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ABSTRACT

. : . 238 .. .
Formation cross sections of various U fission products

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

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

5
reactions A127(p, 3pn)Na“4 and A127(d, ap)Na24 were used as

monitoring reactions to measure effective cyclotron beam intensity.
Fission—pfoduct 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.

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

Commission.
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I. INTRCGDUCTION

, 1,2 ‘

Previcus studies '~ o1 the high-energy charged-particle tiss.on of
238 .. : . ,

U did not include exan.ination of the yields of n.asses greater than 140,

ions ol several rare-ea-th nuclides (A = 140 to 157),

Formation cross sect
90 71 w3 G _ 140 .
y’'Y, ¥Y’T, YO, Mo’ ’, and Ba have peen measured in the present work.

Proton energies ranye .rorn. 10 to .40 Mev; deuteron energies, irom 20 to

190 Mev.

II. EXPERIMENTAL TECHNICQUES

_ ) 3 : . . 1 )
Preparation of targets” and bombardment techniques have been
described previously by sorme cf the authors. The cyclotron beam intensity
: : a7 N i4
was momitored using the reactions Al” (p, 3pn)Na™ " (70 to 340 Mev) or

27 24 : .
Al ((d, ap)Na = (28 to 150 Mev) in aluminum toils surrounding the targets,
1

:';3

o

£

as described sreviously; the published cross sections of Hicks,

Stevenson, and Nerv.x and of Batzel, Crane, and O'kell, =  were used.
Beam intensities were measured by means ol & raraday cup when bombard-

ments were made using 10- and 32-Mev protens and 20-Mev deuterons.

PR

L ; . . 9¢ . ;
Radiochemaical determination of Mo’  was performed in the manner

. - 4 » . X . . .
described by Gunn et al., and the m.ethod of 1solation and separation ot

1 - ) - - . . )
H. G. Hicks, P. C., Stevenson, R. S. Giibert, and W. H. Hutchin,

Phys. Rev. 100, 148+ (1353).

Z — ~ -, T W0 o 2
H. G. Hicks and %. S. Gilbert, Phys. Rev. 100, 12386 (1955).
Hicxs, Stevenson, and Ne.vik, Phys. Rev. 102, 1390 (1956).

4 yee s o . . ¢ =2
Satzeil, Crane and C'Kelly, Phys, Rev. S1, 239 (1U533)

o} . c D

Gunn, Hiczs, Stevenson avy, Phys. Rev. L§7, 1642 (19o57).
’ b ) y
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rare earths and yttriem was peciormed in the manner described by Nervik.
The 851140 was parilied by repeated nrecipitation of the chloride from diethyl
ether—hydrochiohc &CiG mixtures and oy scavenging with ierric and lantha-
num hydroxides,

Gamma and brems-trahlung radiations trom all nuclides measured,
except MOS‘(;, were counted by mewns of a .NaI(Tl) scintillation crystal,
with the lower discriminator set at 20 kev and the upper discriminator set
at 3 Mev, Sufincient beryliium (23/cm ) to stop all beta particles was inter-
posed between the counting sampie and crystal. The counting oi the gamma
and bremn.s-trahlung radiations by-passed the problem of beta scattering, for
experiments have shown that undesr these cond:tions there is no signiricant
variation cof observed spec:fic activity with mass thickness of sample. The
counting etficiency ol each nuclide was detern.:ned by reiating the observed
counting rate of & carrier-free san pie in the scintillation crystal counters
to that i a 4.-geometry beta counter. Several deterniinations were made
ior each species anc the agreement between duplicate detern.inations was
excellient.

The nuclide MOLH was counted with an end-window, continucus-ilow
methane proportiona. counter. The counting eificiency was determined
indirectly by m.eans of fission counting (described in reference ») and the

. 97 o T 4
accepted thermn.al-neutron iiss:on yield of Mo”7, €.14%. The tormation

11T

cross sections are summerized in Figs. 1 and 2 and Tables : anc 1. The

: . 1,2,8 . .
agreement with previous data is good.

é’W, E . Nervik, J. Phys. Chem:. 27, 6%0 (15502).

[ O. Biomeke, Uak Riage Natl. Lab. Report No. ORNL-1783, Nov. 2, 1955,

Joe
6 M. Lindner arnd R. N. Osborne, Phys, KRev. 94, 1323 (1954).
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Fig. 1 A, 10-Mev Protons
Fig. 1. Fission-product distributions of U238 bombarded with protons

of various energies. The symbol @ denotes present work;

B denotes previous work by Hicks, Stevenson, Gilbert and

1,2

Hutchin; ‘ denotes work by Lindner and Osborne;8 and

X denotes reflection points.
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Fig. 2. Fission-product distributions of UZ
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Table L.

Energy

n1ssion wath protone,

UCRL->087

. X 43
ormation cross sections in miliibarns 1or products o1 U

8

(Mev) Lo 52 75 100 150 200 250 300 340
Nucl:de

.40, - L ] , . 5
Y («) - - ) G.02 0.11 J.1»> 2.7 5.8 3.9 7.2
¢ 71 0.34 27 i 0 27 26 37 37 32
y43 G.80 5 - - 49 39 58 38 38 38
Mo Ly g2 71 56 %5 53 58 62 5
Lat %00 - C.5 Ao 8.6 7.9 6.2 7.3 1.0 a.n
Celdl 1.7 43 44 51 36 56 .. 3
Cel?3 1.2 43 36 31 22 21 21 23 20
p a0 0 0.56 2.1 2.0 1.9 2.2 2.3 1.9
Cel®t 1.1 3o 35 26 18 17 -- -- 14

145 ) | .
N () - - 0 0 0.7 .4 7.1 13 17
Nd C.60 17 17 15 12 11.3  11.4  10.8 9.7
Sm-°” 6.1z w.2 4.0 4.4 3.1 2.6 2.6 2.4 2.0
Eul 28 0.0c 1.1z 1.22 1.5l  0.93 0.86 0.92 1.1z 1.22
Eu 7" 6,62 5.6%  L.%0  0.89  0.54  0.46 0.47 0.42  0.40

(a)
(b)

Independent Iorrmration c.08s5 geCtion

Keiative vaiues, i.e., the couniing elliCiency 1§ unknown
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- . S : . 1238
lTavle II. Formation crogs cections in n:illibarns ior products oi U

1155100 Wit deuterons.

Ene:gy
(Mev) 0 28 50 75 100 12> 150 170 190
Nuciide
1704 cee 5 <o0.0l 0,083 0.55 1.4 2.1 2.8 3.4
v a) e 20 4.7 9.5 10 11 12 12 12
y7! 19 20 22 38 42 a5 48 40 51
v7? 24 2o 46 65 71 6> 62 65 68
Mo’ o5 60 &5 ¢2 101 47 92 92 92
Lai®ay - 0.4¢ 4.0 10 12 12 10 11 11
Lal®! 28 39 54 7i 67 59 50 53 53
cettlay - 0 0 o 4.5 8.0  B.x 1.0 6.3
Celd? 22 28 37 49 46 40 36 35 35
pri®a) - 0 o 0,22 L.5 2.1 2.9 3.2 3.1
Celt® 20 2. 3 43 34 52 28 29 26
0y - 5.2 < 0.2 < 0.2 <0.2 < 0.2 0.5 1 5
Nal?7 1] 12 22 29 27 24 21 20 20
Sn: 177 oo 2.7 5.7 7.2 7.0 6.0 5.0 4.8 4.7
Eyt 70 0.60 .67 l.x 2.0 2.1 1.9 1.6 1.6 1.6
Eul”’ 0.56  ©.6% 1.0 1.5 1.4 1.1 1.0 1.0  0.87

() Independent forn.ation ¢ross section

(o) Relative vaiues, I.e.

, the counting eifriciency is unknown
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ill. D1=CUsSION OF RESULTS

The data (Figs. 1 and 2 and Tables I and II) show teatures reported by
1

1
1T 3
N L -l 0 .

previous authots. © As the pomparding energy increases, modes 0Ol

{isgion that are extrem.ely 1mprobable mn low-energy-induced [18510n becom.e
mcreasingly .n.portant. This resuits in an increase ol fission yield for
species lorired By syn.mertric liss.on and lor extremely asymnietiic iission,
45 weil as 1ncreasea d.rect iormat.on of speciles near or eveu on the light
mass side o1 the peta-stanility region.

In Crawing smooth vurves through the observed Lission yield values,
an mteresting chenon.enon was obse:sved, Below 50-Mev proton or deuteron
eneryy the curves are symmetrical in all respects. Above U Mev, however,
they are very detinitely not syn.rn etrical, Rerlection cf the heavy rare-earth

sections through the "apparent center oi the fission yield curve'' as

U

cros
estimated {.on higher-yieid products gives points that fall well below the
cose-ved values on the .ow-n.ass-namber wing ol the curve. On the other
hand, -eiiect.on o: the iow-n.ass-number cross sections through the same
"apparent centex' mass A gives points that iall above the observed rare-
earth vaives. The higher the energy of the bombarding particle, the more
pronounced the eitect. The cross sections ol Cu07 and Nibo with 340-Mev
nrotons, ior example, m.ust be adjasted downward by at least an order ol

. ~ l>su . 157 . : L. -
magn:tuade, or those o: Eu and Eu acdjusted upward by factors ol

tron. three to seven, in order to tall on & curve symm.etric about a single A,

by

] 157
22U ~ D . .

Duplicate runs o1 Eu and Eu cross sections showed agreen.ent within

- . . o7 C

five percent while the crose sections of Cu and Ni were looms indepen-

Q
. . < N <, v s 3 .
dent invesiigal.ons. The efiect .s certainiy outside of experimental error.

The phenon.enon descsined apove n.ight concervapbly com.e about 11 a
major portion ot the independent yields ol the rare-earth nuciides arose

. disect formatiorn either a: stable :1sotopes o: on the neutroun-deiicient

bl
a Ula.

4

side oI stavility. Li the primary iisgion products of mass 156, for instance,

were distr:buted so that 75-307. of the mass y:eld lay in the region where

{. W. Spence and G. P. Ford, Ann. Rev. Nuclear Sci. 2, 399 (1953).
K. H. Goeckern.ann and 1. Pe:rin.an, Phys. Rev. 7§, 628 (194%).
P. R. C'Conno: ancd G. 1. Seavcrg, Phys. Kev. 74, 1189 (1948).

be R. L. Foiger, P. C. Steveuson, and G. T. Seaborg, Phys.Rev.2y, 107{1Jo5).

st
e

E. M. Douthett and D. H. Tempieton, Fhys. Rev., 94, 125 (1954).
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Z 204 (Gd or hagher), then the Lission yield curves could pbe considered

Th:s situation appeared wnlixely, {or ouly one neutron-

o)
—
[
—
]

to be symm

, , s 1O . ] , L .

ce.icient species (Nd } was detected 12 the entire rare-easth region.

More conclusively, it the n.ajor portion ol the yieid o1 niass lo6 lay in the
. , . . : 156

rezion ol Z 2 64, then the direct-Iormat.on Cross sectich o. Eu shouid

>

.y
. - 220
have been of magnitude corn.parable to or larges than that or Sm . Meas-
e . ) ~ 120 \
aremn:ent oL the a:rect-toriz.ation Croes section 01 i showed that over
. o — 120 . .. . o 1u6 . .
90 oi the Eu W& g form.ec roow. s Sm parent by beta decay. Thus,

the iiscion yield distribution apove >0 Mev is not syn.metrical,

The 1:1ssion crose sections shown in Fugs., 3 and 4 and Tabie III were
ovtamed by integration under the fission-yield curves. Also shown are the
; - 14,15, 16 s . .
data Ol previcus workers. The aitrterences between the present

work and that ot reierence 2 -eilects the erro: ol the assumption that the

iission-prodact distribution = ot
238 . . i
Tanie I1I. U {lss:0n Ccross sections, 1l pains,
Protons Deuterons
Everyy Energy
{Mev) {NMev)

i G, 029 20 1.03
32 1,27

Tu 1,47 >0 1.0l
109 1, 4% 7> 2.13

v
1 £%)

,_.
L
(e
ot
o
s
P
<
<

fe

<

(-

o

p—

r. -
: w
NN

IS

&)

220 1.> 150 . 39
500 l.4b 17¢ .48
540 1.59 190 2,49

1> I A ) . .
H. M. Stemner and J. A, Jungerman, Phys. Rev. jQ1, 607 (19o6).

C
RE/NE-~14.6., Harwel:, Beres Erci June 1954 {(unpublished)
AERE/NE-l4.0, Harweli, Berns., Engi., June 1904 (unpubdiished).
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As the ernergy ol the pon.barding particles 1s increased above 30-40

Mev, the mean i:ee path o1 the projectile in nuclear matter becomes com-

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

17
transpa-ent to high-energy nucleons, The picture of "compound nucieus"

lormation n.ust ve abandoned, and coilisions oI the projectile with indivitual

nucleons in the target nucleus must be considered. In each of the collisions
the energy transter to tﬁe nacleus is a fraction of the projectile energy. The
total energy transterred to the nucleus then depends on the number of colli-
sions the projectile n.axes 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 or energy n

20 . :
the Bi 7 nucleus by protons appear 1n an «rticle by Porile and Sugarman,
The results show that the meajority or the interactions deposit less than half

the projectilie energy at 256 and 458 Mev.
When the transier ol energy to the nucieus is small, comparatively iew

nucleons are evaporated either perore or after iission and the sum of the

complementasy-iragment mass numbers 1s close to 238, Swymailarly, when the

energy transier is iarge, the system evaporates many nucleons, predominately

neutrons, anc the sum of the complementary-lission-fragment mass numbers

13 much less than 238, The lower-energy {ission events are characterized

by a saddle in the central region (A ~ 118)o: the distribution curve symmetric

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

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

has a lower siope than the high-A wing, From the character of the tission

yield distribution at higher energies, one w.ay infer that for '"mono-energetic'

high-energy riscion the valley has all bput disappeared and the axis of symmetry

] The measured distribution is,

of the distribution has sh:fted towarad lower A,
of course, a mixture oi both high- and low-energy events. The lission-yield
distributions in Figs., 1 and & dispiay apparent symmetry about a centrai

mass number A in the region of A =20 at all energies. These products

are m.ajor yields of both high- and low-energy lission., Thus, almost any

b . Se r, Phys. Rev. 7¢, 1114 (1947).
18 i. T. Poriie and N. Sugarman, Phys. Rev. 107, 1422 (1957).

>

7
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corm.bination ol Iission-yield distr:bations 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 necessar:ily
complen:entary fragments ol every individual iission process. The ob-
served yields of these products are nearly the same; therelore, any
discrepancies are small and tend to be averaged ovut.

Those nuclides on the light-mass wing oI the distribution (A € 72)
are seen .n apprecieble yield only in high-energy-:nduced fission, in

.particular, CuéT and Nlbb, which are not seen in thermal-neutcon or
low-energy charged-particle induced 11ssion. At 340-Mev protons, the
Cross sections 01 masses 06 and lo. are equal. Thevetore, the fission-
ing nucleus giving rise to A = 6b m.ust have had enough excztatxoh energy
to lose rrany nucleons either before or aiter scission. The sum ol the
fission-iragw.ent masses must be not greater than 221, and provably at
least two mass units less,

Cn the other hand, those nuclides on the heavy-n.ass wing are seen
in low-energy rission. The {ission yield of Eul;6 varies put slightly
(from: 0.06 to 0.09 ) over the entire energy range of charged particles
used. The slopes of ail tission-prcduct distributions in the region A 2120
(Figs. 1 and 2) are very nearly :dentical at all charged-particle energies

ased in this work.
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