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AN INVESTIGATION OF THE INFLUENCE OF ANGULAR MOMENTUM
ON FISSION PROBABILITY '

John Gilmore, Stanley G. Thompson, and I. Perlman

Lawrence Radiation Laboratory
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June 8, 1962

ABSTRACT

A nuclear emulsion technique has been used to determine total fission

. : 6
cross sections in the following heavy-ion bombardments: (C12 + Tml 9;

016 N H0165), (016 . Tm169 20 | H0165)} (ClZ . Re185, 016 + Ta181)

b4

; Ne

(016 f‘R6185; Nezo +‘mi&).

s
-Bach pair of bombardments resulted in the
same compound nucleus, and excitation energies cduld be made equal in the
two cases by adjustment of bombarding energies.

Thé ratio of the fission cross section to a calculated compound-
nucleus-formation cross section, of/cc, was taken as a measure of fissioﬁ
probability in each bombardment. ILarger fission probabilities were observed

to occur for the systems having greater angular momenta.
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AN INVESTIGATION OF THE INFLUENCE OF ANGULAR MOMENTUM
ON FISSION PROBABILITY

John Gilmore, Stanley G. Thompson, and I. Perlman

Lawrence Radiation Laboratory
Berkeley, California

June 8, 1962

Studies of heavy-ion-induced nuclear reactions have included a
number of investigations of the fission process. One conclusion from
these investigations is that fission represents a significant fraction of
the total reaction cross section, even for relatively-light nuclei. In
the bombardment of rhenium with Nlu ions, Druin, Polikanov, and Flerov
report that fission accounts for about 30% of the reaction cross section
at a bombarding energy of 100 Mev.l This proportion increases to more than

. 50% when Il 209

“and Bi are bombarded with heavy ions.

One facfor contributing to such high probabilities fdr fission is
that the compound nuclei are neutron-deficient, with relatively large
values of the fissionability par%meter ZZ/A. Higﬁ neutron binding energies
in these compound nuclei also favor the competition of fission over neutron
emissidn.

| Compound nuclei formed in heévy-ion bémbardment!are further
characterized by formation with as much as 100 i of angular momentum.
-The possibility that angular momentum may affect fissionability has been
discussed by G. M. Pik;Pichak.2 Using the liquid drop model to evaluate
the saddle-point deformation anq rotational energiés, Pik-Pichak shoﬁed
that the barrier against fission decreases with increasing angular momentum.

3

Calculaticns of this type have also been performed by Hiskes. Another
approach to the evaluation of an angular momentum effect has been taken

by Halpernu and by Huizenga and Vandenbosch.5 These authors point out
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that if an;appreqiaplg payt.Qf.the_excitation,energy iggtqkenjgp in rotational
motion, the level width for”ﬁeutfon'émiSsibﬁ'beéomes small relative to that
for fission.

The object of thiSfWOrk-was toudetermine the effect of angular
momentum on the probability far fiééion in heavy-ion bombardment. Pairs
of isotopes were bombarded with différeﬁt heavy ions to give the same
compound nucleus. These target isotopes were in the'region of -Z  from
67 to 75, where heavy~ion fission probabilities increase rapidly with -
bombarding energy. - For a given’excitation'enérgy of the compound nucleus
the angular momentum brdught in by the heavier ion was in- general:greater
because of its larger mass ahd radius. Angular momenta and fission’
probabilities in the two bombardments were then correlated to reveal the
direction and‘magnitude‘of any ‘angular momentum effect.  The quantity taken
as a measure of fission probability was'the'ratib of an expéfimentally'
determined fissiqn cross section - to a calculated compound-nucleus formation
cross section. For adequate:sensitivity,»a region of the pefipdic"system
was' selected in which thé fission cross sections would be'well'belgw the

‘geometric cross section and: yét not vanishingly small.
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EXPERIMENTAL PROCEDURE

Cross sections for fission were determined by integration of
fission-fragment angular distributions. The fission chamber (Fig. 1)
contained nuclear emulsions which intercepted fission fragments recoiling
from the target. The chamber had been designed by Goldberg an&-Reynolds
for experiments in heavy-ion elastic scattering. In our work, emulsion
holders were rearranged so that emulsions recorded fission fragments
leaving the target at angles of from 60 to 178 deg with respect to the
beam direction. To improve recognition of fission fragment tracks,
emulsions were mounted so that fragments entered the plate at angles of
less than 30 deg to the surface.

The heavy-ion beam was mdmentum-analyzed and ééllimated by two
l/8-in. collimators fixed 7.5 in. apart. Aluﬁinum foils were used to
degrade the initial ion energy of 10.4 Mev/nucleon. Required foil thick-
nesses were determined from Hubbard's range-energy tabulations.7 At the
conclusion of each bombardment, the beam iptensity was reduced and an
. emulsion placed between the second collimator and target to intercept a

few hundred heavy ions. From a determination of the range spectrum and

reference to the range-energy relationships for heavy ions by Heckman et al.,

the energy and homogeneity of the degraded beam were established. The
width of the energy distribution at half-maximum was found typically

to be 2%.

Emulsions were scanned under 1000 X magnification at 5-mm intervals

along the plate center line. At each point sufficient area was scanned to

detect at least 300 fission-fragment tracks.

8
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Fig. 1. Fission chamber.
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Correction curves giving the intercepted solid angle and angle- of
recoll for each area scanned were determined‘from measurements of the cham-
ber. The error in recoil anglelarising from error in,measurements was
estimated as *0.5 deg. Finite collimator size and scattering in the target
were calculated to result in a half-width in angular resolution of approx
3 deg. The correction curves were checked by applyipg them to observations
made with an (-particle source of known intehsity placed at the target
position. Within limits of expected standard deviation, the angular dis-
tribution was.isotropic and the calculated and measured rates of @-particle
emission from the source agreed to within,l%o “

After passing through the target,vthe beamnm entered avFaraday éup“
where the charge was collected for 1ntegrat10n by a lOO% feedback electroe
meter. A quadrupole magnet was placed around the mouth of the Faraday cup
to preyent escape of electrons from the cup. Values of 1htegrated beamnm |
current‘éiveh by the electrometer and ihferred from a determihation‘of
Rutherford scattering cross section agreed to withlnxh%. |

165 169 181 _ 185 187

Targets of Ho™ ", Tm , Ta > Re , and Re were prepared in

approx 0.6 mg/cm thickness on l.2 mg/cm nlckel backings. Targets of the

187 187

separated isotopes ‘Re 185 (%6. O% Re185 4.0% Re” ') and Re 187 (98 67 Re™ ',

1.2% Re 85) were electroplated, following the procedure of Levi and Esperson 9
Emuls1ons used in the chamber were 50u thick, coated on 1 X 3=1n°
glass.slideso Prellmlnar& experlments with the fission chamber indicated a
need for ah emﬁls1on-developer comblnatlon whlch would permlt flSSlon-fragment
_tracks to be drscrlmlnated from tracks of short-ranée heavy 1ons; Adequate
dlscrlmlnatlon was flnally achleved through use of Ilford K minus 2 emulsions

processed with a modlflcatlon of a developer glven by StevensolO Development

of 50-p-thick emulsions was carrled out for 40 min at 19 + 19 C. in a
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developer of the composition

sodium phosphate (tribasic ) e “25-g,

sodium hydrogen phosphate (dibasic) 25 g,

sodium sulfite’(anhydronS) S 40 g,
potassium bromide Sl Tk g
sodium bisulfite =~ 0.05 g,
" p-aminophenol hydrochloride =~ - 0.3°g;
“water -- to make - R 1 liter.

A series of K minus 2 emuls1ons was exposed to several dlfferent

252

heavy—lon beams and to a Cf source of f1s51on fragments (Flg 2) ' Ends
of the tracks are at the left edge of F1g 2 For’ A”O; the entire range of
the ion is recorded and the max1mum in rate of energy lossy dT/dR, is seen
as a’contlnuous region a few microns from the end of the track.i For the
Ne20 ion only'a fraction of the total range is recorded, and decreasedt
grain spacing near the end of the track agaln reflects the 1ncreas1ng rate
of energy loss. The O1 '1on is recordedkonly as a few gralns in the reglon

1k

of ma.ximum dT/dR, and in plates exposed to N© &and Clz’ ionsAonly random
gralns vere developed. F15$1on—fragment tracks from Cf252, onnthe other
handy were contlnuous except at the very end, where the track often broke
down 1nto one or two gralns as dT/dR approached zero.

In early stages of thls work, scannlng was complicated by the
presence'of a snrface blackenlng of the emulsion which often obscured the
fiss1on-fragment tracks lying 1mmed1ately beneath the surface. When a pair of
charged plates located between the target and emnlsion cansed avdisplacement
of the blackened reglon,'it becameﬂapparent that electrons, probably arising as

® rays from passage of the ion beam throngh the target; where responsible for
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Fig. 2. Heavy-ion tracks in Ilford K minus 2 emulsion.
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the blackening. A permanent magnet constructed by Goldberg and’Reynoldsll
-was placed near the target in later bombardments to deflect electrons away

from the emulsions.
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ANALYSIS OF DATA

An example of the angular distributions from which fission cross
sections were derived is shown in Fig. 3. This distribution represents

185 with 79.2-

data from plates B and C (Fig. 1) for the bombardment of Re
MeV C12 ions. A transformation of the data df Fig. 3 to the center-of-mass
(c.m.) system is shown in Fig. 4. The transformation was made with reference
to a most probable mass and kinetiq energy, using the tables of Marion,

13

12 .
Arnette, and Owens. Terrell's correlation of kinetic energy release with

Zz/Al/3 of the fissioning nucleus has been found to be valid for heavy-ion

197 1k 209 15

fission of Au and Bi ’ and was used to determine the most probable

kinetic energy. Corresponding to the results of radiochemical studies of -
fragment mass distributions in fission of Aul97 by C12 and Nlh ions, 16,17
a division of the fissioning nucléus into equal fragments was assumed to be
most probable. Calculations of differentiai fission cross sections are not,
however, particularly sensitive to_these choices of most probable fragment
mass or kinetic energy. A 20% change in the value of eiﬁher quantity would
be reflected in a change of only 3% in the fission cross section.

Each value of dN/dQ (Fig. h) was multiplied by d@/d6 = 2xsin® and
the resulting distribution integrated over 6 from n/2 to =n to give the
number of fission fragments emitted in the backward hemisphere. This num-
ber was taken as one-half Fhe total fragments emitted, following the assum-
tion that the angular distribution is symmetric about 90 deg c.m. Such
symmetry is observed in heavy-ion fission angular distributiors for which
data have been recorded at small angles.l

In Tables I, II, and III and Figs. 5, 6 and 7 total fission cross

sections are shown as a function of the bombarding energy of the ion. Ip-

dicated uncertainties pertain only to counting statistics.
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Fig. 3. Angular distribution of fission fragments from
the bombardment of Rel85 with 79.2-Mev ¢12 ions
(lab system).
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Fig. 4. Angulé;r distribution of fission fragments from the

bombardment of Rel8S with 79.2-Mev cle ions (c.m.
system). . .
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Table I. Results of bombardment with C12 ions

. Energy of : Fission cross section

Target bombarding ion and standard deviation
(MeV) (barps)

%9 | 89 . 0.07h 0.015
10k4 0.386 0.052
12y 128 0.09°

Re 79 0.089 0.006 -

89 0.270 0.020
106 0.652 0.023
124 1.03 0.03
o7

99 0.339 0.013

12k 0.826 0.027
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Fission cross sections and standard deviations’
for bombardments with Ol

Target

HO165

Tm169

Ta181

Re185

Re187

Energy of
bombarding ion
(MeV)

ol
109
132
167

oL
104
116
148
167

88
89
ob
98
109
122
136
151
167

ok
104
116
148
167
167

Fission cross section
and standard deviation

(barns)
0.0052 0.0015
-0.079 0.005
0.243 -0.013
0.440 0.036
0.019 0.003
0.079 0.012
0.227 0.020
0.573 10.048
0.769 0.038
0.0kL 0.007
0.071 0.005
0.173 0.01k4
0.346 0.026
0. 761 0.027
1.18 0.06
1.45 0. 05
1.69 0.08
1.89 0.08

. 0.303 0.018
0.625 0.026
1.05 0.05
1.54 0.05
1.80 0.06
1.74 0.05
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Table III. Fission cross sections and standard deviations
] for bombardments with Nezo

Target Energy of Fission cross section

bombarding ion and standard deviation
(MeV) ; (barns)
7201 99 0}659 0.009
116 0.736 0.063
118 0.780 0.066
_ 138 . 1.57 " 0.09
164 . 2.05 0.09
178 - 2.19 0.14
211 _ Co2.47 0.10
PRE 116 ofogu' ©0.013
118 o,lzi | 0.015
| 138 » 0.351 0.041
ll39 0.348 0.037
168 0.552 0.045
178 : 0.626 0.048
198 0.789 0.077

20k a7@;v 0.065
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Fig. 5. Fission cross sections for bombardment with _C12 ions.
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Fig. 6. Fission cross sections for bombardment with 016 ions.
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Fig. 7. Fission cross sections for bombardment with Ne20 ions.
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Cross sections for compound-nucleus formation, ¢, » were taken from

19

the calculations by Thomas. The model used for these calculations was
based on a square-well nuclear potentiél with a radius paraméter of
1.5 x 1073 .

Classical values of maximum orbital angular meomentum for spherical
nuclel were given by the eXpressiOn

max = [zu(Rl{’RZ')2 (Ecm-B).]l/2 ’ (l)

= reduced mass of system,

i..
[ay
0]
a]
(0]

=

!

R =1.5 X lO—l3Al/3ucm,

E c.m. energy of system,

B Coulomb barrier.

Strong ground-state deformations of target isotoﬁes in this work may
affect both zmax and o, - An estimate of this effect was made by in-
cluding‘the guadrupole potential and substituting‘the sémimajor axis of an
ellipsoid for the target radius in.Eq. {1). Details of this estimate, as
well as a discussion of the effect of a mutual polarization of beombarding
ion and target on the Coulomb barrier, are given in reference 20.

Fission probabilities, cf/oc P an@ aﬁgular mementa were calculated
and compared for the following pairs of targetr—bombardihg particle systems:

6 181 20 169

185 + Ol , Ta + Ne B Tm

6 165 20

Re + Ol » Ho + Ne

185 2 181 16 169

16 18
Re + Cl , Ta + 0 s Tm > .

2
+ClyHO + 0

An example of the results is given in Figs. 8 and 9, showing Zm

185 N C12 and Ta181 N 016 _

X

and cf/oc » respectively, for Re
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Fig. 9. Maximum angular momentum (classical) as a funection of
excitatign energy in the compound nucleus for TalOl + Ol6
and Rel9 + cl2,
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DISCUSSION

Comparison of Figs. 8 and 9 shows that fission probabilities are
higher for the target—bombarding particle system having greatér angular
momentum. Similar correlations were found in the other pairs of bombard-
ments. These findings support the conclusions of Pik-Pichak2 and Halpern,
but uncertainties in both o, and £ limit our results to only qualitative
significance. Studies of fission-fragment angular distributionZl and
correlations by Sikkeland et al.22 indicate that fission of the light targets
studied here occurs only following compound-nucleus formation. But these
authors' work also indicates that a significant fraction of the reaction
cross section for heavy ions 1s due to processes in which only a fraction
of the bombarding-particle nucleons amalgamate with the target. For tﬁe
bombardment of U238 with 124-MeV C;Z ions, 25 % 5% of the calculated com~

19

powmd-nucleus cross section ~ was estimated to go into these non-compound-

nucleus interactions. Further indication of particle breakup reactions is
a3

found in Britt and Quinton's measurements of angular distributions and

energy spectra of charged particles emitted in reactions of heavy ions with

Aul97 and Bi209.

Angular distribﬁtions are peaked in the forward direction,
and energies of most forward-emitted «a particles are consistent with
heavy-ion bfeakup rather than evaporation from compound nuclei.

These results suggest that the calculated 0, used in deriving
‘fission probability should be regarded as an upper limit to the true com-
pound—nucleus-formation cross section. Further, since non-compound-nucleus
reactions probably involve those heavy ions with the largest imbact param-
eters, our classical calculation of angulér momenfum should also represent

an upper limit. The investigations by Sikkeland et al. do indicate, how-

ever, that the proportion of non-compound-nucleus interaction is relatively
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independent of bombarding particles. This result encourages us to assume
that the reductions in calculated £ and O due to non-compound-nucleus
reactions are similar in each of the systems, leading to a given compound
nucleus, and to conclude that a relatively lafger fission probability is
found for higher angular momentum.

Continuing studies of fission-fragment angular correlation and
charged-particle emission will help to define the exteﬁt of non-compound-
nucleus interaction and its effect on angular momentum deposit; more
complete knowledge.of o, and the £ distribution may then warrant
reinterpretation of our data to establish more precise relationships

between angular momentum and fissionabllity.
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