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ABSTRACT

Formation cross sections of various ue? fission products

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

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

Tg ap)Na“* were used asreactions Alm! ip, 3pn)Na“* and Al

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.

 

ne

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

Commission.
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I INTRODUCTION

Previcus studies!’ c orthe high-energy charged-particle tiss.on of

yr? did not include exan.ination or the yields of n.asses greater than 140.

Formation cross sections o: several care-easth nuclides (A = 140 to 157),
vy 30 91 Le 79 . 14
y? , y? , ¥ 3 Mo” and Ba v have oeen measured in the present work.

Proton energies ranze .ron. 10 to 540 Mev; deuteron energies, irom 20 to

2

130 Mev.

Il. EAPERIMENTAL TECHNICUES

Preparation of targets” and borm.barament techniques! have been

described previously dy some of the authors. The cyclotron beamintensity

Was monitored using the reactions Al (p, Son)Na@4 (79 to 340 Mev} or

aie (a, ap)Na“? (28 to iGO Mev} in aluminum toils surrounding the targets,

as described sreviously;)? 2,3 the published cross sections of Hicks,

stevenson, and Ne rVax’ and ol Batzei, Crane, and O™ell, * were used,

Beam intensities were measured by means o1 a Faraday cu, when bonibard-

ments were made using i0- end 32-Mev protons and 20-Mev deuterons.
. . 9Y .

Radiochemical determination of Mo’’ was pertormed in the manner

described by Gunnet al., and the rr.etnhod of isolation and separation ot

 

Ll. . _ < - - .
H. G. Hicks, P. C. Stevenson, R. S. Gilbert, and W. H. Hutchin,

Phys. Rev. i00, 1le&¢ (1352),
>

“H, G. Hicks and «. S. Gilbert, Phys. Rev. 100, 1286 (1935).

Hic«s, Stevenson, and Né.vix, Phys. ev. 102, 1390 (1526).
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rare earths and yttrium was pecrtorm.ed in the manner described by Nervix.

The palo was purified by repeated wrec.pitation of the chloride trom: diethyl

ether-hydrochioric acid nu.xtures and oy scavenging with terric and lantha-

num hydroxides.

Gamma and bremsstrahlung vadiations trom all nuclides measured,

except Mo”, were counted by meung ofa Nal(?l) scintillation crystal,

with the lower discriminator set at 20 kev ard the upper discriminator set

at 3 Mev. Sufiicient beryilium (2p/em*) to stop all beta particles was inter-

posed between the counting sample and crystal. The counting of the gamma

and bren.s-trahlung radiations by-passed the problem of peta scattering, for

experiments have shown that unde: these conditions there is no Signilicant

Variation of observed specific activity with mass thickness of sample. The

counting etficiency o1 each nuclide was determined by relating the observed

counting rate of a carrie:r-free san ple in the scintillation crystal counters

to that in a 41..-geometry beta counter. Several detern.inations were made

for each species anc the agreement between cuplicate detern.inations was

excellent.

The nuclide Mo?! was counted with an end-window, continuous-flow

-methane proportions: counter, The counting elticiency was determined

indirectly by m.eans of tission counting (described in reference >) and the

accepted thern.al-neutron iigsion yield of Mo”, t. 14%. q The :ormation

cross sections are summerized in Figs, i and 2 and Tables | ani li. The
ry

3 'agreement with previous data 1s good.

 

Oe EB. Nervik, J. Phys. Cher. 27. 600 (1922).
¢ 7 . _

J. O, Blomeke, Uak Riape Natl. Lab. Report No. ORNL-1783, Nov. 2, 1953.

&
M, Lindner: and K. N. Osborne, Phys, Rev. 94, 1323 (1954).
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Fig. 1 A. 10-Mev Protons

Fig. 1. Fission-product distributions of u738 bombarded with protons

of various energies. The symbol @ denotes present work;

M denotes previous work by Hicks, Stevenson, Gilbert and
1,2

Hutchin; A denotes work by Lindner and Osborne;® and
90018 14

* denotes reflection points.
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os . _ , 238 -
Table I. Formation cross sections in millibarns ror products o1 U

i1$510n with protons.

 

Eneérpy
(Mev) 10 32OCOT 100 «130 200~2S 2d
Nuclide

yay -- 0 0.02 0.11 9.15 3.7 3.8 3.9 72

y7) 0.34 27 27 30 27 26 37 37 32

y?? 0.386 43 _. 49 39 38 38 38 38

Mo?! | 1.9 62 71 69 bo 53 38 62

ual%a) esi

cel 4 1.7 48 44 51 36 36 -- -- 3:

cet*? 1.200 435 36 31 22 21 2) 23 20

Pri#4(ay sg 0 O56 2.1 2.0 1.9 2.2 2.3 19

cel #4 ll 35 30 26 18 17 re

Nal*% py) ee _- 0 0 0.7 3.4 71 43 17

Natt) gga iz 18 Le 11.3 Ll4 10.8 9.7

smi? 0.12 4.2 4.6 4.4 3.1 2.6 206 2.4 2.0

Eu? 0.02 i.12 1.22 1.51 0.93 0.86 O.92 1,12 1.22

Ey!?? 0.02 9.69 4.99 0.89 O.54 0.46 0.47 0.42 0. 40

 

(a) Independent tormation cross section

(ob) Relative values, i.e., the counting ezliciency 1s unknown

90018491
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Table I], Forr.ation cross sectious in nillibarns tor products of yu?
115510n with deuterons.

Enei gy |
(Mev) 20 28 50 7>-:100- 12>. 130. 170 ~=190

Nuciide | |

ya) --- G O01 «(20083 0055 «14 2128

ysy eee 4.7 9.5 10 i 12 12 12

y?! 192g 22 38 42 45 48 0 51

y?? 24 Z5 46 65 71 65 62 65 68

Mo?? 55 ee 65° -62—~C~«iC. 92 92 92

La *%ay --- 0.44 4.0 10 12 12 10 11 1}

tal#} og 30a Ti 67 99 50 53 >3

celta) eg 0 0 4.5 8.0 8&5 7.0 65

Cel#? 22 28 37 49 46 40 36 35 35

Pri#3(a) ee 0 0 O02 2.5. 2.7. 2.9 322 Be

Cel #4 20 25 33 43 3y 32 28 29 28

noi#95) --. << G2 <2 £0.22 < 0.2 <0.2 OF 1 3

na!?? 1 12 22 2y 27 24 21 20 ~—.20

Sn ?? 25 27 397 7.2 7.0 6.0 50 4.8 ALT

Eye 0.60 0.67 I> 2.0 21 1.9 1.6 16 16

Eu!?! 0.00 G.61 1.0 loo 1.4 dd 1.0 1.0 0.87

 

(a4) Independent forn.ation cross section

(o) Relative vaiues, i.e., the counting ef1iciency is unknown

9001892
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il. DisCUSSION OF RESULTS

The data (Figs. 1 and 2 and Tables ] and Il) show jeatures reported by

previous author et 2, 3-13 As the pomoarding energy increases, modes oi

fission that a.:e¢ extremely improbable in iow-energy-induced tission pecome

increasingly in.portant. This results in an increase oi fission yield lor

species tori.ed by syn.metric fission and tor extremely asymn:etiic fission,

as well as increased d.icect iormation of species near or even.on the light

mass side al the peta-stabdility region.

In Grawing smooth curves through the observed iission yield values,

.s observed. Below 50-Mev psroton or deuteronan interesting phenou.enon we

enerpy the curves are symmetrical in all respects. Above 50 Mev, however,

they are very delinitely not syn.n.etrical, Rerlection of the heavy rare-earth

cross sections through the "apparent center oi the tission yield curve" as

estimated i:om: higher-yieid products gives points that fall well below the

oose-ved values on the iow-n.ate-number wing oi the curve. ‘On the othe:

hand, reiiect.on oc: the low-n.ass-number cross sections through the same

mass A gives poiits that cali above the observed rare-
+

“apparent center"!

earth vaiues. The higher the enerpy ol the bombarding particle, the more

pronounced the eftect. Tne cross sectionsot Cae! and Ni” with 340-Mev

protons, ior example, must be adjusted downwarc oy at least an order oi

Magnituae, os those oi Eu! °° and E,)?? adjusted upward by factors ol

fron. three to seven, in order to tall on a curve symmetric about a single A.
7. lob 2 ; eu.

Duplicate runs oi Eu and Eu cross sections showed agreen.ent within
. 67 66 . ;

five percent while the cross sections of Cu and Ni were from indepen-
f e

dent investigations. . The eriect zs certainly outside of experimental error.

The phenon-enon desciiped above might conceivably come about ira

Major portion oi the independent yields o1 the rare-earth nuclides arose

from: disect forn.ation either as stable 1s0topes o: on the neutron-deticient

side of stapvility. lL the primary tission products of mass 126, for instance,

were distr:buted so that 72-80". of the mass yield jay in the region where
 

R. W. Spence and G. P. Ford, Ann. Rev. Nuclear Sei. 2, 399 (1953).

10 kK. H. Goeckern.ann and 1. Perin.an, Phys. Rev. 726, 628 (1949), —

i P. R. ©'Conno: anc G, 1. Seaborg, Phys. Kev. Z7$, 1184 (19458). .

he R. L. Folger, P. C. Stevenson, and G. T. Seavory, Phys. Rev. 98, 107(1J 2).

E =» M. Douthett and D. H. Tempietonu, Phys. Rev. 94, 128 (1954).
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Z 204(Gd o2 higher), then the i:ssion yield curves could be considered

to be symmetric. This situation appeared unlixeiy, for ouly one neutron-

deiicient species (ng! #9) wae detected mu: the entire rare-earth region.

More conclusively, if the m.ajor portion of the yieid o1 niass lob layin the

rezion oi Z 2 64, then the disect-formation cross section o. £16 should

have been os: magnitude comparable to or lazgez than that o1 om 7°, Meas-
. .~ loo
rect-lorization Cross sect:on o1 Eu showed that over

" 1o6

urement o: the d

~~ was forn.ed freon. its Sro parent by beta decay. Thus,GO". ot the Ex)

the i:ssion yieid distribution avove 20 Mev is not symmetrical.

The tission cross sections shown in Figs. 3 and 4 and Tatje Ill were

obtained cy intezration undes the fission-yield curves. Also shown are the
14,15, 16

data ol previous workers, The ditterences vetween the present

work anc that of re:erence 2 ceilects the erro: ol the assumption that the

 

 

 

 

lission-product distribution 1s tcmutetrieias,

Tabie IIL unre lission crose sections, in barns,

Protons _Deuterons

Eneryy | | ( Energy oe
{Mev} a (Mev)

19 0. 029 ) 20 1.03
32 i, if

7U 1,47 | 20 1.6)

100 1, 49 (> 2.13

130 1.44 . ldu 2.42

2606 L,4a7 ! les 2.4>

2.0 1.36 : 120 2.3%

300 1. 46 : 170 2.48
340 l.sy i90 2.49

14 J. A. Junperman, Phys. Rev. 79, 632 (1940).
13 ee . .. - .

H. M. Sreiner and J. A, Junzerman, Phys. Rev. JQ], 607 (1956).

16
G, N. Harding, Atomic Ener,y Kesearch Establishment Report No..

AERE/NE-14:s0, Harweli, Berns., Engi., June 1994 (unpublished). -

00018494
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As the energy or the bon.barding particles is increased above 30-40

Mev, the mean iree wath oi the projectile in nuclear matter becomes com-

perable to the diametes oi the target nucleus, rendering the nucleus partially

transpasent to high-energy nucieons, MM The picture of ‘compound nucleus"

formation n.ust pe abandoned, and collisions oi the projectile with individual

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

the energy transtier to the nucleus is a fraction ot the projectile energy. The

total energy transite red to the nucleus then denends on the numberof colli-

sions the projectile n.akes within the nucleus and may vary from. the full

energy of the projectile to a small iraction thereot,

Monte Carlo caicutations by Turkevich on the deposition oi energy in

the Biro? nucleus by protons appear in an article by Porile and Sugarman,

The results showthat the mejority o1 the interactions deposit less than hali

the projectile energy at 256 and 458 Mev.

When the transier o: energy to the nucieus is small, comparatively few

riucleons are evaporated either vetove or after iission and the sum of the

complementary-tragment mass numbers 1s close to 238. Similarly, when the

energy transiex is large, the system evaporates many nucleons, predominately

neutrons, and the sum of the complementary-1:ssion-fragment mass numbers

rs much less than 238. The lower-energy fission events are characterized

by a saddle in the central rezion (A ~ 118)o01 the distribution curve symmetric

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

the bor: barding energy increases, the valley disappears and the low-A wing

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

yield distribution at higher energies, one may infer that for ''mono-energetic"

high-energy tission the valley has all but disappeared and the axis of symmetry

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

ot course, a Tr.ixture oi both high- and low-energy events. The fission-yield

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

mass number A inthe region of Az20 at all energies. These products

are major yields of both hipk- and low-energy tission. Thus, almost any

 

a RK, Serber, Phys. Rev. 72, 1il4 (1947).
1§

N, T. Poriie and N. Sugarman, Phys. Rev. 1Q7%, 1422 (1957).

5001897
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combination oi 1ission-yield distr:butions would tend to produce a slowly

Varying curve in this region. The products in apparent complementary

positions with respect to the observed distribution are not necessarily

complementary fragments ol every individual tission process. The ob-

served yields of these products are nearly the same; therefore, any

discrepancies are smali and tend to be averaged out. |

Those nuclides on the light-mass wing ot the distribution (A $ 75)

are seen sn aporeciebie yield only in high-energy-:induced fission, in

particular, otha and Ni Po, which are not seen in thermal-neutron or

low-energy charyed-narticle induced iission. At 340-Mev protons, the

cross sections o: masses 66 and los ace equal. Thesetore, the tission-

ing nucleus giving rise to A = 66 rust have had enough excitation energy

to lose iany nucleons either before or aiter scission. The sum ot the

figsion-tragr.ent masses must be not greater than 221, and propaodly at

least two mass units less.

On the other hand, those nuclides on the heavy-n.ass wing are seen

in luw-enesgy fission, The fission yield of Eu! 6 varies but slightly

(from: 0.06 to 0.994.) over the entire energy range of charged particles

used. The slopes of ail tission-preduct distributions in the region A 2150

(Figs. 1 and 2) are very nearly :dentical at all charged-particle energies

used in this work,
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