain~reactinrs unit ever 
built ) it is ruTh~~ing that it han continued in operation for more than t~o 
years -without developing any . major troubles u 

8 ~9 ,. One of the mos t valuable us e s of .th13 Argonne pHe has b een 
the moa !lure.m.,nt of ncutron-aboorption croas eectiona of a grent variety of 
6l Cfi'onts l'ihich might be ueed in pileo as struct.urnl members~ etc o • or which 
might be present in pile materials as impuriti'!Oo Theso measurements are 
mad~ by observins the change .in the controls nece3St.~ to make keff equal to 
1 .00 when a knmrn amount of the substance unde r study i B inserted at a 
dcfinl~o pooition in the pile ~ The results obtained were u sually oxpres~ed 
in t(n·me of "danger coefficients . 11 

B o)Oo An opening at the top of tho pjle let s out a very uni!onn 
beam of thermal neutrons that can be used for exponential-pile experiments, 
for direct meaour0mcnts of ab8orption cross sectione 11 for Wilson 'cloud 
chamber studies ~ etc . 

8 n3lo &~ interesting phenomenon occurring at the top of the pile 
is tho production of a b<:la.m or now of 11 cold" neutrons. If a sufficient 
amount of graphite ie interposed botweon the upper sur ace of the pile and an 
ob~ervation point a ffn'l yards ahovo D the neutron anergy distribut,ion is f ound 
to corroopond to a t emperature much lof'!er than tha~ of the graphite ~ This i~ 
presumed to be the revult o! a pr efer ential t .ranenus flion by the (crystalline) 
graphite of the alor.;eat ( "coldeet11 ) neu~·.rons ~ nhose quantum--mechanical waoJe­
l ength is great compared t.o the diat.anco bet ween eu~ccasive planes in the 
graphite crystals. 

8 .32 n More recently a pile u sing heavy Y'at.er as moderator v:as con­
struct,ed in the Argonne Laboratory. The very high int.ensity boam of neutrons 
produced by thiB pile has bMn found well - suited to the study of "neu:.rcn 
optics" , e.g., reflection and refraction of neutron beams as by graphite . 

8 33. A constant objective of the Argonne Laboratory has been a . 
better understanding of nuclear proceeeee in uranium, neptunium, and pluto~umo 
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Ropoated oxporimonte havo boen mado to improvo tho accuracy of constanta such 
as tho~ll-fiaeion croD~ sections of U-235, U-238 , and Pu-239 , probabilitioo 
o f non-fi~Dion noutron absorption by~ach o! these nuclei , and number o! nou­
trona cmittod por !ioeiono 

Tho Clinton Plant 

8 .. J4. ln Chapter VI wo montionod plann for a "pilot" plant for 
production ot plutonium to be built at tho Clint on site in Tenneseeoo By 
Jnnu~ry 194Jo tho plnne for this project ner~ well along; construction waB 
atartod eoon a!torwardo M. D. Whitaker was appointed director of the Clinton 
Laborntorieao Tho pilot-plant plans were made cooperatively by du Pont and 
the Motallurgical Laborator,y; conetruction was catried out by du Pont; plant 
operation naa maintained by the Univereity of Chicago as part or the Metal­
lurgical Project. 

8 o)5o Tho main purposes of the Clinton plant wore t o produce some 
plutonium and to serve ae a pilot plant for chemical separationo As rogarda 
r eeearch, the emphaeio at Clinton naa on chcmiotry and bi ological effects or 
r adiationeo A l arge laboratory wao provided for chemical analysis, for re­
search on purification method~, for fioa!on- product etudies, ·for development 
of intermediate-scale extraction and decontamination processes , etc o Later 
a "hot lnborator-J", ioeo a laboratory for r emotel y-controlled llork on highly 
r adioactive material, waa providedo There is alao an instrument shop and 
l aboratory that hao boen used very activelyo TI1ero are f aoilitiee for both 
clinical and cxperimontal Tfork of the health .divieion, which has been very 
activeo There is a ama1l phy5ica laboratory in which Bome important work was 
dono using hiBher neutron intensities than were available at tho Argonne 
Laboratory. The principal inetallations constructed at tho Clinton Laboratory 
eite were tho pile and the separation plant; thoeo are br1e~ doecribod be­
lowo 

Tho Clinton Pile 

8~36. ln any steadily operating pile tho effective multiplication 
!actor k muot be .kopt at one » wh~tever tho power lovelo Tho boot k00 that had 
been obsorvod in a uranium-graphito lattico could not be achieved in a practi­
cal pile bocauao of neutron loakago, cooling nyotem, cylindrical channole for 
tho uranium j) protective coating on the uraniumg and other minor factors o 
Granted air-cooling and a maximum eafo t~porature for the surface ot tho ura­
niwu, a abo ot pile hnd to bo choeon that could produoo 1000 kwo Tho o!toc­
tivo k would eo c.lol'm with riaing tomporaturo but not ouffioicntly to bo a 
dotennining tactoro Though a sphore wac the idoal ehape. practical considera­
tions rocamm~nded a rectangular block. 

8 o37 o The Clinton pile consists of a cubo of graphite containi.nsc 
horizontal channelo filled nith uraniumo The uranium is in the form of metal 
cylinders protected by gao-tight caeings of aluminu.m.o The uranium cylindore 
or eluge may bo slid into the channele 1n tho graphite; space ia l ett to por­
.mit cooling air to now parst, and to permit pushing the elugts out at tho back 
of the pile when they aro ready for prooeesingo · Bosidee the channels for 
elugs there are various other hole.s through the pile for control rods • inetru-

. mente, etco · 
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8 o38 o Tho Clinton pile waa con.:;idorabl:r l.a.rBer than tho firot 
pile at Chicago ( tJOo Chaptor VI) o More lmport.an'~ thv.n tho incrcaaod aizo 
of the Clinton pilo wor o Hn cooling oy2tcm 8 hoavim:· ahil'llde, and means for 
changing tho alug_s o The production goal of tho Clinton plant l 'I&B set at 
a ·figure nhich meant that the pile · ~hould oporate at. a povror level of · 
1000 k'.1o 

8o39 o Tho inotrumentntion arrl control s are identical in principle 
to thooo of tho first piloo Neutron intensity in tho pile is meaourad by a 
BF3 ionization chambor and is controlled by boron steel rode that can be 
moved in and out. of the pile, theroby varying tho fraction of neutrone 
avail~blo to produce fiooiono 

8 ~ 40 o In opito of impresaiveneso of the nrr~ o! instruments 
and safe ty dovicoo 9 tho moat striking foaturo o! the pile ia the oim-· 
plicity of oporationo MoDt or tho time the oporatore havo nothing to 
do except record the r eadings or various inetruQentso · 

Tho Separatio~ Plant 

8a4lo Here a e.o nt Hanford, the ·plutonium procesaeos have to bo 
carriod 01.tt by romote oontrol and behind thick shieldao The ~eparation 
oquipmont ie houeod in a s~riea of adjnc~nt cella having heavy concreto 
?~all so 1'heno colla form a continuouo struct.ura (canyon) Tlhioh ia e.bout 100 
f~ot long and io tlw-thirde buriod in the grou.ndo Adjacent to thia canyon 
aro tho control roomap analytical laboratori~s, and a laboratory for 
fUrt~or purification or tho plutonium after it has beon decontaminated to 
tho point of comparative sa!etyo 

8o42o Uranium a.luga that have b~cn ex.pooed in the pile are trans­
ferred under wator to tho first of the~e cells and are thon diseolvedo 
Subsoquont operation~ are partor.med by pumping solutiono or slurrioa.from 
one tank or c ontritugo to anothero 

PeA"formanco ot Cl:1.nton Pllo 

8o43o The Clinton pile atartod operating on November 4, 1943 
and ~ithin a feu dayo ~as brought up to a po~or levol of 500 k~ at a 
maximum ~lug surface temperature of ll0°Co Improv~~enta in the air cir­
culation and an olevat;.on of the maximum uranium surface temporv.ture to 
l50°C brought tho pow or lovol up to about 800 kw a \":hero it r;ns mnint.ainod 
until the spring or 1944o Starting at that timon 8 C"Mngo WMI mudo in tho 
dietribution or uranium 9 th~ chango b~ing designod · Lvvol out the power 

· diatribution in tho pile by reducing tho amov.nt of .. c.al near the center 
~elative to that further out and thereby :~o incroaoe tho avora3o power level I 
without D.I'lY""hore attainina too high a t~10nperatureo At tho B8.lllO time 
improvements were roalized in the vcalin.g of tho slug jackots, making it · 
,\)Oeaible to oporato tho pile at higher temporatureo ·Ae a resulta a PQliO~. · 

tfi~efnQta~~~i5R ~t~0tt0tnfin~~dn~9~~44~his was further incrc~s~d a~er 
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lJ " Ll4? 1nus tho pilo pc d'ono'\nc•;~ of Jun9 1.941~ considqrably cxce~ded 
ox.poctnti onfh l n onoo of control'· ntcndin.o so of op6l:"ation 0 and absence of · 
d.:mg1.•rous rncllat:ton.J! tho pllc hnt'l bocn moll t satia!actoryo Th()r e havo been : 
very f ovt failurco n~tdbu~ '.lbl e to mis tal<eo in design or conetructiono - 1 

8oh5 n Tho pilo it.ofJlf l'ta.o a.iclple both in principle and in practicoo 
Not tlo tho plutonium-ooparntion plnnto Tho ~top from tho first chain-reacting 
pilo to tho Clinton pile l'll.\5 r onoonably predictable; but a much greater and. 
more unc ortnin etcp v1 a a roquircd in tl:'lo cnse of the separation process • for 
tho Clinton oopa ration plant 7W.3 designed Ot:l. the basis of e.xperimentB ·UBing 

onlY: microBrrun amounto of plutoniumo · 

8o46o Ncvcrthelcoa~ tho ueparatiori .pr~coss worked! The first batch 
of oluea from tho pile ~ntercd the voparation plant on Decembe~ 20 0 1943~ By 
tho ond of J~nuary 1944. metal from the pile wa~ going ·to t~e separation'plant 
at thCj rate o! 1/) ton per dayo Sy February 1:!!t~ l944e l90 .m.g of plutonium 
had been d elivorod and by 1mrch 1st, 1944, eeveral·grams.had been deliveredo 
Furthermoroo tho effici~ncy of recover.y at the very start wae about 50 per 
cent, and by Ju'ne 1944 it was betyieen 80 and· 90 per cent:o 

' • .. . • \. l . • 

Bo47 o During thi" whole period there Ylaa a ;L£U~ge group of chom.iet~ 
·at ... C),J~tol! j1prkin_g on impro:v~g tl'~(). pr?ceas ·. and. }~y.e1opin~ _.it ~C?.t; ~~.~fC?~d~ . .. , 

'· J'he H?-nfpro pr,oblom qif:forod .from ,that at . Cli11~on .~ . that;. rpu~h · h:te))e~ · .. c:.onc~ 
~ :·. fratioria ~o.f piutoriU!\l we1~e . cxpqctedo Furthoitiloro·~ . ·t.h~ugh . the chcmisl;-~ Tier~ .. . 

to be c.ongratulatcd ·on the auccese _of the·.·cl~to~ plailt 8 _the.l?r~ce~s •!a.o cotU­
. plica~Qd _and. .exp.enaiveo Any. :llnpz::.overo.c:mta in 'yield ·or··ctecontamination or·m ·.· 

general _o~litication wore vecy much to be oo'u&hto . : . - . . . . . ' . . ~ 
I * 10 • ' • .., ' • I • "" • • ': 

:.,. .. · <i: ~ $ ~48o : . Beoidoa tho provln~£ o~ 'tho 'pilo' and tho aepax:-ation 'pinnt and 
the productlon of tSevoral grarua of plutonium for oxporime'ntal usc e:t Chicagoe 
Clinton 9 and e1 sowh0re, the Clinton Laboratoriea ·have been invaluable aa ·a. 
training and teating cent or for Honford • .i9r medical ·oxp·erinlents e pile ~tud.~ol!lll 
purification· ~tudies, and physical .and che.in:i.'cal · etudies o·~ pl~toniwn ·and. ·· · ·, . 
fio3ion producteo · · 

8o49o Aa typical of the kind of probloms tackled there and a t · 
Chicago, the following problems listed in 'a single routine report tor May 
1944 -- are pertinent: 

Problems Cloaed Out during May 1944: 

Senrch for N~w Oxidizing Agont 
Effect of F.adiation on Wo.ter and Aqueoue Solution5 
Solubility of Pllltonium P~roxide . • :. · 
Plutonium Compounds Suitable for Shipment 
Fission Product Distribution in Plant Process Solutione 
Prolintinary Proceas Doaign for Adsorption · ~traction 

-· ' Adsorption Semi-Worke ·Ae5iata.nao · · ' ·· 
Completion ot Adsorption Process Design 
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Nol'l PilQ .c .. xpluration~ 
,,n fltel ·urnniwn H0covery 
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Di upoaal of Active ~noto Solution8 
Spray Cool ing of X Pile 
Ao aay Training Progrnm 
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Dovel opruont of Aevay Methods 
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Alpha Par t.iclcs ! rom l'J- 2:35 
Radial Product Distribution 
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0 ~ 50o It i e beyond the scope of t his r eport to sive any account o! 
t he con;.truction of t he Hanford Engine er r't'or k-3 9 but. it i o to be hoped that t he 
f ull etory of this extr aordinary enterprisa s.nd the c:ompat1ion ontJ, th'~ Cl inton 
.t<;nginM r Works~ will be published a.t some t ime in thu fut~.tre" The Hanford 
~ito wus exar.rl.n~d by repr o:1ontati ve::s of General Grove3 and of du. Pc,nt at th-:­
ond of 1942~ and u se of the s i t e 'Waa approvod by ~neral GroYes after he had 
inspected it porsonally o I t Ylas on tho ¥lest side of the Columbia River in 
c~ntral Wa shingt on north of Pascoo J.n th~ early month!'! of 1943 a t-..ro-hLtndred 
t.lqi.wre milo tract in thi s r egi on nas ncquir~d by the government (by leaao or 
purchase) through t h e Real E::~t.at e D,i.vidon of the Office of tho Chief of 
Enginoero o Ev(:ntu.a.l ly nn a r ea of nearly a t housand squnr0 miles· wa9 brought. 
under goYernment cont,r olo At t he tim0 of acquisition of thn l and there wore 
a f ew f nrms and tYIO small villa.gea ~ Hanford and Richlnndw on the site, wh i ch 
wae otherwi s e Dage-brunh pl ains and barren hilld o On t he 6th of April~ 1943w 
grmmd vra e broken 1/or t he Hanfor d construction campo At the peak of acti vity 
in 1944 e this camp nas a city of 60 800 0 inbabitant3 0 the fout··th l ar geot c ity 
in the otat() a Now, however, the c amp i e practicaLly des~rted a a t he operat.ing 
crew is houaed at Richl nndo 

8o5l o Work. ~as begun on th~ f irst of t he Hemford product i on piles 
on June ?a 1943, and oper ation of the f irs t pile began in Sept ember 19/~ o The 
eite wa s original ly laid out !or f i ve pileB, but t he construct ion of ~~nly three 
has been und~rtaken o Besidee the piles , t her e a r e, of ccur 3C: n plut onium 
5eparation plant s, pump ing atations and water-treatment plant s o 'tn6r e is also 
a l ow p ower chain-rea cting pile !or material t e sting o Not only are the piles 
them15el 'l.·es 'Widely a paced f or safety - - aoveral miles apart - but the sepa­
ration plant s aro -well ~may f r om the piles and !rom each otherQ All threo 
piles were in operation by th6 s~er ot 1945o 
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8 .,52~ No cmo V~ho l ived throu::;h tho pt-1 riod of deaign and con­
.:;truction of th~ ll nnf ord plant i s likr.)ly to for~ct the "cnnnine" problem, i oOo • 
tho problom of S'..lP..linr; tho uranium slue~ jn protoctive m~tal jackets., ~ 
periodic vioitn to Chtcego the Yrritor could rousbJ_y estirr.nte tho state of the 
canning probl «n by tho o.t.."lospbero of Gloom or j oy to be found around the 
l auorAtoryo It ~as definitely not a simple matter to find a aheath that ~auld 
prot ect uranium from ~a tor corro sion 9 Yro•Jld koop fiaoion products out of the 
~ntor, ~ould tranmait heat from tho urnnium to the water, and would not absorb 
t oo ronny neutrons . · Yot tho failure of a single can might conceivably require 
ohut-dolm of an entir~ oporating pile ~ 

8n53. Attempts to m~ot . the otringent r~quirem~nte involved experi­
mmt al ltork on '3l oct r oplating procosoes , hot--dipping procease~ 8. cementation­
coating proco~aoe 0 corrosion-roaistant alloya of uranium 0 and mechanical 
jackoting or canning procesoeso Mechanical j ackets or cana ·of thin aluminum 
rtore f easible from the nucl ear point of viow c.nd were chosen early as th~ most 
likely 5olution of tho problomo But the problom of getting a uniform, heat­
conducting bond bety1een tho uranium and the surrounding alumint.:un ; and the 
problem of uffecting o. gao-tight cloauro for the con both proved very t roubl&­
oomeo Development of alternative mothodo had to be carried along up to the 
laat minute 0 and even up to a fm1 necka before it ~&a timo to load th~ uranium 
~lugs into the pile thore VIM no cortalnty that any of the procoamHJ undo~ · 
dovolopmont \'lauld be aatiafactory., A final nrlnor but apparently important ' ·. 

· modification in the preferred canning procoaa was adopted in October 1941H 
after the first pile had begun experimental operationn By the summor of 1945P 
thoro had beon no can failure reportedo 

Pre~ent Stutus of tho Hanford Plonto 

8a54o In the course of tho fall of 191..4 and tho early montho of 
1945 the aocond and third Hanford piles •~ere finished an ... 1 put into operation, 
a a v1ere the additional chemical aeparation plants o There were» of course 0 

Bomo di!ficultio.:s; honever 0 none o! the .fears exproosed as to canning failuree 
film formation in the ~ater tubes» or radiation effects in the chemical pro­
ceoaee, have turned out to bo justifioda As of early our40or 1945 tho piles 
are operating at deai£ned power 9 producing plutonium~ a.nc\ heating tho 
Columbia Hiveru 'l}lo chc1nical plants are aepn:rating the plutoniwu from tho 

' uranium and from the fieeion products ~ith bettor efficiency than had been 
anticipatedo The finiehed product is being deliveredo How it can be used 
ie tho eubject of Chnpter XIIa 

8o55o In previoua chnptera thore have be~n references to the 
advantageo of heavy ~ator as a moderatoro It is more effective than graphite 
in alol~ing down neutrons and it hao a emaller neutron aboorption than graphitco 
It is therefore possible to build a chain-:reucting unit with uranium and 
heavy wnter and thereby to attain a considerably higher multiplication 
factor, ke ana a smaller aize than ia possible ~ith graphitco But one muat 

. have the heavy watcro ... .. 

• 
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• 0 .. )6... In tho spring of 194.3 the Metnllurgicnl Labor9.t?ry dcd.dod 
t o :in~;r c~J oe the onphuo:Le on oxporirt'cnto end cP.lculotions aimed at a heavy 
l'tntor pile. To this end a co;nr'littoo rw.a not up under .r~. i··:igner 9 a gr<;>up · 
und'or A. A. \'crnon nR~ transferred f rom ColumbJ.a to Chicaeo, and Ho b. Smy):,h 1 
who h.1d juat bocome a~1 !'oc-inte director of the Laboratory g r1aa a eked to take . 
gehpral chargeo (Ao it turned outn t his group wne ac tivo for only about six 

·monthe co ) 

8o57 o The first function of thio group was to consider in ~hat way 
heavy ~nter coul d boBt be u~od to insure the overall succeoe o! the Metal­
lurgical projectn taking account of the limited production schedule 'for heavy 
water that had been already authorizodo 

0 .. 58u It became apparent that the productiOJ~ :schedule .wae so low 
that it \'I'Ould t ake tlto years to produce enough heavy water to 11modoratell a 
f air-oizod pile for plutonium productiono On the other hand, tj1ere might be 
enoueh heavy water to moderate a amall "laboratory" pile 1 which co1.ud furnish 
informotion that might be valuable o In any· o~ent 8 during tho rsummer of 194.3 
oo groat w~:~r~ the uncertaintie5 as to the length of the war and aa to tho 
succo63 of the other parta o! the DSM project that a complete stucty of tho 
po~oibilitie8 of heavy-uator pilo8 ~eomcd deoirable o ~ither the . heavy~wator 
production ochcdule might be stepped up or t~e smaller, experimental pile . : 
might be builto An intonaive atud.y of tho matter r:a::~ made du.ring the aU!.lllner 
of 191~.3 but in Novumber it lias decided to curtail the progrwn and construction 
wae llmitod to a 250-kw pile located at the Argonne s ite<) 

~ho Argonml Heav;z-\'later f'ile 

. 8 o59o PcrhapB the most striking aspect of the uranium and heaTy­
"ator pile at tho Argonno is itl!l small aizo. Even -nith its s urroundine shield 
of concrete it ie relatively GnP..ll compared to the uranium-graphite pileeo · · 

8 o60o By May 15 8 19M., tho ArBonne uranium and heavy~l'fator pile was 
r eady for te~t., With the uranium slugs in place~ it r1a a found that tho chain 
r eaction in the pile became eelf-:mstaining l lhen only three fifths of tho 
heavy water had been added. The reactivity o! the pile was 5o far above ex­
pectations that it would have been beyond the capacity or the control rod:s to 
hnndle if the remainder of the heavy water hud boon addedo To meet this un­
usual and pleasant situation some of tho uranium was ro~oved and extra control 
rods lJero addedo 

8 o6L With thoao modifications ·it waa possible to fill tho tank to 
the ·levol plannooo By July 4v ').944. W. H. Zinn reported that tho pile wa~ 
running eutisfactorily at· 190 .kw, and by August 8 s l944a he reported that it 
was operating at .300 kl1o 

8o62o In genoral the characteristics of this pile differed Slightly 
from those of comparable graphite piles. This pile takes eeveral hours to 
reach equilibriumo It shows small (less than 1 per cent) but sudden fluctu• 
ations in power level 8 probably caused by bubblee in the v1atero It cannot be 
shut down as completely or as rapidly as t he graphite pile becau8e of the . 
tendency of d"layed . gamma rayo t o produce (from the heavy 'Water) additional 
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neutr-ons ,. Ae a.ntioipo.tcd n t ho nout.ron donnity "t, tho contcr 11'1 hieho Tho 
~h1~ldon oontrolo~ hcnt ~Xr.h~ncor1 otcoe h&vo oporutod &atio!actoril1o 

8 ,,6Jo Tho major- objective of tho hoal t h c;roup l7llO in a cenec a 
ncsative one, to inGuro thet no ono concon1ad cu!!orcd norious injur.y !rom 
tho paculiar hnzard.o o! t ho onterpriooo Hodict.U cnao hietoriczs of persons 
ouf:orinB soriouo injury or death rcoultin3 from radiation ~ore omphaticallT 
not wantodo 

8o64o To achiovo ita objoctivo tho health group workod along 
throe major linoa: • 

l) Adoption of pre-empioymont phyoical o7~tion3 and 
troquent re- oxaminationsg particularly or thoeo expoaod to r&diationo 

2) Sottins of toloranco stand::1rdTJ for radiation do11os and 
dovolopmont ot inmtrumonto mon~uring cr.poeuro of ·por oonnel; giving advico 
on ohieldi~e otoo; continually mcaDuring radiation jntcnoitio5 at various 
lacl.ltionll 1n the ple.nto; m<'a~ur-lng ·contrunination of clotheog labo~atory detSko, 
waato ~ater, the atmoophero 0 etco 

3) Carrfing out r Baoarch on the otfocts of diroot oxpo~uro 
ot poroona and nnimal5 to varioue t1poa of rediationP and on tho o!focta of 
ingo~tion and inhalation of the variou8 radioactivo or toxic materials such 
&II fission productoo plutonium and uraniumo 

~utino ~inntions 

8o65o l"ho nhito blood-oorpusclo count nan usod ao tno principal 
criterion as to whether a poraon sutferod trom ovoror.ponuro to rndiationo 
A number or caoos ot abnormally lcm oounta l'JOI'o oboorvod and corrolatod \'lith 
tho dezroe ot ovorexposuroo Jndividualo appreciably nffected l'I.OI'O ~hittod 
to other jobs or given briet ve.cations; nono havo Dhorm po~ncnt ill offoctso 

8o66o At the ClAJU0 t:tme it wao r~coszrlzod that tho 't'lhito blood­
oorpuaolo count i.., not nn entirely roliablo critcriono Somo work on animalo 
indicat~d that carious damaco might occur bofo~o tho blood count gavo any 
indication of da~or. Aooordingly, more elaborato blood toots ~oro made on 
mlootod individuals and on oxporimontal "nimala in the hope ot finding a 
test that lYOuld givo an earlier warning of impending injuryo 

Instr-uments !or Radiation Y~acuromenta 

8o67o Tho Hoalth Division had principal rosponoibility !or tho 
dovolopment or pocket motoro tor indicating the extents of exposure of porsons. 
The first of thooo instrumonte wus Q oimplo olectroacopo about the size and 
8hspo of a fountain pen. Suoh 1nstrum~nts were olcctrostatically charged at 
tho atart of each day and were read at the end ot the da,yo Tho degroo to 
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which thoy bocamo diocharucd indicated the tote.l Mtotmt of ionizing radiation 
to Trhlch th ny havo been expooodo Unf0r tunntoly thoy T;ero nono too rugged and 
r olinblo, but tho error of r oadinE trao noarly alna,yo in tho right direction 
Lo . P in tho diroc.tion o! ovorAtating tho oxpoauro o At an early date the 
practico Y!ao eotabliohod of ieouine t:r~o ot th,oe poelcot motart~ to everyone 
entoring a dnneorouo arono A rocord ~a.~ kept of tho r oadinga a·i;, the time o! 
i a.suanco and al~o \'1hon tho motors wero turnod in ~ Tho meters themoel vee -r.ere 
continually although gradually improvcdo Tho Health Diviaion l ater introduced 
"film b r...dga ~ , 11 nmall piocoJ of film norn in the identification badge , the 
!ilm3 being periodically deve~opod and oxnminod for r adiationblackeningo 

8.68o Tho Health Divioion cooporatod ''lith the Physics DiviGion 
in the development and uso of various ot her .1nstrumenteo There waB "Snoezy" 
for menouring the concentration of radioactive du'at 1n the air and 11Pluto11 

for meaouring~-omitting contamination (usually plutohium) of laboratory deake 
nnd oquipmcnto Countcra were usod to check tho contamination of laboratory 
coats before and after the coats wore launder cdo At tho exit gateG or certain 
l aboratories conceal ed countera sounded an alarm ~hen ao1neone paasud ~hooc 
clothing, skin or hair Yla5 contaminatedo In addition, routine inspectione o! 
labors tory aroae were madco · 

8 , 69o Ono o! tho otudios made involved mot oorologyo It became 
e~~ontiN. to know nhother the otaclt gaesos (at Clinton and at Hllnford) r1ould be 
likoly to 5prcad radioactive fiasion producto in dangerous concentr ationeo 
Since tho ~ohavior o! thoae gaases is vory dependent on the weathe~ 8 ~tudieo 
w~re made at both sitos over a period of ma~ months, and satisfaotory stack 
operation was epoci!iodo 

8 o70o Sinco both tho scale and tho variety of the radiation hazarde 
1n thi~ ontorpriao wero unprecedontod 8 all roaoonablo precautiono were taken; 
but no ourc moans wore at hend for determining the adequacy of the prc­
cautionao It waa essential to eupplemont previous knoul edgc as complot.ely aC'J 
posoibloo For this purpoee 8 an extenoivo pr ogram of animal experimentation 
wae carried out along three main lineo: (1) exposure to neutron, alpha a 
beta and gamma radiation; (2) ingeation of uranium, plutoniwn and. fission 
products; (3) inhalation of uranium , plutonium and fieaion productso Under 
the general direction o! Dro Stone theeo experiments were carried out at 
Chicago 0 Clinton and the University of California principally by Dro Cole and 
Dro Hamiltono Extensive and valuable reeulte 11ore obtainedo 

8 o 71 o Both epace and. security restrictions preyent a detailed ro­
port on tho 11ork of the laboratDrios and plants concerned with plutonium pro­
ductiono 

8o72o Two types ot neutr9n absorption are fundamental tp the 
operation ot the plants one, neutron absorption in. U-235 resulting in fission, 
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lt'll1ntai ne t h., ~h '\tn T'c ·v·tj.on no n oour~c o! noutrono i tho other~ noutron ab­
sorption in U-230 l ':!·'l.rJ o to 1 h-n fo :rn., tion o! plntoniumr thu doairod product a 

tL73· Tho c-our.o"' of a nucJ. onr chajn r<'notion in e. 8ra.ph1to-m.oder­
ntro h<'t ':'rog-,noouG p.Uo cc.n bel' C.c~orib<>d by follovrl.n~ a oint7,lfl gen'!rat.ion ot 
n out ronn ... Tho orlsinnl !L\at noutrono nro ellghtly" incroa;,cd in nUJ:llber by taBt 
!in31on, r ('ducr.>d by Moonnnc1' v.boorption in U-2.38 nncl further rOO.uced by ab­
oorption o! thonnnl onorgioe in tr~phito and othor·mntQriala and b7 escnpo; 
the r emlirUng noutrona • lfhich ha.vo been Glowed in tho graphite 11 oau.eo !iasion 
in U- 235e produ~ing a n~~ generation ot !aot noutrone eimilar to tho pr~:ious 
genoration., 

8o74-o Tho product. 11 plutoniumw must bo •soparatod by ohanical pro­
cn.osott !rom a comparable qua.ntity or · ti~J~ion product~~; and a m:loh lara~%' 
quant.ity of urtmi~\n1o 0! oo-roral poooiblo llOpare.tion p:rOCOO~OS th~ ono cho~C'n 
consiota or a ~~rioo ot rDaot1ono inoluding pr~oipit~ting nith carri0rsu dis­
eol ving • oxidizing and roduoing., 

8 "75., The oh~1n rt:>action "Q9 £Jtud1od at. l rw power &Lt thf!! Argonno 
l.?.boratocy belilnninc.t oarly in 191•3o Doth chni.n re>o.'::: tion and chemical 
r.>f.lpa.ration proc~aaea n<3ro inve5ti6~·~od at tho Clint on Laboratories beginning 
:ln Hovo:nher 1943n nnd an approciable wnot.mt o! plutClniU!n ,;as proct11cod thoroo 

BD76o Conetruction or tho ~in production plant at Hantordp 
Wr..:Jbington 9 na.c bogun 1n 1943 and th" tir.::zt lnrgo pile went into operation in 
Sopt-cr:u.bor 1944o The entira plv.nt wa.o in OpQ:ration bJ the oi..Ullmor ot 1945 with 
all oh~-ronctin8 piles and cheoical-6eparation plantn por!o~g bottor than 
had bo0n nntic.ipntod~ 

8.77 .. Extnnoivo studies wore mado on the u8e ot henvy vmtor as a 
moderator and an oxporimontaJ.. pilo containing heavy water wa3 built at tho 
Ax-aonne Laboratory . Pl&nr; !or a production plant uaing heavy 'Plater woro given 
up~ 

8o78o The Hoalth Div1tsion 'WfHl activ~ along throe main linooz 
(1) m~dioal oxamination ot p~rDonnol; (2) advice on radiation h3zardn and 
oongtant chock on working conditione; (3) research on tho e!faote ot rad!Ationu 

·. 
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CHAPTER IX 

GP.Ir.Ri\L DISCtTSSIOll OF THE Sl<'PARA'i'IOU OF I SOTOPES =:..:.....- -·-.. -~=-- -· .. --;:::;:::;::----:: - .. -:.-:-=;;;:,_-·.,;...,·-.::,-;::.•;;:.:;:-;...,··~--~;...:;..;;--...;~;... 

~~:c:ct~.~r)~9'" ~:~o..t~ 

9olo Th~ poooibj~ity or producing ~ atomic bomb of U-235 waB 
rocofiPi~cd botoro plutonium nne di~oovorocto Bo~auso it ~ao apprcc1ntod 
e.t nn eo.r.ly 1:4\to thllt tho o,.pnx-f.\tion ot tho uranium iaotopoa ltould be e. 
direct and IDlijor ~top tonord mnltin& auch a bom.b tJ mothoda ot separating 
uranium iootopoo have boon undor aarutiey for at losot eix yearso Nor 
r..v.eJ ~ttontion confinod to utan:hw vinco it wao 'realized that tho separation' 
or deutariwn wao e.leo ot gl'()t\t 1mportnncoo In tho present clw.ptcr tho 
g~n~ro.l probl~o ot iootopo ~eparstion will bs ~CU5DOdJ ·later chaptora ·· 
will t~e up tho npocifio applic&tion of va~iouo proooaaeoo 

. 
9o2o By dotinition, tho iaotopes or an el~uont ditfor in mAG8 

but not in ohom.'tolll prope~iee(> : ,Moro prooioGly, e.lthou6h the nu~loar maaoae 
~nd 8truoturos differ, th$ nuclear charges ero idontical and thoroforQ the 
eJctorncl. Gloctronio et.ructuroD ar~& · practio6l . .l.ly id~nticN.o Por JOOot praotioal 
purpol.'leo~ thGroforfl, tho itJotopao of an olemont are separable onl.7 by 
procoaseo dGponding on tho nuol$0r maeao 

9 o3o It ia uell lmonn th&t tho moleculec ot a ga~ or liquid ere 
in continu~ motion and that thsir QV0r~se kinotio onor&r dapondo only on 
th~ t cmp.,rsturo, not, on tho chemical pl"opGrtiGD or t ha moloculaao Thu:J 1n 
a sn~ mado up or a mixturo of t wo i~otope~ th~ avoraeo kinotio on~rgy of tho 
lit;ht molgculon I.Uld of j{ho haavy onoa . io , the CE'JnO o Si.noo th0 ldnotic oncsrgy 
ot a moloculo is l/2 m~9 wh~~o m ia the maoa and v tho opoed o! tho m~leculo, 
it is ~pparont th&t on tho nv0r~ge tho, cpoed of a lightor moloculo must b~ 
gre&tGr than that of a h~avior moloouloo Thcroforop at loa6t in principle~ 
any procoaa dop~nding on tho QVor~ao speod ot molocul~a can bo uaod to 
oopnrat~ iootopeo o Unfortunatel7, th~ avcra~o opoed io invorc~ proportional 
to th~ .!,9U~r.'!_ £2.g!_ Of tho lfll:Ul3 60 that tho cU!fOr«lnoo ifJ VOI7 amall for tho 
gmooouzs CC\'llpound!1 of ths uranium iootop~o. Alrso > although ths avera~ speeds 
di!!or, th~ r&~oo ot opQed oho~ coneider~blo ov~rlnpo In the cnco ot tho sas 
uranium hc.ut'lU:orido, for GX1Wipltt1 o over 49 porocnt or tho light molecule" 
havo epecda 88 low 8~ thoeo ot 50 porocnt of th~ honvy moloc~oao · 

9o4o ' Obviouely thoro io no toaoiblo ~~ of appl;yin8 mechanical 
forces directly to moloculoo individually; thoy cannot bo pokQd with a atiok 
or pulled ~1th a etringo But thoy aro oubjoct t o gravitational ticldB and. 
it ionizod, mq bo a.f'!octcd by elootrio and mo.gnotio fields. Gravitational 
t orcoo aro, ot courtJo, .proportio~l to tho maoo. :. In a very high vacuum 
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U-235 c.t omo And U- 238 o.to;ns T."ould tc'll vrith the on:n"' .r.ccol(l4'lJ'.t.ion, but juat 
ao a f :':! t~or nnd o otono fvJJ. ot •rr:J"J.'Y d:tffor~nt r Rt() r.J in nir -nhoro thoro o.ro 
frictiono.l f or ooo ro~ioti113 motion o · th~r~ r: 'l.y b., conf:Xt.ionll undor nhich a 
combi n!\ t ion of erllvi.tnt :l.onnl cmd oppool n!t intornolccular for:cca uill tend 
to mov0 h oo:vy ot6.ilo dtffm.•e.ntly f r or..1 ligi1t. on(') o ~ ElQctric e.nd mar;not1c 
ticldo aro moro oaoily contr.ollod thrn fi1"£1Vito.tionnl fieldo or "psoudo­
grnvi tntioM111 f ialdo (Lo , ~ ocntr1f ug:.U.-forco f1ftldo ) and aro very ef'!eot1vo 
in rJOpar a:ting ionB Of differing m.B.-0008~ 

9o5o Eauidoe gravitational or oloctrom.a.~1etio forcoc, there are, 
o! oourao. i nt erat cmio nnd intor.mol~cular !o1~oo o Thane !oroos govern the 
intor~ction of mol oculoa and thuo af f o?t the rntc~ ot chemical roaotiona5 
eva-poration proooeol3o ,, oto o · In t,;enorlll o nuoh foro oa t1ill do pond on the 
outor ol cctronB of tho moloculoa end not on tho nucleo• mnceoso Ho~ovcr 8 
whenovor tJ1o forooe bot.11oq)n soparatod atOJlD or moloculea lo~.d to tho 
forma tion o! no~ mol oculoe, a ~~o3 o!toct (usuallr V Gr,y small) dooo 6ppoaro 
In acoord:mce with qunntum-mochMicnl lr:mc, the onorgy l evolo or the L!ole.:... 
culoe aro elightly nltor~d, and diffGrently for oach i ootope o Such oftocta 
do zslightly altar tho bohnvior of tuo 1Botopo~ in c~rtnin choclcal roE.otiona, 
aa we Bhnll aoo, although tho dif!~r~nce in behavior ie tar ~nller than tho 
f amiliar di!!orencea or ch~onl behavior botweon ono olamont and anothero 

9n6o Th«J:30 ~ then. ero tho principal !aotoro that 'm!xt have to bo 
convict~rod in devi~ing n eopa.ration proceea: equility ot avcr~ge thormal 
kinoti c en~rgy of molooulea at a Biven t~mporaturoa gravitation&l or 
contritucal t:~ .ffoctll proportionnl to the ~nolsou.lar mZ~sooo. olootric or mas­
n~tio fo rc0a a.rt(lctins ionized molccu.loo o and intoJr&to:aic or interm.ol ocular 
forc co. In somo iootopo-aaparation procoo~co only on~ of thoe@ of!cctsie 
involved nnd tho overall rnto of ~eparation can bo pr~dict~d. In other 
iootopo~~epsrntion procooae3 a numbor of thooo ot!ecta occur eimultnnooucl1 
eo thot prediction bocomoD ditticulto · 

.· 

Cr1teri.L[2!...b.,p£aioine; .~£.Eirotion Prog.£!.9, 

9o7o Bofore dioouooing parti cular procoacGa euitablo ! or i eotopo 
separation, wo ohould know what iu wantcd o Tho major criteria to be usod 
in j udging an i~otopo-aeparation prooe~a aro ae !ollo~so 

ScEarntion F&ctor 

9o8o Th~ 3eparation factor, somotimea knonn ac tho onricrunont or 
fractionating !actor ot a proccOBt in th~ r atio or tho rolativo concontration 
ot tho doairod iootopo a!tor proc~e~ing to itG ralativo concGntration before · 
proceesingo Dotinod moro prooiaaly: if, bororo tho proce~eingp tho numbere1 . 
ot atoms or the :klotopoo ot mncua numb or ~ Glld m2 aro n1 and n2 roopeoti vel¥ 
(per gru or tho iaotopo mixture) and it, after the proccaiSin&• tho corro-

. eponding number~ aro ni . and n2 them the meparation !actor 1D: 
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'fhin doflni t~.on m..·yy -be e_ppli<Hl to on a atago of " ocparntion plant or to an 
ontirc plnn\. oon 1~int~.n5 of r.w.ny otago, o \"io aro uoually intoreflt~d. oithor 
in tho 11oinglo 3tr.go" C:lpnration !L\otol~ or in tho "ovorDJ.l" ceparat1on 
factor of tho l'lholC'l pi'Ocooo o +t r il' only fllic;htly groat or t.han unity e as 
io oft,~n tha oaoo for & .oingl.c ntng" u tho nurobor 4-1 ia aomotir.l.o" mora 
ueoful than r~ Tho qu~tity r-1 ia called. tho ·onriohmont faotoro In 
natural uranium~ .. 235 ~ lll2 "' 238e AAd ~11~ · • 1/llt-0 nppro:xi..nmtel.y~ but 

in 90 porcent U-2.35. nj_/n2_ .. 9/lo Conaaquontly 1n a prooeas produoin& 90 

porcent U-235 !rom natural uran1~ tho ov0rall vdlu~ of r muct be about l260o 

9o9o In noa~ly cvor,y p~oc~so a high oeparation factor moano a 
low yield. a !not. th~t oallfl for continunl cornpro!lie3o Unlooo indication 
is given to th~ contrnr,y 8 wo shall atat~ yioldo in torms ot U-235o . Thuo 
a soparation d~vico nith a sepnration _faotor or 2 (~/n2 a 1/70) end a 
yield or orto aram. a day iCJ one that~ otf.rtinB from natursJ. ure.niwne pro- · 
duao~ • in one d.ay • ml\tor1o.l conaiet1ng of l &ram ot U-235 mixocl lfith 70 
grBJ!W ot U-2.38o · 

H~ld~,1e, 

9 ol0o Tho total amount or material tied up in a SCiparation pl6Ult 
ia callod th~ "hold-up." Tho hold-up mq be vocy largo in a plant con- . · 
aiot1na or many otagooo 

Stnrt-up-T~~ 

9ollo In a aopar:Ation plant huvina lal'ga hold-up, o. long time -
perhapa lfeoke or montl1o - io needed for steady operating conditions to be 
attainodo In ~otimating t1mo sohedulos thio "start-up" or "equilibrium" 
t1mo lUUot bo add~d to the time ot conotructio~ of tho plant o 

Efficiel}c.z 

9ol2o It a cartv.in q.umtity of ralf material is fod into a 
separation plant, 8omo ot tho materiel will be onriohod. s~o impovorishod, 
aom.o unChL\Jl80do Parte or OllCh or theae thr:,<i tractions will be lost and 
parta rooovcrodo Tho imp6rtanc0 ot highly efficient recover.y of ~~o en­
riched matorial ie obvioue o In C«)rt&in proc()osea tho amount or unoh~ad 
material ie ne&Ugible .e but in othoro, notably in the eleotrotilD.gnetio 
mGthod to be doooribod below. it is tho largeot tro.otion and conaequcntl7 
tho eftioioncy with which it can b~t rcooiom tor1~cGc&~&JRl. v~Hiea importanto Tho importance or rocovor.y or over s ~ 
wid~ • dcponding vecy MUCh on the dogroo ·ot impoveriahmont • Thus in 
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aenoral there .1r0 ~ dit!er~t t>fficlencie! to b~ conai<leredo 

£.2!1 I . 
9 ol3o At:t in all partt!l or tho ur:mium projoct D QOSt in time \'9&~ 

more impoi"trutt than cost in rt.':me7~ Connequently o. ~er of la.rge-ecalc 
separation ph.n~B !cr 0-2.35 snd d{:ut.orhun ner" bu:Ut ~t coat tJ sreater than 
would Mve beon r~quired if construction could havl!l b'Jen delayed. tor aevora.l 
months or yeare until more ideal proceases ~er~ ~vrked outo; 

Some Se~tion E~~ 

Gaaeouo Diffusion 

9 ol4 ., As long f.SO ae 1396 Lo~"d Rayl.,igh ~ho-:~vd tha.t a .mi.xturc 
of two gasaca or ditt~rcnt ato!!lic 'P.6i ght could ba pnrt.ly 61'1paratod by 
allo"Ring some or it to diffus e thro11~h a poro\:.a b ·~rri~r 1n~o an CVQOUGte4 
epacoo Decnus~ of t heir hi3her .nv:H:'SEC apo~d th.., mcJ.;)t:ule~ of th" ll~'"lt 
gaa di!'.tuse th..-ough t ho barrier faetE~r so t hat t ho ~3.~ ;~hich h.lu pa.sa~d 
through th0 bs.rrier (i6eo s tht~ "d.iffut~ate11 ) ia enric.hod in the l ighter 
oonetitY.ent and tile i"O::Ji dual gas ( 'i'hicl1 ha(! not. ptleo~d tlu'ough the barrier) 
ie impoverished in tho lighter confJt.i t uontQ Th~ t;!l,:l .most hit;h).y ~nt>iched 
in thtS lighter ccnatituont. ie the eo-..ccl.lcd nin:~tlinta.m:oua d~ .. ti'l.\~E~ton ; it 
i.e th~ part t!.'lat ci.i.ffuo~ rJ bcf ors t.l'lo k~ov~:oi~~cnt o! t h., I'~:Jidu<J h~a ba­
CQI!lO appreciable~ 1.£ the di!fueion p1-oco:~ e i3 ccntlr:ued nnt11 nG~i;"ly sJ.1 
the gae ha:u p&aGod throu~h t ha ba r ri<=:Jr 9 t h o t1V~rn;_;0 onrich:!nc::1t ot tho · 
c11tfu:sste naturwy tlliclniah~~" ln t he n :;2tt c h:.!p!::"r u~ D~ll consi der 
thosepheno~oru\ i•·1 .son:~ det~U~ H~:r-~ wo ljhall .~;31r~ly point. out th~t o on 
tho ASSUL.l!.,.ntion that tho dif! udon r~.too a:.-e i nver;;ol1 pr opcrt.ionsl to tbo 
ecpare root o of t he i:.olocu.lar ..,.~:.l • .$i1t~ th!) co_y~t-.at1on tec·(,or f c:: tho 
instantaneous diftusa.to s cnl.led tho "id~l &~p;;.r~tion .f11et or-:1 ~ i) i, gi von 
b7 

C( ~ ~ v~ 
where Jl1 ie the molecular neir)ht of tho lishtor z~s nr..cl M2 that of the 
heaviero Applying this formula to the oa.o~ o! urenium nUl i.J.lustrato 
tho mAgnitudo o! th~ sopnr aticn pro~l~~~ ~inc~ ursniv~q i tQel f i a r.ot a 
gee , eo~a gaoeou~ co~powld of ur£ni wa muet b0 ueedo ~h~ onl7 ona obviouo~ 
suitt.ble is u.r~-uv.m i'!e~luorid~ ~ U.:."'6 w 11hich ht2 !l a VF~por prea~ure of one 
atmosphere at a tcm.p~I'l!.t~,;, ot 56'')c"" Sinc e .?l~?r""~ n".) ~~s 9,nly ono is•,Jtope ~ 
the two important uraniwa ho.x.afiuoridcs are u2;,5F 0 wd u2~ 6J th"ir 
~ocular l¥eighte are 349 and .352o Tt.uo ,> it a t..r:.:J.l froction of a quantity 
of uranium heJ.:afl.uori..dc is alloJ;ted to di!fue~ through a porou~ barrier P 

1 
' ' ' 

-- --·---
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tho ditfuoa.tG nUl b't) enrichod in u235F 6 by a .factor 

which io a long \T&y from tho 1260 roquir()d (tt~~ par~ero.ph 9o8o )o 

9ol5 o Such cru.cul.ationu .mieht me.ko it eoom. hopele0o to aopnrato 
inot opca (o~ept, porhapap the 1r.otop~n of hydrog~n) by diffuuion processoe. 
Actually • hcn1c;ror & euch mothod~ my bo uc;od euccofl ni"ull.y - oven !or W"aniumo 

· rt ':':as tha gMoous dif fu l'lion mothod tho.t Fo w. Aaton ueod in tho first 
partial OIJpn r ation of inotopoa (actually tho 1notopo0 or neon) 0 Lo.tcr Go 
Hertz a nd othora, by opnrating mult:tple~stngCJ re(\Ycling diffuDion units~ 
Ttoro nbl~ to Blilt praotlcall.,y coropl0te aepo.ration or tho noon iootopoeo 
Since tho multiple-otago rocycl1ng oyatQn ie nooeoear,y for nearly all 
oeparntion methods 9 it "ill bo doaoribcd in somo dotsil immediat'oly follo.,;ing 
1ntroduotor;r remarko on thct variout:~ mothodo to T~hich it is portinento 

. . 

~tlonn.l Diotilll'.tion 

9ol6.. Th" separation or compounds of different boiling pointo, 
iooo,· different vapor pre~auroBe b7 diotillation is a !~iar induetrial 
proceas o Tho coparation or alcohol e.nd i1o.tor (betrtocn which the ditforooco 
in boiling point itJ in tho n'9ighborhood of 20°C o) is co!L!nonly oarriecl out 
ln a oimplc Btill ueing but o. oingle evaporator and cond-:;nnoi:'o TI1o con­
den~od mat~rial (condena~to) ~ bo collected ~d r 0diot1lled a nurnhor o! 
t imeo if noceoonr,yo For the copar~tion of c~1Pounda or vor,r nesrlr tho 
oamo boiling point it l'lou.ld bo too l q.bori ouo to o&rry out tho noceoe2cy 
number or oucc~asive evaporations end condenoationa aa oop~ratc operationeo 
Inot6sd11 a oontinuoua sa~paration is oarriod out ,in a fractionating tO",ero 
E~sontia.J.J..y tho purpoo~ of a !ro.ctionat1na ponoi:' is to produce nn upnard­
dirocted mtl'f)DJU or vapor and a c\(T,mwnrd-dii"actcd stroaa of liquid u tho tr.o 
stroon1" be1.118 1n 1nt1mo.to cor.~.tact and conotrmtly 0xchnneing moloculeoo Tho 
molocul.ca of th-o tl~action having tho lo~'1or boj~ing point hnvo n ralntivel,­
groat"r tendency to g~ into the vapor stream end vice vora~o Such counter­
currant dietille.tion m~thoda can bo epplil!ld to the aapa.ration of light and 
hoavy 'lllatore which di!for in belling point. by lo4°C.. · 

~neral Apeli~ion o£Counte~current Flow 

9al7 o The method of countercurront fiol'f is ueoM not only iil two­
phaao (11qu1d~g~n) diotillation proc~aoeo, but al~o in othor oeparation 
prooonBea cuch ao thoBc involving diffusion resulting from t~pcrature 
variations ( ~radionte ) nithin one-phas~ syoteme or from C(;mtrH'uga.1 forceao 
The countt>rcurr~nta mAY bo with rospuct to two gaooo • tuo liquids a or one 
gao and ono liquid. 
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9 .18 ., Yi~ h~YO po.int.Gd ont, thry,t g.l"OlVitati~nnl r.OpF..ration Of t ,y, o 
i ootopaB :r.l;:ht or;cur 11inco tho ertnlta.tion:1l !orooe tonill:,,!~ t o novo tho 
mol ..:c:ulu a drmtr.ttu-d l.\ro p~oport:.ionr..l to t ho mol ocular r,oitih~ll, and t.h~ intor­
mol,cu_ln..r ! orco6l t ending t.o .t'oai ~t tho do;mr.&rd motion tl.ope;)d on tho oloctron.ic 
conf1£tur ntion ~ not on 'tllo mol octtl<' r l.IOi~hto .. Since tho oonl·.d .fu&o io 
oonc~&t.io.lly n mothod o.r 3-pp).slng pooU!lo,?;rnvlt ationol forcoa of. 1£\rgo magni­
tud«~ , :i t na~ ee.rly con :Jidor od aD n mQthod f oX" st<Jparatinc i.ootopoll o Howovor, 
the f1.rtJt E'..A'!)f>l'i.'llont~ "With CO::lt:r.•lfn{;tJO fllilOd o 1...'\t('lr dov~lopmont Of tho 
high apccd centritut;~ by J. \'J , . . DCJrut.~ w d oth~rA l ed to .nucconog H. Co Ure1 
eueeontcd th~ uoe of t.oll cyl:tnc.U*iclll cmtri!ug'<'l5 ~ith countercurrent tlow; 
ouch c entrifu_zon havo b fJc n dovi'Jloped C\.\Cc e::~ofullyo 

9ol9o Jn ouch a count0rcl~ront contri!uze thGro is a donnnard 
!lon o! v~por in th~ outer part of tho rotating c7lind~r and an upnard !low 
of vapor in tho contA:'Jti or axial roeiono AorotJe tho intort'aoo roBion between 
tho t no ourrontn t.ho;,•o iB a _convtnnt ciif!ut~ion of bot h t ypon o! molecule~t 
!rom on'!! curront to tho othor~ but tho radial !oroo i'iold of tho 00u"tl·ituto 
acta mor o otr.on&ly on tho honv,y molcculQB th~n on tho li~ht one~ oo that 
tho conc 8ntrnt;ion o! he~vy onoo 1ncreaeea in th" po4'1phcra1. raBlon and 
decrcaoc-o 1.n th'8 axial re{tiont and vice voraa tor tho lighter molecul~Hi o 

9 ~20 o The groat appeal ot tho centri!uge in tho eep~ration of 
hoavy i notopo o lik~ ur~&ium iB that tho oGperation factor doponds on tho 
di!tor·-mco bot noon t he macooo or tho tV~o iootopoo Q not on· tho aquare root 
ot th() mtio of tho IOOI3f:OD s.o 1n d.if'fllaion mathodeo 

. 9 o~ o Tho kinotic thoor,y of aaooa prc-d.:tcta tho oxtont of tho 
ditror~no~n in tho rat~~ of di!!ucion of g~aoa of di!fornnt molocular n~ightso 
Th~ ponoiM.lity of e.ccompliohin,.q pr actical .sepa r a.tion o! iootopo3 by thorra3l. 
dif f usion TlGB r.irst 8V.(!;g~oted b7 theor~tical tStudioo o! tho c\~l:. ll:Ua of mol~ 
culm• collioions ~md of tho ioro~ro b~r~woon molflc\1J.{;)i.J ~ Suoh c;tudiCia mJ.da by 
:Ehckog end b1 Chr.pm.nn bn!or<l l?~O Ol\ffge~tC!d tlu\t it ther10 "Rore a te.mperil.turo 
gradient in a lJdxcyd 6aB thor~ vwuld bl4' a t~ndency for. one typo ot molecule 
to conc~m.tratc in tho cold ros ion and tho othor in the hot r ogic4'lo 'Ihic 
tend'il.II.Cf d~panda not only on the moleoulnr r.oights b11t al6o on tho !orcos 
b~two~n the moloculoD o It tho gam ,ia a mixturo o! t~o ioctop~ap tho heavier 
iaotopo 'i'M.Y 6.\0Cum\l.U\te at tho hot rogion or tho oold reg1.on or not at all e 
depondins on t~1o na turo o! th., 1ntormoloc11lar forces. ln tact e tho 
direction of ooparation·may rovorae ae tho temperature or rolativo concen­
tration 1a changcdo 

9o22. Such t,h~l di!fusion ot!octe wGre !1rat U El«i to tJOparatf) 
itJotopoo by H. Clusit.HJ e.nd G. Diclcol in ~rnw.n,y in .1938Q Thoy built a 
vortioal tube containing a heated wire strotchod along the axis of tho tubo 
and produoin& a tomporaturo dit!orenco ot about 600°C. botwoen tho axle and 
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tho por:tph<>f""J o T.ho C'.('!od wno t~ofold D Jn t ho !irot pl~oo • tho hcc.vy 
i cotopco (in t hl'!l oubntllnc t~o they otudiect ) boccmCI concontratod noar tho 
cool outer wall ~ anct in tho aoconct plaoo, t,h~ cool go.ll on tho outoido 
t omod to o:tnk >lhllo thr;, hot B B S at the axin t cndod to rioo ~ Thus thormal 
convCiotion so t. up a conntorcurr ent floJt R and thermal diffusion caused tho 
pro!er~ntinl !loll ot tho h oo.vy molE:~culoo outnard acroaa tho interface be­
t woon tho two currents. 

9 .. 2.3o Th~ theory of thonnal diffusion in easoa ia intric~te enough; 
that of thor.mnl diffusion in liquide io particularly oomplioatodo A 
sop~ration o!foct do~o oxiot. h~ovor 9 and hae boon uoed eucccsstully to 
separate thl!l light and heavy uranium. hexafJ.llcridoa. 

£~omical Exch~QZa Uotho~ t 

9D2'•· In the introduction to this: cllnptor wo pointed out that · · J.' 

thoro ~a8 · eom~ r eaeon to hopo that isotopo a3pnration mir.ht bo accompli~hed ~ 
by ordinary chomical r oactionn o It hne in fact boon found ·tha.t in eim.plo · -
oxchMgo roactione between oornpounde ot two difffJrent i sotopes tho eo-cnllod. :­
cq\.\Uibl·ium conotnnt 1., not ox.~ctly . ono • and thuo that in rocctions o! thia · ~ 
type t!lopnratiorf oa'n o~cur .. · For eJtlUllplo, in the catalytic oxchango of· 
hydrogon atom3 ·bQtll:een hydrogon ena and· -na.t er • the wator containo bat"R91'>n · ~ : ·. 
thr~c and four timeo ne groat n concentration o! ctcut orium ao tho hydroaon · · . 
gas in equilibrium with it o \'~~th hydrogen and r.ater vapor th.~ ~!!eot is ot . .. 
th~ acme general typo but equilibrium iB more r apidly o~tablioh~d. It in 
possible to ~dQpt this method to a continuous cow1tGrcurr~nt flow arranse­
rnont like that uaod in dietillationg and 5uch arrans~~anto aro ectually in 
uco for production or honvy watcre ThG gonol•al method i:s woll understood . 
and tho aE>paration oftf'lcts aro knol'ln to decreaM in gcnornl with incroaaing 
molecular wei aht. oo that thcro is but a small chance of applying it success­
fully to hoa;7 ieotopos like uraniumo 

9a25o Tho ol6ctroJ.yt3is mot.hod of eep.arating iaotopoa roaultcd from 
tho diacovory that tho nater contained in olootrolytic cells usod in tho 
r eguler collllilorcial production of hydrogen and oJcyg0n hae an increaaod con­
centration of hoavy ~ator molec\tloaD A tull explanation of the offoct has 
not yot boon worked outo Beforo tho wnr practicall,y tho entire production 
of honvy hydrogon wae by the electrolyois mothod~ B7 far tho greato~t 
production was in Nonray ~ but enough t or many experimont&l. purposes had 
boen made in tho United Statoa~ . 

' Statiotical Mothod~ in General 
x;=:z 

... ) r. 

9 •. 26~ Tho eix mothode ot ieotopo oeparntion wo hovo doooribod eo · 
tar (diffusion. distillation. centrifugation, thormal diffuoion; axohango 
reactione. and electrolysis) have all bcon triad with eoma dogroo of aucoe~a 
on oithcr uraniUm or h1drogen or botho l!&ch or tho·ee methode depando' on . 

• • \ 0 ' .. .. ... l 
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o:na_,). d l tferoncno in t)'o ~:~:'"'f.:?. J:.elvJ.v5 r.:'r. of t.hP. mol ~~ CtL\.1)0 of <iitf<~:<'<>nt 
ioo~-Of."':'l· Bo·:w..t~~ nn nvorP(.:'l l:i b;; dPf:1J1.it:ton a llt.ot,i<:!ar;nl ma~.tor o P.ll. 
sn" h n·.otlwcta d("'pondin!l, baairolly on fl Vi~) '!:lf!.O bohnvior ar" cillerl atatlatical 
100 th rx1" .. 

9-.27 ~ Thill cr:tt c.: ria m:.t u_p for judg5.ne ~<'.p?.ra.tion proceaoea nro 
rath<:tr oirrlh.r forth~ ui:x otc.U .E> ·ticnl r.1othodo. In O"<!~ry CG.OC!l tho :::eparat.i.on 
factor io creo.ll eo th" ·:-. rusny Euccoasivc stl'.t;eta of D opnration ar-:) r~<f.1ir6do 
In moat cauo3 rclutivo~Ly ln:rc.;o qUA.ntitii' ::J of Jll;'li..6:.rie.1. can be- handlod. i.'l 
planto of moderato Biz" Tho hold--up ["ld st,.irtinc;-time yaluca v.?.I:".f con­
sidorv.bJy but are ununlly hiGh • Thfl rdm.lla.rity oft :w olx uothoda retdore 
it. inadvisnble to make flnnl choice of !lVlthod lfit.hou'~ firat otud.ying in 
dotnil tho particular :lsotop(\ :, production rt\to ot otc~ ~ \>entod.- Ex(';hango 
rcoact.l on and do ct roly 13b me thoda ar(' .r-robably unt:1.1it.ablo in th~ caoo ot 
uranitun1 and no distillation schoma for uranium haD survived. All o! th0 
ot.h flr thr oe." mothoda ha VC~ boen ct'ov6loped lli th varying degreoa or eucecaa tor 
urnn:bm,, but arc not uBod for hydrogen , 

9 ,,28. 'rh~ ~x.te;tcnc~ of non-re.cll.oacttve isotopco waa firflt demon­
GtrHt()d during tho otur.iy of tho bl'lhH~vioJ;· or ionized gas mol~Uo\.U.oa moving 
through electric and f1\t:gnotio fiolde n I t is ju:!t nuch fit:~ldv that form the 
ba.3i.:s o! the ro--called rua:ll!l-tlpoctrogra.phi0 or ol,.,ctro- JllD.gL)t',t:1.c m.othcd o! 
oopnra'i",ing ieotopoe., 'i.'hi~ m6thod b tha boat availabl(S; for ~.ny t .ypl!la o! 
isotope rolative abund~1nca det~rm.irw.tio:lflo Tho mothod ie uacd conotantly 
in check1fl8 tho rllleultrJ of the nranil1.rn inotop~J aeparntion m~thoda 'l!le havo 
already de~'-' r.ibed,. Tho roa.aon tho method is eo valuable is that it can 
r t:"&.clily e-ffect a1most complete eoplu·ation of t~het i&otopee -,·cry rnp~dl.Y wd 
'dth ~mtJ.ll hold-up and ~Short utart . ....r.;tp tlmo o I! thia ia coP it may "'oll b~ 
aske-d why any othe-r mothod ot aopa.ration ia conoid~)rcdo Tho &nllr.('lr io th·a.t 
an ordinary mane ep,ctrogruph Cl.\n he.ndlo only vor"y minut6 qull!lt:1 t io!l of 
material~ usually of tho ord~r o! fractions of a miorcgram pet" hour a 

_ 9o29, To und('ratand tho re·e.aons for this quantit-at-ive (yield) l:Uni-
'lai·,ion,, -we ~hnll outlin0 tho pdw-:iplo of opflration of n oimplo t.ypo of ma111~ 
opodroe-,raph firat usoc\ by A~ J o DemprJt. e>r in 19~.8o Such an lnatruml'!nt i3 
ilJ.uot;ra t.nd ~:~ h{\[l\8. ti• 'n lly in tho .follow:tne figure., Tho eaeeou s componr..d to 
bo :"Jopa.rated io introdnt~ed in thn ion I'Jouroe 9 · l'lhert:~ aomo o! it.s mole.:.uJ ea 
at"., i onizc,d itl an ~loc1.ric diecharge . Some of t.hotHl j o!la go through the 
~l:i.t o1 • Bet-wo4)n ~l and M2 t -h6y a1·~ ac~oJ.eratod by an ~l~ct-ric ft~ld whJ.<;h 

g'i.\'03 t h<W all practi0l.\lly t~e namf) kin<Jtic <'1nergy. t.hou5ands of t:tm.es 
groator than t heir avex-age ·thermal'. ~"~nore:;yo Since UH?Y non all have 
prar.tically the Game kinetic enorgy 1, tho lighter i.ons muat. have leso momenta. 
t.han t.ht\ henvy onets.. .Eio.tering the magnotiiJ fiold at the slit ::J2 &ll the i.ona 
will movo ( porpondioular to th>r~ magn$t1c field) in aemi- oircular pa.t.h~ of 



( ( 

JC-9 

(~ivcn hy I:cjor Gi:mo:rol Ls Ro Grove::~ nftcr ~orcono.l in:J[>CCtion of t ho 70-
!J')Unro-ni.lo nita.. In Soptcmbol' 1':112, tho fi rst oto~n noro tul~cn to acquire 
tho t rod, \'1hich i o on the Clinch Rive:r about thirty mile s fron ·I':noxvHl o, 
Tennc~JOoo, and c·vontu(•ll~r considerably exoe ouod ?0 DCJ.unr o Ii11looo The r-lu­
tonium pilot pl ont is located i n one valley, the cloctrornb!letic separation 
plant in an t;t dJ?ininG on e , and tho diffus i on separat ion plo.nt in a thirdo 

10o35o ;UtllOUCh the pl:mt and s ito development at nonford is very 
i TTJpre::a:; ive 9 it io all tmdor ono cor:1pony dco.linc ui th but ono coneral opera­
tion so thnt it. io ih aorn9 rospE:Jcts less lnte resti!li} than Clinton, which has 
a c reat mnltiplicity of activity. To describe tho Clinton site, vrlth its 
croat urroy of ncr; plants, ita nC'il rosidontial districts, now theatres, new 
school aystom, seas of nnid, clouds of dust, and ·ceneral turmoil is outside 

• tho ocope of this rG?OFii o 

D:l t es of Gtort of Constroction 

10.3Go Corwt1'uction of tho oteam pol·1er plunt for the diffusion 
plnnt bo~un on June l, 1913. It ic ono of tho lal'GOBt ouch power plllnts ovor 
built. Conatruotion of other rrnjor b.lildi~o p.nd plllnta otartod botwcon 
/lur,uat 29, 1943 and Goptembox- l.O, 1943. 

10o3?. Unli ke IIun:t'ord, the diffusion plant consiots of so many 
mor e or loss independent w1ito tl-e. t it vna put into opomtion · sect ion by 
r.oct ion, a3 pomi tted by proo'Cso in constructine and testinco Thus the re 
rnG no dl."!lr."atic start- up do. to nor ony untoward L'1cident to f.10.rl..: it. The 
plant wo.3 in s uccessful oporati.on before the sununor of 1945o 

10o38o Fortro rr.en worki~ on (YJ.Seous diffusion it was a long pull 
fron 1910 to 1945 9 not lightened by such e:,::citing half-way 1no.rks as the first 
chain-reacting pile at Chiaago. rerho.po more thun o.ny other croup in the 
project, those who havo wo1Xe d on caseous diffusion deserve creait for cou.r­
occ and persistence oa well as scientific a nd technicnl obilityo For security 
reasons, we havo not .been ~ble to tell how they solved their p:roblens - avon 
in r.ney cases found S()vcral solutions, ns· insurance against failure in the 
plant. It has been a notable ochiever.1en:t. In these five years thero have 
been periods of d1scouruccii1errt and pessimism. ~1~ are lorcely forcotton no~ 
tl~t the plant is not only operat inG but operatinG consistently, reliably, 
and with a perfomance better thun had been ant~cipated. 

s WiD'T\0. :cy 

10.39o :'Jork ot Columbia University on the se:para.t1on of 1soto,ea 
by caseous diffusion . . llogo.n in 1940, and by the end of 1942 tho problems of 
.larce-scale separation of uronillr.i by this F.e.thod lnd bcon \7ell defined. Jince 
t!:{) amount or seoarotion that could be effected by a sincle stnc e \?OS very 

4 • 

sr.nll, several thousand successive staGes were reCiuired. It \'JaS found that 
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tho boot method or connectinG the ~~Y ecoces r.oQuir.od cAtonsivo recycling 
EJ::> that thoUBands of t1r.r.H3 ao much nntertol \'JOuld pono throu~ tho barriers 
or tho lowor atat=;ea no v1ould ultimC~.toly aplY.'cr n!J p~od.uct !rom the hic heat 
s~age. 

10.4.0 , Tho prin.cipal p:roblePl!l \7orc tho dc:v,olopment of satiate.ctor-J 
barrio l'S nnd pumps. Acree of barrio r nnd thouoo.nds of pUJ1i.PS were require do 
Tho obvious procons gas rmo urrulium ho~a.t'lnor1<1e for im1ch tho production ·..o.n.d 
handline; diff1cult1oo vn~re so c;ront that n oonrch for an altornativo mo 
undeTtakon. Sinco rnuch of the aopamt1on i7as to be carried out at l<m pres­
cure, · problems of vucuum technique orono, and ou a previously- unheard-or 
acale. r.~nny problomo of 1natrumon·:lfiltlon and control we:re solved; ext ensive 
we ~mo made or various forms of nns" apoctroeraph. . . . 

10.41. · The roaonrch wno carried out principally at Columbia undor 
Dunn1ne; and Uroy. In 1942, the r. n. Kellocg Co~pany was chosen to design 
tho plant and S&t ·up t b:e Kollex Corpo:rnt ion far the purpose. The plant was 
bu1H; by the J. A. Jones Construction Company. The· Carbide and Carbon Chemi­
cals Corpora~10J?-~• was aelccted ae operat1ne company. 

10.42. A very aatis!'actory barr1.er rns developed e.lthc"C@I the 
final choice of barrier typo was not zro.de until tho construction of the plant 
vms woll undor way at Clinton lj:ng1noer Works in Tenneaflce. Tv1o typos of 
centri:f~al bl011er wore cleveloped to tho point where they- could take cara of 
the pump111G requil'ements. The plant was put into suoceaaful operation beforo 
the wnmer ot 1945. 

I 



( 

J\I -1 

CIIJ\.PI'SR XI 

ELECTnOI.:J\.Gin~TIC S:::PJ\..P.ATIOIJ OF UIWTil.T..~ I~30TOPES 

Int reduct in.':l · 

11.1. I n Chapter IV wo said t ln t too possibility at lnr~e-sco.le 
aopnro.tion of t ho uro.niuin isotopes by ol cotroir.o.cnetic menno wao sureostcd 
in the fall of 1941 by E. o. Ln~nce of t he Un1voro1ty of California and 
IT. D. Smyth of Princeton Univoroity. In Chaptor IX we described the prin­
ciples of one method of electromagnetic separati~n and listed the throo 
limitat ions of that rr~thod: difficulty of producinc ions, limited fraction 
of ions act ually used, and apoce ' oha~e effects. 

11.2. Dy the end or IX3oember 194.1, when too reore;anization of too 
\'Jholo uranium project waa effooted, Lawrence had already obtaine d soroo 
flUJ:1pleA o:f ooparated isotopes of uranium and in the r eorr,anization ho ml.O 

officially placed in charge of too preparat ion of fUrther samples and tho 
makine of various associated physical mensurerne:nts. Hcmever, junt as the 

· r.~otallurcical Laboratory vory soon ohifted ita objective from the phys ics 
of the chain reaction to the lnrce-sco.le production of .plutoni1.l.!i1, tho objective 
of Lawrence's division 1mrood1ately shifted to the. effectiila of larce-sco.le 
separation of' uro.n1wn isotope:J by eleotrorr.asnetic methods. This chance was 
prompted by the success of the initial oxperirnnts at California and by t oo 
development at Califotnia und at Princeton o~ ideas on othor possible methods. 
Of tbo many electromagnetic schornea s~ested, throe soon v;ore recocnizcd as 
bo1nc tho rost promia in6: the "calutron" mass s eparator, the maGJletron-ty:pe 
separator later developed into the "ionic csntrifll{;e," and the "isotron" 
rethod of "bunching" a beam of ions. The first two of these approaches wero 
foll<mod at Ce.lifornio. and t ho third at Princeton. After tho first f ew 
months , by far tho r;rea~est. offort vras put on tho calutron. but some ,.,ork 
on tho ionj.c contrif~e was continued at Califor nia durinc the ounmer of 
1942 and was further continuo d by J. Slcpian (at t he :Jestinr)1ouso lnboratorioa 
1n rittsburgh) ; on a amnll aoalo throuch t he winter ot 1944-1945. ilork on t~ 
isotron \mS cont inued at Princeton Until February 1943, when moat of tho 
group wus transferred to otho~ work. roat of this chapter \ 'I ill bo devoted 
to the calutron since that is the method tln t has resulted in lnrge-scale 
!)reduction::. of U-235. A briot description wi ll also be civen of the thermal 
diffusion plant built to provide enriched feed material for the oleotro­
rrngnetio plant. 

ll.3. Soourity requireroonts make it impossible here -- as for 
other parte of the project -- to present many of the rtoSt interesting 
technical details. The importance of the 'development is o ons 1denibly 
creater than is indicated by the amount · of spaoe which is eiven it hare. 
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:ll.'l~ ,·\~ o. ~.jj_cr 1 J . '- ·: ; J ~· c·::~:L0{"J'c r h V.l :J :;:It \tfJ prh'k'lr l l :.- to 
J.'··;:qro rolf\1;1\:o r.lmn<l:;we of t•A ;,o--otl, n, )·~ to 3(?'-~:ryx;;o lr:t r :;c oaro1plc s . 
1i 1 t r.r; ·n~por :fl'O:'l u:.<r•n:lll• 1 l>n' 'lJ. tb l!:i.nr L•1cl p1'::pn:ror1 ~'J\'cru l m~ ll s run:>l es 
of r-;<Jl'Ortrt. e cl i[;o-~ opc.'J or uu ·njlJ ':' , bnt ht~~ rc.tc •Jf pr.vduct ion wns vccy lcm 
:I. ;H1· ~nd, ni r.c o ld. o ion c u-ru: ~ (P,o Jt .:"~ co to lr) r.<o t hm ono J:iiCro-:_tll.pere . (A 
Jll'l"n opo(;tro~~J'oph .tn \'Jhic il ow; :ni.r:l'O··::ll!pc ro oi' U.Jl'i:Jr l umri ll'1l ion.:J pacaos 
t hrour h t l•o onpnmt l nc; f i ol d(J t o t bo coL.loctor,;. riHl collect nhout ono 
rn:l.e ro,•r<nn of U-235 por J.G--hr. <b:r. } 'l'hc c r est nood of !:lumplos of onricbe~ 
U-205 for nuc lear study i'T.l3 rccol ~nizocl ot..rly l.rj· l.c.mrr:nco, r;ho doc t dcd to 

· f1 CO TJh:tt ·could bo Qone \'::tl;h t ho holp of t he 37--i nch (cyr.l'ltron) mc.enot a ·t 
Dm·lr(' l oy. Tli9 inH ial otacoR of i;hin wo:..·Jc r.oro uorJlr>teu 'oy ·a e;rent from 
tho R~ooorch Corporu~;5.on of Hov Yo1·k , which '<iJ.LI l a t o;;.- ::.'Opai c1, nocinutne 
Janua:ry 1; 19112 the mtlro support cn.no from tlY'l 03!W t br oue:,h tho S- 1 
Cor:mit tee. Lo.tor, as in otho:r par-lis of the uraniun _pro j ect, the contracts 
worG t ak en ove1• by the 1 ~unha t ·tun D1s t :&:ic·C. 

11.5 ,. At Berkf)ley, aft o:r oor-10 viooks of pl:mni nc , t he 3?-inch 
cyclotron vras dismnntled on ITo7 omber 24, ·l'J41 an <l i'li:; 1;acnot wna us ed to 

· p::t.'Oduce the mnenet1c field r~q11irod in v:hat car;;a to 'be cnllad H "Calutron" 
(a name rep1•ennntinc a cmrtrect1ou of "CoJ.:tfo:rrJ.a. Univol"oity cyclotron"). 
1\n ton som"Cs consintfnc of an electron beam tn:r~oro:'mc tho Vnj_>Or of a 
ur anium onlt 'im.s sot up cor-re3pondi nc to tlJG i on s o'.trc e s hcwm i n the ci:rawing 
in Cho.pte:r IX • . Iono tmro tmn a t}Celer~r!:;od t':> t ho •nlit s2 thr ough whlch t hey 
p3s s e<1 into -t ln separatinG l'ec:i~n whore t ho m ::~gnet ic f i ol d t ent ·thoir pa th3 

· into ~emici:rclcs terminating at t he colle ctor olit . Dy tncomber 1, 1941 9 

rJ,olocula r ton bonmo r~~Jln t ho :Cf:'S1dual GllO l':Or o obtained . 3:1d shortly t :1DrB·· 

aftor the bourn confJ istinc of sincly chnrccr't urnniun ior.o (U - ~ Y:tw 'hrou,sj1t t '.p 
to an a ppreciable s ·trenGth. It wo.s found· 'i;m t o. con ~Jiucr.J.hle pro~)o:.."tion of 
the ions leavinG tho source wore Ut· i oao. Fo:.~ -~he pu:.:po3e of '.; eatiuc i;hv 
collection of aepn:roted erunpl os , u coJlcct or -r.ith t\' 0 .:_J-:~ ckets \.N.EJ 1nGt e.ll"'dp 
tho t wo p':>cketa bohlG soparatod by a d. i stance appror :ciate to the mUDs 

. numbers 2~5 and 238. T:~ro t:lLlall collect i on run a tm 1 n3 U J- bcor...J of l ow 
atroncth wcro n:o.de in Docember, b ut cubooquont a nnl J•oos of t he s m11ple::J 
showod onl y n omall nopn:mtion f nctor o (Noto tiYlt oven i n thio initi2l 
expor1oont that th'3 :J op::~.raUon fuctor rw.s tmch lnTGGl't )lo.n in tho bout 
guoeous diffusion mothodo) ny the midale of J'rmuary 1942, a ran had been 
mo.do with a reaoonoble beam strGll!~th ond an ar,crocate flov1 or throtr~h-·put 
of appreciable amount which showJd a much imp1-oved onparo:tion fnctoro By 
oa rly February 1942, heo.rrs of much ereator o·t rone:;th ~·ere obtoinocl, ana 
Lnvr.reilce reported that aood aoparation factor a ·\'iore obto.in.ablo r1it h su~h 
'DoalJ'a, J)y eo.rly r.1arch J.042e 'lihe ion curront had been raisod still further. 
Those results tended to bear out L..'lwrenco ~a bopcs t ill t spaco cho.rec could 
be neutralized by ionization or ·the rosiduo.l 3as in the maenet chamber,. 
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Ini tin tion of n L~:0.o P1·or~li! 

ll.G. T3y' thio tirro it \'100 cloor t hflt tho cal utron woo potenti ally 
ohlo t o effec t mu:: h 1n r ear ocnl e sopo.rnt 1ono thon ho.d ever bcfCII' o beon ap­
proached. It wn3 ovidontly uoo iroblo to e;x:1loro tho whole tiold or oloctro­
rnncno tio !le!)nrot ion. \'lith this end in vie~7, LorTronco f.lobilizod his group 
at tho llnd1o't.iiou Lnbomtory of tho University of California nt Dcrkel ey and 
hoGan to call .in · othor::J to holp. · Arnone thooo ·initially at BOr kol oy wero 
D~ Cookooy, P. c. ·Aoooroold, w: 1.:. Dl'Obeck, F. ·A. "J onki no, I~~ R. t:ocKenzie~ 
\'1. B. Roynoldo, D. IT. Sloan, F., ·opponhoimor, J. ·a. fuckuo, n. Potoro, A. C. 
Tiolrnholz, T. Finkolotoin, and VI . E. ·Parkins, Jr. lillll'OMe callod back aome 
of hi a. f orrr.ar student a, includine R. 1. Tbo:;:-nt on, J • R. Riohnrdoon,. and. 
othora$ Arr.o~ thooo worki ng at Derl'coley tor··varioua poriodlJ wore L. !>. Smith 
from GOl'Iloll, ·E. U. Condon and J. J. Slepian ·rrom Vloot i ll{; house, and I. l8ilc· · 
mui r ond Ko Ho K1ncdon from Genernl Electric. furinc th1B oarly poriod. J. R. 
Oppenhei mer wos still at Derkeley and oont1•ibutod eone 1J:lportont ideas. In 
tho fall of 1943 the group was turther strengthened ~f the arrival o1' a 
nwnbor of Enc;lish phyoiciata undor the leaderahi p et u. L. Oliphant ot the 
Uni vol's i t y o~ ?i rm1ngh.a.m. 

llo 7. Initially a large nurnb0r ot ditfercnt met hoda woro con­
o1derod and mnny exploratory e xper1mema were ·perforrrod. Tho rmin artort , 
hov.-ovor. soon beca:ne directed towards the devel opment of tho calutron, tho 
objective being a high separat ion factor and a largo current 1n tho positive 
ion beam. 

Immodi~~.e, Objoct ivco 

11.8. Of t he thr oo ap_puront lin1itat1ons liated in the first 
rarngraph -- difficulty of , roduc1nc ions, limited 1'rnct 1on of ions actuall y 
uood, and space charGe effoc.to -- only the lnat had yielded to the proliminazy 
attnok. Apparently space c·harcse in too neighborhood of "the poo1 t1\e ion beam 
could be nullified to a very great extent. There rorna i nod aa t he i mrr.odia'.;o 
obj eCt ives a more productive ion source and more complete utilization of the 
ions. 

11. 9. The factors that control the offect ivenesa of an ion source 
are mny. Both the doDigil of the aotn"ce proper and the roothod or druir1ng 
ions from it al'O involved.. The problema to be eolvod cannot be ':toimUlated 
simply and must be nttaoked by methods tm t are largely empirical. Even 
11' security restrictions permitted an ezpos1t1on of the innumerable fo rme 
of ion source and accelerating oyetcm that were triod, such exposition would 
be too technical to present here. 

1.1 .. 10. TurniDG to the problem of eff€1ct1na moro cornploto ut1li7..a­
tion of the iona , we must · consider in sorae detail the principle ot operation 
ot the cnlutron.. The calutron dependn on the i"aot t mt sii161Y chargod ions 
moving in a unitonn Im6Ilet1c t1old perpendicu.lar to their direction of 
motion are bent into circular paths of radius proportional to thoir momenta . 
Cone1derin~ nO\rr just a a1nclo ·isotope, it ia apparent that the 1oh.3 passing 
through the two slits (and thus pnasinc; into the lnree evacuated recion in 
which the magnetic tield is present) do not initially follO:W a ain6le 
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tl :.· ·:c ', i on . 1.-J'. ),•,-o r <n:r :J n ~"b l. 'l l li. c •..; t: \. P ll l l:y· i n·~ v:-Hirl.., f\ c;r..,l l n'1~~L· ~ 
..-.:.0~10 ·a t.:.o cl •.l:·cn<l'J on til'). ' "' :\.di;t t of t ho cJJ.~.n. J.'o:d.t•r.c ; oJ ~r, h.)~rr:.vc :t·, ri r·ca 
n1 1. t'1C 1 m; ~· of t ho ,,Goto"'1 0 i n qt• : :> iii0Tl l't)J:1.a·: c n.:;-vr rl .,.. .Jil '.'1 of U •n n:-t.-.1 
d]. ·_,,nc<.ol', i r.ln:J ot :?.rttn~ o~t :J.n o:L:'..~ttly OJ.:f'im:r r.t c1J.rcc·\.1onc t ond t-o- t:::-c.t 
or:nl n -~ o :~.· ul r..oiJt meet P.f3:.r!.n -- n.f·~cr c·.m plot in~ a ncrn i '.: :l.1'0) f' . lt i rJ , ·of 
CC' :J.t',; <:: , a t 1. hi C' pooit :l. cn of :ro~C•.) t'i9J CO:I0 0 t li.lt t j·:; coJ l ~ ct c-r 5. J pl~C 1 Cl.0 
l;-J t 1n 'nlly , the i onrJ of rula7;hci• 1.;ot o :p '3 (for c::·r·nylo~ j_cr.s r;f r.l-:.1~~.9 233 irJJtcad 
\ 1f.' 2:55 ) bchnv o eir.1lhn.•J.y , o-;;:Mpt that '~ ; ~0~,r fol.lrm clrclo:::: oi olJ chtly 
d.i. f .f()ront r1).f\r.1ot nr . .'3orn1,Jo :J of tho 1. t.o i :Jotonc ~l nro cL'uc.Jr'; j u collc:::t ors e.t 
t ho t no dif:,'eront pouH :lono or r1-oonvorr:oncc ~ He·: ~he ut1Hzat1on o! a 
ero11 t •)r f Nction oi' t ho iono orj.c .tn.nl l :r proclitcocl l iDY T1o cccomplishocl 1-e~dily 
cmoucn by w.:. U.cnine tho tvJO olit£1 1Gf 0:7:'od t o. JM; to wicJon tho s l1tfl to ony 
crc.Jt ext ent '..ri.thout dac:riflc:lll['; f:ha rpnons of rocua at tho re-con'1orgcnco 
pooi tiona in not ona~r. Indeed :t:t can bo accorJvf i s h6d only by use of c:arefnlly 
proportionod spaco-vo.riutions in t ho mocnotic fiold stronrrth. Forturu.tel~r 11 
such varint i~no. ~oro ,.,o rl:od out nuc CHlssfully~ 

11 ~ 11. Another problem, not so !mmoc:liate bu'li novcrtholocs rct;;or;­
nizcd ao important ·~ o ·any producti on plnnt 9 wn£1 t ha!; of more officiant uso 
of the magnetic field. Sinco lnr,:.;f oloctrorr..acnoto are expensive both to 
build and to operato, it ne.s naturul to cono:i.de:r uotnc the ear..e· rragnotic 
field for ooveral ion beams. Tho 'lXperlmonta~ rco.lizut:lon of ouch a.n 
economical scberoo became a major ·~ ,sk of the laboratory. 

'l'he Gim;t r a@et. 

1) .• 12. Althouch the sc: ~e of sopnmtion reached by· rarch 1042 'T.Tl.S 

r.mch ~router than anything trot h: l p:reviounly boon .lone with a.n elcc~ :ro­

mcnEY~ic r:nOiJ Separator, it \78S !: l lll VOry f a i' fl,01T. t rci; requi r ed to Il:t'Cid'lC)C 
amoun-ts of 11ntorial that i.'!Ould be )f T'lilitnr:' oic;nificar.co o Tho probJm,Q 
that :Uvo been outlined not only l ld to bo ooJve do l·ut t } !~JY hQd to bo zol·;rcd 
on a c;rand ocolo. The 3?-inch C'J• lotron mcnc-t that ha d b cc"1 u."!ad. W'J.f, stL-.::: 
capable of fumishinc useful info ·:1at ion, l)ut lnrcer equlpn0ni:i nas de.'Jirob:..o . 
Fortunately a very much larcer m:~ ~o ·t, intendecl for a g1ont cycJ.otronr Lad 
been under construction ot J?erl~el y. This rnc.cnot, VJit h a pol:> dl.r:ma·to:r of 
181\. inchoa a nd a pole cop of r12 1 cbes, ilna to bo the l'l rcest in 0) . .-ia·G or.ce ~ 
Kork on it had bo0.n 1nterruptccJ. l: .c:auoe of the wnr, but 1t wa!l already 
auff1c1ontly advanced so toot it · 10uld bo finished within a few znontha if 
adeq_uate pr1orH1ea wero crunted, Aside f'rom.the ma:~not itsolf, the 
assooiatod huildinc;, laborotorie~ , shops, Gtc., wore almc.s t 1C.oo..l for tl~ 
devolopmont of tho calutron. nee 11ess to oay f work \ma' :resumed on the ciunt -, 
rnacnot and by the end or Nay 19~ ::. , it was reo ely for utw .. · 

/ 

i.''l'he construction of ·the gi.llnt cyclotron hod been 'J.llderlatrcn witll 
private fw1da larcely supplied by the Rockofollcr Foundation. In order 
to push the constrUction as fast ae possible overt1r.2 work ~aa requ1rad at 
additional oxpense. To oover these costo the nocke:follor Foundation made 
an extra a,propriat i on. · 
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~oln_v:n(>n~ up to Sop_t ombor 19~2 

11.13. The firot oxporlrr.onta uainG tm 3?-inch rr.ngnet ha-ve been 
doocribed. 1.n n prev1oul!l parncroph. Lator dcvclo;H:~onta proccede'd. principally 
along thcno two linoo : cono·truction ond installation of o. properly ene1-
noorcd oopnration unit for tho ·3? -inch mocnot, o.nd dooien and construction 
of e:xpor1mon~nl.oepamt1on units to co into tlD biG rrncnet. 

11.14. Dsoidoo tho cradm l inc rcaoo in ion bcrun otrencth o.nd 
aopnrntion factor tln t rooultod from a oerio e of dovoloprnonts in the ion 
oource and in the accC:llerat inc ayotem, tho hoped-tor i mprovement in utili-

. zat1on ·of ions woo achieved during tro eumer of 1942, uainc tho 13iant 
ma{;Ilot. Further. it r;aa pooaiblo to nnintain moro than ono ion borun in the 
eame nncnet1c ooparntin~ ror,ion. Exporimonto on' this latter problE.lm did 
run into aoro difficulties. horJOvor, o,nd it appoarod toot thoro might be 
limitationo on the number of sources and recoivoro that could be put in a 
aincle unit as well as on the airront thnt oould be uoed in each beam 
without apoi~in~ the separation. 

11.15. It ~na e-vident that many separator units would be needed 
to eot an amount or production ot militar.1 atcnificance. Tberaforo, oon­
sidoro.tion was given to· various systems ot combining groups of units 1n 
economical arrangements. A aohomo was vrorked out whioh·v,aa later used _in 
the production plante and TThich haa proved eat1Dfacto·ry. 

Advantar,ea ot the Eleetl'OmaG,llotic SyatQm..: 
• 

U.l6. In Soptombor 1942, both the eaaeoua diffusion and the 
oontrifucul mothod.a of u1•anium 1ootopo sopurot1on had boon under intonaivo 
otudy ;.._ nn.<l for a lOJ1GOr poriod t han in tho coca of tho oloctrorr.ngnotio 
mothod. Beth of these mothods -- e;naooua diftusion o.nd centrifuge -- looked 
foasiblo for uireo-aoa le production or U-235, but both would r~quire hund.~ds 
of stages to achiov~ larec ocala oeparation. Neither hnd actually produced 
any a.pprec1nblo umoi.mtn of sopara.tod U-235 • . No l.a.rse-acalo plant for 
plutonium production was under tmy, and tbe oelt-aus-iiaining chain·rcact1on 
\'7bich was to prod~o plutonium had not· yet been proved attainable. But in 
the caae ()f the e lectromacnet 1 c oothod, af'ter the successful separation ot 
m1111cram amounts, there vmo no question as to the scientific feasibility. 
If ono unit could ocpnrate 10 me a day, lOO,ooo,ooo·unita could oeparnto 
ono ton a dlly • Tho quo at iono wore or coat and t 1m e. Eaoh unit wao to be 
u complioatc<l olootroJnacnoti c dovioo roC].uirinG hic;h vucuum, hiab vo~taeos, 
un<l inton1.1o rnaGitotio 1'1clda; and n 13root deal of research and developmont 
\'lork would be required bofore complete, lo.rge-soale, units· could be con­
structed. r,tany skilled operotora v10uld probably be needed. Altocether, at 
tllat t11oo 1t · looked very expensive. but it also looked oortain and r e la­
tively quick. t;oreover, too smallness ot tm units had the advnntage that 
development could oont 1nue, modifications could be made in the course of 
construction or, within limits, after construction, and ce.pe.city could always 
be expanded by building new units. 
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. lJ .• :t'l. 0Jl L}lt' Ll l !l.l. 'J r.f r•i.)· r~j' lr'~ O .. ,lJ1Ctc· :~don·~jfic nn<1 
c,n , t ·1~ori ·1r~ 1nf'JT:J ·~~!;ion "a ·.1::.1 ' .lJ• · ,·,. :)1r.),., ,, ~'nd on. Ul'l 1 !•nis 01' cqun1ly 
r)uhl lllfl ~')!Jt o~~ lrnl;:.::J , •l •.''-~ 4.:•Jr)J'0 }!'l(l to u~ fl•'H]G on Lltn t b r eo i. .1SUOS: 

(1) -:r;l\11til"lr tu buil r'l ·:111 ol f1 · :'~- rc-rrrt'' · t'?';:t.·~ pJ.c;.ut ~ (S ) hem hi:; ,<JUch a plant 
IJ~JoulJ 1 o i ( 3) :Jt '~b t J'•)1.rd; Oj r.lo 1olop~· .:mt th~ dc..J~tc;n chould bo frozon~ 

11,)[)~ On tho ntn iJGth of tho l"(''~ults rcpoJ•tnd on G:T.pcrimonta at 
Dol·l~cl0:{ in th ~ su.rn: 1~('r of l'Y.c:~ , tho !3--l 1:x.acut1ve r.o,·.r1Htr::o 0 ut o rr.e>etlnc; at 
ncrl:c•lGJ on So_p !;em 'nor 13 .. 14 ~ 1%2, l'IJcon rr.cnclec1 -~ J·n t c omll~.tmoa·J; t:1 be mado by 
t he fmri:J :fo:r nn clorJtroJ,>.lljnn":i:l.c sopciation pll'lnt t b be built at tht~ Tenneo8oG 
v~d J cy o ito (Clinton Eneinoe:..· ~·rorl:o) . It 1..'U3 l·cccl':l!',1crd.od tint it should bo 
oOG!!d thut corrunitmonts for this plnn·t lJl:l.cht 'La C2.ncoUo'i on tho basis of 
la t. cr i nfonmtion. It -rmo r GCOii.n:ondad that n pile ·~ plo.nt sh ould be oroctod 
at tll-:::J 'l'onn0QGC9 Valley s:lto a.D ooon. us ponoiblo. (HorrnVG1' 9 thls recon .. 
mrndnt.lon was £1Ubs oC}uen·tJ.y w:l.1,hc1rttV!i.l ~n1 ruch n pilot plant wns nevor built., } 
Tho conatruotion of a 1H'Oduc-Gion plPnt t-700 nutborizod t~r Ccneral Grovos on 
I!ovombor 5, 19-12 , -nith tho unclor.otandinc that t be doJic;n for . the l'irat uni ta 
\'."':10 to be f:ro z c.n 1mmndic....-t;oJ.y., 

ll.l<J. In der.Jc:::'1 hi.ru ·t ltc pro due~ ion o:f ph~toniuJn, wo Mscusr.ed 
the divi:-Jion or· rooponaibility botrmsn t ho l~otollurr.;lcol Project ancl. tho 
du Pont Company. The olootrornac,11Ctic sopaJ.·a tj_on pl.::mt \?aC plnnn.od and built 
und~r a oommvhat dlfi'o:rqnt ochomo o l o~r,c.mizntion . 'l,ho r00flonsi bili ty v:as 
divided bott7aon oix rrn jor grou_pr; . rl'ho Rndiation Lubomto71·· e·~ tho University 
of California -waa responoiblo for rc•scarch a n1 C:ovelop~ont; the r!eGtingnoUDo 
Elcc·tric and J,:rmu:f.'actu:rinc; Compcny for nnkin(j tho mccl.u:micllJ. J>:).:.."tr;, i.e., 
soui"cea, :reccivcrn, pu.mpo, tanks, etc.; tho General El ectric Compru:1y for tho 
eloctrical equipmont and controls; tho Allis-Cholrriol'O Oo:r.:..'_)any foi' ~he r.;or,neta; 
tho Stono nnd Ueboter Encinc.:o:rir.r, Co11pany for t 1:e c onot ruction Gnd aasembly; 
and the TonneasJa Enotrnrm Got~p::my for operot ion. All five induat rial con­
corns kept croups of their onc;inGor0 a t D0rkoley so'that a system of frequont 
info:rmJ.l confervnco cmd croas ... chcckinc; roo achieved. Thus tho major part of 
the planninG WaS dono C00p0l't.\'Civo1y in n single group9 oven though the detaila 
might be loft to tho homo ot-ticoa of tho various compnni oso 

The Bc.aio of tho Teehuico.l L'cc1n1on.a 

11.20., Strancoly onouc;h, althouGh tho theory of tha aolf-sustaining 
chnin-reactinc pile is al.r0ady woll vrorlcod out, the theory of gar.eous diG­
charge, after f ifty your o of 1ntom:sj.vc study, is still ina.dequato :fo1· the 
prediction of tho. e:xr?.ot behavior ot t ha ions in a calutron. 'I'llo amount of 
U-235 colloctod per day, nnd tho pur.Hy ·of the rr.D.terial collected, are 
~ffec·tcd by many :factorn, i ncluding: (1) tho "''lid'~h, · c:pacinc, and shape of 
the collector, (2) tho proaoure in t w maguet apace, (3) -~he crtrer~Gth and 
uniformity of the magnotio field, (·1:) the shape and apncins of tm defining 
slits and acceloratin~ system, (5) the o.ocelerating voltage, (6 ) tm size 
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a uu n;v·Do o::l lih-:1 o1.:tli ~1.:0. ·:;ho n:,.·o 1'0.'.1:•.<1(1 :C::-•·1: '!d ch ~:ho :l~r:~ t~,, )• ~·i) :i: l:o::~ 
.... ' 1' , .. ,:~-~: .. , .·.·,, ,,.,...., (R) 'i:i .... '"' ' .• ·,.' ..... ~ ·. • p •·•·• • · '·· :-,· ~ n 't: · . ..... ,,. :• . ,. ~ .. -:.•. 
\ ,j\ , . l/., ~ .1J .. ~"-'~ •. 'I • 1 '· ~ , , .4 \, , ~J , , , V ,~ 

(:J) ;;j1") ·:.; ..... ;,•.,·- o:i:: - ... ·.•. in ·:; 1"~ :\:·~ r· ,,.. ·:, f ]rl) ':i·~ c·~- ·:: · . ; .. , . ' cf 
.).'h ') ~.,.., ,....,;. T: ..... , f"o' ' :· 1 1[ t:tl"':T' ·-··J J·c··'-. ' ·1-JG { Q'l" n "'\.'·' ' ' ::r ·- .·, .. 1."' r;--, -_.· ( ... -=-~·t .l v • •f'\ q.J • • , J. \ .,. ,,,,J..\ ,.... • .• ~~ '· . 1 '. L v ... J. .... • '-L ' "" .. ""' .. -

·v: .. ~_;.i )},t"\ C r::[\~~~ .. T1.t·~'l:1fi;}'1 or "\"'::'.:i')(\b1 ~ .. r ~ T·ho ~ ":J-··~1.\~ ,~-· ·;;; j._.cl ~-.;o i.o ]Q ~\JJ:~~r 
5 ,.:i:l•.l.i:~.'T·o, A ;;n:~J.o·;~r oJ: c.Q lll~:(j:\.(Ji\0 ]'r! Ct -.. n ·oo r.:tu,Unr1. 0na C\ ill.:..· ·,lK;:.? of 
r:\:: ~:l:.iJ. 1i.1.1: u :fl1~~.;,~(:nt.1.flJJD lr~d ~:o ho W.\tl.0., Til :-J :l 'Gho (,CCUiiltl c:t cd o:~pf':l.':i.cr:co 

OJ' ·~Jir• [;~(o·:pl (, )1.0 11 :~'(J~:·J~ • nl' ti 11~ J.,>:':'ObJ.o:;lt lt'l d 'i;O bo ·~r",nOJ.ntod i uto OpSCii'iC 

pJ.'' )Jf,' r.lflCt J.'~~ c::w ;;:r 'l,(:.~l'~ i?'1'1 u 

'i.'onnrm.~.t.\:;;1 .r.r. ·; ·· .r.:t ~~r:1 'P.-:t'l' :' :r('lt 
----... "' . ..,.,.,~_,..., • ....,._.., ~. •"'W·.,.- ....... I ..,., ___ ._ \,.- -·· · --

)J. • 21.,. (.r..) . '.i:i 1 ~) j";J ;_:· l:Jo:..~ ry[ S~:cp:or,: ~ 1\ S. in a1J. lT..C'IihO(..Q o Ci. CO::ii)::"C!li:)S 

J"!''H't; be n'-:.<.1o r.-::·i;r:con y:t'oXcf i:i1a'~.j;~\uT:in'n-fc.o·~or·. I n tbo olr;ct;ror:lcm)'~io 
t\:;·r;to,,J, tho coro.:. ;~t :ton :i."s:cto:l' 1. o o•.:.cll lii ciu:!:' ·~nc.n 1n otho? G:Y·~;~c;.;:c oo ~:;m'li 
-~!t') nrmu o1· of ~rtn.srJ;J :wqut :tXu ;t.c· m::nll. T~ r.o r.--:1s Cl por.:nio:i.l 1\;y tr~t <4 

oiD:;~.o et::--e;o 11i gh.t bn nufi'1c1.c!lt. i::O.rly r::t uc1:i.co 1nC.:i.c:::.iiod "'c;hnt ctto~·lio ~o 
ptv.>h t oo t.tcparat1on. factor oo 111-r;l:l ao ·;;o Jil:ili:o rJ1.r.c-1.e-a·;;aeo::~ opo:r-ation. 
fo::w :l.ble cv.t. th? yiold to an im1'l-o.ot1~1ly B.!.""'D.ll l'icu:ro. 

ll .2i!. (b) Sl1CC~f~.c'-Yli :l.onr.l, Tho int o:rma.tion o.nd oJCpo:rlo eo toot 
h':'l c'i tl9o:.1 l!l.cqutred. on tna" 7cl~!Iailfor.i''Et1ch <lO. thoac:> mo::~n<wiono cl alJo·;o ood to bo 
'tl'l.mDU:\toQ lu1;o O.oc ioionr.J on tho i'oll.owlnz p:::inoipo.l pointa bvi'oro cloa~.~ 
oouJ.(l actually b Gc;1n: (l} ~Gho s ~.:;;o o:L o u.uit no aotoi."i.il:l.nod by 'i:iho ;;-ad.i~l:J ot 
cur'V:lturo of t ho ion path, t ho lengt h of t 110 sou:i'Ce ol1 t, an cl t h o c.n'~"lGO• 
mo~t of ootuxes end rccoivcTG; (2) tho rr~z1muu1 intonzity of mngn0tic fio l d 
I'VqU1l"o11; (3) whothor or not to u.:1o lu:rc:;0 d:!vm?conco of 1on boru;;e; (4} ti::D 
muubor or ion acm'Qos end r~coivorD pc1• unit ; (5) \Jhe"lihor ~ho oom·co ohou ld 
bo at h1ga pot0nt1ol or nt c:round po·i-:on~iul~ (6•) tho u\Wlbor ot accolcrc.ting 
eloch·odeo and t t.'l 1IIO.Jr1mum potorrt1c~IJ t o bG appli ed t o \~:iwm ; (17} t ho po;mr 
roqu:~l"ozrontc ror e.:rca, acof)lel'll~1~ voltegea 0 pumpe., otc. : (8 ) pUL.!ping 
~qu1~monco; (9 ) numbar of un1~o p3~ polo gap: (10) numbo~ of unite po~ 
building . 

EEJlOX',.IDOll t ~~ Ufl~E...£L,g0l'lr0~.c.11: 

J~ . 23., Hoet c:r t l:.e dcw1g:u f eutural3 fo r t ho :rirot plant haa to bo 
t':<Ozon in t ho fall Of' 1.942 on tho OUB1S ot I'OGUltO obtn1ncl i.'11.t h l ' Uiln m c!.O 
uoins ·~h~ gi ant nngno'i.: nt D:DJ:'koloy; Tha plem~ design, hc~;ever , cal lo<J. f or 
uni t a ot a oomavlhat di::Li'oT.::mt "li ypEJ . ffilile t horo n-as no roaoon to cv.ppco0 
that t hoDo chnngco tioul d j.n~roduoe any clitfor cnca in porfolT."anco. :t'o r;.:lO 

obviour.; ly da oirnblo to b uild a prototypo unit o.t Bo::\'kol oy. Tho cono·!:; 'J.•uction 
of t M.B un11; we.~ approved a t about thG a wno tim.;> t hiJ.'' tho fi;}o·~ })lan~G unit a 
\7.-~~~1) Ol'dl3l'G('t no tha"G oxpol'ionoo n:\.th :t:t had no i nfl u onco on fvJlc1-:-.t:on~.;ru. 
doc:J.c.;u , but 2:'ti uoiJ f'mi ohod ·and oporatine by Apx>ll 1~<1,3 , ·~hat io, o1:t monthB 
boX'oro tho l'izat plf'.n~ uu:l.t~ Conaoquently, it t..M 1.n-valua.blc r.c-c t ogt!i/6 
and ·cr~1ning pul'pot:JOs ~ Lnte:r, a t hi rd r.ngn.G'~ oac.~ bu~.l'li in -~ho big :tnGgn3 t 

bu:lldi~ at })J):;:!toley . All tol d., t~ro htlVO boon six ocpal·;:ri;or u.ru:~o 
available a1mul'lianeously t o1• e:zpartmonta.l or pilot plant puxposGa ut 
Berkeley.. JSuoh auxiliary wik bns also been dono outo1de t ha o amplo~e units. 
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r .. 'i•0 J "O't'rfiTl 8cm·;.x; .~.;a::' ·----·-------·-
1~ .• 2~~ . MJ t .J lw::o o.l !'-::Jnd;'r cm.1<19 H. D4 Sr,n.r~h of' Princeton bocar.Jo 

1nto;:' ·:u'l:oQ. 1n ol~c tr. Jrr.;.,en~;~:t.c Jn'JthoO.o of nop:::~:r-J.tion in 'cho luto cu.rr-.:m.· o.na 
fol:'.. o? 10 '1. . IIo '-:.1r; r,·ir:;l.ctt~lo.rly it(~OJ~oo·l;cl1 in ~ov:loir-c co;r.o I" .. ~thoc1 o'l 
u:Jin·: ,· 11 o: . ~rnH1\H1 ion covroo una bcom 1.aotocv1 of ono J.ilni·~cd c3oontially to 
OUQ t1i;1cnr:ion by n oltt uy~tom ao ln th•:l ca J.P.t:xon mnoa-ocpnr•ltor.. A method 
o f.' c.(;:; ll.:,ll:r aohtc·.;:tne o0pm·1xtion uoinz:, an o:.-:'; onC!od 1on aource woo aucgecrt ed 
by R, n. \'JJ.J.acn of Prlncot011. Tho C!ovlc:J t '~J'-Oh :t'CfJultm1 :from V71lcon' S idoca 
t:no c·::n·n thn ooHboi~.:.'iioly m:nm:1:t:slc.t1o omna "iootrvn." 

J~l. 25. Tho i~o'H'01l W on elcc'l;rorrcf!o.otic m:loa co~:rotor u.s1~ an 
c:~<'.::r' ·1\l :;ct•:·",Jo of· iotw , in c:ont';~"ot to tho slit DourCoiJ uavd in ordinc.cy 
r.'D.D:l o1})'JC 't1.'"lJrt1P')£. Tho :ten::: from tho G:lri;ondod ClOUl'OO o.ra :f'irat a.ecolol'"atod 
by ~ Cl?no;;nnt , hic;h .. ~nton.~ity. oJ.oot:do fiold and a:ro thon furtbor c.eccloro.te<i 
by a ).o .. J- :!.n·::o.riG:H.y oloctrio fiold varying at r&dio 1'roquoncy and 1n " e:?.~ 
too·~h1t lii.:- ruvn•. Tho offcct of tm oonrrl;mrii olcetl•ic ~lold 10 to projeoJ,; a 
ot1·o;.,'C beam of 1cmo dow a tubo with uniform l:imri;io ouorgy e.nd ·· tihorcfol'~ 
with· voloc:l.t !.eo inveraoly propor'~1onal to t m Gquc:r..:t root of the IDEJ.ccoo o~ 
icn'39 '1.'!10 -rnl"Yit16 oiootrio i'ield. on th0 other hG.ndu introo:ucoa C:r.'~ll., 
p:')~·:1.o(11.o vo.z>1.at1ono 1n ion veloc1 t-y., and h.HJ tllo offoot of ·cnuc1ng 'ii ho iono 
to "h•noh" a t e co:tliain dJ.rJtanc() dmvn tho tu.'be. (Th1.n s llmo pr:taoiplo 10 
u:.: :a in ·~ho ltlyo'tii'On h1(9l-frcquonoy oooHl.eto.t>., wh<n:->l tho olGCt:rono al"~ 
lf1Jt•:'...:hr;-tl11 OJ? 10ye).oo:l.t :f•!I'.OUUJ.a:~od . w )' '1.1fl.0 tnUlOhO!il of iono O't ill:Li'oz-n:a.t "1:19/J 
t;n·. c.J. u1th dif'l'oront voloc::1tios and tho:ro1"o~•3 bacoffi1) ~op:1:r:r.tccl . /.t t ho 
po.-..: ~.1:~.on (~lotually on aroo. pvA.'pend1culn? ·t;o tl10 borun) wllG!'i!l thia cccui"ZJ, an 
lll'')J.~ . . :~n· apJ.>lico a t:rcilovoi"'l~ foouoo1ng ~loo\;:fio field ·,71.th u ra<lio x~1:oc_r12onoy 
cc;.',p0~JJI.I.~tl f.l~rnch:~m1zod m/c;h 'l/ho amwl Of the bliDChes. 'l~b.o Gynoh!"Onizo:~:Z.o:a 
~t;, r:;:.cil that tho varyi~ co:mpon'9nt ct tho tr::movo?.co fiold D'Grun3th iG zero 
rj].cn ~ho U- 2S5 ion bimohs o como . tro~ou.ah a11d. n mrodnJmn t<:hon ·~ho U-2:::3 i.Qn 
btlnohr::o com:> through. Thua tho ·u-235 b~arr.a a~ focucoo(1 on a co:Uaot(n.•, bu".; 
tho U~2S3 l:mnohoD ~-o doflmated. 'mlus the Gopara"~:lon 1e~ aocompli ~hod. 

11.26. T.hif.l oohcmo na.c dooc:t<1 boll o.?i t llo :Occombo~ lB, l.94l lTID~'tin~ 
crt t ho ·a~=c.nit,ln Ct-:.:m1.t:!;co ancl 5..lilli~di~~o1y tb.oi'rcai'tor '..mo ai.a::m.nr.~f! mo~G Ml.y 
t:-1 ~h Lr·.::ronco 11 \ihO pni.<l a vio:i.t to l?l'i:r1r::oton. 'I'Ac pl'Cmtc\) of too Diot hod 
noc"!\:71£1 ou.~t1.ctout 'i;o ,jtw t1.l'y f)~"J:)eT.f.m0n~al 'tr'J.nL;;- r.hieh ·rm& began umn::~dia.tely .. 
uilJ.o:::- nn osrm c on:tt:'i!O\i ood aontinu!)d until FabJ:u'l:cy l.9-G3. SincG tho iO.oa 
1.\.wol"tt·oa ·w;;1f.l a. naVJol ono9 thcr~ wo:ro ~;iiro out.~an<'lir.t~ isouoo t (l} whc~r~h-ar 
tho mo·tllod tJonld vorl! c.t all• (2) tJhGthor it oould b~ davelop-ad for la!'~~o .. 
ooc•.la prodnotion p:t.'~<Jlllp·tly · enoueh to ·oompotu m~h tho mol"' o:r.'"thodox methods 
alrondy undo7 d~vGlopmont. 

. ll.B'7 o An OJtl)OI'irnoutal 1sotl\')U wno oonaiil'UCted ond put into / 
OJ,K>l"tJ.'~ion by ·tho cmd ot Jll.nt\O.l.Y l91j,2~ Prelimillflry OAIJ0~L11\Dnta Q'IO that 
t1n1o 1n<ilcutod that thf) :tDotopl!ls of 11~.:hium oruld bo ooy:.nra·iied by. thtD 
method~ Tho rirGt sucooeotul oollootion of partially sopera~od uranium 
iBo~~op.>o vmo made in .the spring ot 1942. . · · . . 

l..l.o28. Unf'orltinetcl~\' progx~so du,-1.ne; tll~ eumv~r and fall of 
19~ \\·.:10 not €U1 mpicl tul hBd boon hopou. Conooc,t.'ltently) 1.t ~-o.o dec1dod \io 
olono da-~om tho P l•il'OCiton r.ro.1C~Oii :!.n o:rdcz• 'lio p~~>J~:lt ncnr!. ~.il~ ~; ho r.o:r.:·nr;:1nol 
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to too s1~., whsre th" &ta:Jic-~orab l.'l~c:::"~'tor.f ~.1!1 ~~ut to @lt •m:1.);; ~, 
B;;:i'O:i:'@ th·~ r.~ rot'.., lof t "!?:··bcsJ:;Q;l ::'. S?i::>.ll ~nsl.,...~:::::::t:ll iaot::r.:'Di:l c~llBe·:; :)d 

· ~o'ft'crol S!?J:!Iplcs .. of ~~;ly S:'1p<l~:'7.':~:8 ~1 tl:.-miu;. , . T"!lt~::>.7. tr:) i::lthod :ro:r•::~d.; but 
its lnl"g3-SCal~ r.yplical>1.J.ity :res net i'nlly i!l7~at!gat9d.. 

llo2S ,. i n :!J::::·.;s-:ib .. ?.!' 19~9 · >:·:h~ .the t:rhole s:.1bj~c-; o! iGo-~<Ji)Z 
s~!'aret1o:n ~.::.s llndc:o (tl;:;~us"lo~ nt ~rko1.ey!! tho !i'..C-G!la:t l'C:c. -v.~a SU,Ggceted 
ea e. p:">s~1 bl·' m::.Sa ~~;:.micr"' In tho moan·cU:o -) S:rvtn ot Pl~..n:;e,~o:.l 8Cl 
be~n in ccni;;::.ct t'J"it.h r ... o P~ S.:r:i th of Corn~ll a..."l.d bad di~eO"'larad ";rat 8?:.1'1:11 
~d hi~ r,·i;udnni;;,1 t::t ~~.m a con:3! C.:~ r~bb ~-:r.;nJ~ o.Z ~ o=>:'\: - and u1~.;h e~:!. G.-2neo 

o-r :so.xee~:i:il -= c::1 •e n~ e:-.._;;;:.mt!ori. ot t~'t3 ieot .o~?os o~ litltil.ID by juut L"l.lOh a. 
reo·l;h.o{!, 'i'hic mlB :r~-::~~:rtei.': to La1:::r::..il~~ in ·i7!i <~ii:Jg'~o~ at Glla of ·~.ao D.J~s:n'Cel", 
19~19 ms~·~iDGS ot ~r..a U::ani'!Sl Corr-uH'teo, 1:.!<;-:t'c::lco 1t!!.!:.lcia-l;ely go·c in toueh 
w-l·th B!Ji·th0 rrith 4~hc :'·~~mlt tlmt S::-J.t h r;u~e1 o:t thG r:2t!lcii at :.Sel'·kt;1.cy 
trom Foti~:i.J 1942 t o ;un,-:~ 19~ .. · J o Slopin!l of tho HS!:lt~hou.:;o R·.:::::;o~~h 
Lnl>'~l"a:tO:l:';l' in !::ant Pitto'J;J!'gh Cr:.I!'r3 to !:~:r-·::olt.:;r i n tll~ <.1n"cc:o of 1:);~,:;. ».:,1 
ct Loi':'re::::.oeve inv~.-~~~tio:;:;. and b~~a!;!a inte::::-~steCl in a u:~dific~·;ion c f ·G~~ 
~'!1t~on lt.<J.io11 ho c:1llc0.. an. :.tcmi:, oo:ctzo!i'"w.;0., Slep:bn. s~;..:;.:;-cd. !::t I::::rkcl:Jy 
rroZJt ·of th~ t1::a until tlw f a ll of 1 '.H2. aftGl' ~hioh ho n·~t'aonof. to D's; 
Pit·~alr.1rgh ~ro ho c c~ inu~<i the t!'Ol'k. 

"llo50. ~!o · ~oDru.·a:aon. or u...~niua ~~s nctuall11 cttcm;::r\;od :b. th~ - . -
~at;ron. E:qler:J . .nontJ mth lithl.U1!1 W'!t!l lc;; !cr: C'!.UTc:r:.s Gto·::-::Jd ec~ 
a;e~ra:tion., btrt; no oon.:::::l;:;ten:t resulto we:;;e obtsined l71 "th h!~h ion C:!~:l'i:s., . 

. In tr.a can$ of t ~o ·l-'-'!dc CG;J.~rif'l1;.::3 9 u.::n.ni'l!.I!l 13~!'1~3 ln.~ teen c! Oll:::c-t~ rj 
Gbmnng o.ppzocciablo S6~aration, b'"-1~ tha :.-osults bave, nat boon oll!.aZ=O'"Ilt O% 
cc~a1eten·~ .. 

· ... · ·-··, 

ll.31. i1~..i;h ~llo ~·irtt!~ clim1n£~.t:!.on of tl.J.o icctr.on nnd t~ :i.o:Uo 
ccn.~;r-iil.~ r.:;o fro:u tho de:-::olo:x;ncnt Pl'C~7.~1, tho caluf;~n oop~l~~o:;:- bccnr~o ~b.c 
o:;1lr oleotrorr..:lguctio mo·~ho<l ;-;orl:cd on intonnivc~.y. Con.c~:o.,w·i;ion or init:l.~l 
un1 ts of n Illont htl'l bc~:l mr~ilort~:oa una c1::;signr.: lnd r:o~ f~-:Dzon fo:• cv.ch 
unit:-;, but tho n:!:lolo olectrorr~otio Xll"GI'W.lJl tu.a 'b~_c!l ~.n ozir.r:;o:v.co ;~c~ . cnly 
S .littlo ZO.'JJ:O \;hun a yea::.:' o:a~ it l.'a.O ObViOUO tiu~ e.vuilar)J.O ~o:Ji~'J '1>10!'0 

. brwo<l pu zhrc-t·:<l eC.ocr,co :,·c.thor them on auq_t'~<'l'~o .r.cao:ll'cho A n5nlu;: 
oitu3:Ho:l !!r!.ch't hn-vo oooUJ.'""rcd 'O:t'ch tha cho.inr·ronctine pile 1t u!llimj:i;od 
G!1lOtll\tU o£ U..~<:.\0 1 V.w l" .. ml ern1>M. ~, o hn<l coGn e.rnila.blo cei'cJ.:'o ·i;h 0 -;; b.~O~l ·i-.E. Cl" 
boon t:el~Wtl ct~t or 'bcf•):-n tho nuclcllr conf}t:m'Hl i;nd- 'boo:'l ;-:ell \lo·c ':)~rJ.no,J , 
Foi'tun~t81y ·tho nntu..7o of tho t,w:, p:coj ~a~~s 't;:i{3 yory ,Ufi'ol~cn~.;, iT2k1n() it n 
loao OllCCl.\lt\~·!..-<>· vonJ;; \.U'o to lit'.ild D.il oloo~rOr.i.·:lL~~-;;~o pln.nt tmlt ~r.~'liil'J 
t~o.n \1C'..llrl hrl'7o i)(;;on the cc::G ror tho p110o Further roac:\1:'\!h and e..-:J\-.:.lcy2'.ot:.~li 
ooulrl 1>:roceod s.dVC\ntQGoouoly oven 't'lhil" 1ni tial. unite of the :pl.s.nt l'iOl'O boing 
built· and· oporatodo , . · 
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Cor•mn:;::J.:-Jnn >:?:l;h Difi'qn~.on r:nd. Ph,ton1.\m Plo!ltn .,. _ _.~ __ _.. •. _....,.,....._ _ ___.. ____ ......_.._ ___________ _ 
11,:52. Th:> J.>:.~oo3dln:5 chc:~~iGl~a whO""...r tha'c; 'lho <incl of 1.~ ... 1 ~o a 

t'-r..n of clcc1a:lon ~Gh::oucrh~u.t ·::110 n?::\!1~.\mt .P'-""<:-Joct. ro:r.• iii \:.!o a'i: ·~m.t til!9 
tho.'c r.\ aolf··cudr.lin:lnc olmin ronc1;lo>l \VD.O f1l~o{; pl·oC:.twocl , th?l.'i: co nat:ruction 
tm.o nutb.o:rlz.od for ·t 1m Hanford plu·liouiu.m p~.unt, 1;h~ u:H'fnuion plant cr?; 
Clinton, o.nd ·~ho olcc'.;l.-cm::Gn~:r~ic pJ.w:~ ~t Cl:tntou. 'f'.no ltiffuo1on plcut wee 
mo:ro :f.J.o::iblo \:b.m tho p).v.~cn1wn .r.Jnn~~, ointJo tho <lif:f'uoion plant could bo 
brc?':on <.l.c:·m into ·~)n ::'":)<l"~:tcm.fl en(l o~o~oo , bt\S.lt in r:iJolo or in p3rt~ to produoo 
vo.:r.f::.nc: rirmunto of u ... z:.K3 of.' '"',1/.Jil'l.G Ctoc;~~i) q)'J of on:rioh.z:Jth'\i . Tho electro .. 
IT..:.\GHC't~.o ~).':' )' ·~ t7C\O 0Vi:Jn tr.'==:\'1') f'lcx-::lhlc. n~.nco each aopr.ro.tor unit m a 
!):-:-ao{.; 1o?.lJ.;\r i.nU.opon.O.o;:~.t or. ·t;lu> o·cho~ un.it o. Tho so_p::\l'crliion procaeo oon-
BirJilntl. or J.oa rJ.l.J.\f.~ o clta~~"eo 1nt o a unl t, ntnni'.l3 tho u.nH for a ~}1.11CJ ~ t hDn 
t:r~op_v:1:o~ tt; r1.n<l :ccmovlng tho prot~not. To bo our~ , tho \tnito'vor3 built in 
l.!~l"O!}pfl~ bu\; mr:::ri: of t ho oon~z-olu ~e~ aop::lrot" i'ox- e~c.c}l unit.. T~1:1R fcaturo 
mudo 1.t po~IJil1J.o to buj,ld tho pln.nt tn et0p3 nnd-~o Gtcu"'~ oparntin(; tilo 
fil'<J'ii 1':\1v~ o~on boi'o:.i."o th0 eeoond pa~ v.-r..a 'begun. It r;av aloo poeoiblo 'l;o 
cllc!nc~ th~ doo1gn of 2lub6oqu.ent un!ta as conn·t:r'Uction prooea(lod; within 
J.imi'iio it. i : !:II'J ]:OOtsibla OVOn ·!;o replace obooleoce~ untto in tho early {3TOl.~?)O 
ui th uo·.1 irn);Jl'OVI!>d lUli'G e. 

11.3~. Cona"l;ruc·aon of ·tho i''-b'st s0x-1os ce elGctrorr.<;.gnatio unitG 
ut C11Jr:,;on bego.n in T.~!'Oh of J.~43 Gnd ·~b10 pD.!'t of ~ho plnnt 'r.'aO X"00.dy fOl" 
OI: :t~.'2'i.;~.GD. :i.n Uovo.mbor 19~3. Tlm g:roup at no:r-keley oorrt1.nuod to imv~o ·i;ho 
len £: !)P:;;eo3~ ·t h~ l'00oi vox-a 11 o.ud tho auxiliary oquipmoi1.t ~ a :1m1ng a l~sya at 
():7<):-A'cc:;:o ion ouJ.<l•on·l;s. In to.c·c , &:lrkoley repor~a descri'bo no loao ·(; hn::l 
o .:.·;m.l~~='··Ono d:l.f"ferent 1iypoa of soura!9 and ono ht'.n(ired a nd f:\ftcen dii'fo:!:>on.t 
t rpco of x~ooivor , t'lll of u:h1ch r0achod ·cJ.10 doaic;u. stego and moot of v7lliall 
t:o~,;-~ oonGtt'tlotod and -~ostrad. Ao ooon all tho valu9 ol a c ivan doaign ch;mg(?) 
r.'a r,J pi'Ovedo ow'Ol":/ etio:rt mao mua to incoi"po:rote 1·~ in tho designs oX nou 
un1tc14 

:t1~34. such <loveloprronts as theaa Z'Gquired conntunt inte:rche.ngo 
of 1ntorm0.'liion botl1oon lo.boruto:ey, oneincer1nc ; oonatruction11 ana 0 !}8lU"ii :i.ng 
eroup~~ 11'ort;uootoly ·!iho lie.1oon ir<!IO oxcallon:~. Too compan1!9o otationoci 
:c~p!'<:lC:ontnt 1 veil at Barko loy 11 and 111$m'be>I'!1 . ot t b9 r 0scarc.h croup at Derkoley . 
pn:i.U. frequent nnd prolo~~a vis1to to tho p).snt at Ol:tn·!icn. In fact., como 
of. tho l•osGa:t'ch mon tmro tranofoXT$d to t ro r.ayroll of th~ Tonn~saeo l!astmn 
Camp~ opoi'V.'IiinG tho plant at Cl1nton 11 and a group oi' ovsr one hundrod 
phyo1aiot tJ und l"GCioarch one1o.0ol'a cti ll kop~ on ~~~ ho r~rkoloy payr-oll \'JDI'<G 

r.:uJDie:v.~Cl. ·!:;o Clin~ono l'art:Leu.lo.rly i.n the:) oe.rl.y e~~a~a of op0:ru-t1on tho 
l3o4'koloy oon otnt:tom:ld at Clint on. wore invaluable aG "~roubl<il ahooterau 
rand in 1nst:rucr~1n3 opo:ro.to:xn. A sootion of tho plant coutinuoa to bo nmm .... 
·~uilled ao a pilot ·una tor te3ting modified Of:luiprrcnt and. rovieod opomting 
procoduXea, and ~a run jointly by tha Ba~koloy grouy end by Tonnosaeo 
F.noiimun. In o.d.clition ·!;o tr..0 Britiah grou9 undor Oliphant all•aady m£1.4tionod., 
thi.'lr-'l naa n British group of chGiilieto at Cl:tnton Ui1der J. fl-. BaA'IiO:i!'o 



( _ 

C~ 

( 
• 

Che~cnl Probl~~ --
lL SG~ Ol"ibir.s.}.!.y ~ t't.~ t:~:>an~.t~ l:lal ts m;sd aa s~u.:r.J-eiJ of vap~r fer 

tho 1ot:~pl'c~lu<!ir..:; ri::."C"J h~d r.u~ b0 ~;::1 i!2"'7c;:;tiGs.t~d tS"1th an~~ veT:y ~;re3t 
tho:rougbno~~s fit E...~:r~:::!9l~y,.- but an ihe prot!Gaa dsveloped, a eooa d3al ot work 
-.:ra;?J t:1.o::1::: ·o:t tbc~~ calt-o, m::.:2 a C <')n:t·~h t"fa!5r.E.do f~ e. ur-an~~Ulll eong.o1~d '(;~t 
>iCA.tJ.d be bstt~r ·;;b.e.::l ·c12.t o:.:igimlly t~cc:i.~ SoJZ.a·val~~bl~ ctuci:l.:l ~o~ nlr..~o 
D'f:l.a~ en lr...:lth?t!'> of p:'odu.c~ -~ha com~YO!.!.ll\1 ehoa~m .. 

11.-So, By- fazo thg noot 1mpo1-t.:mt coorr.:ieo.l problsr:1 tms tb.G · 
l'GCOV~l-y ot the p~"''GS1'.1800 LU':l.'lium co:Tipo1lUd.! f:ro:w ·~h~ GeptU,'atiOU U..11ita" 
This :rf•CO""Jery pi'':lblem bad tt~ ~H~S~3.. I n unite of' the i'irat ste.gs i·~ t?nt3 

osaE:Jnt:ial ·;o 7."9\107(}t' th~ eo_r ..... 3.rc.~;od '!.ll"?-"11um from the reeeiv-ers t.r.ith ma:dn:'..!lll 
o:f.t'ic:J.onoy• ·.:;hc:;."..')all reoc7er7 ct ·l:b'9 !3c~.tt~rad u.n~a9(l.roted uranium fran othsr 
pa::ts of ·1; he unit ~s U;es :lnpo:t>t.:tnt ,. Bt:.t it higb.or r;·c~~a units ure used 
~'<f:>n the starting n·c~rial eor:t e:l:llil n iligh oonc en\;:i:'at1.o:n ot U~255f e.nd lt 
l.e 0s.:::6n:tiel to r-sc::r?\3X ell t ha rutl3:ria.l in the U..'1!.t e.t the ~!l::l ot eseh 
zv.n , 1. e. , mtart9.l 1'9Jiui!!1ng in the icn eoures ~a. I!lateris.l dopositea. on 
the ecc~lo"lating eloctroda:.~, on the_ :.:nlls ot tm r.1.3gne~ c~1UJr.be1!'t end on fu o 
r"ceiv.ar W-lls .. 

Th~ Thsrr;al Dittu~1cn llJ.ant 

11."37 ~ · For a$a:t-ly ~ y{')ar tto el0etrorr.agn~tie plant ~3 the cnly 
on.fJ in operation, 'i"h~~J:f'o~a t hs ui'g~ i;o ,,z;.o:rs&nu .ito p:roC.uction rete v..:ta 
tremendous. It ne 1·~alize1 th'lt ~Y I!'.J'iihc•d of enriching ~ .. even oEglltly 
Olldoh1l'.g -- t he r..e.-~3ri.al to bG fod into too plant tvould :-i.nC!'EJ?>coe the 
pJ.-oc1ucthm retv ll.P.?l"aci.a.bly ~ ror o:mmpl~e ~ 13lsctromacnetic ·'!ilit 1;b.at 
could pro1:.:ee a gx:s:n a 6ay oi: 40 pE,'X'C!GI:'.t p-:.n:-13 tf,· 235 trom !l&.~u:"al Ul"G.n11ll1! 
could produce ·;;no g1:'3!1l.E! s dsy o-t 60 ye::.-c-e~~~~ u ... 2S5 if tha eoneontretion of 
U~235 i!l. the "feGd r.e.t'3!-lal was twice tha na.~u1-al concentmtion (1~4 pe:\."eent 
insteaa of·Oc? P3~Cont)~ 

11, S3- !Je r.avo a l:ro .i<ly :re.t~n·cd to t h~ wcy:rk Jons ~y I?~ B. Ab~loo:a 
ot the HfJ.~.:l R.:we~ . .-rc!J. Laborato:r1 o~ the s<.:pal'B.t io.:l· oi' ~he crani•m isoto~~ 
by the~al ditiusion in liquid co~pound of ~itlm~ Dy tha ap~ing ot 
1943 A•J~lvon bad set U!) a pilot _phnt t!i:s"t accoEplished &i?!>!"9Ciabla 
separation or a cona:!.deX'ebla qtl.elltity of uranium COluf:ouuci.. :L·(; ~s thaxef ore 
proposed. tr:a t a l9.rgs~aosle tllanoul dh.-'!uo!on plant .e;hould be eonstructecL 
Sueh a plant would be ehea,or t.han any of the other large- scale plants, and 
1t could ba ~u.Ht n:ore C1Uickl;t, It.; :9:rinci?al cravoaek ma its enormous 
conswnpt:t.on of' e·'oam• ~ch raC.e it appeal· il:np1.'acticab::.~ 1: ur t ~ v<hole joiJ 
o!' sa_pa:rat ;.on< 

11,.39. Not only 'ffE.e a pilot plant s.lrea.v in oparatlon at the 
Naval Rssoarch laboratory, but a B0condt aor:ewhat larger plant ~as und~r 
construction at the Phil!:ldalphio !{:r.fY Yarrl. rrhrcugh t ha coo~~:mtion of 
the Navy both t :i~ service a of Abelson and tm · ~lan.:s fort b3 l3rge-seale plant 
wera Ii'.ade available to the Ua..'that ·tan Diatrie·~ .. It ·w1a deoideC. to Gl'$Ct th!:J 
larga.ecale the~mal di~~sion plant at Cli~con {u~ing steam from t hs power 
plnnt constructed for the Ge.~eoUB d1ff'ue1on plent) and to uae the thorrl:al­
dift,~ion-plant produet es teed material fo~ the electrorraGnetie plant~ 

- --- ----------~ ... __ -=----- ···---........,_-"--
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11.4.0. Th:\8 ~w t be l'!llel diffusion plant was erected 1n amazingly 
short tim during tho late summer of 1944. In spite· ot some disappointments-> 
operat ion of ~chic plant r.as aucceedsd in its PtU'!>OSe of eon.siders.bly in• 
c:reasing ·t he Dro<Lu.ct ion I"ata cf t h0 eleetromagu3t1c plant.. I t hes also 
et!mulatcd r..rol"k on t b.'3 urani u:a reeovory p:roblem., The fut~l'0 of t h1e plant 
is unce1'tein. or:exation o'l ili a gaaoous~<ilffue1®.. . plant nakea iii difficult 
to s~t o11eugL1 st~n t o oper-a,~e the too :mal diffusion plant., . but also fur­
niShes another user for ita produotd 

. l'iocellaLec<!~ Px"C"t'·l~~ 
.._~ 

ll. 41. J'l..lth~t:zh tho SOi6~"t1fie and rG e chn.:\oal :problorns WhiCh ron­
front ed tha B<1I'knl cy srot"lp::! ua!'-_, p:ro'C2.oly noii as varied cr l'lUYile:rol!a aa ·i;ha 
p~ble.i:'!D encou.r:l;m:ed at Chic<:".~ and Colur~bia , "GhGJ wor!l r...a"t'~~hel~Ga nu..ni~!'ous'"' 
Thue ma.cy pr obl:::!:.J ac3a in tile c1Gai9!1ng of the el cotTie ~Ell" s.nd cont:rol 
ci:rc:1its, ma~etic fi.:?1ds 1:: ~.::.~ui.a~~a::d :t vacuum pt"lt'IPSt t~, co:i:i.e~tox~ 7 and . J 
eou:ro~HJ. :tw.y Gqui:f-L'le:IT' iten:J han to be dcs1gusd from acmteh and tlwn 
masa- pxoduoed under high pxiozity. 

ProeoLl.t Status 
~~-.c.w81oa11._.~ -

11.42. The el&ctromaenotic Ge!)amtton plen·c -;;as 1n le.:rz0-s.eall!l 
Ope!";?.tion dm:1.ng me tJii:.;er oi' · l~·~inl9f5• ~d );.ll'Oduced tf ... 235 Of Sl.1ffic1ent 
pm:!ty for uze in"e:tomc bombs. Ita opG::>ati.l'!g sf:ticiency is bu:5.ng con ... 
t inu.ally ililproved . Rssearch. ~o:rk . is e~mti nui21g a l tho u.e_ll on a l"aducad S.Ja.la .. 

11 .. 43.. In the early chys ot thG u:rsnium project ~ elae-G:roiJl..agngt1c 
methode o:f i cotoye :m!l_'90Tation ~1'0 :-:'Elj'Scted pri!i!Srily i:m!:lnu.9e of the ~.:-::.;~cted 
eff~cts of apaoa ... cha::rg-!3.. In th~ fell of 1941 tho qUGntion 'ffil.S raope.nt~d; 

e~artma.litD at Bo~ .. mle-J !ilicaed tr.at s~ce .. c~~e 0ffecte e ould be la100ly 
overcome.. Oonsequ~ntly a la:re;e.;.soale p:rog:ro.m for the devel opment of electro• 
rr.agneltic me'\ihod!l ~ undsrtamn4 

11.(.-.:,v Ct ·t h~ w;~lcrD 'i:ypa3 of ~lGct:ro:.n.~atic I!etb.cd£1 . p:t>OI;.OOOc1, 
'Gho c:~.luii:rcn \ c~ZI:;ulopnd at B~i~Y.~l'i:iy ) za~0i\(';;;d p:c~.:lC!p::U. ~'t;t'entiono 'l\::-6 
o"ChGI' nov<?l !U0'Ghods "tJ"G:i\J etu.lled., ·Ona at BGrk0ley and one e:~ PrtMoton. 
The ealut:ron. r.ass Bayamtor consiote of an ion sour ce from trhich a baa.Tll of 
uranium i oue itJ Clmvm by e.n elec·trio f iald1 a:ud acaelel'ating system in r;hich 
the i.ono are accaleratad to hig.lt velocities ~ a magnetic :?ield in tvh1ch ths 
ions travel 1n ae!':liob"'Cles of radiuo depand!ng on i on mass, e.nd c. receiving 
system. The principal pl"oblems of ·chis m.~thod involved t he ion souxcoi 
accelerating systemy d!va~oneo ot the ion beam~ epaca eharget and utili­
zation ot the rregnetic :field. The cl.:rl.ef advnnts.ges or the calutroil ware 
large separation fac·~o:r 1, nms1.l ho1d-up11 ahm.--t otal't•up tir.1e~ and fle:k."i.b.:i.l1ty 
ot opara·~icn, By tho f ell of 1St:..~ cu:;:'fic:c.::rt .Yz-=>~1-ssa h:?.c bs~n !I:S.de to 
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.1· 1 :.uy lll'.~.llu. 1:· ,1,1on ot pJ• •tt: W)1111:.1nntJon., 111111 n 'J( \\' J.1r~nr 1,.1,, fh·ot pJ. nnt 
,, '.'.'1 ·.• :~.·n :.:'"'.•::; for trlr·l nL ·~:'n Ol,.ni;on D.\':;:tnoor rlo;.·:~a 1.n 'l'Oili\(!!'JCoo~ 

J.J. . I.!J~ R' ··r::1roh \nt1 (11~roJ.or~r:m·~ Hark 0\1 t bn o8lu'l;ron v:o:ro C'1l'r-1o<l 
c: ~ ; p~ 1'l ~'~' r ~:tJ.:r M,'.;; ·i;}") ,, :<11.o.i;:J.on Lnc:J:.::'r1'~m.-y ci' th'V Unt·vor:11.ty o:t Cr..J.:U'om1.,~" 
l'r. t :.:- ;:h: <11.'rrot;J.mJ. o.t J.-r·n.i'J'lCO. \'JN:tinc:houoo 11 Gon.c:rnl Bl.ac'~A'io~ cad /~llio 
c;· •1 :~t'::.:.· r.onr·t:;p~~;C'd :1 l··; .JoJ~H:~r of thG p~i;;:to ~ Htono and 1'.'obotor btl:Ut t lio 
p1·;.1';• UJ\!l'l'1":1ll"''('l.J(l 1''.lf'~j1,1Jl OJ!D'A':ltOd it. 

D ... /,tj. S:l.r•,..; ~;ho oaln1, ~.'On ccpn:mt 1.on mot hod l"u O ono of 'b:!tch 
o_n:- ~- ··t:lon'l in a ln:r ~'J m:ml>:.n• o::: l\!'00ly in0.cpcndmtt u.n1'1i s , it \"'at.'l poDoibio 
to ir.~::ro·.~~,oo iq)C•:r~ rnt :tJil}To·rcr,·.;ni;c oven ai?tio!' plnnt oporo·i:ion ho.d bOQllln 

11. t.? • !n the f"llr.'·~r;J~ of 191~: e t her.Jnnluclifl'uoion BOf,:lrat i ou plan·~ 
r '\Cl buU t :yt tb'J Clin'lion E'J,c:'.rwor WorkB to fu1ni a 9- on:."'ichod f cccl m:ri;or-1a l tor 
1;h" olr:'lt;con:J~nCl'd.c pL:mi; amC. t ho:roby 1ncroa:::0 tho pro<luotion rato of t hi.'J 
l11t ~ur. plan·ii , Tho dooicu o:f t ho ill Ol'Illo.l .... Qifi'uaion pllm~ '>i'<lD bcro ocl on tho 
r~onlt B or :reooC\rch cnx-ri od ·out at the Nerrnl Roooarch Labo:ratory and on t bo 
pilot pl ant built by tho Navy .Dopa:rtmont at tho Ph1laaol phi a Navy Ynrd. . . . 

11 • .ro. P:.lt houch rooearoh uork on the calutron r.oo startod lator 
·;; }J~n on t ho oont rtfuea and d1ffua~oU. syst em£!.1, tllo calut ron pll."l.nt ',;lQB too 
nmt t o produce largo amoun·ta ot tho separated iaotopoD ot urani um. · 
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CFJIJTER XII 

L~ .1. Tho cntiro purpoco or tho nork deocr1bod in tho prececUna 
cl,nptoro r.:1s t o e::cploro tho poon1b111ty of creating atomic bom"Jo e.nd ·:;o p:ro ~ 
duco tho concontraterl ficmionnblo metariala whioh would be l'-ecr,uirea. in cuch • • bombo. In the proi.'Jont chapter, tho. la.ot ntage ot the work trill be cloocribo(t-
tho c!n;rol:lptnont. at Leu' Alomo~ ~ tlw atom1co: b"m" 1tGQlf ~ .At~ ti:l othor pn1.,.co or 
t ho PJ."OJOCt., thoro aro tuo phacet:) to be oonaidarod.; tho organi7..at1on, emu 
tho oc1ont1:tlc and technical vork 1 tsolf. Tho organization. nllh b& c1oocrtb0d 
br:1.ofly; tho romnindor of tho ohaptor will be de"Toted to tho eo1ontit1o and 
t cobnicnl problomod . Nnturolly, oaourity oons1dorations prevGnt a disouooion 
ot mcmy ot the moat important phones or this W?.'ck, 

12.2. Th<J p:rojoot roorcnnizl.'.tion thut oooul'l't'd nt tho bocin.n:lnri or 
l94~~ und. tha oubaoqucmt g?adual trnno:for of tho work from OSRD auopicot:l to 
~iihO l.:V.nho.ttan Diotrict hc.vo been doocribcd. in Cha.ptor V. Ii will ba rocallGd 
thut tho roopona1b1lit1oa of th9 N0tallur~ical Lnborutory at Chicago oxlg­
ino.lly 1nclu<'!.ed a preliminary study of tho pbyoica of the atoJlic bombu Soma 
proltminary otudioe ~s~o made ~l 19~1 ; and eurly in 1942 G. Brott got ~7.1ous 
labol'U'tio:r-loo (aea Chapter VI 11 p~:raph G.SB) otart~d on the G~erl:mental 
study ot problem that had to bo solved b-af'ore proerec:a could be made on bolj1b 
Cloa1gn. Ao he.o bean mant1onod in CM.ptor VI • J. R+ Oppmlhaioor of i bo Un1 va'b.._. 
a1t~t of California gathered a crvup togot!:Bl.• in the SU!Tf'J1Glq of 1942 for fl1:c .. 

·thor thoo:rot1osl 1nvostigat1on and also undertook to coordinate thia Oiqi<3ti­

mcntal worl~o This work waa o:tficie.lly under tho Uotallur.t;ical Labm.•n·~oJ:y 
bu"'' tho thcora·G:.tcnl g:t"oup did moat of 'its w:rk at the Uu:ivel~9i ty ot Coli­
fonlia. B-.1 th0 Gnd of the ou:mr11or o'£ 1942, woon General L,. R. Grov~J:J took 
OhOl.'gG Of tha 01-itil•o project, it WG.B daciclod to OJtpand tl~ r.ork oonsidorc.oly~ 
c.nd~ at tho ?n~lioot poaaible timo. to a ot up o aepa:ruto l ubo:t•ntoxy. 

12 .. 3.. In tho choice o'£ a site for this atomic~bomb labo14 ntor.h 
'liho t.Ul .. irnpo:t'tant oonaidorationa wol'O aeorocy and oatety~ 1t un:J tho1.'Gfora 
decided to ostablioh tho laboratory in an ioolated location and to eG'9'o:r 
unncooaoa:ry connoc?Gion with tha outsido wo:rldd 

l2o4:., By November 1942 a site had be\)n ohoosn -- &t Loo·.'\J.a.rno:J~ 
Hew re:doo.. It vmo located on a mean .!::k··~:t 20 mile3 from Sante. l.i'a. Ono 
a.coot of t M.a o ,,:te ~at3 tho nva1labi11 ty ot conside:roble o:roo. for provir\3 
g:roun<lo, but initially the only. structures on the c1 ta ~o:1eistod of n hi:'.Ilfu."ul 
o·r- h~5.l{{ ::.w_;:.J ~··J:l.ch oJlco con.:t:J.tu~.;.·d f, amall bool~dine; achool. Tbol".J r:o.~ no 
~ . .,'Jo:rc.t 0:y ~ no l:l.lJ r uT'lJr no ohop 11 no adcqu.::rto powo:;;; plant. The ro lo mc~a or 



( 

XI- .... J."'<. 

appro'1ch ';:"1/J o Nind i rx; mountuln rC'l (l, 

OVOI'CC :710 to n COI10 i <lc:r.abl o clot:;:i'CO jJJ n 
t ho o~1.ontif~o. n~d military poroo1U1nL 

( 

'Iim.t tho hc.nc.U.cnpA or tho o5.to ;.:oro 
Gributot o tho unnt i ntinG ofi'o~c:J of 

·12<3, .T Ii. , or~ponhc:l:,o:..· ;,..,:1 \,·en tltn·ctnt' of th0 :hbo:·:-<tcn·:· froJ .• 
t ho :J'';o.;..t" TI!l cn::lvorl o.t tln n:tto ~n !'crch 1:1 1-3 , r-rH1 -.. c .-:con .J ol! .:6 by 
(3I'OU), l f'1.•1 1.ndli1r~ullo f·rm l'r.i;~·.:!O~('D 1fi1.l '.".J•cl:,;r , tT;\J >;"T:Jity 0 1"' Gh1orw,), 
UulvC';:oi"l;y c:': CaJ.:tf.o:cn1.u, Unh·o:co~,-~ y oi' ·, ·:~ 'i<'vllllln, Un1V(J;:jlty o:t: !~iunooc t e. , 
nn <'i r ):,:·ir:n~:;. l'/:1;;h th'l ViG-J1'0no fl\1.pnn:-t o(' Go:\Oi'"1J. L, H. GIO":"Or. , J. D. 
CoT il~, :1n:l o ',ho~:n Oppeni1o1c .~':..' cc;, ~i l ll'"''\ 1.·':1 f~'l~:h'J l' (I:I.'OPnd hi m sc1on'~j_o t :J of 
!'uCOl',:i.:~od ahiJ.it~/9 fJO t J::: ~. ti. o o:>.'' of J.9'1• :lo1111Cl un c:t.tro.ordina:-y culnxy 
or tJc~,:-n:;_;,n Gl c.~o~-·o c:ltho :..· .... u 0 11 '\,h ~.:J n--:-; r·.~Al~~H rr.:.ca. , 'i'l'·c r cc:rui t ire; ot j unior 
ac i crr~1.~:;.o pn;rnorm,1J. am'l tochnicjn nr.l '1'/C\::J Ji.oro <l1 f ficu.Y; . olncc f or ouch por• 
oonG tho o1. cu-:um~':IGIJO vl' tho o.:tto· rrro nc.:; ol~-:-n:.ra countorba.lnnccd by c.h 
o.pp:..·c:oda l: ~en of t ho mor,nHuu.o of t ho c;')3 11 ~ho we· of Spooi nl Enc;i noo:;:o D!J'Gach­
Ir.Gn t porsonnol i mpr ovocl tho nituot1on conoider-o.hly. 

1~. G, Hntum lly , tho t e.o~ or a.Doombline th0 nocooou j,"Y nppo.rot uo, 
.m.:loh~.nl)n e an~~ nqu.1pmch'l: roo an enormous one . Thr co carloc.do ot G.!)Ixn~o.tuc 
f l'c,;·, tho r:;:-lucot on p l 'Ojoct f1llocl oomo of tho mont · UXGOnt ro(luir~mcnto. A 
oycl 0tron from IJn~ard, two Von do Gmaf't e;enem·liors from l'Hn corw ir , ana a 
Cod;:c:~·oH-\'tt\lton hich-voltoge device r.rom IlHnoia aoon o:;.:o:rivod. As an 
1lln!· i::.:o.,~ ion of th{.) sp3od w:tth vthiah the l abo:rato:cy m a set u~ , wo u:'J..y ;ro ... 
COl' J 1;!~ '\; ~ ho bo'i;~orn pole pie~e of tho cycl otl'On 1m.enot 77a o not ln16. · unJ~ il 
Ap::D 14 ~ 1943 0 yot the !'irot cn;:par1mcnt 11e.a pertonncd in early July , · Othc~~ 
apF'1:.:-q·i;ua l:;as acquired in quantity; aub91d1o.ry l aborot orio2 11ore built. To<IDJ 
th1 ~ it:l probably the boat-qquipped phya1oo r esearch l.a.boretory 1n 'Ghe y;orl llo 

12 . 'l, The lnborotol'Y ma :f1no.noed under a oontroot b Gttmon tho nm .. 
ht.. ';i:nll Dirr!;i.:l ot and tlla Univorsit~· ~ C0 lifor.n1ll. . 

<l01lWl.'11l l)~fJ Cllll\01.011 n (' 1i 1'10 ·, 'l.'Ol llOm . ·--·- ---~"' ·------·--·- ..... ,...... ____ .,_..... 

12 . 0A J'n Ch1111tor II vm ot"1.od t h o eonorul cond.it l orw roCluirud to 
p:roducc a aolf.- nuGi:ainint; chU::.n l'cnct ion. It v1ao !10in1iccl out thnt thoro cl~o 
tom• p:roccncoa ccc.n,otii1G for neutron8: (1) the cu_t;turo of nout~ono hy u::mn­
~.t'.Ll \i:l·l ch :i.'.:.anl ta in f1esion; (2 ) non.:-i'is:-; i ou cq)'';m•o by u:rvniu.m ; (3) no"1-

:f.'ios1.on capturo by im2_·mrH ics ; nnd ( 4 ) c.scu!)o oi' ncut j:onc f r om the cyoi;om. 
Tho:.-o:t:Ol'C t;:.o condit i on f ol' obtaininG :mffi1 a chain :r.cac 'ci on l s that .!?:rococs 
( J. ) nhall p~.'oduco as mmy nou uout l"'l1/3 a s a~o consumJ <1 or lo!3t in nll four / 
o:L' tiJa p roCOOiJCO . !'1; rTe.G po:l.nJiiod O'l!~ t ha'i; (2 ) IiiO'J be l'OtlUCOd by :t:'Cii.O'VI3 l of 
u~z~o o:r by \~ho uf.h:> of a lattice Hnd lno<1o:c(t"~o .• ~ 1 ·~oo:~ (3 ) ln::\Y bo rcducc:i by 
nch:t~viu13 c hlgh doGrco ol' cboml ca.l purHy~ ond 'iiha·i.; ( ~ ) may bo :i.'\1<1uccd ( :ro· ... 
l a:c ivoly) by incrcu.sinc ·i;ho oi zo o:l tho oyoter!l . In our e~:rl:tox clisoUDsions 
of ch'lin rt'ac·!i ions it nil~ uJ.t:ays tnl:n fo:r ClY~n'ced t lut ·Gho chain-rcao·~ :l.n~ 
syo'.;oii1 mllil'~ not blow np. !!oo;1 wo ·nant 'lio consiccr hor1 to ma1<o it blO\i up. 

12 .<). Dy definition, an oxplos i.on i s a oudden and violent r ol onoe 
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\ 'H r f:. ·<' .. 1 :• ,!(~.~-')!\ } oi' t.\ ] ."'.~ r;rJ .. 1 ,.1 ,iUli_. c~, tl· 'J ~L:I... 'i' "', p'.{)' ,, .. '_ n •:•.T':: .!~. -~ ~~ 
r···_, ,._,.:;"'' in r~n l'i~n"t:;n :w:.1J , ·t, 1· ; · )":::;:J n·~ 'l"J lor.b .,~·1: no': 'hC'GO!., ::'rtpi. :>c:tnbly 

.. ·' .c_ '. 'v: lH:"; :t f·i.1b'I·;:._::,':.' ·•. J. J. )';~,:~.j,;,·, 0.1. thrJ fl'i"d.l.'l1..>!.0 J1l'CL.::..r c:;:-;;.·~ .~· i .':1 
I · .. ,, ,., ··c· rl (J ...... C'•' n-"t">lj''l"' ' ,, _ ... ~ ••. ,.,.., L"' "J' .,,Oll f"'J""" I'"' o-<> ' ·r''J '1C'.l-1;--.-., ..... -. .... ,c.,. th"' • ~- • • .A,o I ._ ,, ·I• ,.,.. , i. , o,~ ~.., I !, I 0 A. I'""' - ~ ,.._.. ' : } .l V j. J. .. . , I l ~ } , J. J..o a l;,li 

.·:~ ·.·1;; ~~ u,l ~·-ht\D tn ··) ··;;"';1l.J\..) t,:nJ;;'\.n~~:,irm of' t'l·:-l ~:r,:i.n :::-·1ct ion.) Stn.tcu dif-
•• '• I '•1 ' ' '• • .. ~ r• r r' -f (' •l ,., ' " • • (' '. 

0 
·' ' • ) " ·~ "• · i ro l A I' '1) \ " t 1 J (1 1) ,..., ' >., (i on t h 0 '1"" ,_ 1 V'' 0 ';."' ( n) 

... 1 ~ II , ,\. •'•• l•o , , \• , J4J,t,\, •'- '• • I ,.,.,~ :.'-•"'', .. ;,U ..J r '-

~;;!'_"l tJp-:- ·.d -.rJ.1:i t 1:hlch ni ;;.i;rc·lr: c 'P·:::<'I~'c. u~1 h:r ·~Jlc 1.'J. :rc;t: f1:::;oJ.on~ cot into othC~r 
P1J:-o1r.:1. ... nr\ p:~ouuco :f.' v:a:·:;lt.r f.':t:.~J:to•1 9 Ullll {b) tlle s.:;,_; ·~d ~-r.Uihnhioh 'tihG bomb 
iJ. :1 flr' r:p":. i;., UrJln::; J~nm-.:1 !n·:i.n.ci~>). on 0f o r.orr,y ccno:\'<\t ion, tcmporo.tUl'O ond 
!1 ~:- .. "Pii o j~ 1 ~o. a. ild C'.'\flHUfl:l.on o:l.' :JoJ.. :l ~o and Vlll)01"8, l t 1110 o pofJs:bll3 to ostirr.e.to 
tl~o 01dor of mc>,:,n1 tnrJo of tho ti mo 1n tm:val bot~'iC N.l tho bo{jinninG and ond or 
t!1o nu.clc":r chnin rooctlo!.l. Al•;-tcut a ll tho technical difficulti es of tho 
£.£~) ·;ct como i'rom the .~~-]lii~i\X.~·.f"br0·.r:tty of t li.ia-~pn·a intorv-!'1~· 

• 12 .. 10. In onrJ.1or oho.ptere t70 stated that no selt-sustainina ch:l1n 
roo.ction could bo produced 1.n o bloclc of puro uranium motul, ·no 1no.tt o1? how 
J.orco. beoauso of ,!)t'lrar.Jitic oa!r~ure of tho neutrons by U-238, This conclua:J.on 
hnr.: boon.bon lo out by variouo theoretical calculations and also by direct ex• 
pcr:lzuont, For purpoooa of producing a non~explosive pile, the trick of using 
a lattice and a moderator suffices -- by rcducinc ~aras1tic capture suffi­
ciently. For purpoaes of :>roduc1ng on e :xplcs 1v~ im1 t, however, it turns out 
that this process ia unsatisfactory on two counts. First, the t re 1-r,,a1 neu­
trons take so long {so rna.ny rnicro-secondo) to act t bat only a i'ceble o:xpl6aion 
r;ould rooult.. Second, a pile is ordinoril:r far too biG to be transported., 
It io thcreforo necessary to cut doom pa'rnsitic enpture · by rernovinc; tm 
greater ,!)art of tho U-238 -- or to use plutonium~ 

L~.ll .. . naturally, these cenoml princi!)lcs -- and others -- ha.d 
be en well established before the Los Alamos project was set up. 

Critical Size 

12. 12~ Tho calculation of the critical sizo of o. chain-roacti~ 
unit io a probler.1 that has alreo.dy boen discussed in con11.ootion with piloo, 
Althouc;h the calculution 1o si.Inpler for a homoceneous metal tmit than fo~ u 
l nttico, inaccuraci es ror.Jained in the course of the early worlc, both because 
of lock of accurut0 knovll~=Jdce of constants und because or 1rathematical dif­
fic ultiFJa. For eXL'\Iilpla, the ooutterinc, fission, und absorption cro os sec­
t ions of the nuclei l.nvolved all vary w:l th neutron vcloci ty. Tho deta.:tlo of 
SU(!h Vnr1at1on \'tcro not lmovm e1:per1nontnlly and \'JOrO difficult to take into 
uccount 1n 11 t1kinr~ c~1 lculnt ions. l3y tho spr111G of 1943 aoverul est il!"iate n of 
critical olzo had beon nude usinc various Joothoda of calculntion and uGinc 
tho bost a vailohlo nucloar constants, but tho l1i.!1.to of error rerra1ncd lar:3S. 

Tho Hcfloctor or Tomoer ------------------ I 

12,. 13. In o. urnn1um-Gruphi tc chain~l~uctinG p~lo the cr1 tical nize 
may bo conoidornbly reduced by surroundinc the pilo vnth a layer of craDhito, 
sin ce ouch an envelope "reflects" many neuti"ons back into tho pile. A si.mi­
lnr cnvolopo oo.n·be used to reduce the cr1tioals1zo of the bomb, but here 
the onvelopo has an additional roltJ: its very inertia delays tlle o:xpansion 
of tho reaotine material. For this reason such e.n envelo!>O is otton called a 
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t amper. TI:JI) ot" n i1n1p··J:r. clr,r.trJ.y r··o~~o!l for u lon~~Oj:' lno:.int;, noro cnorr:t t.i.c, 
and lill'l'O eff lct<.mt e:rn1 o:-.1on , Tho r:0:Jt c ffoctlvfl tmn::cr io t J·,G one l·n7i'1 .. 
the ill·.'· w :1~; <lr·'" it~ : h ~ rh i; r•1:1 il n t.t r··nr~th t lllil:.> out to h o urd r.l".o rtn.nt . It 
ia a ~o:r0unn-i;o coinci 6rnoo tbr1t r.::~~orinb of' hlch donoit:r a~'O oloo o':(;ollent 
as rofl<Jc~;o:ro of nc,u t:t·o;liJ . 

1:3.14 , l\.,1 hno already bcc:1 roiT.nrlcccl, tho boJ:Jb t ends t:o r ly to bit a 
an tho l'cnct1on prooocd3 aDd thi1 tond3 to sto~ tho r eaction. To caloula.to 
bow much tho l~OJitb hao to 0-:~:md bofo1·e tho r eaction ~.;o_:Jo ia rnlativoly 
a.tr.1plo~ Tho cn~.culation of how Jonc thio o:xpansion tol~cs and l!owo far tha ro­
action c;ooo in ·t;h r.rG t imo io much mo~."' dif ficult. 

12. .lG. t';hno t lto cffec t; of a t ump(.):t' lo to incrcnoo t ho oft'icionC"J 
both by roflcctinc ncu1;rouo o.nd by <J.olayinc tho oxpanaion of the bor.1b , tro 
effoct on tho efi'icioncy is not ns eroat as on tho critical mana. Tho racoon 
for thio io tbut tho !)roCEHJa of ro:f'loction ia relatively t imo~onDumirl{; and 
may not occur oxtonoively bofore the chain reaction is teminatod. 

12~ 16,, Aa s·~a'ced 1n Chapter II, it is irnposoi'hle to prevent a 
chain rocction f'lom occurrlnc \'then ·che oize exceeds tho critical size. For 
tho::-:; n:l·o oJ.r;o~r!J enough neutrons (from coam1.o ro.ye a :from 13pontaneouo fios1on 
r cnr. i; :1 one ~ or from alpha-_:,o.rtlcle-1nduccd roo.otions in impuri tioa) to ini tio.te 
tl10 r'1·::;n . Thus until detonation is cles1red9 the bm:-~b mun'c corisiat of anum 
bo:.: O'L ~Jcparato !)1occo ouch one of which io below tho crHical sizo (o1thor 
by :;:o·-: _;en cf onall a~zo or unfavorable ohapo) . To· prodU'Je dotanation, tho 
pi'A.'L-1 of th1.1 bor.1b r.1ust be brought tor,othor rapidly. In the couroo of this 
nne ::;";10~-Y pA'ocess tho chain react ion ia likely to start -- ·boco.uao of the pre­
Doa..-.o of str:lY ·neutrons -- boforo tho bomb has reached 1 ts most campnct (most 
ronc'dve) form. Thal'OUpon tii"c explosion tonda to prevent the bomb ::trc.:n · . 
rcach.i.n6 1;hot most conpact rom. Th~a it irey turn out that tho explooion ia 
Go :lnof'f'iciont 0.9 to be relatively uooloss. Tho probleii1, thorofo:o:-e, ic two­
fold: (1} to l'Oduco the t1~ of anflombly to a m1n~rr.ttiil j and (2) to roduco 
tho nurnbo~ of otl'uy (Drc-dotonation) ncutroM to n minimum .. 

1:~.1?. Sorro considorntion t1as civon to t be danger of produc1ne 
a "dud'1 or n detonnt ion· oo 1neff'1ciont tho.t ovon tho bomb i tscli' would not 
bo coJilpletoly defr~royod. This would, of coumo, be nn unuoni:rohle out com · 
since it v1ould present tho enorny with a ou!Jr>l;t• or hiGhly' vnluo.ble Datorial. 

/ 
I 

1~. W, rn Cilr.pi;c:!'3 It und IV it \7o.B po:i.n~cd ou~ t hat th0 t1moun·~ 
or on·; ·,..c:v" n:l~orJod i'"•et:1 noi; tho colo cr11:ox·1.on of. the V'.::~lue of o bor.1b . Thol'o 
t.n~; no nsnu:.:o .. u1co t hnt. c.nc uxonh~rn bomb roloao:tnc; eno:rc;y o~ual to tho onormr 
:&:'t':'.'lncnci by ,'>0,000 i;ono ot ·'J't~'.t' \':OlJlu bo !lS Ol.'foc·tivc 1n ~)l'OdUci06 rrdli'i;or-.:r 
dor :·n~l:t~·"" ar. 11 nny~ 10~000 t\'X>··ton ~~ on\)n,. In :!'ac~ 0 ·i;hnro \'/Oro coou rc.J.D0~13 
·~o bclio•To th!.:,t tho cl0:Jtructivo .offoot p0r C::).lorie releusod decronnos as t llo 
t otnl cm~mnt o:r ono1y~y ~rclousod incremses.. On t lJD other bo.nd 0 in atomic 
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1 . •,' 'I ''. r ·;;tJ1.·11. tJ,"'lJ''~ 0~ 0n•·11,:r :-'f"~.r·>~'"t fOJ.' k~.J.o;:rr•n Of f~:J;jfl!i'1hlo r:-.to;:.-1.Q.)_ 
{ L"., :.11 . l'.i.cJ~.-·<::r 01 < ll'JJ.,;~' roJ.nn~Jo ) 1nc.•."' '. ·~,:~ :-rHh tlHl n17o o1' ti;o bonb. 
'J'l l''l tb, o1T~~:n•.m 1':17.c~ of. '\olJ atoJn5.c rYJr.;b :;;-(tii.of"o:·wil:.r cbtor.11nod. A tacti-

'.f"J :1 :.:· ~ W' · ), :.c"'·:.ra '; ho r,·,ttcr f'u;;:th~r 1.u t l1o nc~v;1ntn~o of oL-;;ultn.ncouo 
t.1 :; ··:',)(' '.1 :)n of n lr:l l{~t) n ror.. of onmw t errltor-.r. In a CO!:l!Jle'co e.pr>ra1onl 
0l' 4.Jv"J d'~octi,.·,nan:J of 1.\ll ntom1c bomb, utton'Gion mu'Jt al!3o bo civon to ef'­
fflc:,!J on 1.10i.'..l ~.c~ 

1'ctllC't1 o~ .1\C':'ombJ.v _____ ..._,___.._~·-
12~19. 01nco ostirmtes had boon ~udo of the apoed that ~7ottld bring 

toco·~hor oubor1t i cul naooos of U-235 1•apidly enou.cJl to avoid proclotooo tion, 
n coo<l lloul of thoucht had been c1ven to practical methods of do1.i1C thio. 
The obvious mothod of vory re.pidly as3embl1ne on atomic bor.tb uus to shoot one 
]nrt no a pro j oot1lo 1n a cun acn1nst n s econd part us a tn:rcot . The pro­
j e ctile nuoa , .:n-ojcctilo B_:Jcad , and cun ca liber roquirod were not f'ur from 
tho ranee of standard ordnance pmct 1 ce • but novel problems wore int rodu:~ od 
by tho importance of nchievin~ sudden and .J')rfect contact botween :n-ojootil.e 
and t urcet, b y tho use of t ampere, and b:r t he roquirernont of portability . 
Hone of these technical problems had boon studied to anY appreciable o.xtent 
prior to the eat~blishmont of the Loa _Alamos laboratory .. 

12.20 . It had also been realized tr..at schemes pl'Obably micht bo 
doviaed v1hereby I.outron absorbers could be incorporated in the bomb in auoh 
u \'JaY that they would bo rendered loss effective by tho initial ataaes of 
the chain reactions. Thus the ~-endonoy fort l:'a bomb to detonate prematurely 
und inefficiently would be minimized. Suah devices for 1nc reasine. the ef­
ficiency ot the bomb are called auto-catalytic .. 

Summary of Kno\7le cigo as of April 1943 

12.21. In April 1943 the available infonnation of· interest ·in con­
n ection wit h the desicn of atomio bombs wna prolimim.1.ry and 1naccurate6 . 
Further and extensive theoret ical work on critical a1 ze, efficiency , ei'fect 
of tarnpor. method of detonation, and oi'fectivoness vma UIUently noedod. 
I.:oaaurem€mta of the nuclear constants o·t U-235, plutonium, and tamper naterial 
ha.d to be extended and improved, In the casoa of U-235 and plutonium, tenta­
tive mea.euroroonta hud to be rrnde uaina only minute quantities until larcor 
quantit ies booame available. 

12.22. Des idoa t heso ~rob lerna in t hooretioa l and experimental 
physics, t hero wao a hoot ot · chemical, r.otullum1col9 and teolmioal ~n-oblons 
that had hardly boon touched. Emrnples VIera the purification ahd fabricat ion 
of U-235 and plutoniwn, nnd the tobriouti on of the t a.rnper. Finally. t here 
wore ;r:>roblerns of instantaneous asaambly o.f the bomb that were staceerin.{; in 
their complexity. 

The Wo:rk ot the Laboratory 

Introduction 

12.23~ For adm1niatra.t1ve purpo~s the aoiontit'io staff at Los 
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1\J.o;.~oo ..-raa c.::·ranr_;od in a avon d:tv- 1o~. OT1 1J - llh:t ch l"l vo bocn roa:rrnnr:o<l at variolill 
t 1t•a~'. l.)uinc the ::;p: .. :inc; of l 'X5 tbo div'\n1.on :J r:oro : Tll::'loro ticul i'hyb1co 
Divioi.on unc~ar· n. P.::-~:hu , E~o:rit~r:mtnl nucl,~'lr T,ltyj1ci.; Divioion unclor R~ R. 
\:ilc~.l , C!J• .;.:lsi.:1.;r onll J'cl;alh\~.'.":~' Di.v j."' Jon \mc}-(t' J. U, I"nnno dy and c. s. S~it h, 
0 :\'tl,,(,"co D.tv .l '1 lon un Jor Capt. :·:.-c.:. r:w::x>nH ( u:~r) ~ J~X!>looivca D1v1 o1on unuor 
G. ; . Y:i.ot1:·l:ni:ol:.y, r.or .. ) Ph~ro1cn D·hi c;::..on undor n. F . r:acher, and un '\dvencod 
D.:·rclc·r;r.•.'n·~ Div.t iJlon 1.\IH~O :t' };., Fc:t17li. 1\ll tho cli'71oiona ro_:-.,ortod to J. R. 
OpJ'C111ho:tno:t, D:l:r.octor of tho :tos Aln.mo3 Laboratory v.l1o l'.OO boon asiliotcd in 
c oo:rcJJna·~j nr, tho ronct.\rch by S~ I ~. AUloo.n oinco Docombor 194.4. J . Cho.d\'liok 
of l~ncJ.nnu un<l I!. Dohx of: T.Y.mrnnx•;c opont; a croat cJoal of t imc at Los Alr.u-:JOB 
and cnvo inva lunblo ndvj.co. Chad;·1icl: wos t hiJ hoad of a nrl tish dolor;at ion 
which ~ontrjJ1ui;od motor.ial ly to tho s ucco9s of t he laboratory. For aecur:lty 
:roaoonn, moat ot tho WOl'k of tho l oboro.tory can be doocribod only 1n part. 

t 

121~orotical Phyo~ca Division . .. ..... 
·" 

.... ,......_ 

'' 
12.24:. 'rhero were t1'iO considol'o.tj.ono tbot czivo unuaunl imyortance 

to tho uorlc of the theo:ret:tco.l !Jhysica divioion undor IT. Detho. 'l'he firot ar 
thutG t:nf.l the noconFJity fo1• offectinc ci multanoouo dcvolopront of everythine 
fro;· : tho f.undorr.cnto.l r.ntol'i.Cila t o the r:othod of P'\lttinr; thom to uoo -- all 
dc3pi to 'Gho v:f.rtuul Wlavailnbility of the pr1nc1pal .mutor1ols (U-235 o.nd plu­
'tOi1 iUl.l : ancl tho c:omp1oto novelty of 'lihe p4'ocooaoo . 'l'hc uooond conoidcmtion 
r JG ·iiho im)osstb111t:,r of' r>roducizt'; (no for CX!Jori.rnontnl purpocos ) a "ur:Jo.ll­
l.l~o.1 J '1 atom~.c oxp~oDion by ron~1ng uoo of only a orr.all o.r.;oimt of f'1as1onoble 
1::'-':~ o :ri nL (n o oxplcoion ocotu:-n ut ·all unlooo tho f.l<HJn of t lw nonionc1olo 
li:., ~()r·.l.:1l c:;.cccda t h:l critical foiQilD.) Thull H ti: lG necosnar; t o proceed f::rom 
th tn obt n:l.nod in e:x:porimonto on i nfin1teBirlllll quanti ti oEJ of mutorialG and to 
ccr.1:.1i no it \7:l.th tho nvailnblo tlH~Ol'l o:J a n accumtoly o~ vossiblo in ardor to 
1::a!~a cc'cirruto3 ns. to vlin t 'iUould h:lpp:m in tho bor.:b. Only in thto wo.y uas it 
posr:J.blo to mulw sen.oi'blo plana for ·tho other parts of tho project. and to 
i .. ' ko clr.cis.iona on doa:J.c;u uuc1 construc·~ion mthout ua.itinc for elo.bo:rnto 
e:'-J}0rirnonta on la:rcc q uantj,tios of Fatcrinl. To t ako a f0i.7 o:xampleo , thoo:t"o­
·uco.l 1'Jo:c:l:: tilaEJ l.'O'l.uh~od in moldng rouc;h determinnt ions of tho dimsnsions of 
t ho Gllil t i n G'Uid1.ne ·l:;hc:) mcr~allurGists in the choice of t 1:unpe r muter1nlo. and 
1n c1ote:rw:Lninr; tho influence of tho purity of the fissionable r.nt eriol on tho 
o:C:£'1ci cncy of' tho bomb .. 

12. 25. The doterninat iou of the critica l s izo of the bomb was ono 
of ·~}:~ mutn 91-ob lr.-.no o:f ths theoretical phys1c3 divis ion, I n tho cou:-se o-: 
t :\.m c~ :::cvornl improvcmento ~~o~ Jilode in -~he thfloret1cal approach whereby i t 
t.tc.o poouihlo 'lio ta~o account of practica lly ull the complex phonomona in ... 
volvod, Yt ~c.::1 at f1.rst conoide1•od that tho U.if.f'uaion of neut:rons i·:n3 Dilil:lls\:r 
to t he diff us:U::m oi' lw:rt ~ but tllio no.ivo analoc;y had to be f:oroaken. I n tho 
oarly t h co.rotical t/07.'lt: tho asoumpt 1ouo wore r.ndo thu·;; tho nou~1·ons all hacl 
·~ho ctomo vclor,.tt ~~ o .. 11d al.:'. W01"0 flcattorod ioo·ll:i."'picul ly, A rr.othod Do.o thua 
uovolo~)o(\ \>ilich p(:)r.:Ji ttcc1 culculat i on of the cri t icnl size for vnrioua shetpElO 
of tho f).8C5.0>lubl0 r,,at;erial p:ro·.r:tdot1 that '~ ho Hl8011 -r:roo r.ath oi' th a ncut.:X;-;.3 
t"nCI ·~ ho f3::>.·no in. the t~ampor l:'.::rtc:rlo l as in tho i'13u.lcnnblo r..o.tor-lal , ~b:f. o 
n:ot:O'J(l '!!ina J.c t:or i r•i.Pl~ovcd f imt by ~linkinG a0ccunt o: ·cho on~ular dor>cndenco of "tiu OC~ i;·:; ~.l' . l' t" and i..iGCJillll.y 't·:: a1 J.c :TJ.n,-:; i'Ol' difi'.J:I'CllCO 1n iiit>J.n f".J..'OO y<1th 
i n CCJ.") a! c1 t :UJ/11(,:\.' m:iiorl a la. ~till lntc~p n;c:=:.no ·rmi.'O found of t akj.nc into 
account tho ofi'co·to o1' tho distrlbuhon ln velocity of tho neutrona, the 
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v:~:. i.--: i. ~">n'1 of C';·r.,.,~ :" · ·t0n:; ·, Hh ·.- 1.-11 :·. ~·, u:·l iu··< [!:~:.~ c :1 ~: c ·n, ~ 1 t '1•0 

eu 0 ;,• d t" . ~ ... · l"li.'Jl'lt I TLv•l 1~. h·~· :·.·~ roG~'i'.:>lc '.;o CC·!~J·H-+:o CJ"i tic·: J. :JiL.CO 
<~ rt. · ,nr;l """':; Jl :. 1!1~ ~1 • 1~," ) r:~ !H .. c • . .' tu.u:Jt'Jl ... J atr Ti ·11. 

~.:.:'.~G r;)J" :rrtt(. r1t \."I' 1::h 'vilo nr;u';l··• •Jr .ql :• l1''C:O.'N '"Ll i n be!~~) 
1~-; ·11 r; \''h.t':"h :11'~· r:,,:· J'l.'"'::' tl!'n tiw r;; ·li;J c.-: 1. nl':'ll c •!; 1 "' i}'t}.culnto·l , o.nd all 
t.li'J ","1-i .bJ.:~· !""nt .\ c;unr! ·ti'~'," •."''1. b·) ' • .'·· ~nto ~.C\.!>'..,_:; . Tho :.:1~0 of up~lroach 
to ~~ho cl'J.tic•\J. OC'tHH';1en or; ~hr- rro,loot.i.lo poi.;; o.i.' tho bomb r.:ovon ~ccrnn.ro. 
tlt"' tm.· 0 \; yvc~ o£ 1;h" !·o· ,'. llo J b•)O'l :1~1•ul Ju h~7 t hoorotica J. r.10thods . Fur'~ hor­
:;·:;"J? 't the lJ1)~1; <1 .1:-;trlbn~ion cf :li ~!tJ:onrtHc J'::ltor1al i n proj eC"'Iii!.O anu tarco·~ 
, .. ,:, dot;c:~o•J , ln·Hl hy til• m·, ~t,'qJ ut.uclh·o. 

j.:~ . :~'l. 'l'C'~! , ni 'll'r'8 uero <lovc•lopnt1 ror dnnl1nc ' '.'ith oot - upn in "r.hioh 
1..1" I JI\l.llJOl' of Jl(,tl~roa"' i:1 no ..,nnl l t lut u C•\l'oful otntint i cal onal ysi a r.1~:.-~ 
bo J.'Hlc or t ho cffooto of tho neut rons . 'l1ho mro t ' 1mportG.nt problem i n this 
cr .. n--ctton W:l:J the tiotcrninc.tion of tho ~:robr.bility thut , '\'Jhcn o. bonb io 
h:c·;or t l l'm cr1ti cul oizo , a otrny neut ron nill ata ;M; a c ontinuinc chain r o­
nc!;ion • . A r e l at e d problelil ;·1ao the det erminat ion o'i' t h~ .rt::l[",.."litudo of t he 
fl'Jc:tnnt i ono in neutron de nsity in a bomb VJhose s izo is closo to tho crl t1cal 
LJ1so. ny .tho SUI:tner of 1945 many such calculations ha.d beon checked by ex­
""~r11"i1onto. 

12.20. A eroat doal ot theol"'tical work m s done on tho 0'1uation 
of.' otato of rratter at the h1.r:;h temperatures an(! pressure s to l: o OX'l)Cctod in 
tl1s explodine atomic bomba ~ Tho expanoion of tho various constituent parts 
of ·t; ho bomb during and aftor tho r.:oment of chain rea ction has boen co.l-· 
cnluJ(;ed, The offecto of radiation have been invosticuted in cons idorable 
clote~il. 

12.29. I!avinc calculutecl tho enerGY tl'.at iB r e l eased 1n tho ex­
pl ooion of an atomic bomb, ono naturally wunts t o estimat e tho military 
daLlll(';O that vli ll bo r>roduoed. This 1nvolveo analysis of too shock waves in 
e~ 1r and in earth, tho dotennination of the et'f'ectivcness ot' a detonation 
bonoath tho o':lrfo.oe of' the ocean. otc .• 

12~:30. In addition to o. ll t!'1e rJO:rk mentioned abovo, a conoideroble 
arr.ount o'£ \'JOrk Vl.:lS done in evuluatin~ prol1Ii11nary ex"'~orlr.10nts. Thus o.n analy­
sis 'rlaB ncde of the back-sco.ttorinc of neutrons by the var1ou3 t a.rtper r..n.tcr ... 
i alB propoaed. An analysis wa s also Jinde ot• tho roaults of' oxperirriento on 
the mult1pl1cat ion of noutron:J i n a ubcri t1ca·l umounts of fissionable rnotoriul. 

EA:no rililontal lJuclaar Tll~ics Division 
' -

· J.2. 31. Tho o:;cpel"irr.onts portonnod hy the Experlrnontnl liuclcar Phys­
ics croup at Los Alar.1o~ wo:r.e of two kinds : "differential" o:xpe rililents o.a f or 
dcterminioc the croos flection for fission of a SJlCCitic isotope by neutrons 
of a apeoifio velocity~ o.nd "integral" experiments as fo r dote~ininG tl1e 
avcrace ocattorinc of fisoion· neutrons from an actual tamper. · 

12.32. l~any nuclear ~onstants ln d already boon detomined at the 
Univers1 ty ot Chicugo l!etallura1cal Laboratory and elsm·Jhel·e, but a number of 
important oonatants v1ero still undetE>rmined --:-: es~cciaJ..ly those 1nvolv1n~ 

•; I· 
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h1r.)l neutron veloc1 ti.os. Soma of tho outotundinc; (].uoationo woro tho follot'l­
inc; : 

1. 
Pu-23'J, etc,? 

\'/hot o!"e tho fiasion Cl'OGD occl;iono of U-2311, U-235, U-238, 
now do th~r vary with ncut:i.'on ve locity? 

2. !'llmt nro tho elaotic scattcl' inG cro~a ooctions for the se..r::e· 
·nuclei (oleo for nuclei or tnmpcr r.ntorials)? now do they vary with neutron 
voloc1ty? 

3. ~n1ot nl' O tho inolaoUc croos aoct:tono for tho nuclei l'Oforrod 
to d.l'OVC'? 

, 
W1nt oro the absor}_)t ion c rooo ooct1ono for proccsoea other than 

fi ::; n1oa? 

5. now r:~any neutrons are emi ttod per fission in the oase. of oach 
of t h0 nuclo1 roferrod to u bovo? 

6. Ylhat is tho full o:r.plonation of the . fact toot the nwnbor of 
neutron!~ cmitto<l per fission io not a vrhole number? 

'l. \'Jbot is tho· initial onorcy of tho neutro:oa producod by fiooion? 

o. l):)oo tho number or onorGY of auoh neutrons vary with tho s poecl 
of ta o 1nc1dont neutrons? 

o. Are fioaion neutrons emitted 1mmo<l1atelj~ 

10., \'lhnt 1a the probability of spontaneous fission ot• the variouo 
fiosionabla nuclei? 

12.33~ In addi"ii ion to a ·ttornpt1n.c; to find the nncp;era to these 
quostion.a tho r..oa Alamoo Ex:per!mentalliu.cloa:i.> Physi cs Divia:!.on. investicatod 
M1..'1Y probl ems of crcat r;c:ton·tii'ic in~~eroa'.; which t.ro1-o ox_pcc'Ged to play a 
roJ.o ·1n thoir i' 1nal dovlco. Whothor or not this t umod out to bo the case, 
tho oto1:-e of lcno1:1ledco thm~ c.ocwnulat'ed by the :i)i'vis1on· forms an integral 
and 1nvalucib~ ~art of all thinlrinc; on nucloaT problems. 

12 . 31- E;mnr.tmontul I'ErlihodG. The onl'lior chnpto:rs contain litt le 
...-.. .... -.....-~---·~-- .. .. or no c11ocuos1on of o:....-rorii:l(}ntal ·cooimiques oxcep'~ •lihocro fo:r tho obsei'Ving · 

ot faat ( ohaTGod) pal't1cleo (See Appond.ix L). To ob'tiain answex·s to the t en 
quest ions poaod abo·ve , m~ .uhould like to be able . to: 

(1) dotel'l7lino ·~ho number of neutrons of o.ny given enere:r; 
(2} p:roduco noutl'OllD of· any do5h•od enermr; 
{ 3 } dotom1no t. ho e.nc;lo a of deflect ion of scattered neutrons; 
{4) docorm~.no tho munbor of f'ioaions occurrinc ; · 
(5) detect other consequences of neutron nbaorption, e.G•o ar~1" 

ficial :radioactivity. 

\'!e nhall indicate briefly how such observations al'e IP.o.de. 



( ( 

}~ 0 ~\~. f·· · . ~\~~~::tf" o·'' J ~l- rr· )"rJ '~]·; ;:;t-~ .. ) ....... ~ ~·i ·,Jh~.t;;1 nCll-
J,r"" lr f' n bo i•r::~r··;,,,~:-"1). ·,·h,:-~i--·· ·, ·Jo" ))'t·.,,·,l~ ···1 '· 1·· ... ,,. ~uf ··;- '" ll'iClr.1 v .. ..~ -J..I · · • .J t. ...... .Jt.,/,."' Ll _ • • v .. l - ' '..1. u,, . . J, 1 .; .. 1J •• .J,.\,.• ' .J .. . 

~: · . . ' \ ~O:!rP-:'.111-t l.i. .. hni.'C~! :ln iJ;r ,:._,:-~;:!c cullioio:-1< ·,;~.tit n r~u'.;rnnc, byt l."J 
: ~rl 'C)C\\ ~:t·:c <l13:L1tv)· ·.';.:.oa cJ:' P.i1iJI;a1)},o Dt'·::l:· i fo:..:,, •J( :'1 '.,iF) (,1 OOI)~icn of 
•' ··,;'.,:Y•":l, ::r;tl '-v"f[ f:tCI''.~''' .. • ·::xt l',, i.;J ( ~ ~·:~c;;, nr.u·;,rort nb'> n.i1tj 'J.'1. All tb:rco pro .. 
oe:J..,{~:; h:orl to ijh'J l' l:od~rc i;J.or, ,¥,? tr,,t.: cd•tl tl.., l:cn•J).i;:ln.: ioni~ation rno:y bo 
C -'~:c0tc d u ~· 1nr, ol.r.(!t:\l:>oc~orC>·J, 1.oa'l"='.·l~ion c lJ<.:.l.Jl'ol'::l, Guicor-n~nor countors, 
\'/HoNl cloud chm.ibc:r.::; , t r<.v~J~:·: in photoc,:ropi'd.c cnul!J:\.on , otc : 

J.2. 3G • . nMJ.e thn Jn0}':) t1o~oc1;loa of neutrons 1 3 not difficult. 
th.:.J mca::mrorrcn'~ or.. tho nout:r0n vol ocit ica i o dccidccllr moro oo. Tho \'/iloou 
cloud chcunbo:r r:!Dthod nnd thr) ;>hotoc;rnphic or:uloion .r.ioth ou c ivo t ho norfo 
u lruct rooul to b11t ar o t edioun t o upply. r.~oro oft on vnrioua oombinat ionn 
o 1' ool ootivo abooruor::~ a ro used~ Thus, for oxnm~~o, H' a foil l~ov.n to aboort> 
li"n'.; ron::J of only ono 9ur tioular runco of onorc1os 1B inoor'cod in tho path of 
tho noutrona nnd io thon romovod, Hn d ocroo (;rf r adioactivity is prooumably 
proportional to t he number of neut rono in the r.articulnr O!!O~ :ronco con­
oon-.od. .1\Ilotber achorne i s to study tho induced rod1oact iv:t ty kncnm to be· pro­
ducod only by ne utrons ubose e nergy lies above a certain t hl"oshold enormr~ 

12.37. Ono elegant sohorno tor studying the eftoote of neut~na of 
a oinGle, arbitrarily-se lected velocity is tha'ntime of flicht" method~ In 
th1a mothod a neutron source is modulO ted .. i.o~ , tho oourco io T:'lado to en1 t 
noutrons 1n short "bursts" or "rmlaoo .. " ( In each pulso there nro a c;:ren.t 
r.1::-u1y neutrons ... of a vecy wide l'n.nc;e~ or veloc~ tioo~) . Tho to.rcct rnto,~ial 
cmrl 'I': he· detector ore aituatod n considerable di~to.nco fran tho oource ( s~veml 
'\:·-:t OT yo r(l~ from lt~. 'l'ho d<r~cctor in ~~modnlo.tod" n.lco , ~d Y~l th "\.~ ce;;:cJ 
periodicity. The t iDling or phnainB 1B rnde such toot too detector is :rea!)On• 
o1vo only tor a short intervul beginning a certain time attor the puloe ot · 
noutrons l eaves the source. ThJlS any offeots recorded b:r the detector (o.c., 
f1oo1on.s in a lo.yer of ur~ium de,!>Osited on an inner surface or an ionization 
chn.rirbor) aro tho result only of neutrons that arri vo juat at the moont of 
r oopons i vi ty and t hareforo have travelled from t ho aourcEJ in a certain t 1r.la 
tntorvaJ. . · In other words, tho moaaurad effocts aro duo· only to thA r.eutror1a 
havi.TJ.G tho appropriate volooi ty. · 

12 . ~~0 , Production of llout:rons . JUl neut.rono uro ll.Nduced u:::J tbo 
re.Jult of nucloal' rouctiono., and t~wir initial G!JOOd do pon<l.o on th€l enorrs 
ho.lnnco of the part1culnr reaction.. If the reaction lo on~othomicv t hut iD 9 

if tho total mnse of t llo resultant partioloa 1a croater t lum that of tho 
initial part1clos~ tl?-e reaction does not occttr unlo~w t ho bonbnrdinC particle 
ho.q r.1ore than tho nthroehold'' kinetic enerr.J. At h1dwr homberd1n~ onercios · 
t he k1not1c en~rCY of tho rosultinc Darticlooi S!)eci!icnll~· of the ncutro:1s~ 
C,OOG Up \'lit h t ho increaSu Of k1no;1c onorw .Of tho .bOniOUrdin~· ,!):lrticlc above 
the threohold value .. - Tbus the Li (,;1 9 n)B&· reaction f!bsor'bs l. G 2:ov enerGY 
since the prod.uct part1clos o.ro heaviel" than the 1n1t1el purt1clos. /..ny fur- · 
thor ene~y of the incident protons ~ oea into ki~otic encrt,y of tho pro~ucts 
Do that the roximur.l speed of the neutrons produood c oeo up with t bo opoed of 
the incident · protono. However, to got neutron.o of a narrov1 ronc;e of a,!)oecl, 
o. thin t arc;et nn.ist bo used, tho neutrons must all coi:-~e off nt tho sar.:o n!'.c.le, 
and the prot o_ns rnus t a 11 strike t he tarr,et with the s amo ·a peed. 

,' 
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l8, ::m. 1\lthonc.h tho onme onorc-J ond r..orr.ontur~ conoor;rnt.ion ln\'10 
O. PT'17 to 07:0 th.emic llUClcor rr.('.Ctiono, the cnorc;y roJ.oa::.JO io U:JUo.lly larr,e 
c o::-:t'<Jn.rl to tho kinot1c cnorr;y of the 1'ombord.inc porticlco and thOl'() foro 
c 8rc·ni. .ir~ 1J.y u0tem1no o tho neutron Dr>ocd, Of"~en thoro oro n-;vomJ. mncc.'l of 
orc~d from th0 G::t l:-:o l'·J'1ct:i.on . ·The1·e m·o r.oiilo reactions tllnt orodace vo;::r 
h1 ch cnor('"Y noutrono (nt.':u:l:r lG l'o'r) •· -

J.:~.-10 , 01ncn ti1ul\J 111 n 1. tmi.tor1 mm:bcr o1' nucl.co.r :rcuct1.on::~ unnt>:u:: 
for n ou1;ron sourco~1 , thc·ro nro onl;r co:r~ob ra:-~ r,eo of noutron epooda +,i,at 
con 1.>o ~n'oducorl oric.;Jnolly. 'rhoJ.'o. ~.n no dtrflcn.Hy about olcr.;1.n0 dot.~ nGn­
t :r.on;J• out it 1El 1rl!'l0£.W il>lo to ::Jlo·a tho.rn donn unifo~r.ly, thut i:J, witl:out 
a.rn.\Jn t1.i nP: out tho vclocl.'~ y cl1rrt1ribu:t:ipn. 1'hP ·mo'1t ·otcoct1ve slat·;inc-down 
t:icll cr.':) j_ o ·~ho uoo oi' o rro<lorntor, u:J in tho.r,ra.~?hito pUc; j_n fact 11 tho .r:>ilo 
itself 1a on o::;:ccllont o oul'CO of tho:rnal { 1. O v , VOT"J low. s DOod) or n oai-ly 
tho::rrnal noutrona. 

12.·1:1~ Doto:rr:d.nation of 1\nc;les of D8f'lo0tion. The difficulties 
I ·in IiltJQOilX'inc t llo oiig:[Oo ·or doi'lecTf'OXlof'"'i'G'UtronsD.l~larcoly of inionoi ty 

ond 1nterp:\'Otation,. Tho number of nautrono acatto.rod in a particulnr direc­
tion may oo rolat:t. voly sr:nll. and the "scnttorecl" neutrons nearly alTia:;;a 
include many lr~:<'ays not- corning from the intendet'l ·tal'eat. 

l2 .42. D3tonnLnot1on of nwnber ot Fico ions.- Tho detemination of 
the ntllilt10r of fisaione >~h i Ch Ol'e produced by .tiO'Utrons OI' OCCUr apontanooUDly 
io rc l ct ivoly s irr.ple. Ion1za·~ion, chambers, counter tubas, and many other 
t ype:; of .. dc·i;cctors can be usod., 

12 .437 Dotoct ion of Products of Canturo of r.;out:ron~ . Of'\ion· it ia 
d.coil\:tr)lo to :tind Tnd.etnfi\oiho.t hao·im'!)E>eiH)u'" to~neuti'Uri!itTiat nrc o.bsorbod 
C>ut hn'1o not produced fission, o.(~., rosonunco or "radiat:J:vo" capt lire of · 

.nou.'~l'ono by U-2~8 to form U-239 which leads to tho production of "?lutouium. 
Such 'J'c;ud1on usually involve a conb1nat1on of Iilio:rochcmioal o.oplrntions and 
ra<Uoact 1 vi ty anal.yaeo .. 

1::?-.4.4.. aom:) E:r.l')orimonto on Hucloal' Conoto.nts. By the "time that 
tho Loa ·J\lnmoa labOl'atorylncibO"C'noD'iC\E1iobo~d:-ntu;go nm::mnt of vwr·k hc.d 
boen dono on' 'liho offocts of. alar! ncut r onD on tho rrnteriola then avuilable. 
For o:c~mple9 tho t hormaJ.-n01rtro~ :fiso'ion cross sect ion of natumJ. uranium 

·ha d been El'<taluated11 • and eimilnrly for the separated icotopoa of nra.nium and· 
· fo:t• plutonh,m. Some 6.a~~a on hic;ll-spood-noutron fission cross sections hod 
bcun pnblil"h8d~ and a <1Cl1t1onn} inform:1tion t1ua avnilaolo 1n ·project ·lobora­
to:c:i.o~l~ To o::\'c;end and improvo such da·pae Loa J\lo.rnos pe;r.fcctod tho .u3o of 

1 
tho Voa de G:rcw.:rf ljenorator for tho Li 1(p,n)ne'7 r't1action, so . o.a to produco 1 
nout:r(•no of any d(U:Ji:rcd onort;Y lylng 1n tho :rru1ce f:rom 3000 electrun volto 
·to t Tr.:> milUon electron Volta. 'Su~cess '1aS aloe ocl1ieVGd in modulo.tine 
tho cy-c lotron benr,i und dovoloptn6 the neutron time..of~f~ic;ht 'rr..athod to !!rO­
cluco (nhon desi red) effects of rrany ·B!!COd intervals at on~e. Spsc!ol 
rr.ot hod.8 nere doviood fa;- filline, in tho gap3 :tn uoutron cnol'CY ronco. Fc:.·;i·· 
culn:.d)r tmpor to.nt wno tho xoeflnomont of meosu:romcont Iii:>. de !Y.)981 ble ao c:reo.tcJ.' · 
quantitiGs of U·--235, U-238 and plutoniwn bot;an to be received. On tho vholo, 
tho valm o of orosa atJotion for fioaion ao a function of rioutl~n onel'0Y i':rom 
pl."'.CM.co.lly ~oro cloctron volto 1;o th:i:'ue million ol.0cr;~'Cm v rJ.t.:tr j,a rt:·T fob'J.V 

.· 
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J:;.~':J. ::< ,., Jn:.;-r·• 11. :._:n-•;:j·•-. ·r:.·l. T:·o ~~~r.l:,,r:;:.'-.1 C.~!'-:-:;::ir.on'v sll ( o:':­
;'' , •.i !:v'i!~;,J 0:-J r·.rr; :--~;:;)_;,~0;,_; -~(;;·~ ci·:l~-. i~r·cl- .:1 :::·,;·~-<)j; '1 co; 1url ~ 111~ . fi GO iCD3blo r.:J.'~or1.a 1, 
:·. ':!cci:o:t·, ;,n,i. t'·'•llH11'8 r 'Jc'· ··r·~,::rn• nJ.:.~,..,) E\~' bo cJr;-~cj.•il;'Jll . In tl~o fi.rst of 
··;. ··;- o tnt(;•',J."l l o:r;:J::')J 1J .tJir:;o a c1"dih.o. nc~in~ c:yntcm r;o.n conciin1.ctocl v1hich 
:1 '\'h.~'H1 (1 :roJ.nt.ivel;,r 1 !'(';0 m:-onnt l')f n-:;:1! ) :\.n l1.flu1<1 Dolu-tion . H i1£ll3 c.1c ­
to'\ '. H ,, to OjWJ.ni;n ot n v<~J·~r J.o J rn-.·;m• lnvol~ n.n<1 it· h'l<l no coolin[~ o:rotmil .. 
:..:. : p11vr•1: ,_. \'•In to r·rovJclo V<1J'U'JeuUon oi' the of:tootn !>l"tiio~r·u i'o:r 10acanc 
r: ., ·o~ .,., (.!>:O'll:nJn:l w; r)m·.toh r<11J-;~:1~> . 'J.'ho ::t'ooulto ,.,oro VfJr~r non:t·ly no oxr.Mrto<l. 

J:1.",G . Tho c:ocond integral o;;:pol'im::m t was car:;;icd. out oo. a. _pilo 
G 'lil'~u 1.nj nr; n m:\.xt;u ro oi' uranium ancl a hyc1roGenouo moCJ.o:o:-atoi>. I n t hie i''lrfi'li 
for•,,, tho pilo naG thuG n olo:r-nout1-on chain-rcaotinc pile. The pHo -..uG 
~;hc.l J:obu.iH u:3in3 J.c tlo hyO.r.o(;on. ::Ln thio vo:r-31on. o~ the p:Uo, fa5t-nou·~ron 
f:tcr7ltm bccru7l0 impol'iiunt. The p:l.lo wo.o rebuilt soveml mo:ro tir-.os., lcl33 
hyo.I·oc:~n bo~.nc; usc6. (;)O.Ch t :1.me. By ouch o. !-:~ricn -:of r scouot:ructiono, the l"e­

u.ct:i.on cimractor nus succosoively nlto:r."6d 0 ao that t he:rrr.o. l nou·t:-..'On ficsion 
bccnn:o 1Gs3 and loso importo.r1.t .whHo fast no:.lU'~:r:on fisoion bccrunc nore ancl moT.G 

h1po:rtanc _ ... a.ppr.onching t 110 condi tiona ·to be f'ou.:1d in tho bomb. 
. . . 

12. 4? • §.~E;:1n.~¥-~l!.~E .. 2.l!.1I..~<;.:l£'E...l~JL£~· Tha nucleo.7.' oon­
ctnnt3 of U-235~ U-2rS8 0 an.cl plntonj:l)lll have boon Iilcasurod vrl:~h o. ronsonable 
r!o~~~~·oo of accu:rucy ovor the l'ange of nou'.a·on eno:rc:lea from thom.ul to threo 
:ni:IJ.ion electron '11'0lts_ In othe1· uorcls" questions 1,2 031)4, and 5 of ·i;lri 
·~::m qu.oc:rbion:1 post~d at the bec;:l.nnine of this section have been o.nawo1•od. 
Tl~o f:l.!3m1on opectrum (oueet ion 7) for U-235 o.nd Pu-239 ic reasonably Y:Jell 
ku.cr.m. Spontaneous fission (queation J:o) has been atudi0d for seveml types 
of nuclei.. Pre:Ltm~.nary results on questions 6,8 0 and 9, in-volving uota11a 
of the fission process, have been ob:ta1n9d .. 

~~~7. tp-nd !.1e'Gpllurcy D1,!~2,!?. 

3.2 .. 4.8. The Chem1sti"J and J•otallurci' Division of tho Los· Ala.rnoa· 
Lnbo:\"atory waa un<lel' tho joint dircct:ton of J. w. lConneay and C~ s .. Sm:.tth. 
n l'!tl8 :rooponsiblo for :final purifioa·t;:ton of tho eni':tchod fi:Jt'!:lonablc mo:~e:::--
1-alo, for fabri.ca'tiion o:r the bomb core, tamiJo:r, eto ., und foJ.• various O'liho~; 
matters~ In all this div1s1on•ri v."'rk on eni·ichod fisaiono.blo mo.te:rials espe~ 
c:J.al care had to be tclcen not to los·e any aypl'ecin.ble omouuts of tho mato:i:'ials 
(which are \'Jorth. much moro tban cold.) Thus the procedures Gl:roady ~ell­
eJtubHahed at Chicac;o and elsewh~ro for pur:S.i"3"'ing and fabricating natural 
uraniUm were often not aatisfactal'IJ for handling higbly-enrichecl earnnle s of 
~~. - -

O:rdnanc~.• •. E?f12los:tves ~ and Bomb Phya!_ca Divio1.on~<;J 

1.~ .4~. The o.bovo acC'ount of tho v10:\'lt: or tho Theo l'l~t 1cal Faysico, 
ExJ)or.imontal nucloo.r Phyoics, o.nd Chomiotry and rota.llurGY Dlvisiono in 
oometrzbat 1.ncomploto b<:>oo.uno 1mj>orbant aavcota of this v1orl:: cannot bo dio­
cuoaod i"or roaoono of L1ooul'ity. For tro oruno ronoona nono or tho vA:lrk of 
tho Orclnanoo, EJ::plooivoa, ancl Domb Physico Divioiono oon bo dioouoood at all . 
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1;3, 50 o I !.!. ~~l:'"·! .::_,J:~.1~f~~ o i' l ' .. :·~~ s: ... n t;:r~::~.:~·-o} ~ .. '! '. \: t~· J.{ i.~lC: }:- :-~t t,:r.:.~ :J ~; g 

satab~.:l ahsrlu·~ I_\Js .'\::..:::,·.: .. J !J ., t;,:=rJ .r ·s :-.:1.~'-> " r:.:~ '~:1~ ~r , ;~ " J!:~ : :~-:~ :l~i:.n '-~ :i.:t i~cr -~ nr:t !"11 .. i l·­

pose oi' im·a.'ltj.f\atinc~ t.he : d.oH:1en and C·'Jll!:ltl"'..lC.tion iJ".{ i;lle a+. om:~ c co;:to , t'l.•nm.· 
the ·Gtage o!.' :.: .;e:el!)'~; ...;f 1!~~35 Cl' r lu.t r;niU::!1 to ~)', t'; ~. tc;: •}S o:r· 11(:113 of t~~:) b~ib? 

'I'he z:m1 lubo·.r2~0J:?' :l ':: ·.~:!'0\'0 \l tho t hocn•'3ticnl -trOJ(.1::i.9!1t. of' ·~e:;:t~~! c:6. 0'J::.:·f or:T.­
fi:.tlC0 pl'O'!.)ler::~JJ r~:t .1Lr;d n!lJ c :-:.'r. end·;d I; he I:·J UGt~:c•(:J!'t8!\·:; :--J o:r t! ~·~ ·m 1.el<::::.::- ccn.:> ~ ;:.n·~a 
involve-a, d8velopr,d !~<.t f:o.o~.:. o::: l''l!"ii";Tin~ tit9 r:::rte '~':~.D lt; ·(;.) b~':l u.;;ed. u~<l~ 
t1nal1.y., d0c igued und co;1ot ructeJ operable etc•mio horrt~s , 
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Prc.Jo 11nt Ov0rl\ l l Stntuo 

l J 'v l.... AB the rocult of tho l abors of tho Jlanh.atta.n District organi­
zation in \Vaobington and in Tonneonoe • of tho aciontilic eroupo at Barkeley, 
Chien eo P Columbia • Lo9 Alorooa , and eU!o·.,-h ere, o! the indutstrial groupe at 
Clinton, Hanford, and ma.ny other placf)D , tho end of Juno 1945 fi.ndo ue ox­
pocting from dAy to day to bear of the oxploo1on or tho firot atomic b~ 
doviced by m:mo All tho proble.IIlB nro boliov ·nd to hh.ve bt'Jen sol~d at l aaot 
well enoueh to make a bomb practicable.. A nusta.inod neutron c hain reaction 
renulti.llg from mncloar fiaeion hne boon domonatratod; th'J conditione nocot!aary 
to cnu5o ouch a reaction to occur exploaivel.f hav3 been e stablished and can 
bo nchiovod; production plants of several diff.orcnt t)~ee a r a in oporation p 

· build.in{; up a stock pile of the exPlosive matorial o Although lto do not know 
when the firDt exploaion l l ill occur nor h0i1 cf!o.ctivo it will bo , announcfl­
roont of ito occurronco will procodo the publication of this r eport. Even if 
tho first attempt i.e relatively bloffoctivo, thero in littlo doubt that 
l ntor offorto will be hiehl.y effective; the devastation from a eioclo bOOlb 
ia oxpectod to be comparable to that ot a major air raid by U3Ual oethod~. 

I 

1 3. 2. A r:o~pon ha.o been devolopv"d that is pc\.enti.:lll.y doDtruct1vo 
beyond t ho l1ildoat nightmarea of the) irr,nBination; a y,ea:,on so ideally Buited 
to sudden untmnouncod attack the.t a country' a · .!Il8.jol· ciUns might bo do~troyed 
overnight by an o5ton~Jibly friendly p~rmr. Thi.o wuapon ~1n;, oocn c~eatod not 
by the devilish inopu•ation of aome narpod g~r~ue but by the arduous L~bor ot 
thoueando of normal men and wanon Ylorkine for the nnfet~· of their cruntry. 
Many of tho principleo that have been usod r.cre w~ll kr. c-.n to the int.or­
national scientific uorld in. 191~0· To develop t ho neC('JtliJ•Icy induotr:W.l pro­
cocoes frcvn theso principle a haa bovn cootly in time i of!t:.\,t, and money, but 
tho procoooeo uhich r.e oelocted for oe!•ioua effort huvo wo.:·kod and zsovoral 
that we have not chooen could p~obably bo mudo to Ylork. We· have an initial 
advantneo in time becauao, ao far ue wo knoJJ, other countrioa h~vo not b~en 
able to carry oUt parallel developml!!nta during the war peri :od. We also have 
a general advantago in eciontific ~•d particularly in induau·ial etrangth» 
but such an advan~ge can easily be thrmm away. 

13., 3n Before the aurrend~r of Gerwany thoro l'ias alPays a chance 
that Garman acientiate und enginoora might be developing atom:·.~} bombB which 
would be sufficiently effoctivo to aJ.tor th~ cour.•w of tho war . · The~ was 
therefore no choice but to work on th~m in thi.e countryo Init.l[\lly many 
scientists could and did hope that aona princi ple would amorgo Hhich would 
prove that atonrl:c bomb" woro inherently impo:iaibl~o Thi:l hopo .1110 faded 
gradually; fortunately in the aamo period t ho magnitude ot the t.l~co~sary in­
dustrial effort hns been demonstrated eo that tho fear of Ge~ ~uccese 
weakened even before tho end ·came. .By tho same token, most ot Utl are certain 
that the Japaneae cannot develop and uae tbio woapon e!!octively. 

' 
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l3oh~ An t o tho futuro~ ooc 1'1 J.~r f,U.r.oa th.:. ... t tv~hnicr l d'3velop~nta 
will t 0 k·J place nlon~ tno l:l.noo" fr0ro tho mill t u.ry rein t of vi mt it io 
r Moonnbly ce rtain t hr'lt ther0 l'lill b~ .lJr.pl'OVCffi'Jnto both in tho proceBDOO 0! 
produc1ng finoion.ablo .m.1.ter:i.al and i n lto useo It i3 concai vabla that totall.J' 
di!foron~ methode may be diacove1~d for converting m~tt~r into energy since 
it is to be r em-::'mbercd that tho on?.::-gy r~laa;Jod in uranium fhzsion corre­
epond!l to tho utilization of only about ono-t Cinth of one per cent of its 
maoa. Should a ochome bo deviood f or converting to onorey oven aa much as a 
f eu por c~mt of the matter of aomo con'mon me.torialD civilization would have 
the meanu to c cmm:lt ouicido at will~ 

l3o5u The poasiblo uae~ of nuclear enargy are not all dastructive» . 
and the '9Ccmd cirection in which t ecl:mice.l d3vclopmJnt can bo expected is 
alone the pa.the of peace o . In the fs.ll o1' 1944 Gcnur"al Gr oves eppointod a 
committee to loo~ li1to the5a po3aibilitiec a~ unll ao those of military 
significance. Th1e coom.ittee (Dro R. C. To.l.man 0 chnirrncm; Rear- Admiral 
Eo \'J. Mills (USN) with Captain T. A. Solberg (USN) nSJ deput.:rt D.ro 'ii . K. Le~iG.o 
and Dro H. D. Smyth) received a multitude of eue;gootlono !.rom mon on the 
variou3 pro,j~ctsp principally along tho lines of tho UGa of nuclear enorgy 
for pownr and the uoe of radioactive by-products for ecicntificp medical p and 
induotria.l purposea. While there ~'ail general agroe.mont that a gr eat industry 
might evont.uaJ.ly ari2e, oomparable • perhapa, with 'r,ha electronics industry, 
thoro m.\e dinar,reement aa to how r apidly fluch an induotry would grcm; the 
cono~nsua wa:J that, t he gronth llould be alovr ovor a period of many years. 
At loa~t. there is no 11Ilinediate proopoct of running carD Y~ith nuclear pow1!1I" 
or light:'i..ng houses l'lith rad:toactive l amps although ther~ ia a good proba­
bility that nuclear po·~or for special purposes could be dc.wolopod within tan 
yoaro nnd that plentiful auppliea of ra<iioactivo materials can have a pro­
found effect on scientific research and perhaps on the treatment of certain 
diaeasoa in a similar periodo 

Plnnn~ng for the Futur~ 

l3a6o Dur:inz the 1w.r the effort has been to achieve tho maximum 
military r esulttJ. It hae been apparent for aom timoa that some sort of 
government control and cupport in the field of nuclear energy must continue 
after the uar. Many of the mon aaaociatod with the project hav~ reccgnized 
this fact and have cane forward with various propoaal.a • some of which were 
considered by t he 'l'olman Committee, although it l7ae only a temporary advisory 
committee reporting to G~moral Groves. An intel'im com.rnittoe at a. high levol 
is nOl'l e;tgaged in formulating plana foi' a continuiug organization. This 
committee 1~ also diacusaing rr-atterB of goncral policy about which many of the 
more thoughtful men on the project havo been deeply concerned ~ince the l'lork 
was begun and eopecially eince aucceao became more and more probabloo 

The Queationa before the PeoEle 

13. 7o i'ie find ourselves -with an e.xPlooive lfhich ia· far from com­
pletely perfectedo Yet the future poeeibilitiea of such explosi~os are ap­
palling~ and their effecte on ~ ware and international affairs are of 
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fund:11n~atul ir.•portnnco . !!oro io o. II'J"' tcol for 11l1.n}d nd . a t o::>l of un­
:Lu<'eln·'lb) 0 drJntruct.l.vfJ pl)o!l\' , n,'J dovolop!'YJnt rah~t) l il:' ll.Y qu'3stions that 
muet be cnn>'ltw·od tn the nonr futur~ . 

1) .8 o l3_,cnucu of tho r n., tricUcniJ of mUit:u.·y ooc•Jri ty t ha r e ha e 
bo0n no chtmco for t ho Cc.'l~,;rM :J or th~ poopla to dobnto nuch quo&ti oril'J. They 
huvo boon nerioual.y conoldorod by oil concornod and 'ligorouely debated among 
tho nc:lcnthto r an1 the conclll!!:iuno ro~\ :.:hnd hnvc b~on pnonl?d along to t.he 
hjchoot outhoritiotJ. Th'Jfl 'J quo utiona ai"G not technical qu~3tiona ; t hoy a r e 
political and !lOCin.l (lUeotiono p and th.-, GJlO>T:>ra eiven to them tila:J af!cot all 
rr nnktnd for generationao In thlnl<ine nhout t i1om the mon on the proj oct have 
been thinking uo citizone of the Un1 tod 0tato~ vital ly i nterested in t ho Hal­
foro of tho hwn.an rnco . I t hae · been thoir duty and that of tho ror-ponaible 
td e h eovcrrunent of f icials •1ho nero informed t o l ocf.c beyond the linit :s or tho 
prcoont war and its weapons to tho ultimate implicat ionn of the:Je diacovcri ea o 
Thio wao a hoavy reapon aibility. In a free country l ike oars u ouch questions 
ehould bo debated by the people and deciaion:J munt bo made by the peopl e 
t hroueh their r epre.3entatlvoe. Thio ia one N&60n fo'i:" the r el ea oo of t hie 
report . It is a aemi-taclmica l roport which it i e hoped men of s ciefice in 
t llie country can U5e to help their feJ~crn citizens in r cachine v;ioe decis ions o 
The people of tho country muat be intormad if they are to discharge their 
r esponaibilitieo wiselY• 
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APPlillO.IX l 

A~·;THODS OF 01\SF.nV mr. FAST F AI1T~.IO:S PROI!_NU~R REACTIONS 

ln Chapter I ~o polntod out tho importance or ionization in the 
otud.y or radioactivity ond montionod tho eloctroecopo. In thirs appondi.x wo 
ehnll mention .ono mothod or hiot oricol importance compnrablo with tho 
eloctro~cope but no longer uaed, and then we shall revien · the various mothod8 
now in uso for obaorvine alpha particles, beta particles (or poaitrona), 
gamna r ays , and neutrona, ·or thoir otrecto. 

Scintillatione 

'The closaot ·approach that can b" mdo to "seeing" an atom is to oae 
the bright !laeh o.t' light thnt an alpha particle or high-speed proton makes 
when it ~tr~~ea a fluoreDcont ocrcan. All that io required is a piece o.t' 
glees coverod with zinc oulphide, a l <r.7-power· m.icrotlcopo, a dnrk room, a 
~oll-reotod OlOP an~ or courue a oource ot alph~ particloo. Uoa~ ot . 
Ruthertord' o tamouo experitnento, including that mentioned in paragraph 1.17, 
involved "counting'' acint:Ulations but tho method i8 todioua and, as far as 
tho author kno~s, has boen entirely superseded by electrical methods. 

The Proceso of Ionization 

When a high-opeed chargod particle · lil~e an alphn particle or a 
high-npood electron pnoBeB through matter, it diarupte t he moloculoe that i t 
strikeB by renaon of tho el ,ctrica.l forces bab1een the charged particle and 
the~ electrons in tho moloculeo If th0 material ie gacoouo 0 the r esultant 
fragmento or iono may move apart and, if thora 16 an electric ·field praDont, 
the olootrono lmocked out of tho moleculoe move in one direction a.nd the 
rooidual poaitivo ions in another direction. An initial pota particle with 
a million electron volto energy will produce ooma 18 9000 ionized atoms 
before it i3 atoppcd completely sinco on the average it ueeo up about 60 
volts energy in each ionizing collisono Sinco each ionization proceae gives 
both a po6itive and a negative· ion, there is n total of 36 »000 chargeo set 
free by one high-apeod electron, but aince eaeh charge is only lo6 x lo-19 
coulomb, tho total is only about 6 x lo-15 cc,alomb and is still v0r.Y minute. · 
Tho beet galvanometer can be mada to meacure a chargo of about lo- 1° 
coulomb. It ie pos61ble to push the scnoiti·rity of an electrometer to about 
lo-16 coulomb, but tho electromot,or is a Vei'f inconvenient instrument to use. 

An alpha particle produceo amounttJ of ionization comparable with 
the beta particleo It ie stopped mor0 l .. a.p:tdl.y, but it producee more ions per 
unit ot path. A gamma. ray ~e much letJs efJ~icient a8 an ionizer since the 
procaos 1.s quite di.tterent. It does ocoaaionall,y Bet free an electron from 
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a molm;l.lln Ly Coq.>tC;l nca t ~,-:;J,•J n!; '>I' 1,:1:> pllc~o:•l('c.t :·iu ('lffoe:t A nad tblc 
llf.lrwn l1r~r ~J.':lr;t:rr.n h"~:"J nncl•[;ll r ncTt7 to pr C'l'• tC 'l 1.c')l -.:r 1.ic:n.. A l.i.f'Jl.'.tr.onv an 
ltO hl\70 £\1 :crorvly r ·,ntio-.1-:cl lrJ. the t~·; t, , r-•·N~l•<;o.-. 1c·1l-::'lt.l~., (lnJ:; 1 .. i1diroctl.y 
by g t Y't~g h~.r,h v::: ~~r:.:-c ;.i ... : t o a nncl.l:.w bJ nJ.n.~ t.J.c c r;)J,i d.t:n P r.·r b,y d1nrupt1ng 
a nm~l· 'l.'ll r::'.t.h r niJultnnt. i.c;,.l::-n'f'.ic:l b;;r th'> .frr..a.:nt;-,, 

I: 11~ a.':"o to d~t~ ·Jt th<> ionizin~:~ of.'!., ctn of thoo~ pa..rt1clo61 ~ YSO 

muot o·tidl3n:.ly unl, tt.o .rQeult.o.nt o!foct of£\ gro.:>.t many particlco .or haY() 
very nonl'litiv~ rr.?uno of .m"Jc.r.uring oJ.octric currcntn. 

t 

r.t.•o(mt.:J.nLl..y thn eloctroocope doterminc.5 t o r.hat d neNa th~ air 
i.o:uroUi"\toly erounct it ha.a bocc:m conducting ao the reoult o! th~ ion~ pro­
duco-t in i t., 

. 'nlo Bimploat f'C\X"m Of GlsctroescOp0 ia C, t:Jt,rip of gold 163! ·a rem 
centi~otorn longe ousp~nd~d by a hin~o fTom e vo1~ical in~D-~tod ~ou. If 
th! r~d l s ch.'i'..rgorl 8 tho eold lot\£' al:"Jo taketS up the lS::..l!Ja .ch·'ll'Z" and 
et.:ndn out a.t an nngle an a r onult of th:~ ropulr:~ion · o.r lik~ charg~Go }.D the 
char. ~o l -al\lco am~:r v tho l.oaf g.rnO.unll.y CRinge d<mn o.go.inot th13 red, ·and the 
rr!.tv o.t nhich it movoa 1o a moncura of th0 oonductiv1ty of tho air nurround­
ing it.<> 

A moro rugeocl fol~ or elac~ro~copo nao d0vi~~d by Co c. L~uritaon 6 
-who cuba~itutcd a qt\nrtz floor for. th'l eold l ca.i' and uGat\ th.n ol <'l6ticit.y or 
tl:.u fibot• c>.o thl"J rostoring fo:rco :lnotond or gro.vity. Tho ribor i~ nudo 
cond·1ctine by a thin ct.~atine or met;1l. Again the lnctrw.11ont io char~odg and 
tho fibo~o r.!tor init.iRl daUection" gl•arluv.lly CO!:l<'!lil b.:~.ck to ito tmcharged 
pc.Dit1.on" The porJition of tho .fiber i~ r eo.d in o. lcm-pou3t' mlcrooco;>o; 
Thefta 1.notrumontiJ can bo mado poct.a.ble and ruggad and fairly .caris1tivoo Thoy 
aro th0 "t<>..ndard field inatt'U!l~nt !or ttJoting tho lovtlll of gar;-.ma r~diation Q · 
particularly aa a aai'e3uard againot dangerouo ~xpoouroo 

loniz n tion CM.tltb~!'J.~fi 

An ioni~at1on ohambor moaouroo th~ total nurnbor of ionn producod 
di.r-Dct.ly in it. lt ur;nlll..'ly cona iatt'l of tno plano olectrod.oo bot'tl¢ml l'lhich 
th~r~ 1:s a ctrone enc.lugh Gl~c'l.a"lo !'1old to dr.:lil all the i ona to tho eloctrodca 
bQrore thny reco~.hino but not ~trong enough to produc'l 11acondary iona ao in 
thG instrum.{'nto no ah.?.ll dc.,oribe prcs<.mtlyo · · 

Dy careful ~~aign and thG W5S of DentJitlve amplifiere an ionization 
chambor CM ID.060Ul'e a nu.mbor or iorus flO low 88 that p,l-odUCOd by a oinglo 
alpha. particlo P ox- it oM be uaod JiiUC~ like an electx-oz:'co;:>a to moavuro tho 
total amount or ionizing radiation prea~mt inotantaneouely, or it can ba 
arranged to give the total amount of ionization the.t ha• occurred over a 
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porlod of t '\.rei! ., 

'rlhlla ion J~ atlc!'l olu~ntb"ir:J c•m b~ :rndo ~hich nlll raopond to single 
alpha pnrticlea y it 1~ fnl~ lllON con·,..,aiont, to uoo a nolf-nroplifyine dovico t 
thllt 1or to mHico tho i 1mn o.r.t r,in"lly proc1lccl'l !i'.Dk3 other ions in the oam 
neion so thllt tho ru•1pllfi"r c1rcuito no<'d not bs oo eanoitivt:Jo 

In n proportio~n.l oountor orl.o of tho oloctrodflo ie a fine niro 
a] one tho nxio of thl') uocond eloctrod•! r which is a hollon cylindor. Tho 
o!fcct of tho niro iu to g.i.vo atrong oloctrlc f1f\.1.d atrtngtho clooo to it 
even for relntiToly omnll potontJ.ul difforonceo bGt•:won it and the other 
cloctrot1.0. Thin stx"ne field quickly e.~colorat«-o the primary ion~ · forwl d by 
tho alpha. or beta particlo or photon, and thcn'l acoalerated primary ionu 
(particulad.y tho elect:..-oruJ) in tul"n form oocondarJ iono in the ga:. with 
Tthioh tho counter is fUlod oo that tho t.ote.l p •.1.j_oe of cu~nt ie J:rUch 
inorca:sed. 

It ie posoible to denien ru1d oporato Gu~h oountor3 in ouch a way 
that the total nuW.)"r of ions fo:r-med 15 propox-tional to the number ot 
prinlary ions l'ormad. Thua aftor amplifica tion a cuxT~nt pulse cr..n bo aeon 
on an oBcilloacope11 tho height of nhich YliLl indicato how effective an 
ionitor the init:tal particle wao. It ia qui~s as.~y to distingui.Dh in this 
way b0t~acn alpha particleo and beta particloa and photons, &nd tho circuito 
can bo o.r-"angad to c·ount only the puloea of greator than a chooon Mgnitudo. 
'l'huo a proportional counter can count alpha pax·ticloa against a background 
ot botae or can even count only the alpha particleo having mora than a 
ce.rtain ene1•gyo · 

~igor-H.uoll!lh" Cov.n4~ 

If the voltago on a proportional ccuntor in raiocd, there comoa a 
point nhon tho priJr.acy ion:n from a oir1gle alpha particles beta Jv.lrlicle s or 
photon uill pot oft a discharge through tho uhola CO'..llltorw not Dl(lroly 
multiply tho nWllhGr of p1•imary ions in .the rog1on whore they arQ produoE>do 
Thin io a trigge~ action and the curront ie indep~nd~nt of thG nuuber of 
ions produced; .i'urthormoro, the curr~nt would cont1nue indefinitely it no 
stope wore takon to quench it~ Quenching can be achieved entirely by 
arranging tho external circuito so tba.t the volts.go drops ao eoon aa current 
passes or by us:ing a mixtu.ro of gaoec in the counter which 11poioon" tho 
electrode nurfaco ao soon as tho diach~rgo pnaaeo and t emporarily prevent 
the further emission or olectronn~ or by ccmbin1ng both mothodso 

The Geiger-llualler countor wao diJ"'I"oloped bofo;r., thG proportional 
countor and romaina . tho .moot IHmoi tivo instr-ument tor detecting ionizing 
redia.tion, bu.t aU it does 1a "oountu en.y ionizing radiation that passe• 

• 
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It it~ ono t..h:i.ng t o tkDnr1bn tha Yt\\"1. 0UO .Pl'inolpl0~ or ionization 
chr.r .. b;:r n ~ count-,r~ P an.cf t lln llh.~ J <F it.o u.n.oth~~ to co-.lGt...->u~t and cptS~atca 
thtOI'l 1lUCC COn.fuLly . 

F lrot ot aU D th? 11alla of. tho C0\1ntor ohonbl!lr .c:uot ru.J.ou tlu 
porticl" B to ontnr th::. counto;r., f'oz- r;or:-..r.cn rap tide ia a minor probl0!110 but 
tor rol.J\ti'voly lon-cp~Gd olaotrono or poa i t.rono or fo~ r.l p ha particls~ th0 
we.D t1 ot t~n countor .mu~t bs vocy thin or t horG im.1et t •J t hin ~indcma .. 

Thl!ln ther~ a.ro groat variationo in the· dota iJ.n o! tho connur 
it"'"•lf D tJracin3 and sjzc of ol.9ct;;oodoo » naturo o! th~S eaa tilling the cha.mOOr, 
ito pro3~UP3 1 on.d ao on. 

finally 0 tho intorpratati0n of tho resul.to.nt dat.n 1t:J a triclty 
bur.~ :S.n~o~:to Tho e.baolj)tion of tho count~r wa.lL'l and of any ox~~rnal abooroori 
.ame~t b-3 tnt~(m illto nocountJ tho gco.l'i.Wtn' of tho count.or with relation t o tha 
1ou:rc~ mu.~t b3 Glotim.atod to trruuJlu.to obzsq)rvod COlmto into aetnal nu.z:War or 
nucJ.~nr oT'enttJ ; l.D.at. but not alwaym l 16allltc ota.tiatioal f.luctur.tion~; mu5t bo 
aoi1d.dtJ.r-od ainco all nuclaa.r rce.otiono ar~ gOVernt'<d by probability lnws., 

Thl't Wll.,cn Cl.oud Chnr-J.>or ____ .... ____ ..... 

Thoro u ons Lt:1thod of ohoc:'lrv:.l.ne nucle.~ :r pc.rt1cJ.e rs that d~}xmd4 
diroctly on ionization but io not e.n tlloctrictnl rnot.hod. It usao tha !act 
th~t aupcr gaturatod vapor ~ill oondGnr.o uo~ ren~~ on ion~ th.~ on n~tral 
molnculeo. J.f o.ir a~tvratQd l'lith l'in·tor -ropoP." 1c cool~d by c.xpo..."l.oion j uDt 
a!to~ an alpha partiel~ ha~ pans~d through it~ tiny aropa o! ~at~r eondonae 
on t h" iona formed by th~ alpha purti~lo o.nd will ~n6ct ,; b~ight light 
strol\211 enough t.o baJ CJtfil<toi\ or photogrephod liJO ths.t th() actual path ot tho 
alphn partiolo io rocord@d. 

Thia mthod dGVolopGd 'by c. T. Ro Villaon 111 Cn.c:br,_c.l£ttJ, Enelnndo 
about 1912 h~£1 baon ~nomounly uacd'ul 1n ot.udying thm bcha-vioX' ot individual 
part.icl(J19 8 t\lph~:J 9 protonu o oloctron11 ~ por;it1'0l1CJ p ll<OOOtro·M e photon0 e nnd tho 
fast a toma carutod by coll1o1onrJ with alphao, protoniJ 9 ·oA' neutrona~ Unli.ke 
tho ne1nt1l.l4tion m0tt,od 6 its compMioo tool for rJ:M•Y yaa~~, it haa not boen 
•upol"Dod~d and 1a •t.ill ueod extonaivoJ.y, pnrticula.rly to atud;r details ot 
aoll131ona batweon nucl•ar particlGo and at~o 

' 
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"' 
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'rho traclco of 1nd1v1duf\.l pnrticl oD p~u:'l1ne t h.rcuzh matter can altlo 
b'l ob~e>r"'IC'id 111 photc::,rl\phic <.:!ul::>1.cnn' but th'l l cn.;tho or pllth nro 00 rumll 
t bi\t th'='ly nuo t bo obcorv3d under- o. microocopo, nboro tho; appear na a nerice 
of d-:)vol opod grnino &1.8.r%1nr~ th "J ,p.c oq~o of the pnrtiolft, Thio oathod of 
obtH:t rvuti<'n roquir~o pro.cticnD.y no cquipc.ont but is t edious and of limited 
uno.fulncua. lt i e pooniblo, hO'JfoTor, to U GO thfJ c('tnoral blackening ot a 
pho'~·oe:ro.phic film l.\B n m:wrmre of total oxpoauro to r ndio.tion p a procoduro 
tha t hno b6on uood to oupploQont o~ to roplaoe electroooopoo tor satety 
control in ~ny pnrt3 of tho projoct. 

Nono of thct Jaothod.o no hava describsd ar<t directly applicable to 
noutrcna s but Qll of them arG indirectly applicoblo cinco noutrona produce 
ion~ indh•eotl,yo 'lbia happen~ 1n two waytJ - by (;lnatio oolli.:Jion and by 
nucloar xoonctiono Ao wo have alroacly doocr.ibodu a to.st neutron in paadng 
tbroueh mdtt.t~r ·occacione.l.l,y opproa'Cl1og o.n ato1Uo nuolouo eo cloaoly ·83 to 
impart to it· a large c.mount of ioozn:mtur:!l and onm.·ilT ao'cord.ing to the l e.ws or : 
elnotio oolli~>ion., Th~ nuolourr th"xooby bocomoCJ ~ high-op~~d· chat-god pnrticlo 
nhioh "ill produc~ io11ization in an ionization clu'.ln,ber, oounterD or cloud 
cho.mbol"• Bat i! the neutron h1.\o 1011 ep~od, o.g. P thel."il~Alp tho otruck nucloua 
~iLl not g~t Gnough onargy to cauao ionization. · It. on .tho other har.d, thG 
neut ron ia . aboorb1>d nnd thQ) roDulte.nt nuolouo br.Jtlka up "ith tho re~e.s·e ot 
on"Drey 0 ionization nUl be prod.uood. T'ilUD 0 tor· the d~tcetion of high-speed 
nou·tron.o one hallS a choice bot~oon olnatic collioiooo and nuclear reaction, 
but !or thGrmal apeGd~ Only nuclear roaotion nill ssrv~o . . . . 

Th~ raaction moBt c~nly used ia th~ 5~0(n 0cQ3L17 reaction 
fihi,:h rcl~£uJc:J about 2· 5 ~bv cnorgy eh~d be~~t:Gc;Jn tho reoul-t.'Ult cl.pha 
pa1"ticlo Md .3Li 7 nuclouo. Thia in ample to produc(ll ionization. T'nia 
rot\Ction itt un10d by filling nn ionization oh-.\mbor or 'propox'tionnl counter 
•ltll boron td !luorida p,tl " oo thnt tho l.~Aotion ooour o 1n tho rogJ.on 
~thor~ ion1znt1on in ~nntou; LltJ t.n alt\'Jrnntivo tho :1nt.6:l~1or of tho ohrunbC\1. .. 
or counto~ il!l lined Tfith boron. 'I'ho ionization ohn.mhor than aorveo an an 
inotrumont to moaouro owrall ncut1.•9n !lux nhila thG proportional countor 
rocordo numbora of individual · r.eutronoo · 

One of the moot valuablo mothoda ot m~asuring neutron d~nsities by 
nuclear roactiono dopendo on tho production or aTtifioial rad~otivs 
nuclei. A foU known to b0 JlW.do rodioactiv" by nc.utron bombarmnnt is 
innortod at a point ~h~~ the n~utron intenoity· iB nantod • . After a given 
t,j,Wl it iD ~.IIlOVOd and its activity m.oaOUl"ed by an eloctroacope or counter. 
'lbo dogrqjo of activity that haa b~an built !-lP iB thon a a~r0 of the~ 
nud:>or ot noutroria that have OOQn ·abeorbed.: This mothod hao tha obviaus 
diaadYantaga thAt it dO<» a not give an inatantaneoua.' reepon.se. ae do the 
ionization chamber and oountero 
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On' of th':l rw~l'l t jnto:n'lcth")~ not'lc.,_:o d'>702C't-'1d G:l th'l p4oj~o'~ 1o to 
uco th'l fi,.~Jion o! ut'P.>.tiun . .:\a t hn nucJ.c ·~·. ).~ :\·~·tct1on fox- llt?UtX'G:l c'~~t,:,:::tlon. 

Furi hc:rr:'Jl'£l e by o 'Pf<l.";.tine t.h~ itiO\-':'p·.l 'l r fnn~ nnd r,lcrTI nt'Ut4·o•w cun be 
dif f or- ;.1. ti.:-.t '!Jd. 

Si m:rJ th'!l probnb:U.i ty of ll. n •.:l.'.tro:l r or..ct icn o-:ctn"r.in~ :to dii'!oront 
for evory reaction and fo.r UJYflJl'Y n~utron r.p•:o<lv dlfficult:tca of tra.1a)_'lting 
countn or Clti'Nnt mon.:-L!.r0.1l'.c:'1ttJ into nu:-1:)~rn nncl op0~rtc of ncu!:.i•Ons proa~nt 
ar<3 *'...-en er~o.t,$;r thf'.n fox- oth~r nuolc,.J.l• pe-r·~.lcl<l"" Ho on';) n'!l;ld oo eurprie~~d 
if t':lo abll!l invontign:t.o:ri'J giv·(\ di!'fo:;A"mrt m:t.r:b'3ro :::r:r nuppo"adly tho eamo 
nuclo~ cav1~~nt. lt io only by en intric•nt" 0'1l"~t'311 of 1nt~rlock1ng 
ex~rj~s~t~ cBr~tully c~nrod and inta~protod that th0 tund~~tal facto 
can b3 untanglGd from exp<~ d r.®nul and in~tl."1.1.Q.e)ntlll v~riablao . 

t 

.. 
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APPENDU 2 

Sinco tho proton s.nd tho noutron aro tho !'undamonta.l particles out 
ot Y.h i ch all nucl&1 nro built, it would eccm nat ural to use tho roaes o! o~ 
or tho otho~ or them nu a unit of tM.lla . The choico would probably be tho pro­
ton, which io the nuclcuo or a hyaroe~n atom. Thcr o nro good reneona, his­
torical and othorr.loo, why ncith!lr tho proton nor tho noutron wat~ choeen. 
Inot eod , tho w.aas unit uBod 1n atomic and nuc±gnt- phy3ios itJ one~ eutoenth of 
tho ~oa or the proaominant o~aen isotope, 0 , and ie equal to 1.6603 x 
lo-21• Bl'».m. Exprou~d in tcrma of this unit, tho mass ot tho proton 1a 
lo00758 and tho mn ot tho neutron 1D 1.00893. (Chemist:J usually uae a vocy 
8J.ightly difforont unit ot .maos.) ~ 

·. ~· •• ' l 

Tho unit ot eleotric chargo tt.,ed in nucl~a~· scio.nc~ is the positiTG 
charg0 ot tho proton. It i.a oqlfll in {'l..a go.itud~ but oppoaite in s i gn to tho 
chnrgo on tho eloctron and itJ thorofqre often call"d the ~loctronic chc.rgo. 
Ono oleotronic chilrge is l.6o x 10- "J coulomb. It l'D/J."f bo recalled that c. 
ou.rrant ot on~ aropQre nowing f or ono aocond convoy!

9
a charge ot ono cou­

lomb; io e. , one oloctronio chargo oquala lo6o x lo- a.mporo eecond. 

Tho a~rer unit uood in nuclear phyoics is the elootron volt, ~hich 
iD da!inad ao oqu()J. to tho kim,tic •:mwgy which a particlo carrying on~ oloc­
tronio ooorg., aoquiroo in falling frool.y throu&l a pot(Jntial drop ot one volt. 
It 1a ott.on oonvonicmt to use the million-ti.~IS groQtor unit1 million elec­
tron volt (Uov )o 

Tho rolationahip:s among the Glootron volt and other common unite or 
energy are in the following tablea 

. ,':. 

.... 
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Mev 

mafl 9 un1ts 

ergs 

g. cal. 

kw. hrs. 

.. -· ·,· ... ~... .. ·-·· ....... 

i3 , . -

') 

c;. 3 1. x J.o-
1.49 .X J_(l.~~ 
3.56): lOr ..Ll 
h.l5 X 10_17 

6. 7J .:X 10). 
6. 2h X 1(15 
2 . 3? Y. 10··8 
:c .• ?e ;< 10·~14 

?.8J. .x 1o10 
2. 62 .X 10~3 
4.113 x lu ·

6 1.16 .X 10 · 

2.4J. X 1016 

2. 25 .X 1ol9 
3.60 ·.x 1o1J 
8.60 :X 105 

'l'·: ( 'l>t:1in 

rr.:~!J.1 unito 
ort:o 
;~~ C'il, 
lc..- . 1rt:.. 

}!.:)V 

srt;s 
g. C.ll -

t kli. hl' :.l 0 

r;aea unit B 
MeY 
g. ca.L 
l<'1. hr s o 

ma~!l uni ts 
L~ev . 
Ol'£,8 

kw . ·hrs . 

mas s units 
Alev 
61"!;8 

g. cal, 

. ' 
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Afl \'fC6 p'lint<'~rl out in Ch:tpt.t'lr VI, th'l control o! a ohain··roactirl(t 
pilo is grently f~r.;J J.itf' t,, .c\ by th o fuot uv~t. soma of tho neutrons ronultine 
!rom uri' nit' Ill tl1'1o:lon fH'O not tt~ru ti. nd l\nt il p~oro then a oecond nfter filJ sion 
o<'cnr~. It rme thCJrtJ.fo.rct h,.;>o,·tl'n :... to vtud.y thia o!!oct GXfH:tri.Lit4mtally. 
Suoh o;,~or.lJ.:-,ntrJ nn:a~ c\~wt.:'ribiJd by SnolJ. , H0d~cl snd lbaor in a report datCJd 
Uny 1~, 1942 !rom wh.1ch l'le quoto a u folloll'a: 

'fta preaont. oxporimStnt conei3tO o! tl'iO tintarroll\t(ld p.<arta­
on~ c::oncornod 'ITith thGJ .dt~cay ClU'Vft, and ono conc~Jrne~d with the 
intonGHy or tho dolt\,Yq)d noutrcno moao~rcd 1n tel'WI o! that o! tho 
''1nstant.4lnoouo" fiseion nwtror s. 

The Decay Cu~' o! tpo D~..zf&~~ 

Th~ neutron tSouroc ';f£\S ·t ho berylliultl t~rgftt of thCD Univoreit.y 
or Chi('a~o. O:'[C' lot:Nn .at1•uck b~r a bo.'i.n of "'P to 20 /-< 1.. of . 8 Uov .. 
d'~'·' t.,ronSJ, H~E\r thn t are0t nl'.o pleo~<l n hoUo-,11 e~hcll .ll'Uldo of 
t:Lnn'd iron and cont.ainil'\g 106 lbn ~ t.>f t.1.30e " Thlo r.aa ~~u~rou.l.ldod · 
b;r f\bout 2" of p~rn.f!'in , 'l'he intorlor o! tho llihcll rJU !illl!ld \"lith 
P'lrn!f in ~ QXC:t1pt tor Qn .ludal hole ' dd.ch accor:t'!lod.lt'ild a E!"3-tiJ.lQd 
proportional oOl~nt<Dr. Tho colmt.er trao connocte<i thA•oush an a.mpll­
fior. t.o a OOL\.llng cirouit {"C~cale of 61~") oquipp~d with intcr­
polatinz llgh'C.Il and a Conco i..r-p\.U.ao countaA"" . A tenth~;3ocond timt!IX", 
O.ri Vt1:lr by a ft;mchronoua motor. , and hUI'll:i redth'-~econd 11 top w~tch wore 
mounted on tho p,nnol ot the ~colorr olo6a' to tht~ intorpolatin~ 
l:l~hts and impuloo connt.~r. Thi~ t;roup of d:iolD and light:J 'II!~= . 
ph.otosmphllld . o.t "'n· f.PP~~opriat<:ly vilr~·ing rl.ltt) by e 3 41pt o~.r.J.Crf! 
lrllich Wi\1!1 nn~uat.cd by hand. 'l.'ho rcoult m~c a reoord on mov·i~ tilm 
o! tim<UI and .. oountc;, frolil ~h1c:h tho· d~cay CUl"V'lJO liora . plotted~ . 

. Tno actual pro<'.~tiure 11aa a~ !olloYJo: During ~on)bardment thf;. 
t'top wll\toh Wll~ atnrt-cd und t.~e ttmt:r \faG runnlng contimv .. msl.y; the . 
Olwnt.or and. nmplifj,f,)r l}lrJrta on 0 but the· publ!>.!t lsllving tho .,rnp~'\fiolt" 
~~-)r91 t;roundaci ~ . Tho oo.slgr TllHJ l.t6t at ·zoro ~ Attor. a t,nrning signal 
thdt cyolotron no;~a ohut ott by ono <~tz'lrato~, wnilo o.no~her op<Srator 
•nitohod th• output of thtl runpll!br from ground •lnto the 'c.aler , · 
and •tn::tod ~lcing photogr"npho. It l1~o oc.tJy to t .ake the i'irrst 
~~oto&raph nithin h:llf a. "aoor.d Of tu.roing off tho cyal<"it.X'OJl ·. 
sr.xty to i\ hnndrod photog:r~phr. ~fll~5o .tnkon during ll typical r.un, 
1'h~ n~c.-.HJBit,y ot uo:lng both o etop lOUt.ah .tnd a tira11r o.rooo !rom 
tho faot that the hltndr~;:lth •i.!C'COlld pl~ccision of tho ntop WQt~h 'llllaa 
no~ded !or t.ha a.mall ·tilne · intt'.•rval.a Pot:ue~n photographs · dUX"ih,g tb6 
initial pnrt .or tho ·run, bt.l·t 1 ha .watch rnn doun Qlld rJtoppQd bot or• 
tho counting .wao oomploteo . .The ti.mer then gavo ~u.!tioicmt prea1s1oo 
tor th• 1at•r time intorTala ~ · 

I ... : 
.· .. 
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so~~ !orty runs v~r~ taken und~r var,ying o~por~ntal ~on­
<lit:1on$. Short ncti'roU.ons o! ono or t r1o oeconda -noro eiven !or 
b;tot ro~olutioo o! tho tthort pariodn . Inng , intC"~noGI bcc berdroante 
l.&:Jt1ns 1~-20 mtnut;~a , 4\0 olo~o no po:Hlibl G to the t&rgot, w(lr• 
&Md" to lll.'Jlco · tho long poriod mcti 'rl tie:s ohCR up ll1 th a 1r>a.xi.sw.\Jil 
intern d ty. Somfl 5-:.o.inute bombardrr..e~ts l:oro mndo , ltoopil'lz thct 
oyolotron bes~ &e ot~acty ao poooiblo, to otudy tho r elative 
~aturntion intonnitioo of tho Var10U8 activitieb ; in tho'Q 
llotiTat,iona tho cyclotron ~am lUllS reduced t o 1 or 2 fl\ A to 
prov~nt th'-'l 1n1tiol counting rnto .trom bceomirm too high tor 
A oor.lntor (300 p-nr IS!'JC. wa.n tl.illton ._, • roavon~Rblo upper limit 
!or rolbblo counting)o Tno Df.3 co~mtClra WQl't) availablo , ono . 
hnYinz a th~r;Ml n~utn>n croa:s oaotion ot 2.66. eq. em., and tho 
othor 0.43 aq. em. A!ter Q otrong activation, no 9ould follow 
tho deo&y or tho d~(\yed ncntrono for eomo lJ minutes. & ck­
ground oounto (proo~bly ohio!~ duo to spontaneous tiooian 
noutrono) wore t M:on and 11cre aubtracted trom. tho roadinae. 
Th~y amountod to about 0.4 oounto por aGe. !or the largo 
oount.or. 

A ltl.ld,y ot all the decay ourvos givoa the following ao a 
soneral picture ot the neutron-~tting aotivitieo pro~ont1 

Hralt-lifo 

57 ~ ) GAlO. 

24 j. 2 aeo. 
7 coo. 
2.5 ooo. 

TABI§ 1 

Relative initicl intGn~ity 
aoti~at~ t~ naturQtion 

J.rly aotivit1 o·r p9riod longer th~n 57 eoc. talle~d to AppGar 
IDVon a.ttor tho ~noct intcniHJ boobardm;nt wo could giva, l a5ting 
20 minutoe. Tho rolativ~ initial intcneitioa givGn arc the 
avcarnge valu~IS o'btoinQl<l tram throe ourvo"• 

TbGilO reau.lt11 give the following oqiJ4tion tort ho d~oay 
curve, ot tho delqccl noutron• after aatiYation to 11aturationa 

'-0,28t -o.099t -o.029t 
Activity • constant (lo2a +lo2o +l.~ ... O.lJ5o 

-O.Ol2t 
) 

mez-. t ia 1n ooconctG. • 
Tho eeoond part ot tho "o:xporlrmmt m•n.eurcd tho total nwnbe~r or 

n~antl"on• ~:\.ttfld :\.n th9 tim-cJ :lnt.,~'Y•l 0.01 OtJo. to 2.0 1'1)."\n. att"r tho c,Yolo­
._,,"'' WAll bH'Il~t\ nrr, At~~AIUII \IItt Uu~b al t t l\411 tJ.I.a,y (\o\ 1101~\.\'01\M ,,h.ArVo,, w"··· 
in 1, h411 l Oili' iA'llllflii illfiiUIIh, &ll .lu t.h .. t'i1•dt }JiU'l. ol tJ\a il:l.f16l'iu\al\ t, • tllta ld lOl\ 41 

result indioi\ted that 1.0 t. Oo2. por oont ot t.h«t mmtrons wdthd 1n uranit.W 
t1Ga1on are clGl.ayod bf at loaat 0.01 aoa. and that about. 0.07 por o·ont &re 
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dolnyecl by n:1 ru•.1ch ao a ntinuto. Oy de:lir.ning tho offccLivo valur:> of k, tho 
muHlpllcnt.:\.on factor, for u typlcnl oporating piliJ to bo only l.Oltdth all 
tho oontroln ruruovcd und iho total varil.ltion in k from ono control rod to be 
0.002, the n11mbor of <lclnyud nouLrono io ouf Iiciont. to allow oao,y control. 

' . 
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In Chapter VI the construction and operation of the firot self­
sustaining chain-reacting pile were described briefly. Thoueh details must 
still bo withhold for security reasonz, the following paragraphs give a some­
what fuller description based on a report by r'ormi. Thin pile was erected by 
Fermi am his collaboratoro in the fall of 1942o 

Description of the Pile. The original plan called for an approximat~ 
epherical pile with the beat ma teriale near the center. . Actually control 
mcasurcmcints showed that the critical size had been reached before the sphere 
wua complete, and the construction was modified accordingly. The final 
otructuro may be roughly described as an oblate apheroid flattened at the 
t op, i.oop liko a door knob. lt was doairod to have tho uranium or uranium 
oxide lumps spaced in a cubic lattice imbedded in graphite. Gonsequcnt~, 
tha grnphite was cut in bricks an:i built up in layers, alternate once of 
which contained lumps of uranium at the corners of squares. The critical 
eizo vtas roached when tho pile had been built to a heieht only three quartor~S 
of that needed according to the most cautious eetimatos. Consequently only 
one more layer was added. Tho graphite used was chiefly from the National 
Carbon Company and the Speer Graphite Company. The pile contained 12,400 lbe. 
of metal, part of which was supplied by We:otinghouse, part by Uetal 
Hydrides, arxi part by Amee. Since there wore nany more lattice points than 
lumps of metal, the remaining ones were filled with pressed oxide lumps. 

For purposes of control and experiment thoro were ten slots passing 
cc:-:1plotely through the pile. Threo of thoso near tho center were used for 
control and safety rodo. Further to facilitate experiment, particularly the 
removal or samples , one row of briclcs carrying uraniwn and passing near the 
center of the pile was arraneed so that it could be pushed completely out 
of the pile. 

This whole graphite sphere was supported by a timber framework 
resting on the floor of a squaeh court under the Weet Stands of Stagg field. 

Predicted Perfor1~nce of the Pile. Tho metal lattice at the center of 
tho pile and the two other major lattices making up the bulk of the rest of 
the pile ha'd each been studied separately in exponential e.xperiloonte #18, 
#27, and #29. Theso had given a multiplication factor of 1.07 for the 
metal lattice and 1.04 and 1.03 for the oxide lattices, the difference in 
the last two resulting from difference in the grade of graphite used. It is 
to bo remembered thut these figures are mUltiplication factors for lattices 
of infinite size. Therefore a prediction of the actual effective 
multiplication factor kerr for the pile ao constructed depended on the 
validity of the deduction of k from the exponential e.xperiloonts, on a 
proper averaging for the different lattices, and on a proper deduction of 
Kerr from the average k for infinite size. Although the original design of 
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tho pllo hl\rl t 1en dol.tbcratrJ.ly Generous , i t..o nuccoon Yihen onl y partly com­
pl tltcu lndtcHt !d t.h;.~t tho Wllueo of tho multiplication fnctoro a~ calculated 
from exponentj 1l experiments had boen too lo\·1. Thn obocrved affective 
multiplicatlor factor of the part of thll plnnnod structure actually built 
was abou t 1. ()( )6 · when all noutron absorber a Y:erc r er.tovcd. 

Li.~.0!!!!E..92~ Q..t...:..~.J?erfo~i, .~..EB~Co!!f~~ruction_. A aeries of meusurcmcnte 
was nv1de whll• tho pilo was being nssontbl c d :i.n order to bo eure that the 
criticnl dlrrt'). a ion~ were not r ouchcd i nndvortently. Thuse moasurem~:mt s 
served ~:~lso t. • check the n eutron multipl ication properties of the structure 
durine asncmb y, makinB pooaible a prediction of where tho critical point 
would be r eae od. 

In ;eneral, any det octor of ooutrono or gam.'l'la radiation can bo 
us ed for rooac: tring the intonaity of the r eaction. Neutr on detectors are 
somewhat pre1 lrable ai.nce thoy give response more . 4uickly a nd ar e not 
affect..od by 1 lssion-product radiations aftor shut donn. Actually both 
neutron detec ~ors (boron trifluoride countera) and gam~-ray ionization 
chambers wor( distributed in and around tho pilv. Certain of ~~a ionization 
chambers werr used to operate recording instruments and automatic safety 
controls. 

In the pilo itself mea:3Urements wer e made Vlith t7io types of 
dotectoro A boron trifluoride counter was inscrtt:d in a B"lot about 43 11 from 
t he ground a \d its readings taken at .freque nt inte;rvals. In addition, an 
indium foil rao irradiated evory night in a position as clo3o as poosible to 
tho effecth 1 center of the pile, and. its induced activity was measured the 
following me ·ning and compared with tho r eadings of t he boron trifluoride 
counter. 

Tt ~ results of such measurements can be e:r.prensod in t wo ways. 
Since the m nber of secondary neutrons producod by f in:;;ion vdll increase 
steadily as che pile is construct ed, the activity A induced in a standard 
indium foil at the center will increa3e steadily as the number of layers of 
the pile is i ncreased. Once the effective multiplication f actor is above 
one, A would theoretically increase to infinity. Such an approach to 
infinity is ha rd to obeerve, so a second way of o.xpresoing the result-a was 
us ed. Suppone the lattice · op~:~cing a nd purity of matedale of a graphite­
uranium structure a re such thut the multiplication factor would be eJC8ctly 
onu if the structure were e ophore of infinite radius. Then, for an actual 
sphere of similar construction but finite radius ~ the activation of a 
detector placed at the cantor would be proportional to the square of the 
r adius. It was possible to deter tnine a corresponding effective radiue Reff 
for t he real pile in each of its va rious stages. It followed, therefore, 
that, if the f actor k00 were precisely one on the average for the lattice in 
the pile, t he activity ~ of the dete~tor at the center should incr~ase with 
increasing Roff in such a 1vay that R efrl A l'Emained constant, but, if k00 
for the lattice were ereater than one, then ae the pile size approached the 
critical value, that is, as kerr approached one, A should approach infinity 
a~d therefore R~rf/A approach zero. Therefore by-extrapolating a curve ot 
Feft/A vs. size of the pile, i.e., number of layers, to where it cut the 
axis, it was possible to predict at what layer kerr would become one. Such 
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n curve , eho-,.,.n in Fig. 1, lndicot cd nt nhJt. )ey er tho critical oiz() would be 
r onchod. Tho lo".., uooful but rnoro di roct and dram.'ltic way of recor ding 
the rc:JUl t~ io shown in .Figo 2, l'fhic h .'Jh01w tho gro~th o! tho neutron 
llctivit.y of tho pilo ·aa lllyorB wore addod. 

During tho· conotruc tion, llpprocia bl,)' before reaching thia 
cri ticnl la.yor _ oomo qadmiwn a tril>3 wer(j inaortcd in auitnble :!lots. They 
\Yore removed oncu every day with tho proper precautions in order to check 
tho approach to the crl tical condJ tiona. The conotruction waa carried in 
thio way to the critical layer. · 

Cont~l. The reuction was controlled by inaorting in the pile 80me 
l!tripll of neutron obnorbing material -- cadmium or boron eteol. \\-hen the 
pil'l was not :tn operu tion, !5evernl a uch cudlllium s J.:.ripe Y1ero insert ed i n a 
number of al otae bringi ne the effoctlve multiplication factor considerab~ 
below one. In fact, any ono of the cadmium strips alone was sufficient 
to bring the pile bolow the critical condition. Boaides cadmium strips 
that could be used for manual opera tion of the pile, tno safety rods and 
one autoroRtic control rod nere provided. Th e automatic control rod wa~ 
opera ted by t wo electric motors roapondinB to a n ionization chamber and 
amplifying eystetn BO that, if the inteooity of. the r eaction increased 
abovo tho desired level, the rod was pushed in, and vico versa. 

~a_!!ion of the Pileo To opera te the ,Pile all but one of the cadmium 
otrips wore taken out. Tho remaining one was then slonly pulled out. As 
the critical conditione were approached, tho intensity of the neutrons 
u~ttod by the pile b egan to increas e rapid~. It should be noticed, 
h01vever , that, when thia last strip of cadmium l'laa ao far inside the pile 
that tho effective multiplication f actor was ju:3t belol'l one, it took a 
r a ther long time for the intensity to reach the saturation value. 
Sim..Uarly, if tho cadmium strip vws juat ·far onough out to make ko!f 
gre~ater than ona, the intensity rose at a rather slow rate. For example • 
if one rod is only 1 em. out from tho critical pos ition, the 11 r el axation 
timo 1 11 i.e. r the time for the intenBity to double, i3 about four hours. 
Those long urelaJwtion tirooe 11 were tho result of the email p'orcentage of 
delayed neutrons which ha ve been dlscusoed in Appendix J, and make it 
relatively easy to keep the pile operating at a constant level of 
intensityo 

The pile was first operated on Uecember 2, 1942 to a maximum 
energy production ··or about 1/2 watt. On December .l2 th the intensity wae 
run up to about 200 watts, but it .waa not felt ~afe to go higher because 
of the danger of the radiation to personnel in and around the building. 

· During this high intensity run, measur::.-::.~ •• ~3 were made of radiation 
intenoity beside the pile, in the building, and on the sidewalk outeideo 
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J>reoonted b6low io a llot o! titleo o! r0presontative roporto pre­
pared in the llot.T.lllur~icnl Laboratory o! tho Univor.J ity of Chicago in 1942. 

A Table !or Calculating the Percentage Loaa Due 
to tho Proooncc ot Impuri tieo in Alloy 

Concornine tho RadiUl!l-I3erylliwn I'ieutNn Sources 

Preliminary Eat.imntca of the Radiations !rorn 
Flaalon Producta • 

P~okground ot Natural Neutrons in Multiplying Pile 

Abvorption Croao Soctlona for Rn plua Bo Faat 
Noutrona 

On Mechanical Stressea Produced by Tomperature 
Gradienta in Rods and Sph~rea 

Effect of Goanctry on Reaononce Absorption of 
Noutron:J by Ur~n11.w 

Protection against Radiationa 

Planning Experiments on Liquid Cooling 

Report on the Pos~ibility of Purifying Uranium by 
Carbonyl Formation and Decomposition · 

On the Radioactivity of -Cooling Helium 

Eatimation of Stability of Ether undor Varioua 
Conditions ot Irradiation 

Uranium Poisoning 

Tranauranic aoo FiBsion Product Activitictt 

Chemical Etteota ot Radiation on Air Surrounding the 
Pile 

An Eotimate o! the Chemical Effects of Radiation on 
the Cooling Water in the Pile 

The Extraction Uethod o! Purification of Uranyl Nitrate 

The Diffu~ion of Fi~sion Products from Cast ~tal at 
60000 and 1ooooc 


