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A nuclear reaction can be divided into two essert~ial~ independent pbaaes. The first 
phase is the interaction ot the incident particle (proton, neutron, deuteron, etc.) 
wi tb. the nueleus. This can lead· to the imm.ediate r~obsorption ot the incident particle J 
or for sutticientl.y high energies the incident nucleon can produce a number of h1gh 
energy nueleons througb a series ot individual nucleon-nucleon coU:la!OJt$. In eithet" 
ease the wcleua will be lett·With a oert&J.». excitation energr. The second phase is 
the degradation of this excitation energy through the emisaio!i of ttUCleons. Tbie 
phase can be considered as irldependent of the first phase. That 1st the ~e ot deeq 
ot the excited nucleus bears no relationship to the mode of exoitation except 1n so 

·tar as general consel"fation theorems hol4. 7hU concept is based on the assumption 
of strong . interactions ot sho.rt ~ge between the particles of the nucleUs. 1b.e 
eMrgy vhioh 18 transferr«l to the nucleus 1s quick~ transfmed through the nucleus 
$IS a lthQ.le J and the nucleus must go through ma.IV' periods of notion before enough 
energy is again localized on a given particle tor 1 t to escape. Because this period 
ot time before whiCh a. partiCle wUl be emitted occupies tDarO" nuclear periods, it is 
usumed that art( phase relationships Which might have existed initially are a~ 
out. 1hus the nucleus "forgets" how it was excited. 

'rhe purpose of this paper· is to iJJVestlgate this seoolld phase as 1t applies to 
ut'anium. For a given excitation energy we vlll calCUlate the number and 1dnd o.f 
n-uDleou «d. tted aitd their energy distribution. To do thiS 118 Will make WJO or the 
existing theories on the emission or evaporation ot nucleone from an excited nucle~ • 

.. ~ j I I * 
The purpose or this section is to sketch briefly the theory of nuclear evaporation. 

For veey lo\f excitatiOn :energies ot the rmcleus, the nucleus possesses rather well 
defined energy leWle vhich deeq by' Y•rq emission. For high ~citation energies, 
holftn'er,- the levels become very closely spaced vith large vidths ~ deeq principally 
by particle smissi.on• For this region of close]3 spaced' 'levels the basic approach 
is to use sta:tistical considerations. One asstlmes the existence ot the avet"age 
-.lues of certain quantities over small energy intervals. It is assumed that these 
quantities will be slowlf varying tu.nctions of the enerw. This can be expected to 
be so if the energy interval for averaging can be taken much Smaller than the exci ta­
tion energy. Thie will be so. tor a sufficiently dense distribution ot levels. For 
the haa1'y' nuclei this would correspond to an excitation energy of about 10 ~v abo've 
the ground state {or to an incident neutron of' 3 ((t' 4 Mer\r } • 

. *For a more thorougll presentation or the material of this section the tollo"'dng 
re"fet'eliOes can be consul ted: · 

V. F. Weiealcopf, Pbys. Rev.~' 295 (193'7} 
V. F. Weisskopt' e.nct D. H. Ewing, Pb;ys. ReV. !lJ., 472t 9.3; (1940} 
K. J • LeCouteur, Pro a. ~ ... _fik>J'..L!J_jl, 498\1950) 

~--~-~~ .. :=~=; ~~-tr:~·~J 
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·. P 4 CE.tl ·• ie-vet~denaitr f>f ·the Wtial. J&Wdeue 
' .4.' . • 

· P D (ED) :=- ~1 44ns1ty. ot the :ettddual. 11ttCleus 

•' -~ . 
_ E" • :·~tial· excitatio~ G~ 

J·. ·-tB'~ E! .... B ~ € ~ ~kti<)n ~ ot residual nuolettl 

--

t(•.Walt!ts t;DOQ' ot emitted particle to bltial nucleus 

·E . -~ kbetto · tm&rgy ot fJlDi.tted p&l:"tlcle 

. Y a~- .(j(BA' € )_ 

. . 
ltl a ~s ot -.tted partto1e 

• 

g -!· 2S + 1 where s 1e the ·sp!h ot.em1tted part,1COAI 

u·(EA• c) ls 'the VoSS eeotion for the irl\tel"ee proce&SJ that is1 the cross section 
· ~iJr the a~n of the iJa'me nuol.$011 w1 th. en&rgv € ~ the DUCleua B vi th excitation 
~gy _liB to yield_ mtcleul -A ld,.th exe1tat1on energy EA *- EB + B • € • For E ot a tew 

- ~.· (T ~ be tab;tl to b$ the mtclear Ci"'tttr e&ction e wR2. -
. ' . 

lfa~ Eq. (~) ·the ~blem !a _·to relate P (~) to_ the epec_·utc nuoleer properties. To 
. do thifs- one mQt coDettl"uet a ·apeollic nuclear model ·8:1¥1 calculate f'{E). Ho~, 
· one can proc~ $$'feral steps further before epeoielising • 

We ··i!J.tro4~- the' tunotiolUI s aDd t' · 'Wb1db .-. det'Uted by the .e.qUEit101lS· 
. ~ ·, 
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· .. ~as~~ · 
. SsCEa) • sa<EA • B) • ~J e + •·•. 

E • EA .. B. 
(4) 

. . 
lieglectiDg high.er po•s ot € a.1 uatng Eq. (2b)~ this becomes 

Sa(EB) ~ Ss(EA .,.. B) .. f(i~ ~ B) • (;) 

Eq. (3) beconas theA . . e 
w(EA, € )de • -vJ ...sA {EA) - BJ3(E• - ~> ~ .- T(iA ... 9) de • 

' 
(6) 

. . . 

fhe .&1'$rQ' spectrum thus G:hibits the ~llian f'orm 

.&. 
e T d6 , 

Where, bowever, it is to be noted.• the· temperature b that of the residual n'WSl.eus 
tor an excitation snerw (E1 - B) •. the above le or course oDly valid tor·~~ 
ueit;ation enettgiee &1ld small E • Jlow&Yf.U':; the QOntriwtion tor large· €: 1e eo ama1l. 
that the above exp:roseion can h4 oonsidered. valid £or all e tor sutticientl11arge 
uoitation energies. 

It ~ nov to adopt a a'J'&oitic nuclear modttl which will relate s, 't , and E. The 
ii'IOSt usu.al mdel to adopt tor the present purposes is that or ·tile Fermi degenerate 
ga$ £or the nucleu. The nucleus is regarded as behlg made up ot a collection of 
independent partielel!l' moving in a potential WEtllt which represents the. averaee effect 
or all nucleons upon one Q%1()ther • The colleoti<"~n of pa:otioles 1e taken to be .oom-­
plt~tt&13r degenQrata-the b.Ucl;u 1a at temperatUre 1" e 0 tn the ground 6tate. For an 
e~ita~n energy E, .th$ relation 'betweu E afl1 T 1s gi'ntn by · 

• 
E • tt~ r2 • # '2 (7) 

. 4 0 4 



. ' . 

. ~-. ·. 

.. 
1. ,.·. 

~ ·' 
·I 

) . 

. ... ; .. 

.. ··"' .. 

·-.' 
. '· 

;,:· 

,., ' 

" . "•l'. •' ' 

. ' 

•'· 

~ , .. 

. ,; . 
·.• . .. . 

n 0 ~ 0 

. J 

...... .. 
1 • ~ • ·. . . ;. ~· . 
"·<> ( .. ~.· • 

E·. N...! 17"2 
- 10 t. " 

. 'WhiCh· ~ld$,· by using . Eq. (7) ;· 

Sl;/\$ • 

Sub8~1tu~ :mq. (8) into Eq. (1) • 

.· . W(E )d€ iS ~...SA(EA) eA.a/EA ... Bu .... e €4 e • 

f -o 2TE B ~ ~ + • ... ·~. , 
. A• AJt AJ -viA - B 

..... 
14._. T EA-9 is ~· ~tut:te ot the Maidualnu.cleus 1t.1.th exo1tation enel"gf 

. (EA .. B). · Por. he~ nuclei 1\ "'10 am thus tor 7.' :> l/2 Mev, 

(8) 

(9) 

(10) 

<u>* 
. lor L'EA.;_B.·""' 1/2, EA '""15 Mev. !b.uB, shoe E <:< EA. .. B tor EA. greater than 15 or 20 
-~~, Bq • (6) . v.W. IJe1'"ftJ as ·in &Aeqttate representation ot l\}e energr cspao~ if we 
. $l'G· ~1¥ conoerned Vlth large .xcita.ti.otl energied•· * .. \ 

'*. .. F.oif tbe case·. ot ·~ particles E .. 2 7:. + V. 
· :"*' ·~ ·~q,. (6) ae~ ·to be 1n better &IZI'-.elft:r\dth experiment tor low exoita­
. •; .. tioti ·~ 'tbeJ\·i~t ... t9), ~ , . 
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. . . ~-: = .: ~·-~~~ION . 
Xt ie. apparent ·in the abo-ve uiacussion that the conStant A ts a ftmdamentel parameter 
in the theort• .Although th$ ftlue of A has been calculated theoretically, it 1s 
bettex.' to't' purposes ot application. to regard 1 t e.s an empir1Ml parameter to be fixed 

· ·1>1 ~riment. tt is found, for :tnsttmee, tr;>r low exoitation e~t'gies. that /\2 does 
not show the simple va.t'1at1on with A tha.t the theory .ind,j.cates, although the shape 

· ()t tbb· e11ergy epeotru1n of ~tted part1olea does agree wt. th the Maxwellia.n torm given 
1n Eq. ( 6) • The ~ue that has been iildicated tor ·I\ 2 tor uranium does agree approx1-
mate13 v!th the. low enez;gy data ud 8UOh high energ data a.s is interp.L"$table. 
Ac(;dl'd~ w w1U. take the value ot A 2 to be gi-ven by 

~-..A . 4 10 

.tor the very heavy nuclei. 

(12) 

lt baa.· been indica.W: .in ths prerlous diacueaion how the theory was to be modified 
~o-r the ·Oue ot charged particlesl The. height of the potential barrier is given by 

'"' z 
·Y = Al/3 • (13) 

H(M;ver, there 115 - tunnel.i.n.g through the barrier when the energy o£ the charged 
l*t'ticl~s ie leas than this ( 6 < V). This effect can be taken into account approxi-
1Datel.7 qy det'i.ning an etteotive potent1al barrier Which will be lower than that given 
by Eq·. (13). Letting the etf'eottve barrier ~ v•, then it can be shown tbs.t 

v' ·~ KV 

B:. o.7· 
.. 0-.71 
d 1.66 
• o.-s 
•1.6 

tor protoJU~ · 
ror deuterons 
for alPha papticles 
tor~ . 
tctJ: Bel. 

(14) 

a.edflt~ the· po'tQtW barrier in this fashion Will Y1;eld a better value f'or the 
.. proba.b1Ut7 ot charged pa:r1;1ole eJd.sston; it wUl on the other hand leave tlie shape 

ot the low energy· end ot ~ e~ spectrum of charged particles somewhat in error. 

Anoimer f,tteot o£ importance is the va.ritr.tion 1n height ot the potent1a.l barrier with 
exd.tation OmJrs:f• For large excitation energies, the potential barrier· shows a. 
~ked deareas~ J.n height,. which increases the probability of cbatged particle emis-
810l1 Gtld. sbif'ta ·~. enet'gy :Jpectr~· ot chargt1td partiCles to lower energies. The etf'ect 
aems to. be ~ tor excitation energies as lov as 200 Mev. However, since we VUl 
·be (i()neet'n$d ~With lower excitation energiea, this effect Will be neglected in 
this report. · . · · 

* l ~re. detailed calculation shows that A 2 depends also on the neutron exoess J 
. HO\rleVer• tbte does not oh!mge th& variation with A to 8.1\1 great extent. It would 
&lso be upacwd 1» shott a variation trom even-even- to even-odd for low excitation 
en$rgies. . ·. ·· ~·: 

~11;~· 
SE~~~tf: . - . ~ . .... ~ -~ . . . . 
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. III. Bt}..&t!D Jlm!e!1AA lta.b!Mlities ot RAAtmps am ~ fiiticms 
~ probability ot emies:J,on of a «i•en lcin4· ot partiel& tram an ezolted nucle'Us !e 

·given br 

r 1EA-B 
"1[ = V t W(EAt E )d G (15) 

r • transition probe.bilit)r (1n energy units) 

\ 
v• :II etteotive potential barrier, fo~ neu.tzoons v' = o. 

(16) 

I' . f 

R:aE-B-V-

The ratio of emission probabilities for twG particle-s lt aD1 7 is 
'. 

r x ,.~ A<-v'R;-~> 
RIIIITvai'Vr'& 

T 77 
(17) 

where a.rq ditf'erence betwe,~ !\!be a'Qii !\ Br has ba&n neglected. 

If' pa.t-ticle x is a neutron. and particle 7 a cM,rged particle t~., beeaul!e ot the 
coulonib poteutial, it will wroally be true that .R > 1. It !s trw& that if a sut­
tioient diff~n~ in binding 6Mrgies ~et.d then a coUld be l-eas tb.ail l. 

Eq ~ .. (17') bas been plo'l;ted in Figs • .. ,l~am 2 for. the. ratio· ·ot neutron emission to that 
or }Jl"otone, dtmterane, alpbas and .no' and tor the two «ases A "'" 2)8, Z = 92 and 
A • ·22s, z c 92. !he wriat~on of the pot&lltlal barrier With excitation energr bas 

1 been neglected,. The inclusion of this Variation would have a ma.rked inf'luence on 
· these ratios abo~e 200 Mev e«eitat1on .-rgy. 

For these values ot A and Z the ratio ot neutron emissiOn to Chafoged particle emission 
1e generally >> 1 tor not 'tOo large. e:¥:eitat1on energies ( < 200 Mev). However, it is 
.altJo true that ~us A be¢0111Ss SlDaller tO%" a given Z 83'ld a. given exe:ltation energy the 
<:bArged part~le ond.ssi.on. becomes more and more probable. It A is reduced sutfioi&:atl,y 
tor OOJlstant Z; charged ~t1ole ~sion will become more tawre.blet ainee th& binding 
energy of the neutron 11111 be Constant]$ increasing while that of th$ ~ed particles 
will ·be deereasing. ·· 

For u23B it can be concluded that for not too high excitation energies, o~ neutron 
emiseioll. will effectively take place. A more quantitatfve.c:riterion: tor this can be 

s~ 
~~TION 
~ 
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ol:lt.a1Ded eass.lT. Att eacaml.Dation ot S t~he~b~irld~ .. ~'-~!llf~e~~~.~ Uranium as a tunotion ot 
A (constant Z a 92) shows that the e£f'ect1ve bini1tlg e - (binding energy aDd 
ooul.omb bft:rrier height) ot proton$ 8ni alpha particles does not become equal to that 
ot the neutrons until A is about 224.. ~te is 14 neutrons less than natural uranium. 
Nov the average binding energy ot. neutrons in this region is about 6.5 ~v and the 
average ld..nst1o energy carried out by a. neutron is about 3 or 4 M&v tor excitation 
energies of the order of 100 Msv. 'lb.US it the Ucit.ation energy is 14 X (6.5 + 3•5) 10 

140 Jet, -. .oan expect that the prifteipal contr1but~ to particle emission Vill be 
neutrons and that we ean sateq neglect charged particle emission. Sinoe we can 
expect a spread about the average ~r ot 11'8Utrons emitted, a more reasonable 
criterion on the excitation energy for considering onl7 aeutron emission .. is 100 Mev. 

To sum Up~ abave eoll8iderat1ons, the picture or particle emission that is indicated 
is the follcnd.ng. For not too high excitation energies--Ga\1 of the order of a few 
hundred Mev-uranium w1ll first emit a aequence of neutrons. After this initial 
sequence ot neutron emiseiOll, ohat'ged particle em:t&sion becomes ta~bl.e &ZJd. the 
remaining excitation enel"gy 1(111 be degraded through oharg&d pa.rtiele and neutron 
emission together. This Ill87 be a sequence of alpha pe.rtioles or a proton..oneutron 
sequence. 'lhe general C0\1l's& of this $mission ptOeess 18 sketched in Fig. 3. 

IV • J>:s.Gt. ·.·. ribut. ~. ~ .. bn-. atld ~· .. ot Ncmtrons Emwhted .from .F.3S t~ 
~1tat!O£~ :roo ~ .Mex · 

(A) Before eorudde;ring the deWled solution ot the problem, tba average number of 
neutron& emitted trom uranium, tlegteo-ting charged particle emission, will be 
oaloulated. 

'ills average change in excitatiQn enGlV' of the nucleue When a neutron is evaporated 
is given by 

ft ~ 2T + B, 

£ 2 E- 4 t.KA.T~ 

ft. eu 1:' ~ ... ~r2. 

Combining Eqa. (18) and (19), 

dA e. 2K1:' · ttT. 
A B + 2T - Kt'2 

(18) 

(19) 

(20) 
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fhe solution ot Eq.· (20) .1s 

(21) 

For ! a O, Eq. (18) Yields the mass nti!Dber of the final nucleus. For this case 
Eq,. (21) be~ 

(22) 

For K ,y 1/l.O and. B = 6 Mev, the average -~ of tleutrons eTS.porated is given -in 
th& following ·table. It w:U1 be noted that the .average mJIIlbe1" of neutroila boUed 
ott .le not quite proportional to the excitation fmei'gr bUt incl"eases somevbat less 
rapidly. The average num1'Jer given tor E • 200 1s not to be taken aeriousl.y' e1nae 
charged ~icle ~s1on would~ place after the initial eequenee ot neutron 
nat)oration. · 

(B) 1'he distributtcn 1n n'fllt100r of eYI\porated neutrons and their energy distribution 
tor a given ini-tial excitation en&l'&f will now be oaloulated. lnstead of an analyt­
ioal treatment of the ·problem~ the Oalcul.at1on will be done using t'he Monte Carlo 
metho4 of $olution. We VUl contine olU" attention to exaltation energies of 50 and 
100 M&v so tbat charged parti.ole emiee~ can be neglected. 

For the lbnte Carlo method tor th1e problem one follow the sequence ot neutron 
evaporation in detaJ.l. For a g1Yen excitation energy, . the energ.v that the first 
neutron carries otf is determined direet~ trom the probabilit.y d.1.at:ribution .ot 
emiasion energies (Eq. (6)) by a choice ot a ramom num.ber. This energ,y is noted. 
!hen for the l"$S.idual nucleus, the excitation e~gy is E - B - T where T is the 
ld.tietio energy oanoied ot"t (we are using 'l instead ot E in this section). Then 
the kinetic energy or the second neutron is determined as betore. One continues in 
thi-a fashion step by sttJp until the .excitation energy is 1nsuttic1ent to emit another 

....,:...., ~--::; 

~. ~8'~-cP.l5F~_ ~ :;-· ~0h~~ 
sECURITY tNFORMAT-19~ 
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This mcc!e ot calculation will now be diSQ\UJsed 1n detaU. 1be e~ .distribUtion 
tor neutrons evaporated from a nucltma vith excitation emrrgy E is g1V'en 'by 

T t- ~ dT 

9 

Where ''1' i~:~ the n~n energy am 7: is the ~rat~ -co~&epoMihg to th$ «Ccita­
t:t.on energy E ... B (p. 3). For la'ge fnlO~ uc!.tatton ener~s; the nor.mali$ed fol!'lll 
of this equation .ie -

which can be vritten ae 

P(z: )dx ea X e4 dx , 

X -T ""t. 

.. 

Pi • jxt+l" e-« d:o: • 
Xi 

Div1ding the total range of x into 1ncrementl x1 ... ·Xo· ~-- x1, X,- X2• ... , 

(23) 

... 
(24) 

zt+l • Xi• •• .. ,. ~-ean associate .a ·p1 with each 1noremen.t ot x •. · We mv then tbr.\t 
the P%'Qbab11ity of ·~viug the value or X: equal to 

• I. I --io 
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This mode ot calculation will now be diaausaed 1n dotaU. The tmergy .distribution 
for neutrons evaporated from a nucleus v.tth eltc1tation onergr E is gi'ten ·by' 

9 

. . 

\ilhore ·T is the neutron enor&r Blld 7: is the temp3ratUN co~speMing to tho o:toita.­
tion energy E ... B (p. 3). For largo emugh GXQ1tat1on ene:rgies, the no~ fom 
ot this equaUon ie -

(23) 

vhich can be written ae 

P(x)dx • x o4 dx , 

·x e.'fr • (24) 

.. 

J. xt+l 
P1 • x e""" cbt • 

Xi 

D1v141ng tho total range ot ·X tnto 1ncrem:lnto z1 • Xo• ~ - x1, x3 • ~~ ... , 
~+1 • zt• ... , ~-can associate a P1 with each incremo~t or x. · Wo ,;:q them that 
the P%10babi11t:r of ·~vh8 the 'Value of X equal to , 

~ .- . -

-
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this 1s aas111 accomplished am the nomopoaph is giftl'l in Fig. 4. fhua, if ono knows 
x and E, T is fotmd by l.l\)'illg a straight---edge across the figure tor a given x and E 
vhich then aeleots the prow T. 

In conatruoti.Dg the nomo(Jrapb vo haft ~en the average value of B which is given by 
6 . .) MaT in this region. A ls detined b,y 

~-A.. .• au 
4 IO 10 

where we choose· A u 233 as representing the awrage value of A. 

With the correspolldence betveen the Xj_•s a.! the integers established am tho nomo­
graph p:"epared, the neutron spectrum can· ba aolwd tor. We will start with tho 
initial exoitation energ .}00 Mev. We ·now aeloot from the group ot integers one of 
them in a· random. fashion. This v111 corrospand to a aorta.1n x. For this x aJ2d 
E • 100; w detel'lldne !1 trom the nOJIIQgroaph. t.lhis is the onergy with which the tirst 
~is boUad ott. ·This is noted. ·Tho (JXcitation onorg.v for tho rosidual 
nuoloua $8 120w E - B .. T:t. We select another rmmb3r 1n a randollt fashion vhioh gives 
'US a!Blt.b.cJi- ~r. For thJ:s x and the 0%01t&.t1on energr E • B- ft, vo can determino f2• 
This noted, and the excitation onorgy ot tho ros~ nucleus is E - 2B - 'l'J. - T2• 
\'1e then proceed until the oxoit&tion enQl"(J11s too small to boil off another neutron. 
We vUl have obtdnod then the ilU111ber ot neutrons boiled ott b.1 this nucleus and the 
energy of eadl neutron. 1'h1s whole proCGas is than repeated for another nucleus with 
100 lbv excitation ani so on. It was .to\U'Jd ~oeeaaary to repeat the process about 
200 tillloa to obtain adOqua.te statistics. 

Figs. ' and 6 give the distribution 1n number of neutro:ns evaporated f'or excitation 
energies ot ;o and 100 Mev. Fig. 7 gifts the distribution 1n kinetic Gnergr ot tb.a 
neutrons tor &x:oitation energies or ;o and 100 M&v. Tho curves given 1n Fig. 7 
represent a loaat oquare tit ~the data. 

It \laS noted that if the n&Utron onergy spectrum for excitation energies ;o and 100 
M3v wore plotted on the same graph as tu.n.ctiona or x • 'l/!0 whore 't 0 is the initial 
tapsrat'Ul'G, tho two s~a vore similar. This is giwn 1n Fig. 8. It is not know 
at the ptoesent t.ima whothor this 18 aooidontal or not. Howv-er, this suggests tbat 

* Kondall• M. G.tTablos ot Ramom Sam.p1.1ng ~s, london Uniwrsitq• Dept. ot 
statiotioo, Tracts tor Compa.tors, No. 24 (1939) 
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Tho distr:tbution 1Ji tinal axo~ta.tion ensrgioa (E < B) ia giV&n in. Fig. 9. 'l'his· 
distribution mJJi3 be or a.ss:iatanco 1n detei"lllini».g tho probability that tho tinal 
nucleus fissions. It. should ba -recognised hoVGV81" bt bO<!ause ot the app~ 
tiona made am inadoquaoiftS ot the theory tor l.ov uc!ltaticm ~nerPes, this di~bt.t-
tion in tinal oxc1tat1on energy mar be aonaidorabl7 ·s.n error. · 

It should ba noted that tho ~t s1Jnplic1t,' of this treatmoat vas made po4sibl.e b1 
two taotora.. The t"irst is that the en&rgy distribution of otapa.ra.te4 noutrono could 
be writton as a tuncticn ot (T/!) ~ aacon,dlf, that '! d:td not~ t.toom nuoleuu 
to nucleus in the lftporat!on oba1D (an avot'S.ga A and B was taJcen). '-hose tw 
taotore mado :Lt pqssible to set up the probabil1ty distribution ·ald. the nomograph 
tbr all nuclei •. It this had not been the case the Jll.')bleln could still haft booa 
solved by the MQnte Carlo metlwdt ot COUZ"S.et but not with the eamo dispatch. 

'l'he method could now be axtend$d. to take ipto account .ohargcd ~o1o em;tooiotl. I' 
1a oa]\v necosea%7 to establleh at eaoh point 111 the S,Qquon«J lfbat typo ot · pa,rtiolo 1s 
em1 ttcd. This· is done . by ce.l.Ctilating the emission probabil:l. tioa (Eq • 16.) and ttwn 
dec1diq bra oho:Lce ot ~om numbers wbat .typa ot pa.rtiolo 1e emitted a~ 01.\ah stop. 
EJcQopt tor tbis :m.odift.oaticm tho procedure is tb.O 88JI.\O as MtoN. 1'bo prind.pal 

·· clitticulty taQing this prooa'dura a.t tho 1DOlllel1t 1s lack ot kuow!edge .ot the b1~Jr:U.rtg 
enarg!oa tar ott the :rogion ot e"t;ab11it7 (Fig. 3) • . . · . . . . 

Another I»int to contd.d<tr is that t.tas1on mq also plq a· role 1n thosa conaidora­
tiona. ibis ooulcl be taken into account oas111 eno\~Bh it ono lmQw the fission 
probabilitJ ae a f'unotion ot exottat10'J1 ontJrfJ1• 'l.'h!.4 ot eoune. !4 ztOt krlotfn· ~Qti 
probabJ7, ho'I!Mvor, fission v11l ~ pl.q ~role tor the l~ cctc1tation one~s. · 
This would haV$ the effect ot ~ tbe low ei:Or87 ond. 9f 'tb$ ttl'Utron SPO~ 
on F.l4s• 6 Bbd 8, by reduoblg tho contribution f:rom the O'V'aP#ation l'tt'OCOBt! and add·· 
ing to :tt tho contnbutioa tJ:-om tho tiOD10ft pt"'CCSa~ The higtl enorg om: (to t!tl 
right ot the peak) would~ easont~ tho~. · . 

' . 
Pinal~, 1t should ba notod that· those qua;ntttat1-w Naulta ·~ m ~ · 
d:lroet~ vitb oxporimen\ (oxcopt 1n a (lualtto:tivo Wtrl')• It would t1rtJt be nocot~Bal'J' 
to ~e the tirst pbaso of tho flU.Oloar roaotio&-i..a., tho ~tar~ ot tho . · 
inQidcn\ ~iclo vi th tho 11Uclous. ·'rh.S.D would lead to an ox;pl"'SIJ1on tor tho dJ.a... 
tribution 1n excitation onol'gv" ot tho nualou. 'lb4tt :rosul t coml:dJlcd uitb tho· abofo . 
rasulto would load thon to a eotJPleto doacription ot tb& nuoloal" ~on. 



'RADIATION LABORATORY :..:. UNIVERSITY OF CALIFORNIA - BERKELEY 

SUBJECT 

N. 

1 
2 
l 

·4 

' ; 
8 
9. 

'1{) 
l1 
12 
!1-." : ·:.,,0~7· ..,. ........ ' 

1-5 ·: -~ ,.,, . 
'1.6'' ... 
1? ,, 
1! 
19 ' . 

'-l·2o·· ob 
. •7 ' ··'23.., .. ~ ... 

r,; 22' ,. .~ r" 

··Q 
·24 
25' 

E N G lN E .E R I N G N 0 T E S 

·X R ' ·X 

51 ll1 
5~ ,, 
S4 
S5 1.9 . ,, ., 
58 
59.· 
<60 2.1 .. 
61 
6a' 
6' 64 
~ 2•J 
66 
67 
68 
·69 
70 2,.5 
'11 
'72 
'13 
·'4 2~'1 
?S 

•. 

: : 

. 

' 

' 

JO.B NUIIB£ R · 

' .. 
i. . 

,-,_,-,; .. 
' .·N X 

V6 2.l1 
·71 
'78 2.9 .. 

' 

'19 {· 

so 
'61. ·3.1, 
82 
83 

'~' 84' 
'.$5. 
.fl6 ,.~: 

f11 .. ·,_,,, 88· 
S9 
90. ,.9 
91 

.. 
~· 

' 
·.~-

93 l.Jt 
94 4~6 
9S :4.S 
96 . ,;o~ 
9'1 . 5.4 
98. - s.s '· 

:~ '6.9 .. 
100 s .. o 
'~«. 

,! '. 

·. 

PAGE 

'· 

... 



) 

_, 

) 

£ ( tfev) 



3 

. .li'C 
::-:L 

"" 
''"'""'" ~! 
1-· 

r-

1·. l:_ . ~-

t .. f . ic:. ''!co 
.,_ . . ~~ ; ; : r ·! _, !:-?O'=.c .! ! '! 'L .: l. cor 

l 1:.. 
. ~ l : ·-r ~cf I = ~:c~ · _tcr:! ~:if=:-[:': '" f:-F .. 5 

; : . ·j p r· ·1- l; i::-' 1..:: A ~ H..::r ::j 

2 

1 

/00 ISO 

E (Hev) 

.ec~· 

r~ 
il .1. 

~-~ =i::h . ·:·;. 
~"-<.'._;: !:?'t-tL r:: 

~ ~1t3 
[:~. '""" ...:: ,_ .f:" 

f- ;-
1-I t-

. 1-. .. :,...., .. f· . 

'~' f'~ f,.;J... 

'-t j .,;:-f r-r-;. 
i_~f-L ·,~.L f~t I',~ j 

1 iJ ·; tc 
; ., . 

' 

"'00 

I 

·"'-! 
.,,= i 

..q . . 
l-:. .~-=_r+:. 

~~: 

1-

l::r--

[t: ... 
S;-

' d. ,_,.... 
"'!:' ~;:,:. 

_; ·._. :.'f-_ 

I·· 

::" 

;;::·· 
;~. 

. ;c, 

300 

-

f- ·' .f-r t= 

~::. 
1-~ 

1-

f.:: 



UCRL-21S4 ·--

. SECRET·- - · 412<>-02 TG-6 pe.ge 1s 

SECURITY INFORMATION .. __ : 

N ll..z-z. 4- 1t 2 3 a 

~-~--~--o 

---7-

N 

-- Re3a~n of -
grea-\ est 
sf.9 hility 

f1osl pro/Jab/e decay pa-lh lor UA-
38 

foJ~ ~X c.tfd/JOI-1 eneY~JeS of d .few 

h u n d r- c- d 1'1 e v. 

Fig. 3 

SECRET 
SECURITY INFORMATION 



~ ).~..... ft..' 
:·' 

•. t 

....... • ... 
,, 

~· 
~ .~o:~-~4· 

t ..... 

1.. ••• 

' . 
\ t l_ ~ 

'• 

' 1
• r...,t~\"• 

'~. .~·.· 

·' 
...... 

;.\ ...... "!! 

,.,,. ': 
I· . ., 

' .... .. .. . ·, 
t• ' 

,. 

. ·"' . ' f· ••• ~· 
~ ., 

,.... ... 

l • • 

"'. "'·) 

t ' 
', 

' 
...... 
'• 

.. ·~ 
~ .' \ 
' .. , 

... 

"' 

\· :, ' 

t.. . ... 

. ~ ' ., 

,-

?~ .. l'.:L,_ 

. . r~ .. 

m 

Effffi 
t:t:::m 

f1m 

mi 

H 

m 

II 

't:~ ~ • 

ti 

• 

,. 
I.!"!' 

*: 

. + I
-, 

g 

mi 

"M 
·fll-t+~-' ....r-•-· 

g 

... 
ffif=l±f-f-·-·-

:-rm 
-tr· 

!+l 

;:::;:: 

++ 

.... ,, 

tr ·· 

r;:: 

~ ........ 

=H·· 

~ 

:ffii:l: 
f1~flltWt.­
~ 

I I 

-•.·rrl-f. - . .!I 

trn±J' 

mE 

-·~-~·~J-H 

+:;:;-

m 

IT 

il 

• 

fl-::J-W 

'T B
~J~ 

;E 
r +-

"'' 

• 
ffil±tH· 

mE 

• 

D 

m 

m::g 

II 

... • -W~ .. -.-1 m·. 1 j:1· P.:h tt . t- :tllJlli, ' 
t-t-+ .L :tm 

l+rt1+ 
~'tin 
I+R-1+ 

-I 

•' . 
- <-
,_, 'i+!=Pl 

I
T''TTf' 
'ThTT 

-' 

' ,. 

• 
t~t-z.·;;: 

.... I't "·± ... -It_ 

[~1fi·:~:. '' s· , . :.: -Jffi 
~~Ilf;-_~j tr 

mwt p 

.. ' 

. 

' 

... 
Q 

I 
\~ 

1 

j l:-

' 

., 

.. ' 

' 

' . 
' ."~ 



Et; U: 

;:w ~ 
' 

' 1-j-+ , so jil-n 
±~ 

J:lJ it' :.tJ r-··: 
' 

t=-~ ).,1,., 

tt' 
, 7D 

r,:;t 1::!.1-':t 
!:7· li 

-.:..1_~::;:+ 

'' 
i· 

,<:>., IT tl-c 

.::rD 

~t. 

•' · .. 

,20 

,/0 
t:., • 

.'' 

• 
t:H 

3 4 9 
VI u } ~I b ,c ; ~ 

,~ 

:rr '·] ,. ' ) -1·- ~-. /'l , I (': 
I ~. ; \,. .. .,. """" 



.. 

.· 

' .. 
• 

·~ ... 

' -_ ...... 
'i 

0 -:: 
v "' " .. " "' 

0: ., 
"' Ul " liJ .: 

<II~ 
.J ·r.. w .... 
,.,..c: 
:l ~ 
"' ·-~ ;:~ 

!i 
" .8 
0> ::0 
~X 

:=: 

AS' 

'r m- . 

• • 

• 30 11-' 

.25 

o.ZO 

• I> 

.to 

'-r 

I+ 

f-Lh 

1+1+!-
... 

h·t· 
Itt-

7 

r+t-

.• -! 
• ~~- .J. • ~ 
.f. I 

' .. ~ 
~· ... F., •'' 

' ' . -. 

.· 
trl'!l?.t .-'>1 R. . ... 

.· ,..,., ... 
I .. -

: 

\ ..... 
"': \ • 

... ....... 

. • t 

!++ 

..,._ . 

.. 

·'· . . ., 

'f. 

' ~ 

..;' 
·' 

.!. 

'+ 

ll 
9 ICJ !I IZ · !3 ;4-

nu ill ber o I· n c J 1-- r· a ;.., ~ 



. , . 

140 

130 

120 

110 

100 

90 

80 

A 
P(E} 

70 

60 

50 

40 

30 

20-

10-· 

0 2 3 5 

/ ... 
i: . 

t,,....... 

, . 

ENERGY SPECTRUM OF BOIL-OFF NEUTRONS 

A - 50 MEV EXCITATION . ENERGY; E = 2.05 MEV .() 

8- 100 MEV EXCITATION ENERGY ;E = 3.04 MEV /: . ~ 

AREA UNDER EACH CURVE IS PROPORTIONAL . ~. ~ -t 
'"t. j-

TO TOTAL NUMBER OF PARTICLES EMITTED 

. . 

0 
z 

' ' . 

I . 
7 e· 9 10 11 19 2 

E 

19991 2 



-,. I• .. ~ ~.·;.. TTt'!'R1' -")1 ~ -... 
~ . r.1t: li. 

mffil!t.f 11=:4 '~+ 1:1 f.f[:'Fft t 
l:-1-, ~+: 

I 

+ . It 
,i± 

1+- -1.. != : h-
' ;:_ ~r 

I 

,.,. ' : -H , .... 'I 

iii± ' I ' ± '. ':+± ' 
f-rFt Ht ri·r 

' ' 

.. : 
.. H-~ ' ' 

: '"~ FF . . . ' t.~ 
'. 

' ' P-:rfF H- ' fY:.' !+ 
'. 

'' "+ 
~~·-· 

'' 
'' ·j· it 

H-1 ,-i= 
i 

irl rH ''h ... !=t:.:J-j--L [:J..J:!' ~- M'-- 11-i J;; i:jj< .... ·.11 ~rlfH r+-.= 
~- H l+i d.~i E-l:=li.;.ti It . 1-,-,h-+ ,...,... ;:-,:, ~~ .f:l+: I~~ ~¥:1+r '<+: 

! "'':;:} f'~i r+clr' , 

.., 
..) 

Lr-:,_:. 
.~0-~ ~J~~ If~-,'* 
~L.i . L.:..'..: · ~--' 

§±21~-·~-f·;.t~~ . ll~- r~ : 1,._. f-'--4·-'-

' f-~: r•..;:::r, : !t I'- ' 
l~:i J.,. ~t;:i+ -~fl~ ! h~ ~.,:r./H-;t;;; 1-cl-

I+"'"-
. ' 

H' 
' f+ ~}i t.-i '4f ;t¥ i2.rJ: -:,J:7jh+ · 8-1$ ' · : L~ .. :-;r·-t ... 1-r.. H-

{) 
~'· p: 1-q:~ , ~~:Hi iF+ a#-~ +1-Mi ~~~" ~ 

e+ '+-i+. '-f- [-fl 1J;f4 tr r: . :+' 
@'' . 

H-
. 

fl±t: :-!--H ·+ 
.; .. f '-rl- '-'-+k..:-1--i-I~ -in. '"-,. ll~j·l.ii;l~ili:ftt$ 

: 
H+l! l~ : p: ~ t-l1r±l~kTlf!l;:;-1 rtit 

r. t-1- h-+--: f.!+ ' ' ~' J<Ht:q.;::~Tt 
'. it 1-h-f:-J:rtrf:f 

'!-1 ~~"7- ! 
{-1-j tJ·i 1 HW+h 

He · 
' ;:;:i-1: h--,-

' ·llff '. 
'' 

~-
+t '' .r:;-: 

I +.,-r+-
' H- 1:+1.:;.-!+ ·:1$ ' 

() f-

' 
H-j1- : ~~ ;: , t+J: 

b: '' ~~· ' 
.;.i 

' 

I' 11¥J r.;= 
i 

+ ~t -~f1Jf : 
l-F 

-- I 

it 'I ' ' . ' 
' I' ' r±t --cl ' 

. ' + 
' 

f-L 

: . 1-H !-i- h 

tt F 

IJI±;: fi '::tl ~- =!-· 

H li G rre·::+ 
:-~ 

• 
+ ~rL ; ·_ + n._~ Rff 

[ -!- +-:-.1; ~ i:1f: . tf .. ;: -:j: 
•!--. H l=l+ •..i.: 

:t H· 
T 

1:r '-~-r l+ 

. 05 

I#±~ j$hl i= It- }t" ji rf [Jhtfr; '1j[gi.]t~ .j--1-, 1-tft it q~ !± If- --· ! I# Hl t-H.L H-1 

() I J!, .:.! .., _:;- <'4 '&-

E'(/lcv) 



.. 
' 

'l ,; 

0.6 

0.5 

0.4 

P ( x) 

0.3 

' . \ ..... 
0 

.. 
' 

0 

2 3 

.. ' .. ~ 
~7 

ENERGY SPECTRUM OF BOIL ·OFF NEUTRONS 

· PLOTTED AS FUNCTION OF X=_;_ 
To 

To =INITIAL TEMPERATURE OF NUCLEOUS 

OURVES NORMALIZED TO UNITY 

A·. 50 MEV EXCITATION ENERGY 

a: 100 MEV EXCITATION ENERGY. 

4 5 6 7 

X 

19989 1 

8 

en 
·,~' 
' . ' 
~c= ::::o· 
~I 

~ lllj 

~~~:. 
1}~\\t ... 
l\:l> ~' ir'-1 f 

6l 
'z 

~a 
1\);;d 

?1 
Ql\) 
l\>1-' 
~ 

~~ 
(J'\ 

'S 
~ 
l\) 
0 




