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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 A127(p, Bpn)Na24 and A127(d, <1p)Na'24 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.

3
This work was performed under the auspices of the U.S. Atomic Energy

Commission.
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I. INTRCDUCTION

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

U238 did not include exan.ination oI the yields or n.asses greater than 140,
Formation cross sections ol several rare-evsth nuclides (A = 140 to 157),
’{90, Ygl, ‘[93, Nlo’g, and Eal4o have peen measured in the present work.
Proton energies range .ror. 10 to ,40 Mev; deuteron energies, {rom 20 to

190 Mev.

1I. EXPERIMENTAL TECHNIQUES

Preparation of t;srge:s3 and borm.barament techniquesl have been
described previously by sorme cf the authors. The cyclotron beam intensity
was monitored using the reactions Al?'?(p, 391))Nad4 {70 to 340 Mev) or
ALZT(d, u.p)NaZ“k (28 to i%0 Mev) in 2aluminum loils surrounding the targets,

1,2,3 , L
7' 7 the published cross sections of Hicks,

as described sreviously,
Stevenrson, and Nerv.x and ol Batzel, Crane, and O'}\ellx,% were used.
Beam intensities were measured by means oi a Faraday cup when bombard-
ments were made using 10- &nd 32-Mev protons and 20-Mev deuterons.
Radiochemical determination of I\/Lo‘%J was pertormed in the manner

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

! H. G. Hicks, P. C. Stevenson, R. 5. Giibert, and W. H. Hutchin,

Phys., Rev. 100, 1284 (1353).
o

o

H. G. Hicks and «. S. Gilvert, Phys. Rev. 100, 1286 (1955).

N
Z}

Hicxs, Steveuson, znd Ne:v:x, Fhys. Rev. 102, 1390 (1926).

o

Batzel, Crane and C'Keily, Fhys, Rev, 21, 229 (1933),

Phys, Rev. 107, 1642 (1957).

508 { 8'{26&”1}, Hicas, Stevenson, Levy, -
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rare earths and yttrium was periormed in the manner described by Nervik,
The Bal‘}o was puriiied 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 trom all nuclides measured,

_except Mog(}, were counted by me.nge of a 'Nal('l'l) scintillation crystal,

with the lower discriminator set at 20 xev ard the upper discriminator set
at 3 Mev, Sulnicient beryllium (Zg/“cmz) to stop all beta particles was inter-
posed between the counting sample and crystal. The counting oi the gamma
and bremn.s-trahlung radiations by-passed the problem of peta scattering, for
experiments have shown that under these conditions there 15 no signiticant
variation of observed specific activity with mass thickness of sample. The
counting erficiéncy o! each nuclide was detern.ned by relating the observed
count:ng rate of 2 carrier-free san pfe in the scintillation crystal counters
to that i a 41 -geometry beta counter. Several detern.inations were made
for each species anc the agreement between duplicate detern.inations was
excelient,

The nuclide MOCN was countecd with an end-window, continuous-{low
.methane proportiona! counter., The counting eit:ciency was determined
indirectly by n.eans of fission counting (described in reference >) and the

accepted thernal-neutron li¢sion yield of Mog’f, t.14%, E The {ormation

cross sections are summerized mn Figs, 1 and 2 and Table=s i anit 1i, The
L)
’ ¥

agreement with previous data 1s good.

6W, E . Nervik, J. Phys. Cherr.., =), 5%0 (1922).
ki . N o
J. O. plomeke, Uak Riadge Natl. Lab. Report No. GRNL-1783, Nov. 2, 195>,

8
M. Lindner arnd R. N. Osborne, Phys, Rev. 94, 1323 (1954).
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Fig. 1. Fission-product distributions of UZZ'8 bombarded with protons
of various energies. The symbol ® denotes present work;

B denotes previous work by Hicks, Stevenson, Gilbert and

Hutchin;l’2 A denotes work by Lindner and Osborne;8 and

5001871

X denotes reflection points.



-6 - UCRL-5087

00— l 1 T T I =
- .
- .
— X —
B X 7]
r n—
0}— —
- ._
10— .
o — .
£ — —
i .
ouf— 32 -MevPROTONS i
- -
| | | ] | |
00™%5 80 100 120 140 160

A MUL-4264

Fig. 1 B. 32-Mev Protons

500187195



-7 - UCRL-5087

100 -
= -
IO— —
- _
r— —
1.O— —
- _
.g - —
(3 - -
b — —
B 7]
B ]
0.1}— 70 - Mev PROTONS —
— —
00! | l | l | ]
60 80 100 120 140 160
A MUL-4265

Fig. 1 C. 70-Mev Protons

50018710



~ 100

10

omb

0.1

0.0l

5001811

UCRL-5087

A

Fig. 1 D. 100-Mev Protons

- | | ] o -
- _
— —]
- —
B Bl
- /100 - Mev PROTONS —
- .

| | 1 | [ i

60 80 100 120 140 150

MU L~4266



-9 .- UCRL-5087

100 l | l l

: -
- —
10— —
— -
.Op— —
— =
o — 3.
E b —
b | —
/150 - Mev PROTONS
O — —
= ]
| —
00! | | B | | n
’ 60 80 I00 120 140 160
A MUL-4267

Fig. 1 E. 150-Mev Protons

5001818



-10 - UCRL-5087

100

I

1

T rTary

| - lillll

T Ill'ﬂ—ll

}

omb
R llllq
| llllld

|
J

Ol 200 -Mev PROTONS

! IIIIIII
J l-llllll

|
]

1 I | 1 | |
60 80 100 120 140 160

A MUL-4268

0.0l

Fig. 1 F. 200-Mev Protons

500187119



-11 - UCRL-5087

100 — | l | [ | -
: I
IO— —
- y
.Op— —
- -
2 [ -
b N _
O.I‘___— _5
— 250-Mev PROTONS -
- —
’—— mcd
- -

0.0l | ] ] 1 | i

60 80 100 120 140 160 "
A :

Fig. 1 G. 250-Mev Protons

5001880



-12 - UCRL-5087

100

IR
|

LI ll-lll]

| IIIIJJ|

|
|

omb
T IIIIIII
| ] Illllll

]

300-Mev PROTONS

0.l

|| I-lllU‘

| Ill]lll,

0.0l ] L | | ] |
60 80 100 120 140 160

A MUL-4270

Fig. 1 H. 300-Mev Protons

5001881



-13- UCRL-5087

100 1 T I ! | 5
— 3
B 1
IO— —
— -
10— —
o — _
£ — -
b — —
340 - Mev PROTONS
OJ— —
0.0l | | J | I |
60 80 100 20 140 160
A MUL-4271

Fig. 1 1. 340-Mev Protons

50018682



-14 - UCRL-5087

100 T l | | T T -
-~ —
10— —]
L 3
- —
- -
\O— —
o - -
E — —
b — —
- —
— —
Ol _:..
- _
20- Mev DEUTERONS
r.— el
O-O' ] | 1 1 | |
60 80 100 120 140 160
MUL-4272
A
Fig., 2 A. 20-Mev Deuterons
Fig. 2. Fission-product distributions of UZ?’8 bombarded with deuterons
of various emnergies,. The symbol @ denotes present work;

B denotes previous work by Hicks, Stevenson, Gilbert, and
500 l 883 Hutchin;l’ 2 ‘denotes work by Lindner and Osborne;8 and X
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. ‘ ‘ : - . 238
Table I. Fo:mation cross sections wn miliibarns for products o1 U
: i1ssion with protons.

Energy '

(Mev) 10 3270 100 150 200 250 300 340
Nuclide .
¥ 90 -0 0.02  0.11 0.15 3.7 3.8 3.9 1.2
y7! 0.34 27 27 50 27 26 37 37 32
y3 0.80 43 S o 49 39 38 38 38 38
Mo?? 1.9 62 71 69 o5 53 58 62 54
Lal®®u) - L5 5.6 8.6 7.9 6.2 7.3 1.0 5.5
ce!F 7 s 49 a0 36 56 -- 3
cel3 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
Celi? 11 3s 30 26 18 17 - - 14
Net ¥y - .- o 0 0.7 3.4 7.1 13 17
NalttT lso 17 17 18 12 11,3 11.4  10.8 9.7
sm!® o1z 4.2 4.6 4.4 3.1 2.6 2.6 2.4 2.0
E.}?® 0.0¢ 1.12 1.22 1.31 0.93 0.86 0.92 1.12 1.22
Eul?7 0.02 0.6 550 0.89 0.5 0.46 0.47 0.42  0.40

(2) Independent tormation cross section

(b) Kelative values, i.e., the counting eiliciency 1s unknown

0001891
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Table 1I. Form.ation cross sections in niillibarns for pr.oducts oi UZ:}8
iission with deuterons.

Eneigy ; :

(Mev) c0 28 50 75> 100 - 125 150 . 170 190
Nuclide . ‘ '

17%a) .- 6 <0.01 0.083 0.55 1.4 2.1 2.8 3.4
SRy - 20 4.7 9.5 10 11 12 12 12
b 19 20 22 38 42 4> 48 20 5l
y7? 24 2o 46 65 71 65 62 65 68
Mo’ o3 60 &5 62 10l. 97 92 92 92
Lai0a) -0 o.ae a0 10 12 12 10 1] 11
Lal4! 28 30 54 7i 67 >3 50 53 53
ce'tlay - 0 0 4.5 8.0 8.5 7.0 6.3
cel®3 28 37 49 46 40 36 33 35
Pri®3a) - 0 0 0.52 1.5 2.7 . 2.9 3.2 3.1
celtt g 2 53 a3 39y 52 28 29 28
NalOL) - <62 <2 <0.2 <0.2 <0.2 0.5 1 3
Nal 47 1l 12 z2 24 27 24 21 20 20
Smil 77 205 2.7 . 7.2 7.0 6.0 5.0 4.8 A7
Eu!?? 0.60 C.67 1. 2.0 2.1 1.9 1.6 1.6 1.6
Eu'?7 0.50  0.61 1. i.> 1.4 1.1 1.0 1.0 0.87

() Independent forrn.ation cross 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
pievious authors. 1f 205043 As the pomparding energy increases, modes oi
fisgion that are extyemely improbable mn iow-energy-induced tission become
mcreasingly :in.portant. This results 1n an mcrease ol fission yield for
species lormed Dy syn:metsic tission and for extiemely asymn:etiic iission,
as well as increased d:.rect iormat.on of species near or even on the light
mass side al 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 delinitely 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, relilect.on ¢t the low-mass-number cross sections through the same

"apparent center' mass A gives po:uts 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 downwarcd py at least an order ot
magn.tuge, or those oi Eul °Y and EJIj? adjusted upward by factors of
tron. three to seven, in order to tall on & curve symmetric about a single A,
Duplicate runs ol Eul";o and Eulv? cross sections showed agreemn.ent within
7

: 6 66 _
five percent while the crosc sections of Cu and Ni were lrom: indepen-

dent investigations. 8 The eliect :s certeiniy outside of experimental error.
The phenon.enon desciibed above might conceivably come about ir a
n:ajor portion ot the independent yields o1l the rare-earth nuclides arose
from. disect formiation either as stable 1sotopes o: on the neutron-deficient
side of stability. I the primary i1ss:ou 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). »
ke R. L. Folger, P. C. Steveuson, and G. 1. Seavoryg, Phys. Rev.38, 107(1J2).
13 E. M, Douthett and D. .'r} Tempieton, Phys. Rev., 24, 12¥ (i954).
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Z 264 (Gd o: higher), ihen'the fission yield curves could be considered
to be symmetric. This s:tuation appeared unlixely, {or ouly one neutron-

140

deiicient speciesz (Nd ), wae detected u: the entire rare-earth region.

More conclusively, if the m.ajor portion of the yield o1 miass 16 lay in the

. Y , . L 156 .
rezion ol Z 2 64, then the direct-formation cross section oi Eu 7 shouid
, . ' 150
have been of magnitude con:parable to or larger than that or &m . Meas-

.. . . 1006
urem:ent ol the direct-loriz.ation croes sect:on o1 Eu showed that over

e 1€ . . _ 1. . .
G0". ot the Eu “b wae rorm.ed 1.on. its S v6 parent by pbeta decay. Thus,

the lission yieid distribution acvove 20 Mev is not symmetrical.
The iission cross sections shown :n Figs., 3 and 4 and Table 1lI were
obtained vy integration uhder the fission-yield curves, Also shown are the

14,15, 16

data ol previous workers. The ditferences petween the present

work and that ol reierence 2 rellects the erro:r ol the assumption that the

tission-prodact distribution o = ranetrioa.,
\ 238 . | .
Tavle 1II. U7 7 ilisrion cross gections, In parns,
Proton Deuterons
Energy ' . Energy o
{Mev) N (Mev) : : \
10 0. 029 | 20 1.03
32 1,47
70 1,27 50 l1.061
100 1.4% ) 2.13
150 1. 44 , 100 2. 42
200 1,47 I 123 2.4> .
250 1. o6 150 2. 3%
500 L4t 170 Z.48
340 1. 59 ' 190 2,45
j
14 J. A, Jungern.an, Phys. Rev. 75, 632 (1400).
13 H. M. Stemner and J. A, Jungerman, Phys. Rev. JQl, 807 (19o0).
te G. N. Harding, Atomac Energy Kesearch Establishment Keport No.
AERE/"NR-I‘}JG, Harweli, Berrs., Engl., June 1954 (unpublished). -
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As the energy ol the porbarding particles is increased above 30-40
Mev, the mean iree path oi the projectile in nuclear matter becomes com-
parable to the diamieter oi the target nucleus, rendering the nucleus vpa‘rtially
transpasent tOvhlgh-énergy nucleons. 17 The picture of '"compound nucleus"
formation n.ust pe abandoned, and collisions oi the projectile with indiviflual
nucleons in the target nucleus must be considerec“x. In each of the collisions,
the energy transter to the nucleus 1s a fraction of the projectile energy. The
total energy transx’eﬁ-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 thereot,

Monte Carlo calculations by Turkevich on the deposition oi energy n
the Bi209 nucleus by protons appear in an article by Porile and Sugarman.
The results show that the mejority of the interactions deposit less than hali
the projectile energy at 256 and 458 Mev.

When the transier oi energy to the nucieus is small, comparatively few
nucleons are evaporated either netose or after iission and the sum of the
complementary-iragment mass numbers 1s clese to 238. Similarly, when the
energy transier is large, the system evaporates many nucleons, predominately
neutrons, and the sum of the complementary-lission-fragment mass numbers
s much less than 238. The lower-energy iission 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 bom:.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-en‘ergy f1ssion the valley has all but disappeared and the axis of symmetry
of the distribution has shifted toward lower A. The measured distribution is,

- of course, a mixture oi both high- and low-energy events. The fiséion-yield
distributions in Figs. ! 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. 101, 1422 (1957).

5001897
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corm.bination of nssion-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 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 Q/ing of the distribution (A <€ 73)
are seen :n appreciesie yield onty in high-energy-induced fission, in

~particular, CubT and Nlbb, which are not seen in thermal-neutron or
low-energy charged-particle induced tission. At 340-Mev protons, the
Cross sections 0f masses 66 and l>2 are equal, Theretore, the fission-
ing nucleus giving rise to A = 66 mn.ust have had enod-gh excxtatioh energy
to lose rmany nucleons either before or aiter scission. The sum of the
fission-fragn.ent masses must be not greater than 221, and probably at
least two mass units less. '

On the other hand, those nuclides on the heavy-n.ass wing are seen
in low-ene:rgy fission., The {ission yield of l‘.‘.ul;6 varies but 'élightly
(from: 0.06 to 0.09 ) over the entire energy range of charged particles
used. The slopes of ail tission-preduct distributions in the region A 2150

(Figs. | and 2) are very nearly :dentical a2t all charged-particle energies

used in this work.
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