@ ] L7

UCRL-5087

UNIVERSITY OF CALIFORNIA
Radiation Laboratory, Liivermore Site

Livermore, California
Contract No. W-7405-eng-48
FURTHER RADIOCHEMICAL STUDIES OF THE
HIGH-ENERGY FISSION PRODUCTS

P. C. Stevenson, H. G, Hicks, W. E. Nervik, and D, R. Nethaway
January 13, 1958 '

Printed for the U. S. Atomic Energy Commission

5001810



-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

Formation cross sections of various UZ38 fission products
have been measured as a function of bombarding-particle energy,
using protons (10-340 Mev) and deuterons (20-190 Mev). The
reactions Al’”(p, Bpn)Na24 and AlZ7(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.
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This work was performed under the auspices of the U.S. Atomic Energy
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I. INTRCDUCTION

1,2 ,
Previcus studies ’ 7 o1 tie high-energy charged-particle tiss.ion of

238 . . . . ‘
U did not include exan.ination ol the yields or n.asses greater than 140.
Formation cross sections ot several sare-susth nuclides (A = 140 to 157),
20 91 v3 79 _. 140,

Y, Y, YO, Mc ', and Ba have peen measured in the present work,
Proton energies rangye .roru 10 to 40 Mev; deuteron energies, irom 20 to
190 Mev.,

II. EAPERIMENTAL TECHNIQUES

Preparation of targ__!,e:sB and bom.bardment techniquesl have been
described previously by sorme c¢f the authors. The cyclotron beam intensity
was monitored using the reactions A127(p, SQn)NaLL“qt {70 to 340 Mev) or
Alz?(d, cxp)Na‘z‘1 (28 to i%0 Mev) in aluminum loils surrounding the targets,

1,23 . -
"7 the published cross sections of Hicks,

as described Lsreviousiy,
Stevenson, and Nerv.s and of Batzel, Crane, and O'}(.ella,-‘r were used.
Beam intensities weire measured by means oi a Faraday cup when bormbard-
ments were made using 10- and 32-Mev protons and 20-Mev deuterons.
Radiochemuical determination of Mo(;)%J was pertormed in the manner

described by Gunn et al., and the rr.ethod o1 isolation and separation ot

1 . o . - . .
H. G. Hicks, P. C, Stevenson, R. S. Gilbert, and W. H. Hutchun,

Phys. Rev. 100, 1484 (1753).

) H. G. Hicks and «. S. Gilbert, Phys. Rev, 100, 1286 (1955).
Hicxs, Steveunson, zand Ne:v:x, Fhys. Rev. 102, 1390 (1926).
Batzel, Crane and C'Keily, FPhys, Rev, 21, 739 (1923).

Levy, Phys. Rev. 107, 1642 (19o7).

500 l 8.‘32@'1nn, Hicas, Ctevenson, Levy,
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rare earths and yttrium was pertormed in the manner described by Nervik,
The Baléo was purilied by repeated nrecipitation of the chloride from: diethyl
ether-hydrochioric acid nuxtures anc oy scavenging with terric and lantha-
num hydroxides, A

Gamma and brems.trahlung radiations from all nucl:des measured,

_except Mog(}, were counted by me.ns of a INaI(Tl) scintillation crystal,

with the lower discriminator set at 20 xev ard the upper discriminator set
at 3> Mev, Sulncient beryllium (Zg/"cmz) to stop all beta particles was inter-
posed between the counting sample and crystal. The counting oi the gamma
and bren.s-tratlung radiations by-passed the problem of pbeta scattering, for
experiments have shown that under these conditions there is no signiricant
variation of observed specific activity with mass thickness of sample. The
counting eificiency ol each nuclide was detern.ned by relating the observed
counting rate of 2 carrier-free san ple in the scintillation crystal counters
to that i a 4. ~-geometry beta counter. Several detern.inations were made
for each species and the agreement between duplicate detern.inations was
excelient,

The nuél;de Moy(} was counted with an end-window, continuous-flow
.methane proportiona! counter, The counting erf:ciency was determined
indirectly by n.eans of fission counting (described in reference 5) and the
accepted thern al-neutron li¢si0n yield of Mo?'v. t.14%, E The formation

Cross sections are summerized i Figs, 1 and 2 and Tables | anit 1. The
2 Al
’ ¥

agreement with previous data 1s good.

6W_ E . Nervik, J. Phys. Cherr.. =), 5%0 (1%922).
T R N .
J. O. Blomeke, Uak Ridge Natl. Lab. Report No. ORNL-1783, Nov. 2, 1955,

8
M. Lindner and R. N. Osborne, Phys, Rev. 93, 1323 (1954).
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Fig. 1. Fission-product distributions of UZ38 bombarded with protons
of various energies. The symbol @ denotes present work;

B denotes previous work by Hicks, Stevenson, Gilbert and

1,2

Hutchin; A denotes work by Lindner and Osborne;8 and
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Fig. 2. Fission-product distributions of U238 bombarded with deuterons
of various energies, The symbol @ denotes present work;
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. ' : .. . 238
Table I. Formation cross sections i miliibarns for products o1 U
: i1ssion with protons.

Ene rgy

(Mev) 10 3270 100 150 200 250 300 340
Nuclide '
1900y -0 0.02  0.11 0.15 3.7 3.8 3.9 7.2
y?! 0.34 27 27 50 27 26 37 57 32
y3 0,80 43 S o 49 39 58 38 38 38
Mo?? 1.9 62 71 69 55 53 58 62 59
Lat®0@)y o - c.3 B.e 8.6 7.9 6.2 7.3 1.0 3.5
cett 7 s 4y S 36 56 -- — 3
cel?3 1.2 45 3t 31 22 21 21 23 20
pl% @)y o 0 0.36 2.1 2.0 1.9 2.2 2.3 1.9
Celd? 11 35 30 28 18 17 e -- 14
Na ¥ by .- .. o 0 0.7 3.4 7.1 13 17
NattT gleo 17 17 15 12 11,3 11.4  10.8 9.7
Smt?’ 0.12 4.2 4.6 4.4 3.1 2.6 2.6 2.4 2.0
Eu}?® 0.0¢ 1.1z .22 1.51 0.93 0.86 0.92 1,12 1.22
Eul?7 0.02 0.6 550 0.89 0.4 0.46 0.47 0.42  0.40

(2) Independent tcrmation cross section

(b) Keiative values, i,e., the counting eiliciency 15 unknown

0001891
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Table 1I. Form.ation cross sections in n.illibarns for pr.oducts oi U?'j8
iission withh deuterons.
Eneigy «
(Mev) S0 28 50 75, 100 - 125 150 170 190

Nuciide . ‘ '

17%a) .- 6 <0.01 0.083 0.55 1.4 2.1 2.8 3.4
v lay oo 20 4.7 9.5 10 11 12 12 12
v 19 20 22 38 42 4> 48 50 sl
y7? 24 25 46 65 71 65 62 65 68
Mo 25 60 65 $2  10l. 97 92 92 92
Lai®0a) o0 oaa a0 10 12 12 10 1] 11
Lat®l 28 30 54 7i 67 >3 50 53 53
ce'*ay - o0 o 0 4.5 8.0  &.5 7.0 6.5
cel®s 28 37 49 46 40 36 33 35
Pri%ia)  -.. 0 0 0.2 1.5 2.7 2.9 3.2 3.1
cettr 4 2 53 43 39 52 28 29 28
Na'P0L)  -o- <. <0.2 <0.2 <0.2 <0.2 0.5 1 3
Nal 47 1 12 z2 29 27 24 21 20 20
Snit 77 2.3 2.7 5.7 7.2 7.0 6.0 5.0 4.8 A7
Eo!?? 0.60 .67 l.> 2.0 2.1 1.9 1.6 1.6 1.6
Eplj? 0.00  0.61 1.0 l.» 1.4 1.1 1.0 1.0 0.87

(&) Independent forn.ation c¢ross section

(o) Relative values, i.e., the counting efiiciency is unknown

5001892
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ill. DIsCUsSION OF RESULTS

The data -(E'iga. I and 2 and Tables ] and II) show ieatures reported by

1,2,5-13

pievious authors. As the pombparding energy increases, modes 0i

fisgion that are extyemely improbable in ilow-energy-induced tission become
mcreasingly :in.portant. This results in an mcrease ol fission yield for
species lorm.ed Sy syn.metric tission and [or extiemely asymn:etzic iission,
as well as increased d:.rect iormat.on of species near or even on the light
mass side ol the beta-stabxllty region. .

In drawing smooth curves through the observed lission yield values,
an mteresting chenon.enon was obse:ved. Below 50-Mev pioton or deuteron
energy the curves are symmetrical in all respects., Above 50 Mev, however,
they are very derinitely not syn.ri.etricai. Reilection of the heavy rare-earth
cross sect:ons through the "apparent center o:i the fission yield curve' as
estimated i.on: higher-yieid products gives points that fall well below the
ooserved vzlues on the iow-mass-number wing oi the curve. '‘On the other
band, reilect.on ¢! the low-mass-number cross sections through the same
"apparent center' mass A gives po:iuts that (all above the observed rare-
earth vaiues. The hipher the energy ot the bombarding particle, the more ‘
pronounced the eitect., The cross sections‘oi Cu°7 and Ni®° with 340-Mev
protons, ior example, n.ust be adjusted downward py at least an order ot
magn.tuge, or those ol Eul °Y and EJIj? adjusted upward by factors of
tron. three to seven, in order to tall on & curve symmetric about a single A,
7

. 1o 1o . oy

Duplicate runs oi Euq ang Eu cross sections showed agreen.ent within
67 66 :

and Ni were {rom indepen-

five percent while the crose sections of cu®
dent investigations. 8 The eliect :s certeiniy outside of experimental error.
The phenon:enon desci:ped above might conceivably come about ir a
n:ajor portion ot the independent yields ol the rare-earth nuclides arose
from: disect formiation either as stable 1sotopes o: on the neutron-deficient
side of stability. I the primary fiss:ion products of mass 126, for instance,

were distri:buted so that 75-807. of the mass yield lay in the region where

K. W. Spence and G. P. Ford, Ann. Rev. Nuclear Sci. 2, 399 (1933).

10 K. H. Goeckern.ann and I Perin.ah, Phys., Rev. 1§, 628 (1949).

H P. K. C'Conno: anc G. 1. Seaborg, Phys. kev. 15, 118Y% (1948). »

b2 R. L. Folger, P. C. Steveuson, and G. 1. Seavorg, Phys. Rev.38, 107(1Js2).
13 E. M. Douthett and D. .'r} Tempieton, Phys. Rev., 24, 12¥% (i954).
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Z 264 (Gd o: higher), ihen'the iission yield curves could be considered

to be symmetric. This s:ituation appeared unlixely, {or ouly one neutron-
deiicient species (NGMO)_ was detected u: the entire rare-earth region.
More conclusively, if the m.ajor portion of the yield o1 miass 16 lay in the
regxon ol 22 64, then the disect-formation cCross section o. Eul')(’ should
have peen of magnitude con.parable to or la-:ge: than that ol Smbo. Meas-

.. ) - 100
urement ol the direct-lori:.ation croses sect:on o1 Eu showed that over
. ¢ 1.6

I 1: . ) _ . .
0. oi the Eu ~~ was rormed i.on. its Sm parent by pbeta decay. Thus,

the fission yieid distribution acvove 20 Mev is not symmetrical. ,
The i:ssion cross sections shown :n Figs., 3 and 4 and Table 11l were

obtained vy integration uhder the fission-yield curves. Also shown are the

14,15, 16

data oI previous workers, The ditferences petween the present

work and that ol reierence 2 reilects the error ol the assumption that the

tission-prodact distribution (o = ranielrioa.,
Tavlie 11, UZN Iio8i0n cross sections, in bparns,
Protons Deuterons
Energy ' » Energy :
{Mev) " (Mev) . : :
19 0. 023 | 20 1,03
32 1,47
70 1,47 50 1.6l
100 1,449 75 2.13
150 1. 44 , 100 2.42
200 1,47 ; les 2.4> .
250 1. o6 150 2. 39
500 .46 170 L.as
340 SR Bt 190 2.49
14

J. A, Junpgerm.an, Phys. Rev., 13, 632 (1400).

1> . . N ' .. .
H. M. Siemner and J. A, Junpgerman, Phys. Rev. JQl, 807 (1950).

e ., ; , , ‘ . .

G. N. Harding, Atoma:c Ener,y Kesearch Establishment Report No.

AERE/INR-I‘}:G, Harweli, Berrs., Engl., June 1924 (unpublished). -
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As the energy ol the pornbarding particles i1s increased above 30-40
Mev, the mean iree path oi the projectile in nuclear matter becormnes com-
parable to the diamieter oi the tarpet nucleus, rendering the nucleus ‘pa‘rtially
transpasent to_hxgh-énergy nucieons, 17 The picture of '"compound nucleus"
formation n.ust e abandoned, and collisions ot the proje;tile with indivillual
nucleons in the target nucleus must be considered. In each of the collisions,
the energy transter to tﬁe nucleus is 2 fraction ot the projectile energy. The
total energy transx‘erﬁ-ed to the nucleus then depends on the number of colli-
sions the projectile n.akes within the nucleus and may vary from. the full
energy.of the projectile to a small iraction thereof,

Monte Carlo calculations by Turkevich on the deposition oi energy n
the BiZOV nucleus by protons appear in an article by Porile and Sugarman.
The results show that the meajority of the interactions deposit less than hali
the projectile enérgy at 256 and 458 Mev.

When the transier o eﬁergy to the nucieus is small, comparatively few
nucleons are evaporated either petose or after iission and the sum of the
complementary-iragment mass numbers 1s clese to 238. Similarly, when the
energy transier is large, the systemn evaporates many nucleons, predominately
neutrons, and the sum of the complementary-lission-fragment mass numbers
s much less than 238, The lower-energy {ission events are characterized
by a saddle in the central region (A ~ 118)o1 the distribution curve symmetric
about a given A, and by very steep sides in the low- and high-A regions. As
the boﬁ:bardmg 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-en‘ergy fission the valley has all but disappeared and the axis ol symmetry
of the distribution has shifted toward lower A, The measured distribution is,

~of coux\-s‘e-, & mixture oi both high- and low-energy events. The fiséion-yield
distributions in Figs. 1 and 2 display apparent symmetry about a central
mass number A in the region of A 20 at all energies, These products

are major yields of both high- and low-energy tission. Thus, aln:ost any

17 K. Serber, Phys. Rev. 72, 1114 (1947).
18 N, T. Poriie and N. Sugarman, Phys. Rev. 107, 1422 (1957).

5001897
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combination of nssion-yield distr:butions would tend to produce a slowly
varying curve 1n this region. The products in apparent complementary
positions with respect to the observed distribution are not necessar:ly
complementary fragments ol every individual lission process. The ob-
served yields of these products are nearly the same; therefore, any
discrepancies are small and tend to be averaged out. '

Those nuclides on the light-mass Qing of the distribution (A € 73)
are seen .n apprecieble yield only in high-energy-induced fission, in

~particular, Cub-‘- and Nlbb, which are not seen in thermal-neutron or

low-energy charged-particle induced tission. At 340-Mev protons, the
Cross sections of masses 6b and los ace equal, Theretore, the fission-
ing nucleus giving rise to A = 66 must have had eno\i"gh ex’cxtatioh energy
to lose any nucleons either before or aiter scission. The sum ot the
fizsion-fragment masses must be not greater than 221, and probably at
least two mass units less,

Cn the other hand, those nuclides on the heavy-n.ass wing are seen
in low-ene:gy fission, The {ission yield of Eu.ls(J varies but slightly
(from: 0.06 to 0,09 ) over the entire energy range of charged particles
used. The slopes of ail tission-product distributions in the region A 2150
(Figs. 1 and 2) are very nearly :dentical a2t all charged-particle energies ‘

used in this work,.

IV, ACKNOWLEDCGMENTS

Wwe wish to thank Mrs. Nancy Lee and Mrs., Joyce Gross for technical
‘as«sistance; Mr. J. T. Vale and the crew of the 184-inch cyclotron, and
the late Mr. G. B. Rossi and the crew of the 60-:nch cyclotron lor their

cooperation :n making the bombardments possibie.

/men

5001898



