
., 
~' 

,.,;. 

.. 

. 
• 

I 

r 

~ 

~ 

'9 

... 

.J" 
B-46 

REPORT NO. ~a(.£I3~ 
This jdocument contaIns e14 ._ 

es of Text and. a ___ Pages 
Figures. 
s is copy 31/ of _~ Series 

Classification changed to: n~Wl@~ h\~~~~~~@ 

By Autl\oftfi.:2,hI,i}."''''';M n:_t_:_. rIP -11(3 
"J( .. 1L~ TS!!h;'i~l-i.,i;~'"'·" 

By: 1n\~ll=SX:: Y!ei'C,!~M,iI..-';'J"! ffi~'!~.:ilmfll 
~~ ~m Date: 

~ X.906 mBwhiimg 9711-:' _____ j 

1. 

2. 

3. 

5 • 
,.t'. I-:.'f-" - " 't', e ,J -""~'~ k- .,)""'''jY --' '"""- ~ _. ,.-" r~'n;!~,_:.: f1 .•. r_.~·.,.: .... '1.'. - ,,--. "." .. " .. ' ... n.,. T "'~'tlr"'I--.~' m. ~-'f~~'~' '"'' 
',' to.~l'l~ce--0ti=¥~ftan"'"'-'t ae or t 1O asslgn'tre Ii'.' . 

':-"""'-i)'ni'armati..Qn Office and recorded there. ~. __ ._~~~ 
6. . A~' ,~~iY~.r.it~;J·~iA!.'~;tMil:--.~5~fu~Ji~~H.Mt1~~t(lli .. '~~i.~Jj 

7. 

.~ ,~~~·R-~~'~~.w3E·h '.A"lt'-"·~~~· 'I' .~',. '··,4?~,,,~,t*JiuJ:t 
·Inf6rmatJ:oH,-Ql:r:rC':(f;Wtl.ex,eupOfi:;::t1):(F"ilindIvrQ.ua'I::wlll..,,'PQ,',J;';;il 

s.PQr:rSl1:t~i.J.t,Y.' lor: :t:LS .sa!e~K~f~~-~' .. ~ -r-'-=:::;,;;;::..~~;~~'" 

~~rm~b elovf ~i5' "taL'hi U~,9d_in~.:c~-t:i.4'll7;'\t-h:;i;;?,rr~r:£;:i~&;'ti<'!b'et~sl:~~<.~~tiy "':~~:' , 
,_,.$.\ ,-It. .. l, .•. _ ~< •. " .• , ••• _,',~, •... ~ ":.~:.,,,.lill" .. ,.~,",,,J.~t, ..•..•. '''·'1_ ,-.. ;. ~ __ ~.~ .. ,.., 

Date Route to-.Jiead bt'l Date Route to 'Re~3d by D<".lte 
---r- I i 

1 

f.;t1/'/? 



----,--' 

" 

Neill P<c~192 

',,,, 

Contract No~ W=J5=058~ 0ngo 11 

• $ * ~ ~ ~ • * • ~ • 

.',' 

" 

DESCBIM'lO.N OF AN "AVERAGE" 'ISSION ----- . 
,I 

'\ . ~ . ~ ~ . . ~ . . . ~ 
." 

Report Wri t.tan by~ K. Wa,y 

Dats ReCM1veag D@c~ lO~ 1946 Dat0 IlEH!lu(.l(i; Dec:", 11" 1946 
(, 

.. 
" 

.' 



\. 

.. 
+, 

" 

A.l 

Bo1 

lI.3 

:Ba4 

041 

Dol 

D.2 

Do} 

D.4 

E.l ., 
'.J 

.~ • .i'.4 

F,,5 

1,,6 

G~l 

G<>3 

B"l 

HQ2 

~ a,,) 

Ho6 

, 1,,1 

J'"l 

. !Ll 

~ 

~.'"' ~ 

DESCRIPTIOllT OF AI II A,VERAGEII rISSIOJl 

Referencel 

Moll p=192 

H. Lo 4ade1"80D.. E. 'enDi, aDd Ho Bo Banet,(dn 0 Pllye. ReT .. 2,2.- 797. 1939. 

N.o Bohr- and J~ A.. Wheeler. Ph7e .. R~v •. 2§. 426. 1939. 

L. Borst, 0P.=G-~2024. 

No BurQ~·. MGn 5-29. 

A. O~. D. J 0 Hughes, and J ~ Dabbeo CP=3147·, 
\ ' 

.&.. J. Dempeter, rhys. Rev. 12' 64. 1938. 

A. J" Demp8~erD Pl\rl., ReT • .2i~ 8698 1938,," 

M~ DeutsCh' sAd Jo Rotblat. L1\-170. 

14 .. DeutsCh and MQ RBIlIeY. L&",,510. 

...... 

D. ED~e1kemeler. D. L. Bill, M. s. rreedman. and Ho Lo ADderlOl1. C'~~773~ 

Eo Ferini. t, ~8hallD and J. M!S.J'ehall, OP-1398. 

E. Fermi. J" Marshall, and L. M1:U'8hall. OF-lOSl • 

A. Plammersfeld, P. Jeneen. and W. Gentner, Z"I tUG f b P~fZc 120, 450, 1943. -- ' 

M" S. Freedman Md E. p~ stelnberg g CC-R-342C,. 

\ , . , 

Ohi". Gert.hliJen •. and ED Grimm, ZeitGIi f" Phys< ~~ 4769 .1943,) 
" 

Ae Co Gra.ves t Ph,yUo ReT" 55~ 8630 1939" 
. -

S" 'lTon ~lbal1~ i'c Joli~tn La Kowar8k:l v lIIature 143D 410 and 660 0 .1939.>, 

D" lialln D. J 0 Hughes. and 'I .. Spatz. OP-340J" 
\ . 

14. Hender80no Ph,1s. ReY" .,2!n 174~ 1940. 

D. J. Hughes, J 0 .J)abb.8. and A. C(lhItD CP-O",3t:'94" 

D. R. Inclie and V~ ,,, Weleakppt, ~l40AQ 

W" Jentechke0 Zelts b to Pb1s~ ~o 165& 1943. 

M~ H. Kanner and Bo au B~rschal1o Pby8~ Rev. 21~ 312~ 19400 

.~ 



I .. ,1. .. 1 

P .. I 

R~l 

R.2 

Sol 

Sd2 

!Ql 

W,,1 

W,,2 

W.,3 

li.,4 

W06. 

lIo 1 
~ 

Z.l 

~ 

Ii 
,I 

I 
NOlIl 1'=192 

Je So Lev lager D E. P. Mein6ra. M. ~. Sampson. and A. H. Sn~ll. OP-1961o , ....... 

Go 110 Plue, 0'-3073" 

It" '1'" 11lchardo, 14 .. '18cher~ 10 B~ Perlman. and to' Speck, Li\-84 .. 

0" Redman aIld D~ Saxon. CI'""P",,231S .. 

T.. M"snyder and B" 11.. WilHams. LA-I02,._ 

J. 140 Slegel. 01-1MS ... 1" 
".-

A.. !urkeYlch and E • .Brad,y~ Project Handbook. chapter III t D .... o .. ' .. , 

A. Wattenberc. OP=3364~ 
I I 

Eo .Po Wiper pd It", Wq. CC""J032. 

It.. Wq. 11-1982. 

K" We;ya L2011. 

)1 .. R ... Wilson. v. Woodward, and Jo V •. DeW1re, LAMS ... 95. polO. 

R. R. 'W1110n, LAMS=95.polO. 

. 'We,Ho ZiAn and L. Sal1ardo :Pbye~ Rev •. ~tI 619, 1939" 



.. 

" 

, I 

(. 
iJ' 

.;} 
B. 

~, 
, 

Desoription of an .'tAv~ra3euFl~sion 

Ko Way 

The'Average Neutron Fission, in 0235 and Pu239 

'Mon P,..,192 

The fact thtl t a great many different pairs of .fission prod'.lots 

are found after the thermal fission of a number of nuclei of the 
I 

same kind shoVis very clearly tha t the fiss,ion of a given isotope 

can take place in a number of different waysc Each different mode 

of splitting probably results in the emission of different numbers 

of fission neutrons and tr -rays and the re-lease of dlff'ercr,t 

amounts of' energy as well as in the production of dlf.ferant end 
/ 

products 6 The' possible variations of the fission prooess a~e of 

sreat practical as Vlell as theoretical interest" However, the way 

t~t fission takes place on the average is a matter of fundamental 
I importance for it is the average number of fission neutrons~ the 

average energy release, and the average amount of radiation emitted 

which determine the way in which any reactor making use of the 

fission' process is going to operate o 

The ave~age tission brought about by the capture. of a slow 
neu,tron by the nucleus of u235 can now be fairly acourately des~ribed& 

It 1s an event resulting in the production of two principle fragments 

whose mass numbers are .;"V 95 and .......... 139 and 01: 205 new neutronso These 

neutrons are ejeoted from the tragments atter the ma1n division has 

taken placso At the' tine of tission 5 .. 1 mev ot Y -rays are emitted 

\'lhose average energy is .......... 1 mav .. , The total energy re leased in the 
disruption, amounts to /V 175 mv" After the fission the 'two princi­

pal tragments decay radioactively w~t~ the e~sslon ot.~ and ~-, , 

rays. The energy released per·sec at time t between 10 see and 100 . . 
days atter a fission has taken place is given approximately by 

* Originally iritended to he part B ot a long~r ·report. 
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'0 mev/sec/f'ission 

f3 -+~ mev/sec/f'ission 

1,,26t-1.,,2· 

2e66t-102 

where t ~s in seoonds~ (For shorter times see the curves ot 

2 

\V" 2 o) The total decay energy is equal to about 22 mav .. · This 

figure includes energy carried away bY. neutrinos.. Thus the total 
, 

energy released per tission betore,'stableend products are pro-. ' , 
duced is equal to about 175 + 22 or 197 mev. In a pile more 

energy than this primary amount is released per process on ~ecount 

of secondary events such as the capture of' the fission neutrons. 

~ - n reactions. etoQ 

It would be very interesting to know in just how many ways 
I 

the average fission in other nuclei differs from this average, 

, neutron fission in u235 • Not very much information is available 

at present" A little is known about differences in, the end pro­

ducts,and in the number of' fission neutrons produoedo The most 

. probable fragment;s from the neutron induced fission of Pu.239 are 
\ 

elements of mass 139 and 98 and the average number of fission 

neutrons is 2e95~ In the slow neutron fiSSion of'U233 the most· 

probable, .fragments have masses of 139 and 93 and an average of 

2.66 neutrons are produced per fission. The 'striking fact that 

the maximum of the heavy fragment.group seems always to oome at 
. I 

the same plaea a namely at mass number 139, will be discussed 1n 

a later- repOl"'·t I) 

B'll The. LIos t: Probable Flssi .. on, F:ras;!D.snts 

The mos:t; probable fission fragments are round f'rom the curves 

or the rad:lochemists showing the yields of prqducts of di.ff'erent 

4···· ... 
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masses. J3Y yield ot a mass number is meant the traotion of 

t1ssions in which the given mass number is producedo It there are 

always tv/o fragments. that lis if three particle tission does not 

take place to any appreciable extent. the sum ot all the y~elds will 

be equal to two<> This value is found tor the total yield at tf35. 

The value ror Pu239 is more uncertain.. Yield curves .for both 0235 

and Pu239 are to be found in F~6 and SD20 

Ba2 The Fission Neutrons 

The numbor of neutrons emitted in a/noutron induced ttasion 

beoamo of thegroatest interest atter the discovory of tission 

itself since it was realized almost immediately thut it this number 

were greater than one it might be possible to establish a chain . 

reaction in fissionable ~aterlal& 

The approx1mate number of the new neutrons produced by flssion 

was soon est~blished in va:~lous tv,ays 0 It was also sho1i1n that these 

neutrons are tasto Von Halbanp Jollot. and Kowarski (HoI) studied 
/ 

the neutron distribution around a source in a large container t1l1~ 

ad with a solution ot uranyl nitrate and found thattha addition 

of the rast fission neutrons changed the neutro~ d1stribution from 

that round w~n the container was filled with ammonium nitrate o 

They estimated the numbor of fast neutrons produced POI' fission 
+ 

to be 005 - O~7G Anderson. Fermi. and Imnstein (A$l) studied 

the distribution of neutrons in a large ~ank of ~ater with'and 

without a spherical bulb containing uranium around the source and 
-determined the number of fission neutrons to be ....J 2 0 Zinn and 

Sz+lard (ZG1) observed protons projected by the fast fission 

-.. ..-..,.~~ 
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neutrons in an ionization chamber .filled with hydrogen., BY'_ 

determining in addttion the number of fissions 'iJhich had taken 

plaCG they were able to estimate the number or fission neutrons 

as 2 .. 3. 

The best value for the number of new neutrons produced per, 

r1ssion of u235~ ~25' is now believed to be 2 .. 50" Snyder and 
II ~'"lI -+ 

Williams (S"l) working at Los Alamos found "25 ... 2 s 54 - .. 10 In 

an axperiment v~ich measured t~e fast neutrons produced per. 

fission direotly.. They established the rate at v/hioh tharrcal fis­

sions were taking place in a sample of u2SS placed in a thermal 
, . , 

column and, then (fompared the number of fast neutrons emitted by 

this sample par sec with the number 'ool'!1ing from a Ra-Be source 

or known strengtho 

The number of fast neutrons emitted per slow neutron absorbed 

'in u235 " 1)25'or Y2S P was determined by Fa~a iJarshall41 and 

L1E1rshall' at the A:r.tgonne (F.,,3) " EXpressed in terms of' symbols 

~25· . r Vt <rtf oa -/25 
.- _ _I 

where aa ~d (Jf denote the absorption and fission cross sections 

~espeetively and the, subscript 25 indicates that all va~ues are to 

be taken for the is~tope u23q~ In the Argonne experiment the e~fect 

on the reactivity of tho graphite pile of a sample of uranium en­

riched in the 235 isotope was compared with the e.ffe.ct produced by 

a botton sSlnple of ider.,tieal neutron absorbing po'lar~ The value 
'. - 0 found for '})25 or "(25 was 1!"l5" V1hen this number is multiplied by 

the ratio of ~heabs'~ptlon to fissio~ cross section. lo19o( one 

finds agElin })25 • 2 .. 54" 

The value of;J2S can alao be found trom ~easurements 'of the 
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value of ~ tor natural uranium which is defined as the number 

or mew neutrons emitted per thermal neutron absorbed in the mix-
, 

2 ~~ ture of U 35 and U-
U found in nature~ 

'1 &s 
-v Ir 25 a-a 2s1 

25 ~f 25 + FOt 25] 

Where the subscripts 25 and 28 mean that ~e cross section in 

~estion is to be taken for u235 or U238 and F is the number of , 

atoms of u235 per atom of u238 in the natural mixture or l/l39~ 

The ratios in the denominator of the rigpt hand side are now well 

establ'1shed as 1 .. 18 and 0,,66 respectIvel,." . The value of y\ has 

been determined in two long ,series of exponential experiments in 

graphite and water lattices to be 1 .. 345 (VI .. l) ,; Making use of 

these three numbers one finds ~25 ,= 2.48. In spite of the faet 

this method of finding -J 1s an indirect one .. involving the results 

of several experiments J the value derived fram it earries a good 
, , 

deal of weight because the three numbers involved are probably , 
ac~urate to :t\1~ so that the probablE! e!'Tor in V is oniy tV 2%", 

~ 

It is for this reason that the best value is'given as 2.50 rather 

than a number slightly hi~er',,' 

It is interesting to note that the value at J does not 

change with 'the energy of the neutrons inducing fission.. Experi..;. 

ments of Wi1s on II WoodlJ'lsrd # and DeWire e. t Los Al.amos (\"J;, 6) showed 

that ~ 25 remained oonstant as the energy or the rission" produo­

lng neutrons was raised from thermal to several hundred kilovolts., 

The experiments just described giv.e the total number of new 

neutrons emit-ted per fission without reference to the time after 

 ,. 
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the ti-ss ion at which they ar'eproduced .. It was 
observed shortly after the discove~y of fission that some of the 

flssion neutrons appeared some seconds after irradiation of the 

i'issioning material with ne'..ltrons had stopped", These '''delayed lt 

neutrons have been shown~ in two cases at least. (L .. l)to (!\ome 

~om the fission products and to amount to only a small percent­

age ot the total number of fission neutrons. Oo73~ in the~asa 

of u235 , 0",24 tor u233 ~'0 .. 36% in the ease of Pu239"" It is of a 

good deal of interest to know whether the other, the so-called 

"prompt" fission'neutrons are also emi ttad by the fragments but 

at vary mueh earlier times or whether they are ejected along 

with the main .fission fragments at the moment of disruption of 

the original nucleus~ , 

:!xperiments performed at Los Alamos by \J:1.1son (W" 7) indicate 
I' , 
, that they come from the fragments in most canes. In these experi-

ments the fission fragments ~ere chann~llzed in a certain direction~ 

The number of neutrons emitted in this direction. was found to be 

much greater than the number emitted perpendicular to it showing 

that the neutrons possess tne fragment velocity II and are thus 
I 

E.!mltted after the fragments are f~rmad.. However" the possibility 

that some of the 'neutrons may be ejected, at the moment of division 

does not seem to be excluded" 

It seems quite reasonable that the ~isa10n neutrons should be 

'emitted b'7 the fragments .very soon after they are .formed and be- ' 

tore there has been time tor any radioactive decay. Just after 

• 

the disru.pt'-on, the fragments undoubtedly have shapes which are / 

\ 
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very much distorted in comparison with their normal oneso The 

potential energy \"/hich is translated intoklnetic energy as the 

normal shape is ,assumed could make possible the boiling off of some 

of, the neutrons 0' The energy made available is a kind _of n sna'p back" 

energy. The gre~ter the distortions of the fragments the greater 

will be the possibll1tyfor t~ emission of fiasio~ neutrons .. One 

would a~so expect that the greater the dlstol'tions II the smaller 

will be the kinetic energy of the fragments.. 'If the fragm3nts 
. . 

are very much stretched out at the instant of divlsion~ the 

distance between their centroids will be greater than if they 

were spheres~ Distortions in which the reverse is true do ~ot 
" 

seem likely to lead to fissiono The separation or the centroids 

at tlie moment'of final cleavage determines the eleotrostatio 1'e­

'pulsion of' the tV10 fragm~nts and so, to a large extent their final 
'. 

l kinetic energy.. Thus the greater the number of neutrons released 
, . 

because of distortion of the two £ragments the smaller should be 

the 1r final kinetic en~r'gy because of the large separation or 

their centroids 4 -This picture v4 II-be discussed in more detal11n a 

later report 1Jbs:rte deviat.iarl.s .tmm the awrage- fission are oonsidered" 

The nuItlber of neutrons- emitted per fission .. or the value' of J.o 
seems to VS','1."'y' o,ona-iderably with the fissioning nuoleus" For Pu239 

it is aqua]. to 2",95 (Sol) 'and for u233it is nOtl thou.ght to be 2<>66 

(1 .. 1).. Tb.e suggestion just made Vl~uld imply that greater distor­

tion is necessary to produoe fission in the oompound nucleus Pu240 , 

than in u236 and le ss' in u236 than i~ r?stlo One ndGht then expect 
I 

the spontaneous .fiss ion rate of Pu240 tobs 10weI' than that of u236 

234 /"'~J' 4/~~ " 
and that of U to be hl~p .. ' The. table on pg" 4, LA=140 shows that 

. ,  



.-

8 

just the opposite is true in the ease ot Pu240 and U236 ., The 

relative rates or U234 and u236 are not yet established., ot 

course~ because of spin or of nuclear moments. it may not be juSti­

fiable to compare the fiasi.onability ot a compound nucleus formed 

by neutron capture with that o£ a normal nucleuso 
. \ 

The energy spectrum ot the fission neutrons ~as determined by 
, 

TIichSrds (Rol) by means ot proton recoils in photographic 61uulsionso 
-. 

calculat:toJ\? of the age 01: .fission neutrons by Plass (P .. l.) ,aased on 

R1ehardB~ .r~sults agree well with the value 3506 em measured by 

Fermi'" Marsl1allg and lJarsha1l (Flt4)., The average energy or a fission 

neutron as found. from Richaztdts curve -is 2 .. 1 mevo 

BoO Delayed Neutrons 

Although the delayed neutrons are coUnted as nfission neutrons" 

in all determinations of the number of new neutrons created per 

i'issionlt their origin is so different from that of' the prompt neutrons 

and their role in the control of a nuclear reactor- is so important 

that they 'deserve special considera tion .. ' 

The facts )Q1o~m at. present are sumr~arized below in·Table Bolo 

The values of: l;he. half lives of the delaJyed neutron emitters and . 
( n3~ their relativo yields when produced by the :r1ssion O.l~ U~ ;J a!"e taken 

I . 

~om HUghes, Dabbs~ and Cahn (HoG); the absolute yield for U235 !'rom 

Hall$ Hughes, and Spatz (Bo2); that of Pu relativ'e to .u235 from 

Redman and SaXon (Ra2) and Fel.d and da Hof'1inan (FoS); and that of u233 

relative iii;) yf23S f'rom Cabn~ Hughes and Dabbs (C .. l) 0 The energy val,uea 
. 

"re averng~s of: those found by Hugh~SI Dabb~s and Cabn (B~6~ and those 

found by Burg {Bo4)-0 
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Table Bel 

Data on Dela~d Neutrons 

Yield 10 Units of 10-4 . 
Ualt L1..fe Energy in KV u235 1jd!3 P'tr239 

55 .. 6 see 250 2 .. 5 108 1414 

2200 570 16 .. 6 541'8 10 0 5 

4,.51 412 21. 0 3 0 .. 6 12.06' 

1",52 670 2401 602 '11 0 9 

0.043 400 8-05 108 
----- -_._ ... _,-

Total 00000.000 7300 2402 36,,4 

\ 

\ 

Bohr and Wheeler (Bol) pointed out in their paper on the theory 

of fission that it. might be expected that various·nuclei created by 

~he radioactive decay ot the original fission tragments would be 

produced in excited states vmioh had sufficient energy to boil ott 

a neutron.. Such excited states would be possible .in a daughter 

nucleus if the energy em tted 10 the decay from parent to 

daughter "I1erE:1 very muoh,_greater than the binding energy of a neu-
I 

tron 1n the d.aughter o Som.e transitions might then be expected to 

levels with :!l1Ore energy than the neutron bindin3 energy' 0 In sU,?h 

1ey-els neutron evaporation VJould taka plaoe be.fore gamma radiat10n 

. 

/ 
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to the ground state occurred. E~timations of t5 decay energies 

and or neutron binding energy of fission products show that in 

8 number of eases the farmer 1s greater than the latter. In 

ract tram these estimations it is difficult to unde~stand why 

there are not more delayed neutrons than have been observed. In 

explanation one can say that the mass formula used by Bohr and 

hbeeler to calculate the decay and binding energies must be re­

garded as only approximate.. The f3 decay' energies vJhich it pre­

dicts (V/ .. 4) 11 are not in very good agreement with observed values 

Gven when the disintegrating nucleus 1s near to stability. It 1s 

just in this region that the energy caloulation is supposed' to be 

the best.. For nuolei that are far from stability there is at ' 

preseJ;lt no evidence aa to the validity or the mass formulae Spin 

anQ nuclear moments Which so. far have not been taken into aooount 

in any way may also play ~portant parts in delayed neutron 
. . 

emission., 

B~4 The Fission Gamma Raz~ 

It had always,been supposed that ~ -rays were emitted by the 

two fragments just a!"ter the disruption since these fragments must 
, 

in general be formed/in G~cited states~. One would not expeot the 

tota 1 amount of this a -r'ay energy to be more than /V'10 mev. \ or 

f'\.J ~ mev per fragment tI since if energy ~eater than the neutron 

binding energy were available 1n either fragment it 1s likely that 

additional neutrons would be emlttedq 

An experimen.t of Deutsch and RQtblat (D~3) pari'ormed at Los 

Al:amos showed the t. there are definitely coincidences between 

:f"is!!'lons and ~ ··rays .. The tota1 0 '-ray ener'gy emit ted by both 
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I .fragments turns out hm:Jever~ to be only 5 .. 1 - 0<1'3 mav" a value 

conside~ablY' lov/er than the 10 mev estimated above as an upper 

limit.. Absorption measurements showed ,the )' -rays to have an 

average energy of about 1,,0 meve The' constants of the circuits 
/ 

were such that it could be said that the '( -rays were emitted 

within two microseconds of.' the time the fission took place.. The 

results were unchanged whE.nadjus tments were I!lsde so that a coin-
I 

cidenee would still be recorded if four microseconds elapsed between 

fission and o-:ray emis,~~on" The experiment JI of course. did not 

rule out the possibilitY' that the )' ..i.rays are' emitted by the com­

pound lIUcleus before the instant of division~ It also indioated 

that there is a fairly wide spread about the average quantum 

energy found .. 

B.,5 Fission Product Ladie tions 

striotly speakirg the 1'1ssion prooess has been completed 

when the division of the original nucleus has taken place and the 

resulting fragments ;tsve iost their excitation energy.,' But even 

when the :fragments ~:,ave' reached their' ground states energy con­

tinues to be releafad because they are nuclei whose ratio of 

neutrons to proto:r:s is much too great for, permanent st,ability .. 

The exoess neutro.ls' are oonverted into protons through the suoces­

sive emission of ~ particles until a stable proportion has been 

attained.. ,The tS decays 8l"9 in general accompanied by 0' rays 
I ' 

so that penetralJing sawall as easily absorbabla 'radiation oon-

tinues to come from the £ission fragments for some time 0 

In a 'broed sense, the fiss'ion process oan be regarded as 

extending frcll the moment of disruption Until the time when the 

, 



fragments reach forms of lasting stability. CertainlY',trom a 

practical point of view the slow energy eyolution which forms 

an aftermath to the sudden release of the original disruption 

,is of very 'great importanoe" Any reactor 1oi:tioh makes us'a of 

the fission energy must be so designed that the radioactive 
, .. 

1.2 

fission products ar~ not h~rmf'ul either to operators o~ appara-

tUS,il ' , Here a.gain the quantity that is 01: interest is an average 
, 

quant~ty. the average amount of energy ~eleased per fission as 

~ or i rays at di1:1:erent times a1:ter the fission ~s taken plD~e. 
The radlocbemists of the project have identified chemically 

, 

many fission products~ determined genetic relationships among 

them. and'measured the enar~ies 01: th~ !3 snda ray-semitted in 

various transitio~o They have also established'the yields of 

different products or the fraction of fissions in which la specific 

pro due t is f'orme d " At wI"!{ long t ime s after s fis s ion ha s taken 

place their data has been used to calcula te directly ,the average 

radiation emitted per unit time (T"l).. The caloulation is possible 

because at such times only a .few long-lIved .fission products Make 

an tmportant contribution to the total energy ejected. The ~1elds 

of' these products are general~y we~l knoWn since long-lived pro­

ducts were natural1,. selected for yie1d measurements ~ and the 

energies ot their radiations have 8180 been determined., 

For llVlny shorter lived produCl:ts", however" neither the deciay 

energies nor the yields are knowno Although genetic relationships , , . 

may have baen established with . longer lived products. it 1s not 

at all certain yet bow the yield varies along a chain" with which 

'" 
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, .." ~'ns . 
member the, ,chain usually :e::tee or hO\"I oiten it is formed 'on one 

side or another of the most probable place~ Slnc~.calculation 
, 

1"rom the individual data is impossible" experimental detormina .. 

tions of the average e~ergy released are neededo A number at 

S'.lch meaSUl"ements have ·been made on the project" \"1igner and "11&7 .... 

have collected the data in .a-report '(Wo2) which gives re£er9nces 

to all the ottlg1nal vlOrk., Rules of thumb which f~t the experiment-:. 

al data to within a factor or 2 for times between 10 seconds and 

100 days after 8 .fission has,taken place have already been given 

in the ~neral discussion of the average tis siano 

A theoretical calculation of the ratio at decay of fission 

products and of their energy emission is alsog1ven in the paper 

just reterr~d tOe The results are 1n fairly good agreement with 

the experimental ones except at. times at the order· at: 0 .. 1 sec 

atter fission has taken placeo ascent experimental evidence or 
I . 

the radiocheniists plissented by La ED Glendanin, C" D .. CoryellL't 

R" R,,'Edwnrdss and IJ .. Ho Feldman, Ot .... LEG-1. in support oftha 

hypothesis that thB chain lengths ot the light and heavy groups 

" 

are about equal points to a changa in the theoretioal treatments 

whioh leads r..o bet~er agreement V'/ith experiment at very short times 

attar tiss101.1" A revised edition of the paper will be iSSl;lSd soon" 
/ 

 

,; 
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Integration of the expression £01'" the rate of energy 

emission V/ith respect to time t after fission has taken place 

. .trom t .. 0 to t • ~ gives the total decay ener-g,- emitted by . 

the fission products betore stable forms are floally reacbed~ 

The result is 

Average total decay chain +. 
I£lI 22 - 3 mav" 

_erg,- released per 1'issio 

Be6 The Erie~gy Release 

With the help of project contributions to knowledge about 

the average deoay energies of the fission fragments and of the 

average energies of the fission neutrons and tf -rays it is now 

possible to make-s fairly good estimate'ot the average. amount 

of energy released per tissiono It 1s this average amount'ot 

energy which is. ot COurS9g. of paramount importance in the 

~peration of any nuclear reactoro The amount of energy absorbed, 

per fission 1ri a reactor is a ,quantity which oan be measured and 
\ 

whioh at.1'ords a cheek on the energy release calculated by' 

adding together the energies or the .fragments and radiations .. 
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If the mass difference between the initial fissionlnC nuc­

leus and the final stable fragments were knov/nJl the total energy 

release eQuId be found immediately.. Unfortunately the diffe'rences 

between the packing fractions of, uranium and of elements in the 

fission produ.ct regioIl are not sufficiently well known to make 
, ' 

accurate calculations ,of mass differences possib1eo 'Dempster (Dol) 

gives 10 .. 41 ± 0.1xlO-
4 

an the differenees between the u238 _ 8n119 

packing i(ractions while Craves (G,,3) gives 10 .. 12 ! .. OgXIO-4 for 

the same dirferenceo !~king 10 .. 27 Z ~25 as a reasonable value and .. 
assuming the sp11t to be into two equal p,arta, one finds 238 X 10&27 

till 242 mmu ... 225 mev with a probab1e error of 5 .. 6 Mev as the energy 

released when the nucleus U3~B divides syometricallyo If Demp­

ster's packing fraction cur,·e (D .. 2) is used JI an energy release of 
I ' 

( 208 mev is found for the division of U236 into U095 _ La139~ and 

two rieu trons • ·:i. 

The best estimate vmich ,~an'be made at present by adding to-
.' 

gether measured va~ues of the different kinds or energy detected 

gives 197 mev for the average tlnergy released by tb,e time the 

fission produots have ~ecoma stable nuclei. The various contri­

butions are listed in Table Bul.a 

Table Bol a 
" . 

~veraS! Am'lunt of :Sners;, Re1ea:led b1 Neutron Fission of; u235 

+ .'~" Kinetic; Energy of Fission ~·agm.ents 165 - 15 .... "'Inev 
, + 
Kinetic: Energy or Fission N,)utrons 5 - .. 5 

\ Energy of Fission 0 -Rays + 
5 - 03 

Radios:ctive Decay Energy, of Fission Frag .. · + 22 - :; 
197 ! 16 mev 

* RaIl, ~;p-~54',v finds the pack.ng fraction dl.t"ference between ~8 
and Zra2~:J4 to be 12,,2 :!: 0,,9 x 10-4 .. This value is fair1,. .close 
to the ~u~ve given by Dempst3r in Do2~ 

*:~ This el"ror .figure is. la~'gel~ a guess ~ Kanner and Earscha11 esti­
mate that the:lr ionization neasurements are good to 5~ but can 
ort:{!;r no op;n:lonas to .the "'a1idity of their ,absolute calibra.tion" 

,. 

, 
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No nevI information about. the kinetic energy of the pr1nci-
:. ," 

pf.l rission fragments has beertobtained on the project .. One uould 

expect the values to be quite large~ Two equal similarly charged: 

spheres originally in contact will acquire kinetic energy of 

Z2e2/R12 where Rl2 is the distance between their centerso It R12 

is equal to 2roAl/3 where A is the mass of each spherd and ro is 
'/ 

the radius ot 'an elementary particle /I"""" 9
2/2mc2 , then the kinetic' 

'energy is equal Ito z2mc2/Al/3 or A.I 215 mev.. This is undo'ubtedly 

an overestimate sInce by the time the connection between the two 

£ragmants is brokenll their centroids are probably a good deal 
, , ' 

farther apart than are those of two touching spheres~ 

The figure ~or the fragment kinetic energy given in the table 

ls that due to Kanner and, Berschall (Kcl) w~o measured the ioniza­

tion produced by the 1'issionf'ragments e'jected from both sides a 

thin 1'011 of uranium.. Correction was roadetor the energy lost by 

the f'ragments 1n t1:;1e foil itself'.. The conversion of ionization 

values to energy values was accompli.shed by means of a calibration 
. , . 

,with the Q particles of ThC G The assumption underlying this 

method of calibration is that heavy particles lose the same amount 

ot energy in the production of an ion pair as does an q particle., 
\ 

The correctness of this assumption \~s tested in one particular 

case by an experimen~ of Gerthsen and Grimm (Gol) nho found tnat 
I 

the nuclei ot the ThC which are given back ki,cks by the ejection 

of C\ particles expend an average of 36 e'v in the production 01'- an 

ion pair .. 
. 

Experimen~s similar to that ot Kanner and Earscha11 were per-

formed in Austria by Jentscbke (J~l) and in Germany,by Flammersf'eld~ 

() 
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Jensen I and Gentner (F~5)$ These workers used 'a uranium foil 

to separate two ionization chambers so that the ionization due 

to each fission fragment could be determined separately' Their 

data give a great deal or insight into the deviations from an 

average fission which take place and 'ii-Jill be discussed later in 

more detail" For the mean total kinetic energy of both frag­

ments Jentschke found 160 mev and Flammersteld; Jensen and 

Gantner, 148 mava Their agreement on the deviations is goodb so 

this discrepancy is presumably due to difrerent methods of 3bsolute 

calibration" Both assumed that the energy needed to producG an 

l?n pair is the same for q particles and fission produets put 

Jentschke took the value of this energy in air for q partic'les 
(- , 

of velocity comparable w'ith that 01' fission products to be 36.6 

ElV wpile Flammarsfe1dand his co-workers essentially established 

their own value (although it is not stated explicitly) as did 

Kanner and Barschall by determining the thrOYlT produced byqparti­

cles of knqvm energy on an oscillograph ~hose linear response had 

been established. 

In 8. very recent repetition of the Jentscbke experiment Deutsch 
, 

and RafMJey (D~4) find 153 mev for the mean value of the total kine-

tic energy of the tisnion fragments of U235 .. 

rJeasurements of fission energy release of an entirely 

dif't'-srent kind were -made by Henderson (Ho3) using a calorimeter 

·hechnique. He COUILd the energy which was absorbed in his calor::l-
+ -

meter equal to 177 - 5 mav per process~This energy was released 

in fission and ciuring several minutes following fission" In 

addition 4 .. 0 tho kinetio energy of the 1'ragmemts.J soft X-rays and 

,4 -rays with' enf,rgies less than 1 mev were absorbed.. It is now 

-- = 
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• 
possible to estimate the total radioactive decay ene~gy emitted 

, . 
at different t~mes after a fission has ocourred with the help of 

, ' ' 

'the ourvesot CO-3052" However" such an estimation gives only 

9 mev as the total energy emitted wlthin 20 minutes atter a 

fissionQ This figure includes ~ -ray and neutrino energy so 

it does not seem possible that more t¢t.a':. ", . ./ S me~ can be attribu­

ted to soft e -rays~ Correction for the decay energy absorbed 

thus does not make it possible to acoount for the,discrepanc7 

between Henderson's experiment and that of Kanner and Barschallo 

The value of 165 mav for the ,fragment kinetic energy deter-, 

mined by,these latter workers and "used in Table B .. I leads to Ii 

total energy release that 1s about 5% less than would be expected 

. from the present packing fraction curve a Packing fraction values 

are in a go~d deal of doubt" however» in: the fission product 

region 8S has already been emphaslzeda The value pf thekinetie 

energy chosen gives p however. fairly'good asreement with measure­

ments of the energy abs~rbed in the Argonne and Clinton plles~ 

As has alread7'been pointed'out6 the energy absorbed in a 

pile is not equal to the' primary energy release since some of the 

primary energy escapes trom the pile.and secondary events releas­

ing adqltional energy occur~ .The corrected' primary energy release 

is, however, such a very large percentage ~t.the total energy 

absorbed that a measurement of the latter affords a good check 

on the estlma te of the former .. 

The figure found fram Table B.laof 197' mev £01" the average 

amo~t of energy'released p~rneutron fission Of,U235 includes 

the radioaotive decay energy of the tissiQn products vmich is . ' , 

emitted in the torm of /J-rays., (-raysD ,and neutrinos. Of the , ' 

,I 
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" 

total decay energy-of the 22 'me v ~ "'1/17 mev belong to /!J -rays 

and neutrinos and /\/5 mev to gamma rays.. If it is assumed that 

'0 .. 6 of the total !3 -decay energy is removed by neutrinos vlhich, 

escape .from the pile. them of the 17 Mev belonging to ;3 '-rays 

and neutrinos 10 mav will not be, absorbed in tho pilao The 

total amount of primary energy absorbed per fission will thus 

be 197 - 10 or 187 mev o 

The amount, of secondary energy absorbed in 'any pile h~s to 

be calculated for the pile in question since this quantity depends 

~ery much on the materials from which the pile is made and the 

way' in which the fissionable material is arranged in the modera~ 

tor. 1.eo the lattice constantso As an illustration4 the calcu~ 

1atlon of the energy absorbed per fission in the Argonne pile 

is given', in detai10 

The lattice constants are taken to have the following values: 

~ "; rast effect constant w 1604 

l+d .,. total· fissions/thermal fissions 1m 1,,075 

1-p In fraction of neutrons' captured at 'resonance in tf38 a , .,104 

f u thermal utilization ~ a866, 

£1 "" fraction of fast neutrons which leak out m - Tf). ... ,,035 

.(2 ... fraction of slow neutrons which leak out IS -L\L2 ..... 035 

With these -values one can trace the produc~lon and rate of neu~ 

trons ~ a oycle.r~om thermal fission to thermal fission when'the 

- pile is just cl"itlt:alQ The valile of J 1s taken equal to 2.,48 . 

sinee this is the :aumber iN agreement Vii th the cross section ra.tios 

and the value of t) found from exp.one~tial experiments 0 
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Table B.2 

Fate of neutrons in Argonne Gra12l;lite Pil~ 

I 2~48 fast n's produced from 1 thermal fission 

e x 2~40 • 2~57 fast nls produced from one thermal 
fission and subsequent fast fissions 

2" 57 (1 -.R 1) - 2,,48 fas t n ',S remain atter fast I 
i leakage i 

.,.26 n's px 2~48 a 2022 n's are slo~ed 
i 

captured at to thermal en~rgies 
res .. in 28 t 

2,,22 (1 - )r) ... 2' .. 13 slow n's' re-
main a ter slow leakage 

,,29 slow l' x 2~l3 ... 1,,84 slow 
nf s capt" n's captured in U 

in C 

.. 66 sloVI nt a .. 18 1,,00 slow 
capt .. in 28 capt. n produces 

in 25 the next 
fission 

Some of the fast neutrons produoed in thermal fission induce fast 
. 

fission bef'ore theY' oan be slowed down~ In a cycle there are 

1 +8 or 1,,075 fissions ~ile only 2e48 fast neutrons are slowed 

down.. The neutron kinetic energy absorbed per fission thus amounts 

to 2 .. 48 x 2 .. 1/] ... 075 mav or 4 .. 85 mav ... The value used in the esti­

mation of the primary energy absorption is 5aO so there is only a 

very small correction to the klnet fcenergy to be made on account 

of rast fission and fast leakags6 

The priw\Ij7' and seoonda17 energy absorbed per cycle can then 

be tallied urI as follows: 
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1~075 fissions with 187 mev per fission 

0 92 neutrons absorbed in 28 each releasing 
5.1 mev·:~ binding energy and L.O mev de­

. cay energy 

~29 neutrons absorbed in C each releasing 
6 .. 0 mev~r:1- binding energy 

018 neutrons absorbed in 25 each releasing 
6.4 mev<\'~ binding energy 

Mev/fission "20905/1~075s 195 

21 

201,,0 mev 

5.,6 

le7 

1 .. 2 

209",5·mev 

The measured value given by Engelkemeier. ~nd Hill. Friedman. 

and Anderson (Eol) is 199 ! 16 mev Q Later calculations of the 
+ 

oorreotions OV,,3) reduced this value to 196 - 16 mev.. In the ex-

periment the number o~ fissions occurring in a special lump placed 

in the Argonne pile were determined from analysis of the Ba pro-

. duced while the power developed was calculated from the temperat~e 

rise.. The cO~I-ection for the energy which escaped from or vIas not 

generated in the special lump amounted to about lo%~ The probable 

error 1s q~lte large so the good agreement· between measurement and 

calculation is not completely reassuring .. 

In exparimen1.is performed at Clinton by Borst (8'03), two quan­

tities were determined independently; the nu:mber or captures in 

u238 per fission (orten called the capture to rission ratiO)· and 

the grams of Pu.239 produced per megawatt day.. The energy absorbed 

per Clsslon is related to these in the rollowing simple way: 

*' Binding enflrgies calculated with Bohr-r1hee1er mass rormula .. 
Rev. ~, 426p 1939 

Phys •. 

~~ . 
ih't- Calculated from the masses assuming one fourth or Phe absorption 

is by cl3 .. 
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IJev absorbed ... 214 x 
per tission 

Moll P~192 

captures in 28 per fission 
tlms 49 produced per megaua~t' day 

22 ' 

TWo determinations of the capture to fission ratio gave 0877 

and ~883~ (rheas are in good agreement with the calculated value 

of o877~ The number of grams 'of 49 produced per megawatt day was 

found by ohemical analysis to be O~91G Fl'om the above relation 

then 

Dnergy,shsorbed per 'fission in Clinton pile • 

214 x, .. 88 

.:091 
... 209 mev 

As ,8 check the numbel" of .fissions which had taken place in the 
\ 

slugs in which t~e power had baen measured was determined from 

the number of hard r..a140 '~-rays they, emitted at a known time 

atter the lrradia ti~n"l This value together with the origtnal 

power measurements gave 

Energy absorbed per fission 1n Clinton pile ~ ,191'mev 
\ 

The value ealcp.lated for the X pile/,in ,the way that was used, 

i'or the Argonne pile gives 196' mev ... 
'1 

The, determinations of the amount of 49 produced were made 

from a-number of slugs with plant equipment and although Perlman 

teels they are reliable to ~ 3~ it seems more likely that they 
, 

should be low than hign~ It seems reasonable to suppose that the 

second value of' 191 mev is somewhat more reliable than tine ~irst 
, ' -

since it makes use of a me'thad for the determination of the number . 
of fissions which involves only the yield of 140 chain~ a quanti~ 

very carefu11y estQblish~d by the most c~rerul laboratory methods~ 

Although the p1le experiments thus support thel esttmate of 

~\; the total energy release ,made by adding together 'kno\m values of, 

\, 
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ene~gies emitted in different ways~ the experiments are not 

sufficiently accurate to atrord a really good test pf the esti-

mateQ Data on the' power-product ratio at Hanford should give 
\ ~e~~ 

turther helpful irirormation9 Aeeapa~ien determinations of 

packing fraction differences would probably provide the best 

chacko 
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