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ABSTRACT

Excitation functions have been measured for fission

of 232

T™h and 238U induced by

86

136 . .
Kr and 3 Xe beams at enerpglies

around the Coulomb barrier. Fission events were detected

in coincidence with the backscattered projectiles. The

reSults suggest that Coulomb fission 1s occurring in the

Xe + U reaction.
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Coulomb fission.is one- possible cbhséquence of the "
excitation of nucleivby the Couiomb interaction between two
very heavy ions. Observation of this phenomenon would be-
very interesting since itApan prdvide information on the
variation of the collective potential energy.surfacé as a’
fﬁnction ofvdeformation up to the saddle point.‘iCoﬁlomb
fission could occur in the pfesehCe of the projectile if
the target nucleus is distorted in é sufficiently adiabatic
procéés (for example the excitation of high frequency modes
S tTike the plant qUadrupole_fosonnnce). The proces:s would boe -
less adiabatic 1f low frequency modes (1ike B vibrations)
are excited. For these lafter.procommus, however, the collectlve

3

and the fission probabilities

, _) .
would be reduced. Most theoretical calc‘ulations1 ! assume:”

motion would probably be damped,

E2 excitation of low-1lying B vibrational states, but do not
take damping into account. They indicate that Coulomb
fission is 1likely to occur only when heavy projectiies
(e.g., Xe) interact with easily fissionable targets.
Predicted values of fission cross—-sections near the Coulomb
barrier for Xe + U range from 0.1 tolloo mb/sr for back- .
séattered‘projéctiles. Previous attempts to observe Copulomb
fission with Kr and lighter ions have faileda.” "'

This paper gives the results of a study of the Tission
232 '

SR

of LJ8U and Th by Xe and Kr ions at incident enerpgies -

. . . {
close to the Coulomb barrier. At these energies processes

acting through the tail of the nuclear force (e.pg., nuclear
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inelastic scattering, quasi-elastic transfey, quasi-fission) .
can supply enough excitation energy to induce fission. In .
order to differentiate Coulomb fission ffom.these processes,
we have compared the excitation functions of Xe-and Kr-induced

reactions on238U and 232

Th, since for incident‘ehergies

below the Coulomb barrier the excitation functions are'expected
to be'sensitive to ﬁhe admixture of Coulomb fission. Tﬁe
Coulomb fiééion cross—secﬁion is also expected to dépend-

strongly on the fission barrier, and thus a comparison of these

two targets with different barriers (e.g., the barrier heipght
238 232

is 5.8 MeV for U, =6.0 MeV for Th)8 may give additional

197

information. in a control experiment, a Au'targét was
irradiated ,Sincev in this case, the height of the fission
barrier,(=20vMeV) makes fission much less likely.

The experimental detection syétem.was designed so as
to maximize the geométric efficiency for detecting two correlated
fission fragments in coincidence with the backscattered pro-
jectile. This projectile wés detected in an annular silicon
Qounter»subtending a solid angle of about 0.5 sr, and for all
reactions the average detectionbangle was 16U4° in the center
of mass system. The fission products were detected 1in another
annulus composed of four 70° sectors, cenﬁered on the beam
axis, each sectof consisting of a 1.5x1 cm Si(P) detector.
A1l detectors were covered with a 1.1 mg/cm2 Au foil. The

detectors subtended at the target a range in 6 from 24 {o 38°

for Xe + U and from 28° to 42° for Kr + U. The wide
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acceptance angle in Q and ¢ of each fission counter ensured
that the probability of detecting both fission fragment:

was high, even though the fissioning heavy product does not
recoil éxactly along the beam axis. Assuming asymmctrjc
fission and an isotropic angular distribution of the fragments,
the overall fission detection efficiency was =5% for a Xe + U
reaction,v28% for Kr + U. Both timing and energy rclated'
signals from the fission detectors were recorded evcni by
event'following coincidences between each pair of fissionc
detectors (six combinations in ali). The cofresponding.njgngls
from the backscatter counter were recorded whenever thcne

was a triple.fission—fiséion—backscatter coincidence.

136 86

The Xe and Kr beams were,produced‘by the Lawrence_

: Bérkelej Laboratory SuperHILAC éccelerator; E%citation
functions were measured for all reactions at energics.ran@jnﬁ
from 90 to 105% of the Coulomb barrier Ec’ calculated withJ
V3 w3 2 tnn mhe

U targets'were 1.3 mg/cm2 thick on a 0.6 mg/cm2A1 backing,
232

an interaction radius RC = 1.16 (A
238

The Th targets were 2 mg/cm2 thick, self—supporting.
The energy loss 1in the target for a 700 McV Xe‘beam was
=30 MeV for U and =45 MeV for Th. |

Typicai energy spectra of events observed in Cthe lission
counters, in coincidence with the opposite one and thc hack—
scal.ter detector, ave shown on Fig. 1 for the rcactionlxc + U
at 750 MeV. (For comparison the singles spectrum‘of the -

forward—-scattered Xe ions is shown aluo in Fig. 1.) 'The
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following facts indicate that the observed events are due to
fission: (1) The energy spectrum from each fission detector.
(Figs. la,b) is very broad. (2) The spectrum of the sum of the
energies for correlated events (Fig. 1lc) is much narrower, and
the mean enefgyvis cénsistent with the total enefgy expected

238

from the fission of a heavyAnuCIeus like U after a quasi-
elastié collision with a Xe ion. (3) Almost all‘observed‘
‘triple coincidences were detected in oppositévdetectOrs. Such
triple coincidences were observed with both projectiles_oﬁ

238

U and 232Th, with the same characteristic features of fission
events. However, very few events were observed with the 197.Au
target; for example, only 2 at 691 MeV, 1 at 665 MeV for
Xe + Au. Assuming these few events are due to fission, the
cross—sections are about a factor of 50 smaller than for Xe + U.
Similarly the cross-sections for the. Kr + Au reaction are a
factor of 100 smaller than for Kr + U. Theée results afe con-—
sistent with the lower fissility.of Au and the neighboring,
nuclei which can be reached by transfer reactions.

The differential cross-sections for the triple évents can
be calculated if the angﬁlar distribution and the mass asymmetry
éf_the fission fragmenfs are specified. Since triple coin-
cidence events were observed with both Kr and Xe, one can assume
that processes involving nuclear forces are predominant. The
angular distribution of the fission fragments emitted in such
processes is_likely to be approximately 1/sin® with respectv

to the symmetry axis of the collisjon.g Furthermore,
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it seems reasonable to assume a mass asymmetry similar to the

238

one observed for the fission of U at low excitation energy.
The cross-sections for Xe + U, Xe + Th, Kr + U, Kr + Th were
calculated éccording to these assumptions. Corrections_for the
target thickness and the beam energy spread were eade. The
absolute cfess—seetions were estimated by normalizing ﬁo the
Rutherford scattering Observed in the backscettefed detector
at the lowest energy for each reaction, and ﬁheﬁ scelihm to
higher enefgjes according to the integrated;beem}current
collected during each ekperiment. | |

Figure 2 shews the excitation functions at 164° (c.m.) for
ﬁhe.differeht_reactions. :The most striking feature is the very
large cress—section'observed below the‘bafrierefor Xe + U, as
compared to Kr + U.‘ A smaller differenee is observed between
Xe + Th and Kr + Th. In contrast, cfosé—seetione for Kr + U
and Kr + Th look simllar in the whole energy raﬁge. These
features of the excitation functions suggest that a process
strongly dependent on the charge of the projectile and the
fissidn barrier is taking place. Thisicannot be explained
‘easily by consideration of the effects of nuclear interactions.
For example, the Q'values for one- or two-nucleons tranSfeP
reactions induced by Xe on U and Th are very similar,‘and this
is also true for the Kr induced reactions. Therefere,:ohe can-—
not explain by such considerations why the Xe'cross—sectione'on
U and Th are so different whereas the Kr ones are not.>On the
other hand, the dependence on the strength of the Coulomb

interaction and the fission barrier are guite consistent with
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'thé suggestion that some Coulomb fission occurs for the
Xe + U reaction. |

The cross-section for the Xe + U reaction at 668 MeV
(52% bf the barrier calculated with our choice of R) is
2.2 mb/sr aﬁ 164° (c.m.) and from comparison with the Kr +-U
cross-section it isvapparent that most of it could be due
to Coulomb-induced fission. If Coulomb‘fission occurs in
the presence of the projectile, the angular distribution of
fission fragments would, however, not have a 1/sin6 form,
but WOuid probably be peaked at 90°. In this case our
detection efficiency would be about three times'larger, leading
to a cross-section of about 0.6 mb/sr at 668 MeV. The fission
créss—sections for Kr + U are in disagreement With the upper
limit givén'in Ref. 6. This discrepancy is probably due to
the very low efficiency of their set up.

It is evident from our data that the crossééections
_obtained are due to fission following an almost elastic
collision. The data are consistent with.the suggestion that
Coulomb fission is occurring for the Xe + U reaction,
although we cannot compietely exclude all other processes
leading to fission. These cross-sections are of intercst
since they are at least a factor of'five smaller than the
most recent theoretical estimate,u which predicts

238.

do/df (1800) =~ 10 mb/ur for Xe + U at an incident cnergy
of =670 MeV. The next step would be to prove beyond any

doubt that these events do correspond to Coulomb-induced
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fission. - This might be done either by measuring the angular
distribution of the fission fragments or by identifying pﬁc
backscatteréd projectile (e.g., by:observing a rddiative
transitioh in the_projectile following Coulomb excitation).
‘Such experiments are feasible déspite_the low observed croos

sections.
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FIGURE CAPTIONS

Fig. 1. Energy spectra in the forward fission detectors

136

for the reaction Xe + 2380 at 750 Mev.

(a) Spectrum of events in a single detector in
"coincidence with the opposite detector and the
backscatter detector. (b) The correépondinm
spectrum in the oppoéite detector. (c) Spectrum of
the sum of the'fission'energies for correlated
events. (d) Singles Spectra.shoWingﬂthe elastic
peak from the forward scattered Xe ions. .

Fig; 2. Differential cross-sections (in c.m.) at_16M° (ecom.)

86Kr 136 238U

. . .o s 232,
s Xe induced fission of Th

for and

- as a function of the -bombarding energy. The incident

renergy E-is expressed as a fraction of the Coplomb
e
86Xp 232

barrier E, (Ec(lab):h5439 MeV for e+ Th,
Wiy MeV for SCkr + 238U, 720 Mev ror 13Pxe + 232y,
727 MeV for 136Xe + 238U), The cross sections were

calculated assuming the fission fragments have an
asymmetric mass distribution and their anpgular dis-
tribution has a 1/s5in6 form. The curves are drawn

1

only to guide the eye.
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