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ABSTRACT 

Formation cross sections of various U 
238 

fission products 

have been measured as a iunction of bombarding-particle energy, 

using protons (lo-340 Mev) and deuterons (20-190 Mev). The 

reactions Al 27(p, 3pn)Na24 and A127(d, ap)Na24 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 RADICCHEMICAL STUDIES 21‘ THE HIGH-ENERGY 

FISSI;N PRODUCTS 

3 i;7. A * Stevenzon, H. &. H:ck.;,j, yk’. E. Nervk, and D. R. Nethaway 

University of Caii1orn;a Radiation Laboratory 

Livermore Site 

I. INTRGDUCTIGN 

1 ’ 
Prev:ocs studies ’ L <>I tilt? h;gh-energy charged-particle t;ssAon of 

U 
238 

did not :nclude exan.inailon oi the yields oi n.asses greater than 140. 

I;‘orlX;itio:l C-iJ3js seCti2X 3 01 sevei-al ;are-et_.th nuclides (A = 140 to 157), 
go, Y’l)l, Y43, Moi9 

, and 3b 
140 

have oeen measul-ed in the present work. 

Iroton energies range irona 13 to 240 Mev; deuteron energies, irom 20 to 

130 Mev. 

II. E;<lERI,LlENTAL ‘-I ECHNIGUES 

Pre;>aration of targets3 and Son,bardment tee hnique s 
1 

have been 

described Previously by 5orr.e zf the authors. The cyclotron beam intensity 

was monitored using the reactions A! 2’(p, .33n)Nai4 (70 to 340 Mev) or 

Ai2 ‘(d, ap)Na” (28 to 150 rLlev) in a!urnlrLurn lolls surrounding the targets, 

as described >revlousiy; 
1, 2, 3 

the pubilshed cross sections of Hicks, 

Steven son, and Ne L'V,K ' and or’ Eatzei, Crane, and CJk~ll:,-~ were used. 

aeam intensities were me;isured by means 01 a Faraday CL,., when bomoard- 

n;ents were made using iG- 2nd 32-lClev p;otons and 20-Mev deuterons. 
VU 

Radiochemical detezn:ination oi Mo ’ was periormed rn the manner 

described by Gunn et al., ’ and the rr.et’nod oi isolation and deparatron oi 

1 
H. G. HOCKS, P. C. Stevenson, R. S. GIlbert, and IV. H. HutchAn, 

Phys. Rev. jl, 1284 (l’jj,). 
2 
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rare earth5 arid yttrlcm v.‘a s :deriorrr.ed in the manner described by NerviK. 
6 

The B.. 140 <: was _sarliled by repeated l.:recLg;tC-tion of the chloride from diethyl 

ether-hydrochiorlc ac:d n‘l>:t uses and ay scavenging with ierric and lantha- 

num hydroxides. 

Gamma and bremsstrahl,_u:g ;ad;ations ir:)rn all nuclide s measured, 

except MO 
9 ‘; 

, were colunted by mecLn 5; of a ‘PiaI(?‘l) scintillation crystal, 

with the lower discrrmlnator set at 20 kev and the upper d;scrimmator set 

at 3 Mev. Sufilcient bery!iitum (22; CXYi2) to stop all beta part,cles was inter- 

posed between the counting sam~ie and crystal. The coantrng oi the gan:ma 

and bren.s-trshlung ra dlatlons by- ;lassed the problem of beta scattering, for 

exaerrment s have shoyAn that under the se conditions there is no significant 

variation of observed sFecliic act;\.;ty with mass thickness of sample. The 

counting eificlency of eac’h nucllde was detern.;ned by reiating the observed 

c;junt;ng zate of a carriex-iree san pie in the jc:ntiliation crystal counters 

to that 11; a 4l.-geon&etry beta counter. Several determinations were made 

Ior each s_aeCies and the agreement between duplicate deter-n.inations was 

’ : excel,ent.- 

The nucl:de MoV4 ~2s counted with an end-wrndow, continuous-flow 

methane ~ro~ort;on;: c3unteL. The co,Jnting eif:c lency was dete rmmed 

lndlrectiy by n-Aeacs of i:ssion countng (descri’ned rn reference 2) and the 

acceilted thern.al-::eutron i;ss:lon yield of MO 
9 ‘i 

, t!. 14;.2. 
7 

The iormatlon 

cross sections are samm&rlzed rn F:gj. 1 and 2 and Tabie;: I %:I:- II. The 

agreement w:th previoL:s data 
1,2,8. 

is good, 

( 7 
,,. 0. Biomeke, Uak Ridge Natl. L ab. Report No. ORNL-1783, Nov. 2, 1953. 

8 
M. Lindner and ii. N. Osborne, Phys, Rev. 94. 1323 (1934). 
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Fig. 1 A. IO-Mev Protons 

MUL-4263 

Fig. 1. Fission-product distributions of U 
238 

bombarded with protons 

of various energies. The symbol 0 denotes present work; 

w denotes previous work by Hicks, Stevenson, Gilbert and 

Hutc hin; 192 A denotes work by Lindner and Osborne;8 and 

X denotes reflection points. 
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Fig. 1 D. lOO-Mev Protons 

MU L-4266 



-9- UCRL-5087 

I I I I I 

1.0 y 

.n 

b’ 

0.1 - 

f.50 - Mev PRO7VfVS' 

o.oJ i. I I I I I 
80 100 120 140 160 

A 
MUL-4267 

Fig. 1 E. 150-Mev Protons 
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Fig. 1 G. 250-Mev Protons 
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60 

I20- Mev DEUTEROAfS 1 

80 100 120 

Fig. 2 A. 20-Mev Deuterons 

Fig. 2. Fission-product distributions of U238 bombarded with deuterons 

of various energies. The symbol l denotes present work; 

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

Hutc hin; 192 A denotes work by Lindner and Osborne; 
8 

and X 

denotes reflection points. 
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Fig. 2 B. 50-Mev Deuterons 
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Fig. 2 E. 125-Mev Deuterons 
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Fig. 2 F. 150-Mev Deuterons 
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ill. JTl$CU>SifT\i Gs RESUi,lL 

?‘he data (~ ‘k ~. ; ;Ii~~~ 2 a:lc’. ‘iable; I and II) show ?eatui.es resorted by 

;-” ev1:o;1s aI;L’hoI 2. 
!, 2, j -13 

_A.s the borzoard~ng energy mc~~e?isee, mode5 oi 

iission tha: ale e;:ti‘cIi. c:.,; 
^I :mprobajie lti iovJ-er;eri;y-indilced iiSSion becarr,e 

InCrezsxigiy ,n.;)siTariL. This resuits 112 a:i :rlczedSe 0: fission yield ior 

S;>eCieb rorpcd 5.j sy:1.:meL:-;C :is;slor; a:-ld 10~ ext;enlely iiSyE3n:etiic iission, 

;is wei; 2% l:l<ie& se2 ci::ect ;orrriatioh of species near or eve11 O;I the light 

~:a~5 side 3~ the beta_sta>;lity region. 

15 iTS!VLIlg SXlO2t'L c'~r ies t!iza:Lgh the observed ilssioil yield values, 

ah l?lteLe Still 2 .' t ,l-.erisn.enoc w2 S oboe: ved. Below 50-Mev p;-oton or deuteron 

energy the curves aYe symrr,etr;caL L:I ali rcsgccts. Above 5u Mev, hozeve:; 

they are ve-j; dctixite1.y not syr1.r. etraiCal. Kellection ci the heavy rare-earth 

cross sect;o;,s ti;roQgh the “a;);j,L *-ent center oi the ilssion yield curve” as 

est;n:ated ;‘L~:rr. h;khe;-yieid I::-oducts gives pomts that i‘all well below the 

ousecved vLlue5 0:~ tile I:;,~-nLasL7-ritimbe.r wing oi the curve. Or: the other 

hazci, I eiiecton o: the lo.;:-r;_ass-hurnber cross sections through the same 

“a~;~a:~ezt cerite I ” :xass A gives ?o;l;tj that L&L above the observed l-are- 

earth vaij*e s b. The higher the erlezgy 01 the bon:barding particle, the rrloze 

zronaunced the eilcLt. Tile i:ross Sections oi CA 
07 

and I\ji 
66 

with 340-Mev 

;?:oto:ls, io:- e-xa:r:gle, rr.:~t be adjusted dovmv;a;? by at least an order oi 

magr;;tutie, o: those S: ELI 
! 30 and j&l’7 adjusted upward by r’actozs oi 

iron,. thl-ee :o seven, 11; ;,I-de: to tali on a cuzve syn,n.etr;c about a singie A, 

CA?iicate L-~;T.s oi EL; 
! ;‘u a,‘,d E-117 CTOSC bections showed agreen.ent with:n 

five ;Jercect Wkiie the CICSE SeCtiO2S Oi Gil 
6 7 

and N 1 
66 

we: e 1 :orr: lr;depen - 

de:;t ifive jt;;kt_3;: 5. 
8 

The eiiect -5 ce;tam;y outside of exge r imental e I ro r . 

The L> henon.e:lon de s c~;bed &Dove n.lght conceivably con,e about 11 a 

n:aJor ?orti>il o: the inde;je;ltier,t yields 01 the r-are-earth nuclides arose 

f:oc. di; ect iornLat;or. either as stable zsotag,es o; on the neutral,-deilclent 

s:ce SI staa:l;t-j. 1; the ?:lr;,ary iiS.., “oil prodl_l.zts Oi n:ass 136, lor mstance, 

were distributed so that 72-30:‘.. of the r,ass yield lay in the regior? where 

S2ence and G. 1. $=;rd, Ann. Rev. Kuclear SCi. 2, 399 (1953). 

Goeckern.an;; and i. Peiln_an, Phys. Rev. &, 623 (1949). 

C:‘CCsnnCli a-id i;. 7,. Seaxrg, Pilys. kev. & 1189 (194s). 

Foige r, P. C. Stevenson, and G. ?‘. SeaborL, Phys. Rev.% lc)7(1’)~3). 

Dodthett zr?d 2. Ii. ? em;jietsli, Phy s. Rev. 2, 126 (1954). 
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Aa the energy oi the bon,bard;ng G;rticles 1s increased above 30-40 

Mev, the n-iean ;:ee ilath 01’ the _r.rojectile in nuclear tnatter become 6: com- 

?erab!e to the &l&n-IeteI 0; t'he targ,et n*ucielAs, renderlcg the nucleus gartialiy 

trans,Y;_-’ 2:;t to high-energy ;;ucleons. i7 
The picture of “compound nucieus” 

iornation n.ust be aoandoned, and coilis;ons or the proJectile with md;viBual 

nucleons II: the target nucleu s must be considered. In each of the collis~or,s, 

the energy L +rans:er to the nJcieus is a fraction 0: the projectile energy. The 

total energy t:an;ierred to the nucleus then depends on the number of collr- 

slons the projectiie n.aicei- u’lthin the nucleus and rr_ay vary from, the full 

energy of the 2r0jectile t0 a small irzction thereoi. 

Monte C&r10 CaiCU!atiO:IS b;- 7 ~,u:-kevlch on the deposition 01 energy 111 

the Ei 
20’1 

nacieus by protons appear 1n an c?:t:cle b‘y Porile and Sugarman. 
18 

The results sh0\v that the majority o: the interactions deposit less than hali 

the projectiie energy at 2136 and 4x8 hlev. 

J+hen the transier oi energy to the nucieus 1s small, comparatively iew 

nucleonc are evaporated either uef0i.e or after i:SblOn and the sum of the 

corrl;l,len:enta=v-~~ag~lent rnbs~; num‘bers 1s clcse to 238. Slmiiarly, when the 

energy transler iS Large, the 5;.stem evaporates many nucie0ns, predominately 

neutrons, a116 the sum oi the con-~Plementary-11ss:nn-iragment mass numbers 

1s m,ich less than 238. The loaner-energy iissron events are characterized 

by a sadd!e ::i the central re&iOX (A - 118) 0: the distrib’cltlon curve symmetric 

&bout a given A, and *by very steep sides m the low- and high-A regions. AS 

the Son.bard~g energy inc:eajes, the valley disappears and the low-A wing 

has a iower slope than the high-A wing, From the character of the ilssion 

yield dlstr:outlon at higher energies, one n.ay rnfer that for “mono-energetic” 

high-energy i:,__ ‘~=lon the valley has ~11 uut drsagpeared and the axis of symmetry 

of the distribution has sh:fted toward lower A. The measured distrlbutlon is, 

of course, a rrLixture oi both ‘high- and low-energy events. The iission-yield 

distributions ;n Figs. 1 and 2 dis?iay apparent symmetry about a centrai 

n:a s s numb e r A in the region of A i 20 at all energies. These products 

are n,ajo: y:e!ds of both high- and lo:.v-energy Lisslon. Thus, almost any 

17 
K. Serber, Phys. Rev. Zz, lil_;, (1947). 

If; 
N. T. Porile and N. Sugarman; Phys. Rev. m, 1422 (1937). 



COrf.bXatlOn Oi ilSS;on-yield distrl butions wouid tend to produce a slowly 

varying curve nn thus region. The products in a?>arent complementary 

?osltions with respect to the observed dlstrlbution aze not nesessar:ly 

com?len:eritary f-agments Oi every individual iisslon process. The ob- 

served yieids ol these products are nearly the sarr,e; therer’ore, any 

discrepancies are jmali and tend to be averaged iiut. 

‘I hose nuclide s on the iI;;ht-mass wing or the d:st:ibution (A 5 75) 

are see11 _.I; a--,:~rec1;5.. LA le vleld only xl h;g’n-erlerg;--induced i:sslon, iI 

., particular, Cu 
6; ' 66 

and NI , w’hlch al-e ntit seen in thermal-neutron or 

low-energy charged-?artrcle induced Llssron. At 3SO-,Mev protorls, the 

cross sections 01 masses 66 and 1~; aie eo_uai. ‘The ;efore, the iiss:on- 

ing nucleus g:ving r:se to li = 6b n.ust have had enough excitatron energy 

to ioje :r.any :iucleOns eithe: jeiore or aiter scldslon. The sam 0: the 

f, ss;on-ira,l ,rr.ent n-:a.ssej must be not g:-eater than 721, and probably at 

least two mass units less. 

Gn the other hand, those nuilides: 011 the heavy-n.ass win,: are seen 

in low-energy riSSiOn. The i;sslon yield of Eu 
135 

varies but slightly 

(iron: 0. 06 to 0. 02 ;I,) over the entire energy range ol charged Particles 

used. The S~CJ~~S or‘ .zL! Lihsion-p;ciiuct distrl’butions in the region A > 1~0 

(I! rgs. 1 and L) are very nearly :tientlcal ;t all charged-particle energ:es 

;r;ed. in this work. 

Ke ,w:sh to thank lMrs. Nancy Lee and ,Mrs. Boyce Gross for technlcal 

assistance; Mr. j. T. Vale 2nd the c_‘ew or the i84-inch cyclotron, and 

the iate Mr. G. 3. 140~~1 2nd the crew oi the 6O-nch cyciotron ior their 

cooperdtlor, x1 makrng the ‘bombardments nossibie. 


