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ABSTRACT

Formation cross sections of various U
238 .

fission products

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

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

reactions A]27(p, 3pn)Na24 and A127(d, ap)Na24 were used as

monitoring reactions to z-neasure 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 OF THE HIGH-ENERGY

FISSICIN PRODUCTS

AD.~. Steve n:; on, H, G. Hlci..s, ky. E. Nezvlk, and D. R. Nethaway

‘Jnlve rslty of Caiiiornia Radlat~on La-ooratory

Liver n:ore Site

Prev~ous studies
1,2

J1 tile h;5h-energy charged-particle Li~s.on of

u 238
dld not Include exan.lnat~on 01 the yields 01 n.asses greater than 140.

F,JrmAJt Loll ~:~b~ ~ecti~~~s L>I SeV(31-Cl~ .“”~r~-~~- th nuclldes (A = 140 to 157),
#o , Y? +, ML?9, iind #0 have oeer. measti.-ed m the present wo~k.

Proton energies ral-.>e .roni 10 to J40 Me\f; deuteron energies, irom 20 to

l~o klev.

Preparation of targe Ls3 and hon. bartiment techniques have been

described prevlo’asly ‘by sun.e cf the authors. ‘Ihe cyclotron beam intensity

was rr,onito~ed using the ~eact~c,ns A! 27(p, 3pn)NaZ4 (70 to 340 Mev) or

A12i “(d, ap)Na24 (28 to 1$0 hlev) in alu.mlnu,m 1011s surrounding the targets,
1,~,3

as clescrlbed ~revlously; the pubilshecl cross sections oi Hiclks,

Steve ~son,
.

and N-e rv. K dad oi 13atzei, Crar, e, and G~KellYY were used.

Beam intensities s Wei.e metisured by means CJia Faraday c~h, when bor-r~bard -

ments were made using iO - ~nd 32-hiev D;-otons ar.d 20-Mev deuterons.
-(j?

Radlochemical ciete~m~riation of iMo was per~ormed m the manner

described by Gunn et al. , 3 and the rr.et nod oi ~solatlon and separation 01

1
H. ~. Hicl<s, ~P’. C. Stevenson, R. S. G~lbert, and ~. H. H~tch’n,

:)

500 I$12G’’’)1°“c:”;’“tve’’s’””‘eV’”2b’y’”‘J’ev”“ 1642“{’37
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b
rare earth~ arid ytt~lum v.zis periorrr. ed In the rrjannel - described “by Nervm.

T-he B,? ’40 ~,a~ ~Jrllled by i-epeated ~.recl~>l~~tlon of the chloride irom diethyl

ether -hydrochior]c tic~d ncixtures a2c ay scaveriging with Lerric and lantha-

num hydroxides.

Gamma and brerr:s-tr~hlu]~g L-adlatlons tr~m all nuclldes measured,
~(j

except Mo , were counted by rrle G.n.~ oi a Nal(l’1) sc:l]tillatlon crystal,

with the lower ci~scriri; ~nator set at 20 kev ar:d the upper discrlm~nator set
2

at 3 Mlev. Suiilcler. t ‘berylilurrr (~~ijc~. ) to ~top all beta part, cles wa~ inte-

rposed betweer. the countirl S sample and crystal. The counting oi the gamma

and brerrs-tratiiun~ radiations by-p~sbed the ~r~ble~. oi beta scattering, fOr

experiments have shown that uncle: these conditions there is no signl~icant

va~-lat~on of obse; ved speclilc a~ti~:ty with mass thickness Oi sample. The

Counting eiflclency :>i each nuchcle \vas deter n.med by relating the observed

cuunt:ng xate of z ciirrier -free san pie In the scmtdiet:on crystal counters

to that lr. a 4,- georr Letry beta counter. Several deter n,inations were made

ior each s.. eciet and the agreement between dupllcate deter n.inations was

excel ier, t.

The nucl:tie lvfo9’ vr2s countec u’itb. an end- wmd~w, continuous-flow ,

methane pro~o rl]onkl cs~ntel. I“he comting e~i]clency was determmed

mcllrectiy ‘by ,n.e=r. s o! f~sslon counting (described lr, reference >) and the
? ‘? 7

ac~ej~ted therrl. ai-])eut~ori llssIon yle]d Of MO , 6.14i’c. The iormatlon

cross sections are sur-nm~rlzed In Figs. i and 2 and Tabier Tal~.~ 11. The
1,2,8

agreement with prev]ods data 1s good.

SO(IHH3
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of various energies. The symbol @ denotes present work; .

g denotes previous work by Hicks, Stevenson, Gilbert8 and

Hut chin; ‘)2 L denotes work by Lindner and Osborne; and
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Table I.

Energy
(Mev) 10 32 7J 100 150 200 2>0 300 340

Y1’O(ii) -- @

- N 0.34 27

J40
(a)

CJ4-’

~e143

~dl+i

153
Sm

-- e. .5

1.7 43

1.2 43

0 0

‘J. 02 0.11 !).13 3.7 3.8

26 37

38 38

;3 38

6.2 7.3

36 --

21 21

1.9 2.2

17 --

.3.4 7.1

11.3 11.4

2.6 2.6

0.36 9.92

0.40 0.47

3.9

37

38

62

7*O

--

25

2.3

--

13

10.5

2.4

1.12

0.42

7.2

32

38

;$

5. 5

3i

20

1.9

14

17

5.7

2.0

1.22

0.40

!50tmm
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0.083 0.55 1.4

#1
(a) ---

CJ43 22

~r143 (a) ---

~e144 20

~#o (u) ---

@7 11

S* 1;3 >3*. 2.7 >.7

~ul 3t) 0.60 c. 67 1.3

9.5 10 11

38 42 4>

6> 71 62

92 101. $!‘/

10 12 12

7i 67 29

0 4.3 8.0

qq 46 40

0.>2 i.iJ. 2.7

43 3 ‘) 32

< ~,~ <0.2 <0.2

29 27 24

7.2 7.0 6.0

2.0 2.1 1.9

1.3 1.4 1*1

2.1

12

48

62

92

10

Jo

&. >

36

2.5’

28

0. il

21

3. 0

1.6

1.0

2.8

12

20

65

$2

11

33

7.0

’33

3: 2

29

1

20

4.8

1.6

1.0

3.4
.

12

51

68

92

11

33

6.5

32 ,

3.’1

28

3

20

,/4.7

1.6

0.87

(a) Independent iorn.at~on cross section

(~) Relative vaiues, ;. e. , the counttilg ei~iciency is unknom

5Nmlw
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The ciata ~~’,ga. } anti 2 a:ld Tables I and II) show ieatures reported by
1,2, 5-!3

pi evlou~ authols. As the oorr. ~ardmg energy iricieases, modes oi

iis~~on that ale ext~en,eiy in-.probabie m iow-energy-induced Iission beco~ie -

mcreasm~ly ~n.i>ortant. This :e:, ults m an increase oi fission yield ior

sipecles lorn. ed ‘by Syn.metiic :iss. or; and iol ext:enlely aSym Xl;eti”i C iissian ,

as weil as li)~rea~e~ a,rect iorrnat,~l~ oi species near or eveu. on the llght

rr:ass sjrle CAL the tjeta-staaillty regian.

In i rawing smooth, (culves th~~”~g”h the observed iissior~ yield values,

anmte~estm~ pl-.en3r~.erLoll lvas obse:ved. Below jo-b/Lev p~oton or deuteron

energy the cui-ves are symrr. etr:cal in all respects. Above 50 Mev, howeve~,

they are very de.linltely not syn. r.. etrlcai. Reelection oi the heavy rare-earth

IIa-jpaient Cer, ter Oi the ilssion yield curve” ascross sect~oi:s through the ~

estlrr:ated i.:~rl: h:gheu-y~eid products gives points that Ian well below the

o~secved values oil the ic, w-r?.ab=-numbe: wing oi the curvei On the othe~.

hand} ieilect. on c; the lQ,V-n.ass-nurnber cross sections through the same

“apparent cente~ 11 ma 5 s -4 gives po:l:ts that iali above the observed ~are -

earth vai’ues. The highCI the e!ie--’gy 01 the borr; barding particJ&, the more ‘

pronounced the eilect. The cross sections oi Cti
b7

and Ni60 with 340-Mev

?:oto~ls, io: exatnole, rr.iist be adjusted dowwvia~ri Dy at least an order oi
1 >U

magniturie, o: those ~i Eu anti E.~’7 adjusted upward by facto~s ol

iron. three to seven, Ir,u;de~ to tall on a cui-ve syrr, rr.etric about a singie A.

Duplicate runs oi EU
1>b a:~cl EU

127
cios~ sections showed agreement within

five ;~ercent wt.lie the cross sections of CU67 66
and Ni were irom mdeperl -

~
dexit investigit Liai; s. The eiiect is cei-t~lniy outside of experimental error.

The phe,non; enon desc~ )~ed abo~”e n-.ight conceivably come about ii a

major portiari oi the lndepenaent y~elds oz the rare -eart~. nuclldes arose

frou. d~iect fo:r-r, atlon eitllez as stiible Isotopes o: on the neutron- deilcient

side Gi Stabd:ty. U the prir:,ary ilss:oli products of mass ] 26, for Instance,

were distr:”buted so that 7>-SO~. of the mass y:elci iay m the region where

5 R. h’.

‘ok.H.
il

P. x.

12 R. L.

13 E. hi.

Spence and G. P. lard, .4nn. Rev. Nuclear SCI. 2, 399 (1953).

Goeckern.anlj and 1. Pelin.an, Phys. Rev. & 628 (1949). -

GIConno~ arid G. 3. Seakrg, Pilys. Rev. & 1189 (1946).

Foioer, P. C. Steveri son, anti G. T. Sea bory,, Phys. Rev. fi 107(I” JJ2).

IXuthett ~nc! D. H. 7 empietwi, Phys. Rev. M, 125 (1954).
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.
Z 264(Gd 0~ h],ghei), “~ne:l the li5si0n yield curves could be considered

to be syrnmeti-lc. This s;tuatlon appeared ~xili~eiy, for Oilly one neutron-

deilcient spec~e: (Nti 14L)),was detected III the ent~re rare-earth region.

h-fore ccinclu~]weljr, ii the n.ajo~ portion oi ihe yieAd oi niass 106 lay” m the

region oi Z ? 6k,
1>6

then the dil ect-iorm. atlon cross section O* Eu Sho ui’d
~ ;~

have been oi n,agn~tude con.parable to o.r laxge~- than that OL Snl . Meas -
~Lil >Ii

ulen!eni 0: the riirect -lorl:.2tio I; CA-OSS 5ect:on 01 showed that over

T-he Iisslor. cross Se CtiOI15 show-n ~n F.gs. 3 and 4 and Tai,le III were

obtained by irite8~ation uhdei - the ilSSl On-yield curves. Also shawn are the
.,

data oi pre VIGll S wo:liers. 14’ ] ~’ ‘o The dltie~-ences ~etween t-he p~e Sent

worki aIc! tkkat01 reierence ? .-eliects the erroi OL the assumption that the

P1-oto:15 Deu!erons
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AL the ex-.ergy oi the bon, barding particles IS mcrea. sed above 30-40

, Mev, the mean i~ee path oi the projectile in nuclear matter becomes com -

~J~r?i’b~e tCJ tk dli$IYJe~el Oi the target nucleus, rendering the nucleus ‘partially
17

transpaiei~t to high-energy nucieons. The picture of “compound nucleus”
.

iorrr. ation rx.ust De abandonec, and collisions oi the projectile with indivi&ual

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

the, energy tr~ns~er to the nacleus is a fraction oi the p~ojectile energy. The

total energy transielred to the nucleus then depends on the number of colli -

sions the projectile n,akes w.lthin the nucleus and nay vary frorr, the full

energy of t’he projectile tc a small iraction thereoi.

Monte Caxlo caicu!at~ons by Tarkevich on the deposition 01 energy m
209 18

the Bi nucleus by protons appear li~ an ~zt]cle by Porile and Sugarman.

The results show that the majority 01 the mte~actions deposit less than hali

the projectile energy at 2S6 arid 438 .Mev.

Wher, the transie~ oi energy to the nucieus is small, comparatively few

nucleons are evaporated either l~etoxe or after iission and the sum of the

Cotr,plementar y-iragrnent mass numbers IS clcse to 238. Simiiarly, when the

energy transier is large, the s’ystem evaporates many nucleons, predominately

neutrons, ancl the sum oi the complernenta ry-l~ssim -iragment mass numbers

IS m.’uch less than 238. The lower-energy iisslon events are characterized

by a sadcl!e In the central reblon (A - 11 8) 01 the distribution curve symmetric

about a given A, and by very steep sides m the low- and h~gh-A regions. AS

the her:.bard~ng energy ir,creases,. the valley disappears and the low-A wing

has a lower slope than the high-A wing. From the character of the ilssion

yield distribution at h~gher energies, one may refer that for “mono- energetic”

high -enezgy i~ssion the valley has all but disappeared and the axis ot symmetry

of the distribution has shifted toward lower A, The measured distribution is,

oi course, a mixture Oi both h~gh - and low-energy events. The fission-yield

d~stri’butions m Figs. 1 and 2 display apparent symmetry about a central

mass number A m the region oi A + 20 at ail energies. These products

are n,ajor yields oi both h~gk- and low-energy iisslon. Thus, almost any
.

17 ~.” ~erber
I Phys. Rev. ~ 11!+ (1947).

18N. T. Poxile and N. Sugar man, Phys. Rev. ~, 1422 (1957).

50018U
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cot-i’binatlon oi Ilss:on-yiela distr:bations wouia tend to produce a slowly

varying curve m this uegion. The products in apparent complementary

positions with respect to the observed distrlbutlan are not necessarily

complen]entary fragrr, ents OL every individual iission process. The ob-

served yieids oi these products are nearly the sarr. e; thereiore, afiy

cllscrepancies are smali and tend to be ave~agedout.

Those nuclides cm the llght-na~s Wlllg Of the dlst~~butlo~ (~ ~ 7;)

are seen .ri a~>precl~b~e y~eld only in high-energ~--mduced fission, in

cu67
b6...particular, and AN1 , which aze ntit seen in thermal-neutron or

iow-energy .charged - ?art~cle irLduced i~sslon. At 340-,Mev protons, the

cross sections oi masses &b and 12J a.. e equzl. The:eiore, the fission-

ing nucleus glViIig r]se to A = 6CJ n.ust ,have had enough excitation en”ergy ‘

to lose many :iucleons eit’he: beiore or aiter sclssion. The sum oi the

fission -iragn.ent m~asses must be not greater than 221, and probably at

least two mass units less.

Gn the other hand, those nuclides on the heiivy-n,ass wing are seen
1:6in low-e nezgy fiSs iOn. The 11ss10]1 yield 01 Eu varies ‘b-ut sllghtly

(fro?% 0.06 to o. o\J“,,) over the entire enerc>~~] range oi charged particles

used. The slopes OKaii iission-product distributions in the region A ? 100

(~igs. 1 and 2) are very nearly :dentlcal ::t all charged-particle energies ‘

used in this work.
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