
5001810 

UNIVERSITY .OF CALIFORNIA 

Radiation Laboratory, Livermore Site 

Livermore, Cal ifo rn ia 

Contract No. W-740 5-eng-48 

FURTHER RADIOCHEMICAL STUDIES OF THE 

HIGH-ENERGY FISSION PRODUCTS 

UCRL-5087 

P. C. Stevenson, H. G. Hicks, W. E. Nervik, and D. R. Nethaway 

January 1 3 , 1 9 5 8 

Printed for the U. S. Atomic Energy Commission 



- 2 - UCRL-5087 

FURTHER RADIOCHEMICAL STUDIES OF THE HIGH-ENERGY 

* FISSION PRODUCTS 

P. C. Stevenson, H. G. Hicks, W. E. Nervik, and D. R. Nethaway 

University of California Radiation Laboratory 

Livermore Site 

January 13, 1958 

ABSTRACT 

F · · f · u238 f. · d ormation cross sections o various iss1on pro ucts 

have been rr.easured as a function of bombarding-particle energy, 

using protons (10-340 Mev) and deuterons (20-190 Mev). The 
. 27 24 27 24 

reactions Al (p, 3pn)Na and Al (d, ap)Na were used as 

monitoring reactions to measure effective cyclotron beam intensity. 

Fission-product distribution curves and total fission cross sections 

have been measured. Above 50-Mev bombarding energy, the fis­

sion-product distribution is not symmetrical about a given mass 

number at a• given bombardment energy. 

This work was performed under the auspices of the U.S. Atomic Energy 

Commission. 
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FURTHER RADIOCHEMICAL STUDIES OF THE HIGH-ENERGY 

FISSI~·N PRODUCTS 

Q ,~ 

.i. • (._,. Steven:;on, H. G. H1cr~s, W. E. Nerv1k, and D. R. Nethaway 

Un1ve l·s1ty of Caiilorn1a Rad1at1on Laooratory 

L1 ve rn:ore Site 

J a a ·.ia r y l .3 , l '; :.; 8 

1. INTRODUCTION 

l 2 
Prev1ous studies ' ~H ti12 hi 6 h-energy charged-part;,cle u.ss.on of 

U
Z.38 

did not include e)..an.ir:.at1on oi the yields or n.asses greater than 140. 

Forrr...:itwn c:o;:.s .:oections ()1 sevei-al .-·a.re-e...t.·th nuc11des (A= 140 to 1S7), 
•J90 y"11 v'?3 "' '79 d _ 140, d h k 
;. , , J. , LVH) , d.n .oa. nave oeen mea:ou.-e in t e present wor . 

Proton energies ran::;e .ran. 10 to _,40 Mev; deuteron energie::;, irom 20 to 

l '10 Me v. 

ll. EA?EH.IMENT AL 1 ECHNIGUES 

P reparat 1011 of targets 
3 

<ind bon.bd.n:iment tee hnique s 
1 

have been 

described pre v1ou sly ~y son.e cf the authors. 1 he cyclotron bean' :..ntensity 

was n:onitored using the reactions Al
27

{p, )?n)Na.2.
4 

(70 to 340 Mev} or 
27 2.4 •r 

Ai (d, a.p)Na (2.8 to t·)O Mev) m illuminum loils surrounding the targets, 

' b d l, 2 • .3 h . h d f H ' as aescr1 e ;_;rev1ous1y; t e pub11s e cross sections o lCKS, 

were used. 

Beam intens1tie s wel·e me.lsured by mea.ns cu a Faraday cut' when borr.bard­

rr1ents were made usmg iO- c.nd 32-:tviev p:-otons and 20-Mev deuterons. 

Radiocherr11cal dete1·n_rnatwn of Mo CJC: was µer1orn1ed m the manner 
::i 

de scribed by Gunn et al., and the rr.ethod oi isolation and separation 01 

1 
H. G. Hicks, P. C. Stevenson, R. S. Gllben, and W. H. Hutch~n, 

Phy ti. Rev. l.Q.Q, U.b'1: ( l:; .n) . ., 
'- E. G. H1C.'-ti :rnd .!',. S. G~bert, ?hys. Rev. J.QQ, 1286 (19~:.l}. 

H1c.(s, Stevenson, cir,d Ne.v:K, ?hys. i<.ev. 10?, 1390 (1'1::i6). 
o.i 

:.Jatzel, Cr.:lne c.:.Dd :_:. 1 1<e1~)-, ?hys, T\Pv, ~. ':3') (L•:J3). 

5 Q 0 I 8 l:)zG·rnn, 1-Lc .. s, Stevei-.s:),:, Levy, ~_)hys. ?,ev. ~Uj, 1642 (l'J:J7). 
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d N 
. 6 

rare earth!o arid yttrn.:m v.·a& 1-1e.ciorn.ed in the rnanne1· describe by erv1.1<. 

The B<i 
140 

was p~.ir1i1ed by reJ-•eated :.rec1p1tation of the chloride from diethyl 

ether-hydrochloric c.c1ci n.~xtures <ind ;.;y scavengmg with ierri.c and lantha­

num hydroxides. 

Gamma and bren. :;ctr a hlung ;ad1at1on s fr.')m all nucl:!de s measured, 
9~ except Mo , were counted by me"nf oi a Nal(Tl) scmtillat1on crystal, 

with the lower discrin:mator set at 20 kev ar,d the upper d1scrimmator set 

at 3 Mev. Suf11c1er.t beryllium (.2g/crr;
2

) to !:jtop all beta. part,cles was mter­

posecl betwee:-. the count-..ng sami=Jle and crystal. The counting oi the garr.ma 

and bren.sctrahlun~ :radlat1or.::: by-.;;asbed the problem of beta scattering, for 

experiments have sho'J..'n that uncle: t!-.ese conditions there is no signuicant 

vanatwn of observed spec1iic act:.\·:ty w1th mass th:ckness oi sample. The 

counting e!f1c1ency ell ea.ch nuchde -~·as <letern.med by relating the observed 

C\..HmLnb l·ate of a carrie1·-fr·ee san ple in the ;:;c:nt1llc.t:on crystal counters 

to that ir. a 41.-geon.etry beta counter. Several detern.inations were made 

for each specie b and the agreement between duplicate detern.inations was 

excellent. 

The nuchci.e Mo CJ'-J was counted w:..th an end-window, continuous-flow 

. methane ?ropo::-tion<,,: c:.:unter. The counting eiilciency was determined 

mdirectiy by n.ec:.ns oi Lbs1on counting (described rn reference :::i) and the 
o· 7 

accej)ted thern.al-neutron 11:0::=10n yield of Mo' 7
, t:. 14'.'c. The iormation 

cross sections are summ.::.rized m F;.gs. l and 2 <1.nd Table:' Lan,; ll. The 

h ' 1, 2, 8 ' agreement wit previo...is aata is gooc. 

6 w. E 

7 J. o. 
Ne:v.cK., J. Phys. Chen-.. 

Blome};.e, Oak Rioge Natl. Lab. Report No. ORNL-1783, Nov. 2, 19j:i. 
8 

M. Lindner ar,d R. N. Obborne, Phys, h.ev. ~ 1323 (19:::i4). 

5001813 
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100 

I 10-Mev PROTONS I 

10 

1.0 

0.1 

0 ·01 ---s-o __ .... s.._0 ___ 10.._0 ___ 12.._0 ___ 14'-o--""""1 ..... so~ 

A MUL-4Zo3 

Fig. 1 A. 10-Mev Protons 

Fission-product distributions of u 238 
bombarded with protons 

of various energies. The symbol e denotes pre sent work; 

• denotes previous work by Hicks, Stevenson, Gilbert and 

Hutchin; l, 2 l denotes work by Lindner and Osborne; 
8 

and 

X denotes reflection points. 
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j32-MevPROTONS I 
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Fig. 1 B. 32 -Mev Protons 
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Fig. 1 C. 70-Mev Protons 
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Fig. 1 D. 100-Mev Protons 
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Fig. 1 E. 150-Mev Protons 
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Fig. 1 F. 200-Mev Protons 
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j20-MevDEUTERONSj 

80 lOO 120 140 160 
MUL-4Z7Z 

A 
Fig. 2 A. 20-Mev Deuterons 

F . 2 F. . d d. .b . f u238 b b d d . h d ig. • is s1on-pro uct istr1 utions o om ar e wit euterons 

of various energies. The symbol e denotes present work; 

• denotes previous work by Hicks, Stevenson, Gilbert, and 

5 0 Q I 8 8 3 Hutchin; l, 
2 A denotes work by Lindner and Osborne; 

8 
and x 

denotes reflection points. 
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Fig. 2 E. 125-Mev Deuterons 
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Table I. Fo ~·n:atlon cro:.s bCCtiona in m1llibarns ior i?roducts Ol U"U8 

l J s ::> 1011 w;th ;:..rotons. 

Energy 
(Mev) 1 0 Yl 7J 100 i :>o 200 2:>0 300 j40 

Nuclide 

y90(<i.) 0 0.02 0. 11 0. l-' J. 7 3.o 3. 9 7.2 

y9 l 0.34 27 - ~ :_I ..) 0 27 26 37 37 32 

y'-13 0.30 ~j 49 39 38 38 38 38 

Mo9 'J 1. C) , ? 
c~ 71 69 :, :J ::>3 jl::) 62 3>'1 

Lal40(a) -· ,) 6. (·, a. b 7.9 6.2 7. 3 7.0 ,; . :, 
Ce 

14-1 
1. 7 48 49 :d 36 ::;6 3~ 

Ce 143 
1. 2 •:b 36 31 22 21 21 23 20 

Pi· 143 (a) 0 0 0 • ..16 2. l l.O 1. 9 2.2 2. 3 1. 9 

Ce 
144 

1. l L:i JO 2b 18 17 14 

N,} 40
<0) 0 0 0.7 3.4 7. 1 13 17 

Ndl41 0.60 i-
A ( 17 lo ll 11. 3 11. 4 lo. 0 9.7 

Sm 
l :>J 

0. l l .:;,. l 4.6 4.4 3. l 2. 6 2.. b 2.4 2.0 

Eu l :> b 
0. 0.::. 1. 12. 1. 22. 1. 31 o. ':l 3 0.86 0.92 1. 12 l. 22 

Eu 
Loi 

0.02 0.69 ~i 0 9 0 o.~9 0. :.i4 0.46 0.47 0.42 0.40 

,, 
(3) Independent l.orn.at!.:>a Cl'OS S section 

(b) Relative v<.llue s, l. e. , the CO U!""ttlnb e111c1ency lS unknown 



UCRL-::>Od7 

Taole 11. . , . . d . 
0

2.38 
Fo~·n-.at~ori cros" ~ect1011s ln n.1luba..rns tor p1·0 ucts 01 

Eneii;1 
(Mcv) 

Nuclide 

y90(a) 

y91(.:t) 

91 y 

0 ·i 
y'..J 

99 Mo 

La. 140 (a.} 

141 
La 

Cel41 (a) 

143 
Ce 

143 
Pr (a) 

. Ce 144 

NJl-lO(u) 

Ndl47 

1S3 
Sn• 

Eul ;:,b 

Eub7 

i~s:>10n w;.fr. de~terons. 

28 7:.>. l 00 12 ::> 

0 < o. 01 0. Od3 0. :.):} 1. 4 

lO 4.7 9.5 10 11 

19 2. 0 22 38 42 

46 71 

bO 92 101. u .. , 
1 I 

o. 4-4 ~. 0 10 12 12 

28 30 7i 67 

0 0 0 4. :.> 8.0 

a. 2. 8 37 49 46 40 

0 0 l. j 2.7 

20 33 43 

< O.l < O.Z < 0.2 < 0.2 < 0.2 

11 12. 22 

2.:; 2.7 ':>.7 7. 2 

0.60 0.67 l..J 2. 0 

0.":>0 O.Gl 1.0 l. ':) 

27 

7.0 

2. l 

1. 4 

24 

6.0 

1. 9 

l. 1 

(a) lndepencient forr..at1on (;rOs!::i section 

150 

2. 1 

12. 

48 

62 

92 

10 

so 

J6 

2.. 9 

2.8 

o. :.i 

ll 

l. 6 

l. 0 

(t>) Relative value:;;, ;. e., the collnting eiriciency is unknown 

170 

2.8 

12 

:.iO 

11 

7.0 

29 

l 

190 

3.4 

12. 

:) 1 

68 

92 

11 

6. s 

3. l 

28 

3 

2.0 2.0 

4. 8 A. 7 

1.6 1.6 

1.0 0.87 



111. Dl::::CU.:i.SION OF RESULTb 

The cia ta ( .F i.e;:... l c.nci 

h 
l,2,b-13 

[Ji ev1oui: a.~lt Ol ~-. 

2. a:1d 1aule;:.; I and II) show ieatuj·es reported oy 

As the t:iorr;oa1·ding energy inc.-eases, mode::; Ol 

fisc;1on that ale ext.rcmel}' lrr1i)robable 111 low-energy-induced 1ission become 

mcrec..s1ngly .n.11ortant. This :esults man mcrease 01. fission yield ior 

specie~ rorn.ed by syn.m~tnc Lis=:.or• and iol: ext..::eniely a~yrrin:etnc fission, 

as well as rncreased ci~:ect ;.orrriat.on oi species nea.r or even on the light 

rr;ai:;s ~ide ol the beta-staJ1llty reg:..cm. 

ln ci ra w::.ng smooth •_ ui-. e !O through the observed iu> sion yield values, 

an inte re strni:;. ?l--.en;:,n.enon \VC. s observed. Below ::iO-Mev p;:oton or deuteron 

energy the cu.;:vel:> are symrr.etncal mall respects. Above .'..iO Mev, howevei·, 

they are vel·y de1in1te1y not syn.r .. etncal. B.eilection oi the heavy rare-earth 

cl·oss secLo;~:o through the "aiJtJ3.rent center o.l the i1ssion yield curve" as 

e .::.t1mated l. un: h;ghe :- ..:yieid products gives pomts that fall well below the 

oose.:-ved values on the .;.c_;..v-n.<1.b;:.-numbe.: wing oi the curve; On the othe•· 

hand, z-eilect.on o: the Jo.v-n,ass-number cross E;ections through the sarr1e 

"ap?arer.t center" mabs A give1:> po;1~ts that iall above the observed i·are­

ea.rth values. The highc-r the ene:gy oi the bon:ba1·ding particle, the more 

d h .·. T' . C 07 d N. bo . h 340 M pronounce t e e11.::c:t. ne cross sections 01 u an ;. wit - ev 

?.:otons, 101· exarn;.ile, n.'-lst be adjusted dov.rnwa;·C. by at least an order 01 
1 :n; . l-j? 

magn:tL1cie, o: those .01 Eu ana. E..i adjusted upward by factors oi 

t1·on. three to seven, ir. o~·der to tall on a cu:ve syrr.rr.etric about a single A. 
1 ··tJ 1::>7 

Du?bcate nm b ol Eu - a:i.d Eu cross sections showed ag.::-een.ent within 
67 .66 . 

five i...1ercent wl-.1le the eras£ sections of Cll and Ni were J.rorr. indepen-
Q 

dent ~nvesi.i;;<i.Lo;:s. v The e.llect •lo ce;.·Lamly outside of ex?erirr.ental error. 

The phenon:enon descl 10ed above n.ight conceivably con,e about ii a 

n:aJor porti.:>n 01 the independent yields 01 the ra.re-eartb. nuclides arose 

frorr. d1;ect fo:n.atio:: eitl1-e:: a:- st<i.ble isot.:>pe.::. or on the nelltron-deiicient 

side oi sta.:.:n::ty. l1 the ?rir.-Jary i1ss1or. products oi n:ass l :i6, for instance, 

were distr~buted bO that 7:>-80;:. of the rr.ass y1eici lay m the region where 

c; 
R. W. Spence and G. P. Ford, Ann. Rev. Nuclear Sci. ;b. .399 { 19 ::)3 ). 

lO h. H. Goec.Kern.an;; and I. Pe1.i.n.an, Phys. Rev. l&., 62.8 (1949). 
11 

P. R. 0 1Conno1 anC:. G. 1. Seaborg, Phys. f'l..ev. l!L 118'3 (1948). 

l2. R. L. Fole;er, P. C. Stevenson, and G. T. Seaborg, Phys. Rev.~ 107(1"-J.J:;)). 
13 E. M. Douthett .J.nd D. H. '1 em;.:;i et0L, Phys. Rev • .:t.,i, 12.b ( 19 :.)4). 
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Z ~ 64 (Gd 01 higher), ;.hen the il;..::;ion y1eid curves could be considered 

to be sym1neti-ic. Thi.::; s:t;iation appeared •. ail;;.~ely, for Oiily one neutron-

d · (N .l 4 o) d d th . h . e.i.1c1ent spec1e.::: c.i . W"1S ~ ctel.:'.te ir~ e entire raJ.·e-ea.rt region. 

1'·1ore conclusively, ii the n.aJOl port~on of the yield oi n-.ass l ::.ib lay· in the 
1.)6 . 

.rebion of Z ~ 64:, then the diJect-iorn~at.1011 cross section o .. Eu. · should 
1 .. 

have been oi n,a5n1tude cor..)Jarable to o.r la.::ge;.· than that OJ. Sm - ::>o. 

I '. . E l ;,o h ' h u.::en.,ent o~ t 1E: a:rect-1on;.~t101i c.·oE.~ sect~on 01 ll :..; oweo t at 

9 ~ . E l:,.,(;, . , . . '- l:.;6 b . d 
1J ·:. 01 the :..: wus rorn.eci r.·on. its .;:ire pa1·ent y oeta ecay. 

the ::..ss101~ y;eid d~striGutiot~ at..ove :io Mev :snot syn~metrical. 

Mea6-

ove.i:· 

Thus, 

The i1ss10r. cro::;~ sect1on~ sho'w':n m F.gs. 3 and 4 and Tai,,Je Ill were 

oi.>tained iJy i!:teg:-ation ui.1de:: the hsswn-y1eld curve:;, Also sh0wn are the 

d . k l4,L,,,i6 ~h . . . · t ata 01 prevwus war e1·=-.. ..:. e d.11le:.:-ence& oetween the presen 

worK o.nd that 01 reierenct 2 .-e1lects the erroi 01 the assumption that the 

l1ssion-prod..i;;t d:st~·1bu.t1ol: ·"· :- ·::.;:•· .. ! :·;, ;,~. 

' 1 -
Table III. u- JO l,;,.:;:.,:; l011 crc.'5f sect1on&, lll oa~·ns. 

Protons Deute1·ons 

Energy Eaeq;y 
(Mev) (Mev) 

10 o. 02? 
, ~ 1. 03 L. u 

') _),_ 1. ·if 

70 l. 4 7 ;,O l. 61 

100 1. 49 7:;, 2.. 13 

LO 1. 44 100 2. -±2 

.WO 1. 4 7 L.'...:> 2. 4:::> 
' 

;! .>O 1. :lb l :.iO 2. j9 

.)00 I. 4b 170 2.4b 

340 1. ~'1 19 0 2.49 

14 
J • A. Jui. g e r n. an, ?h y s. F... e v. 'J.jj , td 2 {1 <p 0 ) • 

l:S H. M. Sterner a:-i.d J. A. Ju.ngermau, Phy:. Rev. J..QJ, ti07 (19:::>6). 
l {-, 
• ~ G. N. Ha1·drng, .Aton,1 c Ent:: r e.Y ke ~earch Establishment H.epor_t No. _ 

AE.KE/NR-14_,o, H~rweL, 3er:-.s,, Er•E;i., Ji..l.ne 19:::>4 (unpu.bllshed). 
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As the er.ergr oi the bon.barding p.::..rticles is increased above 30-40 

Mev, the mean i.1 ee path oi the projectile in nuclear matter becomes com­

parable to the ciiC:tmetei oi the target nucleus, rendering the nucleus partially 
. 17 

transp<....-er:.t to h;.gh-energy nucleons. The picture of "couipound nucleus" 

iorn:ation n.ui>t oe abandone¢, and collisions oi the projectile with indivH:lual 

nucleons m the target nucleus must be considered. In each of the collisions, 

the energy trans1er to the n'-lcleu::. lS a fraction oi the projectile energy. The 

total energy tran:;ierred to the nucleus then depends on the numbe.r of colli­

sions the p:oJeCt1le n,ake<: within the nucleL1S and rr.ay vary frorr. the full 

energy of the projectile to a ;;mall iraction thereof. 

Monte Ca.rlo calculations by Turkevich on the deposition oi energy m 

the Bizo 9 nucleus by protons appear man cJ.1:tJcle by Porile and Sugarman.
18 

The results sho\v that the m.::.jority oi the wtetactions deposit less than half 

the projectile energy at 266 and 4::>8 Mev. 

\'vhen the t;-ansier oi energy to the nucieus lS small, comparatively few 

nucleons are evap.:irated either oe1o.re or after iis&ion and the su~ of the 

corr1;::>lernenta:y-1.ragment mass numbers is close to 238. Similarly, when the 

energy transier i:. large, the systerr.i evaporates many nucleons, predominately 
' 

neutrons, a11d the :;um oi the con1plementary-i1ssion-iragment mass numbers 

rs much less than 238. The lower-energ~· iission events <.tre characterized 

by a saclcl!e i;1 the central repon (A - 118) 01 the d~stribut1on curve symmetric 

about a given A, and by very steep sides m the low- and high-A regions. As 

the bon.bardmg energy ir.crea;;es, the valley d1sa?pears and the low-A wing 

ha& a lower slope than tt1e high-A wing. From the character of the fission 

yield di~tribution at highe :r energies, one may mfer that for "mono-e.nergetic 11 

high-energy iu;s1on the valley has all but disappeared and the axis of symmetry 

of the distribution has shifted toward lower A. The measured distribution is, . 
oi course, a rr.ixture or both high- and low-energy events. The fission-yield 

distributions m Figs. 1 and 2 display apparent symmetry about a central 

rr.ass number A m the ;-eglon oi A± 20 at all energies. These products 

are n.ajor yields of both high- and low-energy 1ission. Thus, alr..-,ost any 

17 
.R. Serber, Phys. Rev. ll, 111-i (1947). 

18 
N. T. Po;·iie and N. Sugarman, Phys. Rev. ill, 1422 (19:>7). 
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con~bmation oi llSs~on-yleld distr:butions would tend to produce a slowly 

varying curve in this regwn. The ? .coducts in a.!Jparent complementary 

iJOsitions with reopect to the ob~e.rved d1stnbut1on are not necessarily 

complenlentary fragments 01 every individual fission process. The ob­

served y•eids oi these products are nearly the sarr,e; the.reiore, any 

discrepanc1e.:i are .;n1all and tend to be ave.::agedyut. 

Those nuclides on the llght-mass wing of the dist:::ibution (AS 7:)) 

are seen ;.n ap:JJ.·ec1c:..bi.e y1eld oni~.- rn h1gh-energy-~nduced fission, ;.r. 

67 66 . 
.. particula!·, C,i and N1 , wh1ch are n0t seen in thermal-neutron or 

low-en~rgy .charged-;;art1cle induced 1iss1on. At 340-Mev p1·otons, the 

cross sections or masses 66 and 1 ::;~· a~·e equ;:a.l. The.;..·e.fore, the iission­

ing nucleua giving rise to A = 60 rr.ust ?ave had enough excitation energy 

to lo.;e many :1ucleono e1the.r before or aiter sc1asion. The sum 01 the 

L;,;sion-iragn.ent n;a::;se.s must be not greater than 221, and probably at 

least two mass unit::; less. 

On the other hand, those nudides on the heavy-n,ass wing are seen 
l ··6 m l0w-ene~·gy fis:>wn. The f1ss1on yield of Eu _, varies but slightly 

(fron; 0. 06 to 0. 09 11
.,) over the enLre energy range oi charged particles 

used. The :slopes oi ail iiss10n-prcduct distributions in the region A~ 1 ;,Q 

(Figs. l and 2) are very nearly ~dent1cal ~tall charged-particle en~rg1es 

used in this work. 

N. ACKNOWLEDGMENTS 

·1
1,"e w~:;h to thani-~ Mrs. Nancy Lee and Mrs. joyce Gross for technical 

assistance; Mr. J. T. Vale and the c.·ew oi the 184-mch cyclotron, and 

the late Mr. G. B. Rossi and the crew of the 60-~nch cyclotron for their 

coope.ratior'• m m.a~-ung the '::>ombardments possible. 

/:nen 

50018q8 


