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The mean-square spin value of the compound nucleus >**Cf has been determined from fission
fragment angular distributions for the '2C+2**U and '°0O + 232Th reactions at sub-barrier bombard-
ing energies. The anisotropy and hence the mean-square spin values are much larger than predicted
by models which reproduce the cross section enhancement observed in the sub-barrier fusion excita-
tion functions. A similar experiment with the spherical target 2!Pb also leads to larger anisotropies
and mean-square spin values than predicted by various fusion models, including an especially com-
plete coupled channels calculation. Supplementary fragment-fragment coincidence experiments
have been performed with the heavier targets to confirm that the observed fission is associated with
full momentum transfer. The mass distribution for the '2C 423U reaction has been measured at two
angles and found to be independent of angle. This last result suggests that quasifission processes are

not playing a significant role.

I. INTRODUCTION

There has been a renewed interest in sub-barrier fusion
with the observation that the cross sections were often
larger than initially expected and depend in an interesting
way on the nuclear structure of the reacting species.! >
The substantial enhancements of sub-barrier fusion cross
sections are usually explained by permanent deformation
and by slow shape fluctuations of the nuclei involved.
Different orientations between reaction partners with stat-
ic deformations and the excitation of vibrational modes in
the early stage of the reaction lead to different effective
fusion barriers and hence to a less steep decrease of the
fusion cross section at sub-barrier energies. The same
mechanisms, of course, give rise to different impact pa-
rameters finally leading to fusion, and thus, the spin dis-
tribution of the compound nucleus will be affected as
well. The models used to describe the fusion cross section
as a function of energy must also explain the compound
nucleus spin distribution. Less information has been ob-
tained on the spin distributions in sub-barrier fusion, but
near-barrier studies®~° have showed the broadening of the
spin distributions expected from barrier penetration, zero
point motion, and permanent deformation.

y-ray multiplicity techniques have been employed pre-
viously in studies of spin distributions in near-barrier
fusion.5~® In such studies fusion events are selected by
triggering on a discrete y transition in a particular
evaporation residue. This is most easily done if the resi-
due is a deformed even-even nucleus, in which case almost
all of the deexcitation strength ends up in the ground state
rotational band. The mean spin of the compound nuclear
spin distribution can be determined from the average y
ray multiplicity. This approach was used previously in
this laboratory,®” to study near-barrier fusion of 2C and
160 with the deformed target nucleus '**Sm. It was found
that one had to take into account the barrier fluctuations
associated with the large deformation of the target to
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reproduce the mean spin values. Haas et al.® have used
the same experimental approach to study the mean-spin
value in near-barrier reactions involving vibrational nuclei
and concluded that the effects of zero-point vibrations
had to be included to account for the mean spin values ob-
served. Nolan et al.’ have used a potentially more power-
ful technique involving a multielement array from which
the multiplicity distribution can be obtained. They stud-
ied one of the systems studied by Haas et al., 8°Se + ¥Se,
to much lower energies, and concluded that the spin dis-
tribution extended to higher values than expected for a
single one-dimensional barrier. The absolute values of the
fusion cross section were not determined, however. Dasso
et al.'® have shown that the excitation of vibrational
modes can account for the general features of the multi-
plicity distributions reported by Nolan et al.

We report here a new study of the mean-square value of
the spin distribution, exploiting the sensitivity of fission
fragment angular distributions to the compound nuclear
spin distribution. This technique has high sensitivity and
can be extended to quite low sub-barrier energies. We
have used this approach to study the spin distribution for
two entrance channels involving deformed nuclei and
leading to the compound nucleus 2**Cf. We have also
studied the %0 + 2%°Pb system where the target nucleus is
spherical.

We approached the present study with the expectation
that our present understanding of sub-barrier fusion
would provide an adequate framework for interpreting
our results. This has turned out not to be the case. As re-
ported in a recent paper,!' we have found considerably
higher mean-square spin values than expected at sub-
barrier energies. We therefore will present our results and
their analysis in some detail, paying particular attention to
the assumptions made in the analysis and to the con-
straints imposed in the comparison with model calcula-
tions due to the availability of both spin distribution and
total fusion cross section data.
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II. EXPERIMENT

The experiments were performed using 60—68 MeV 2C
and 77—86 MeV !0 beams from the University of
Washington Nuclear Physics Laboratory FN Tandem Van
de Graaff generator. The beam size was defined by a 0.32
cm diam aperture. Beam currents were 20—300 e nA and
targets were typically several hundred ug/cm? thick. The
isotopic purity of the 2%8Pb, 232Th, and *’U targets was
better than 99%. An array of surface barrier detectors of
5—20 pum thickness was used to detect the fission frag-
ments. For these thicknesses elastically and inelastically
scattered oxygen or carbon ions deposit only a fraction of
their energy in the detector, permitting unambiguous
identification of fission fragments. In some runs the sur-
face barrier detectors were supplemented by a gas ioniza-
tion counter. The detector array spanned a laboratory an-
gle range between 85° and 170°. The solid angle subtended
by each detector was about 6 msr. The geometrical solid
angles were verified by calibration with a 2>’Cf spontane-
ous fission source. The absolute fission cross sections
were determined by normalization to Rutherford scatter-
ing using a monitor counter at forward angles.

We measured the fission fragment mass distribution for
the reaction 2®U('2C,f) at 66 MeV in a separate experi-
ment. The fragment mass was determined using a time-
of-flight (TOF) telescope consisting of a channel plate
time-zero detector with a 20 ug/cm? carbon foil and an
array of four 450 mm? surface barrier detectors (SBD’s),
each 150 pum thick. The flight path was 561 mm; the
solid angle covered by the telescope was 5.2 msr. Energy
and TOF signals were recorded event by event for each
detector separately. The telescope was calibrated using
the elastically scattered projectiles and a 5 uCi **’Cf fis-
sion source. The pulse-height defect of the SBD’s was
corrected using the procedure proposed by Kaufman
et al.'? In addition, a slightly mass and energy dependent
delay time of the fast SBD signal with respect to signals
from the '2C projectiles had to be used for fission frag-
ments to reproduce the known Cf fission-fragment mass
distribution.

III. RESULTS

A. Angular distributions

The differential cross sections were transformed to the
c.m. system assuming full momentum transfer and an
average kinetic energy release consistent with the Viola
systematics.!> The angular distributions for the
12C 4 236U and '°0 + 236U systems have been reported in
our earlier paper.!! It was shown that these distributions
exhibit about twice the expected anisotropy. The angular
distributions obtained for the °0+2%Pb reaction are
shown in Fig. 1. At 80 MeV our measurements overlap
the earlier, in general higher energy, measurements of
Videbaek et al.'* Our results are consistent with this ear-
lier measurement. During the course of our measure-
ments, we became aware of a similar study by Vulgaris
et al."® Their distribution at 78 MeV is in good agreement
with our distribution at 77.3 MeV. Except for the lowest
bombarding energy, these distributions are also more an-

2 - T T T 1 =
I 180 | 208p} |
o Lod

1
~ gp—t { : : -
8 J
; i El&b=773 MeV i
™~ - o ©
8 N s — - 3
; 1 - __‘
g b : : 1 -
E;,,=76.8 MeV ’
1 - - .

100 120 140 160 180
0.m(deg)

FIG. 1. Angular distribution for the '*O + 2%®Pb reaction at
three bombarding energies. The solid, dashed, dotted-dashed,
and double-dotted—dashed curves represent calculations on the
Esbensen, Wong, Pieper et al., and Udagawa et al. models,
respectively.

isotropic than expected on the basis of model calculations
discussed below.

B. Linear momentum transfer

In view of the surprisingly large values of the anisotro-
pies observed, we have made as many experimental checks
of our assumptions as possible. The transformation from
the laboratory to the c.m. frame increases the observed an-
isotropy by almost a factor of 2. Previous studies!® have
shown an appreciable component associated with small
momentum transfer at much higher bombarding energies.
The fraction of fission following inelastic or transfer pro-
cesses drops from 20% at 140 MeV to 10% at 110 MeV
for the %0 + 238U reaction. Although it seemed unlikely
that fission following inelastic or transfer reactions would
be important at our lower energies, we made several
checks of the momentum transfer by measuring the fold-
ing angle between coincident fragments. The results, il-
lustrated in Fig. 2, are consistent with, at most, a few per-
cent contribution of small momentum transfer events.
This result is not surprising in view of the large fission
barriers (~6 MeV) for 2*2Th, 2*U, and neighboring nu-
clei. Inelastic and transfer reactions with sufficient
inelasticity to lead to sequential fission would be very sub-
barrier in the exit channel. (See, however, note added in
proof.)



34 FISSION PROBES OF SUB-BARRIER FUSION CROSS . . . 1355

) E=67.2 MeV
0.1 -
D 0 1 + l o
0'2 i J 'xzc + ‘zsoU ]

’ E=66.0 MeV

0.1 ]

0.0 H—+——+—++ ;i O+ ——to+—+
02 lgC + bSGU -
E=62.0 MeV

-

0.1 7

COIN/SINGLES (arbitrary)

0.0 |
02 %0 + #2rp

E=85.7 MeV
01 t .

0.0 1 Iq 1 d < 1 é
150 160 170 180
0 (deg)
FIG. 2. Coincidence-to-singles ratio as a function of folding
angle. The arrow indicates the most probable angle expected for
full linear momentum transfer.

C. Excitation functions

In addition to the bombarding energies where we took
sufficient data to obtain quantitative angular distribution
data, we have also measured the fission yield at other en-
ergies with sufficient accuracy to obtain meaningful exci-
tation function data.

The results for the '*0+2%Pb system are shown in Fig.
3. Also shown are the results of Videbaek et al.,!* Vul-
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FIG. 3. Fission excitation function for the 'O + 2%Pb reac-
tion.
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FIG. 4. Fission excitation function for the '>C + 2U reac-
tion.

garis et al.,"”’ and Back et al.!” These results all seem to
be in reasonable agreement. At low bombarding energy it
is necessary to add the evaporation residue cross section to
the fission cross section to obtain the total fusion cross
section. Vulgaris et al. and Hartel'® have used different
approaches to determine the evaporation residue cross sec-
tion. Vulgaris et al. measured the residues directly in a
recoil mass spectrometer, whereas Hartel measured the in-
duced a activity. The cross sections of Vulgaris et al. are
about 3 times smaller than those of Hartel, for reasons

TABLE 1. Fission cross sections measured in this work. Er-
rors are statistical; there is an additional error associated with
the absolute normalization of approximately 5%.

Elab O fission
I6O + 208Pb
76.2 0.234+0.025
76.8 0.71+£0.01
77.3 1.57+0.02
80.2 26.2+0.90
IZC + 236U
62.0 7.3+£0.2
64.8 429+1.4
66.0 78.7+1.3
67.2 127.5+£2.4
160 + 232Th
79.7 4.810.6
81.7 12.3+0.9
83.7 26.3+4.9
85.7 63.5+4.9
86.0 76.3+9.5
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which are not apparent. We note, however, that the
smaller values of Vulgaris et al. are reproduced by default
parameters of the PACE!® evaporation code. Since the
cause of the discrepancy is not certain, we have averaged
the two sets of data to add to the fission cross section to
obtain the total fusion cross section for comparison with
model calculations. At E; =80 MeV the correction is
about 5% and increases to 15% at 76 MeV. The excita-
tion function for the '2C + 23U system is shown in Fig. 4.
The excitation function for the '0+232Th system has
been presented in an earlier publication.!! The results of

the cross section measurements are summarized in Table
I

D. Mass distributions

The measured mass distributions are shown in Fig. 5.
In the top part the Cf calibration spectrum (solid curve) is
compared to the mass yield curve taken from the litera-
ture.” From this comparison we conclude that the mass
calibration is accurate within approximately 1.5%. The
middle and bottom parts show the fission fragment mass
distributions from the reaction 2*U('2C,f) at 98° and 163°,
respectively. The distributions were transformed into the
center-of-mass frame under the assumption of full
momentum transfer, which was already proven to be justi-
fied and by using the measured fragment velocity. The
shape of the measured distributions is very much like the
shape one would expect from fission of the compound nu-
cleus 2*8Cf at 38 MeV excitation energy: the distribution
is symmetric, as one expects due to the excitation energy,
but broad and with an almost flat top due to the underly-
ing asymmetric mass distribution one expects at low and
moderate excitation energies. The fission fragment total
kinetic energy is not expected to vary much with the exci-
tation energy of the fissioning nucleus. Thus, by using the
systematics of the total kinetic energy released in fission'?
and the neutron binding energy of the most probable frag-
ments,?! one can estimate the mean number of neutrons
emitted by each fission fragment. With the assumption
that the most probable kinetic energy of the neutrons is
equal to twice the temperature of the residual nucleus, one
finds that, on the average, 4.5 neutrons are emitted from
each of the most probable fission fragments. Thus, the
first moments of the mass distributions agree well with

TABLE 1II. Frequencies fiw,, B(EA)/By or f3 values, and
standard deviations o, of low-lying quadrupole and octupole vi-
brational states.

AT 208py, 232 236y
2t fiw (MeV) 4.09 0.049 0.045
B(E2)/By 8 B,=0.22 B,=0.24
or B,
o2} 0.11 0.458 0.502
3- #iw 2.61 0.77 0.74
B(E3)/By 40 29 30
o8 0.243 0.195 0.194
AR 0.4 0.6 0.5
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FIG. 5. Top: Mass yield curve for the 2*’Cf spontaneous fis-
sion source (solid curve). The dotted curve shows the mass yield
curve taken from the literature (Ref. 20). Middle: Double dif-
ferential cross section (arbitrary units) for symmetric fragmenta-
tion in the reaction *U(?C,f) at 98° in the center-of-mass sys-
tem. Bottom: The same as in the middle part, but for 163° in
the center-of-mass system.

the expected value 119.5. If one considers the sign of the
deviation of the Cf calibration spectrum from the litera-
ture curve, the first moment at 163° is slightly low, but we
consider this deviation to be within the uncertainty of the
calibration.

E. Elastic scattering angular distributions

In the course of these measurements we have also ob-
tained some rudimentary elastic scattering distributions.
For the *2Th and 2*°U targets the experimental resolution
was insufficient to resolve inelastic excitations of the tar-
get. Our interest in these distributions has been to provide
an estimate of the total reaction cross section, and to pro-
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vide some constraints on the optical potential used in
some theoretical approaches to understanding fusion. The
angular distributions, shown in Fig. 6, are rather feature-
less, as expected for these heavy systems. They have been
fitted using conventional optical potentials (¥ ~30 MeV,
W ~40 MeV, ro=1.25 fm, a=0.5 fm). The total reac-
tion cross sections obtained with these potentials are com-
pared with the fission cross sections in Fig. 7. The gen-
eral trend of an increasing fraction of the total reaction
cross section to go into nonfusion channels as the bom-
barding energy is decreased is consistent with the observa-
tions of Videbaek et al.'* and Vulgaris et al.'> for the
160 + 2%Pp system and of Rehm et al.?? for heavier pro-
jectiles.

IV. ANALYSIS

In this section we will compare our results with various
theoretical models. In general, our approach will be to do
this with as little parameter fitting as possible, making use
of known properties whenever possible. We will start
with the analysis of the excitation functions, as it is rather
meaningless to try to understand the width of the spin dis-
tributions without the constraint of reproducing the ob-
served total fusion cross section.
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FIG. 6. Ratio of elastic to Rutherford cross sections for
12¢C 4 24 and '°0 + %*’Th at several bombarding energies. The
solid curves are optical model fits.
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FIG. 7. Comparison of optical model total reaction cross sec-
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A. Cross sections

1. The Esbensen zero-point motion model

This model is actually more general than indicated by
the title used, as it incorporates both the effect of static
deformations and of zero-point motions of slow collective
surface vibrations.”> In the case of 2°®Pb only vibrations
about an equilibrium spherical shape are relevant, whereas
for 22Th and U the static quadrupole deformations
play a dominant role. The basic assumption of the model
is that the shape of the nucleus is frozen during the course
of the collision. This is a good approximation for rota-
tional motion, and for low-lying collective vibrations. For
high-lying vibrations, the collective modes will only influ-
ence the relative motion in an average manner, and their
effect can be absorbed into the effective potential. This
question has been addressed quantitatively by Esbensen
et al.** For phonon energies large compared to 1 MeV,
the vibrational enhancements are increasingly damped
out. For this reason we have neglected the contributions
of the projectile vibrations (E=4.43 and 6.1 MeV in '2C
and !0, respectively). In the Esbensen model the shape
fluctuations or the average over orientation for static de-
formations gives rise to a distribution in radii whose stan-
dard deviation is given by

__R
© Z(A+3)

172
(2h+1)-BEA)

o2 By(EM)

for vibrations and
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0,=RpB,/(41)!/?

for permanent deformations. The relevant parameters for
our target nuclei have been taken from various compila-
tions? and are collected in Table II. Esbensen used a gen-
eralized nuclear potential based on the potential deduced
from elastic scattering by Christensen and Winther.?® The
only parameter adjusted by Esbensen was a radius shift
parameter AR. We adjust this parameter to fit the knee
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of the excitation function, the region most sensitive to the
barrier height determined by AR. The excitation func-
tions obtained are shown in Fig. 8, and the values of AR
used to obtain the fits are given in Table II. These values
are close to the 0.29 value corresponding to the
Christensen-Winther potential, and vary in the range Es-
bensen found necessary to fit Sm excitation functions.
The 2%®Pb cross sections are somewhat overpredicted.
This is to be expected, as the energies and hence the vibra-
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FIG. 8. Comparison of excitation functions with Esbensen model calculations.
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tional frequencies of the 2% and 3™ states of 2%*Pb are too
high for the frozen-shapes approximation to be valid. 24
The '%0+232Th excitation function is slightly under-
predicted at the lowest energies. The reason for this is not
clear, but may reflect the importance of transfer channels.

2. The Wong model

Although employing more approximations than the Es-
bensen model, this model?” has the essential ingredients to
reproduce the effects expected in permanently deformed
nuclei. The barriers are represented by inverted parabolas
and the penetration is calculated with the simple, closed-
form Hill-Wheeler?® expression. The barrier height is cal-
culated as a function of orientation, and the appropriate
average over orientations is performed. We have fixed the
barrier curvature parameter fio at 4.0 to correspond to the
barrier curvature obtained with realistic nuclear poten-
tials.” Fits to the '2C + 2*8U excitation function indicate
a preference for a smaller value (fiw=2.8), a result also
obtained in an earlier study’ of '2C + **Sm. We have
used literature values of the quadrupole deformation as
given in Table II, adjusting only the (spherical) barrier
height. The striking success of this model in reproducing
the differences in the slopes of the excitation functions at
low energies is illustrated in Fig. 9, where we have plotted
the cross sections as a function of energy relative to the
barrier. We conclude from this comparison and the com-
parison with the Esbensen model that we have a reason-
ably good a priori understanding of the magnitude of the
sub-barrier fusion cross section enhancements.
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FIG. 9. Comparison of '*0+42%Pb and 'O + 2*?Th excitation
functions with Wong model calculations, illustrating the depen-
dence of the low-energy slopes on the target deformation.

3. Coupled-channels calculations

The coupled-channels approach can, in principle, give
the most complete description of the reaction dynamics.
The coupling of both inelastic and transfer channels to the
elastic channel can be incorporated without making a
frozen-shapes approximation. Most coupled channels cal-
culations have only incorporated a few inelastic channels,
and an imaginary potential is used to represent the ab-
sorption into both the unincluded direct channels and the
fusion channel. Two unusually complete coupled chan-
nels calculations have been performed for the '°0 + 2%8Pb
system by Thompson et al.® and by Pieper et al.’!
These calculations included both transfer and inelastic
channels, with the strength of the coupling to the transfer
channels being made consistent with experimental obser-
vations.!*!*> Since all of the important nonfusion chan-
nels are included explicitly, no imaginary potential in the
surface region is necessary and the fusion cross section
can be obtained either by using a short range imaginary
potential or by applying an incoming-wave boundary con-
dition. The real nuclear potential in the two calculations
differ somewhat, but, in general, give a reasonable repro-
duction of the experimental elastic and fusion cross sec-
tions. The calculation of Thompson et al. has full recoil
and exact finite-range couplings. Results have been re-
ported for 80 and 102 MeV, where they reproduce the
fusion cross section quite well. The calculations of Pieper
et al. and of Thompson et al. give very similar spin dis-
tributions at 80 MeV. The comparison of the Pieper
et al. calculations with the fusion cross sections is shown
in Fig. 10, and with the transfer cross sections in their
original paper.3! The calculations do quite well in ac-
counting for the data, although a consistent tendency to
overpredict both the transfer and fusion cross sections is
apparent at the lowest energies.
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4. Optical potential approaches

Recently, Udagawa, Kim, and Tamura®? (UKT) pro-
posed a new fusion model based upon an optical potential
which reproduces elastic scattering data. They dissected
the imaginary part of the optical potential, W (r), into two
parts. One of them, Wg(r), is responsible for the fusion
reaction and the other, Wpr(r), correlates to the direct re-
action. Extending the usual relation between the total re-
action cross section and W(r), one can calculate the
fusion cross section from

op(E)=(m/k*) 3 (2 +DTf, ,
1=0
where the penetration factor for fusion, TF,;, can be writ-
ten as

Tra=(8/f0) [ |X,(r) |*Wr(rdr .

Here, X, is the scattering wave function calculated with
the full optical potential and v is the relative velocity. For
simplicity, UKT set

W{(r) for r <Rpg,

WrD=1"0 for r>Ry,

with
RF=rF(Apl/3+Atl/3) .

Using a value rp=1.45 fm together with the known opti-
cal potential parameters from Ref. 14, UKT demonstrated
that this model can explain the '*O + 2%®Pb fusion data in
the incident energy range of 80—102 MeV. Following
their success, we calculated fusion cross sections for the
160 4 208pp, gystem using the same rp value at much
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higher and lower energies. For the higher energies we
used the optical potentials obtained by Ball et al.,®¥ and
for the lower energies we applied a Woods-Saxon potential
which fits the new experimental elastic data at
E(%0)=78 MeV.>** These potentials are collected in
Table III.

From Fig. 10 it is clear that the UKT model overesti-
mates the absolute fusion cross section below E (1°0)=80
MeV, though it accounts for the high energy data fairly
well. Since our main interest is the spin distribution
below the Coulomb barrier, we decided to reduce the rg
value to 1.40 fm for further comparisons with the spin
distributions in order to avoid an enhancement of the
mean spin value coming from the overestimation of the
cross section. Reducing 7y from 1.45 to 1.40 fm reduces
the fusion cross section from 50.5 to 31.5 mb, a value
comparable to or less than given by the other models. It
should be noted that this modification can improve fitting
around E ('%0)=80 MeV, but that below 78 MeV we still
see a large (up to a factor of 5) discrepancy between the
experimental fusion cross section and the model calcula-
tion. Moreover, the model calculation with r,=1.40 fm
greatly underpredicts cross sections for high incident ener-
gies.

The penetration factors for fusion, T.;, obtained by
the UKT model with r,=1.40 fm, are shown in Fig. 11
together with those from some of the other model calcula-
tions, parameters of which have been adjusted to repro-
duce the absolute cross section at E=80 MeV. It is in-
teresting to see that the UKT model predicts a slightly
wider spin distribution than the other models. This might
be simply because the UKT model allows fusion to occur
during passage through the barrier, rather than requiring
that barrier penetration be complete as in most models.

0
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FIG. 11. T, distributions for 80 MeV 'O + *®Pb as given by several models.
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TABLE III. Optical potential parameters for '30 + 2%Pb.

Eyp 4 w
(MeV) (MeV) (MeV) ro a
<78 100 10.78 1.246 0.5275
80 100 21.8 1.249 0.5
83 100 379 1.244 0.5
88 100 64.6 1.232 0.5
90 100 66.9 1.233 0.5
94 100 81.8 1.232 0.5
96 100 66.5 1.234 0.5
102 100 71.4 1.227 0.5
>129.5 40 25 1.285 0.545

Thus, the UKT model naturally includes slightly larger
impact-parameter processes, i.e., larger angular momen-
tum processes. Consequently, the UKT model predicts
the largest mean square spin value for the fusion reaction
as can be seen in Fig. 12. However, the observed spin
values are even larger than the UKT model predictions.

In the case of well-deformed nuclei like *?Th and U
it is not so easy to apply the UKT model, because quite a
large amount of fusion can take place through inelastic
channels. To solve this problem one has to treat the in-
elastic channels by means of the coupled channels method
and then calculate the absorption from those channels,
too. Partly because of the complexity coming from the
coupled channels calculation and partly because of the
failure in the '°0 + 2%%Pb system, we have not tried to ap-
ply the UKT model to the 'O + *Th and '’C + ¢U
systems.

Nagarajan and Satchler®> have also considered the spin
distribution for the 0 + 2°®Pb reaction from a one-
dimensional barrier penetration model. They particularly
emphasize the energy dependence of the optical potential
at near-barrier energies, as deduced from elastic scattering
results®* and expected from a dispersion relation.’® They
obtain a spin distribution at 80 MeV similar to the
coupled-channels results of Thompson et al. and of
Pieper et al. discussed below. As will be seen, this latter
distribution underestimates the mean-square spin value
deduced from the anisotropy.

B. Angular distributions

The angular distributions of fission fragments have
been calculated using a statistical model*”3® for the rela-
tive probability of emitting fragments at different angles
from an initial state of spin I. This probability is charac-
terized by a parameter K3=. 4T /#2. In a transition-
state model the effective moment of inertia is defined by
1/lfeff=1/f||_'1/ﬂfl, where -f” and fl are the saddle
point shape moments of inertia about the nuclear symme-
try axis and an axis perpendicular to this axis, respective-
ly. For the reactions leading to the compound nucleus
8Cf our calibration approach is more general and does
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FIG. 12. Comparison of mean square spin values deduced
from fission fragment anisotropies with different models. The
dotted curves are based on the observed total fusion cross sec-
tion together with the sharp cutoff approximation. The defini-
tions of the other curves are the same as Fig. 11. The data
represented by crosses in the figures are obtained from Back
et al. (Ref. 17) and Vulgaris et al. (Ref. 15).

not require the assumption that the angular distributions
are determined at the saddle point. We deduce K3 for
243Cf from the above-barrier a+2**Cm anisotropy™ and a
calculated spin distribution. Since in this case the bom-
barding energy is nearly twice the barrier energy, the spin
distribution is not very sensitive to model assumptions. A
Wong model calculation or an optical model calculation,
with a 7% correction for fission following inelastic pro-
cesses, give similar values for (I2?) of about 230#*. From
this value we deduce a K3 parameter of 192 at a com-
pound nuclear excitation energy of 36 MeV. This leads to
an £,/ . ratio of 0.77, using a level density parameter
of a=A/8. This can be compared to the value of 0.62
given by the diffuse surface liquid drop model of Sierk.*
In the case of '°0 + 2%8Pb, no light-ion calibration data
are available for the compound nucleus ?**Th. We have
used the diffuse surface model® prediction of
Fo/F =1.0. This value is in good agreement with the
systematic dependence of £ /% s with Z2/A4.3® The K3
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value is that obtained from the excitation energy above
the barrier. A small correction for the dependence of
Fo/F o5 On spin is also included.

We have used these K (2) values, together with the spin
distribution taken from the previously described fusion
model calculations which reproduce the excitation func-
tions, to calculate angular distributions. Comparisons of
these calculations with experiment for the 2C+2*6U and
160 4232Th systems were shown in Ref. 11, and for the
160 4-208pp system are shown in Fig. 1. Irrespective of the
model used, the anisotropy is qualitatively underestimat-
ed. This appears to be an uniquely sub- or near-barrier
phenomenon. At higher energies (e.g., 120 MeV) our pro-
cedure successfully reproduces the anisotropy measured
by Back et al.!” for 10 + 2*Th.

In order to illustrate the discrepancy with the theoreti-
cal models discussed and to facilitate comparison with
possible new models, we show in Fig. 12 the (I*) values
deduced from the experimental anisotropies. The error
bars include both the statistical error in the angular distri-
bution and the systematic error from the uncertainty in
the K3 value obtained from the a+2*Cm reaction. Sam-
ple calculations indicate that corrections for spin distribu-
tions having different functional forms than the assumed
distributions would be less than 10% and in a direction to
increase the discrepancy with theoretical expectations.
Also shown are mean square spin values calculated from
various models. The deduced mean-square spin values are
several times larger than expected, and except for the
160 4 28pp system appear to have saturated at a high
value at the lowest energy studied.

V. DISCUSSION

We have measured fission cross sections and angular
distributions to considerably lower energies than previous-
ly investigated. The excitation functions are well behaved,
exhibiting the features expected on the basis of the nuclear
structure of the target nuclei. The angular distributions
are much more anisotropic than expected. Assuming
compound nucleus formation, the angular distributions
imply larger mean-square spin values than expected. We
first consider the possibility that a compound nucleus is
not formed prior to fission, compromising the deduction
of spin values from the anisotropy. The magnitude of the
fission barrier relative to the nuclear temperature is dis-
cussed in the context of a previous suggestion about a
necessary condition for achieving statistical equilibrium at
the saddle point. We also review other information on
spin distributions to see if there are any kinds of
discrepancies between experiment and expectations.

A. Is quasifission responsible for large anisotropies?

Quasifission is usually defined as fission following cap-
ture behind the entrance-channel (conditional or frozen-
mass-asymmetry) barrier, but without formation of a
compound nucleus with a shape more compact than that
of the unconditional saddlepoint. That is, it is fission cor-
responding to evolution along the mass-asymmetry degree
of freedom at deformations larger than that of the saddle
point. Such fission will lead to more anisotropic fragment
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distributions, either because the angular momentum bear-
ing degrees of freedom are never relaxed, or because K
equilibration takes place at a shape more extended than
that of the unconditional saddle. Thus a sizeable contri-
bution of quasifission could perhaps account for our ob-
servations. It has been pointed out that in the case of a
quasifission reaction the mass-differential angular distri-
bution is not necessarily symmetric with respect to 90°,
and may exhibit an enhancement of projectile-like frag-
ments at forward angles.*! =* Integration over all masses
would, of course, result in an angular distribution sym-
metric with respect to 90°, since quasifission is a binary
reaction.

A systematic study of quasifission has been reported by
Toke et al.*?* In a study of near-barrier fission of various
targets with 6 MeV/nucleon **U, they find no evidence
for quasifission with '°0 and clear evidence with **Ca.
From their Fig. 9 it appears to us that the mass-angle con-
tour plots for 2’Al are consistent with only a modest con-
tribution of a quasifission distribution of the kind exhibit-
ed by “Ca. Toke et al.,*! however, have concluded from
the surprisingly large anisotropy of the fission fragment
angular distribution 2’A1(*3®U,f) that a major part of the
cross section (70%) should be referred to as quasifission.
In this reaction a considerable dependence of the first mo-
ment of the mass distribution on angle can be observed,
indicating an enhancement of the cross section for
projectile-like fragments at forward angles. This is in
contrast to the °0(?33U,f) reaction, where the cross sec-
tion was interpreted as “true” compound nucleus fission,
and the first moment of the mass distribution is indepen-
dent of the angle. We have found no evidence for a
dependence of the mass distribution on angle, and the
shapes of the distributions are as expected for complete-
fusion fission. The yield of fragments intermediate in
mass between that of the projectile and that of typical
light fission fragments was negligible. We conclude that,
although there is no proof for “true” compound nucleus
fission, there is at least no indication that a significant
part of the observed cross section is related to quasifis-
sion. Thus it seems unlikely that we would see a signifi-
cant contribution with ®0O and especially with '2C in-
duced fission.

B. Are the fission barriers too low to expect
equilibration at the saddle point?

It has been proposed***® that larger-than-expected an-
isotropies in high energy heavy reactions may result if the
angular momentum dependent fission barrier [B/(/)]
drops below the nuclear temperature 7. For such partial
waves statistical equilibrium may not be established at the
saddle point, and larger than expected anisotropies can
arise either because K equilibration is only achieved at a
later stage or because the K distribution is determined by
the entrance channel dynamics. We have examined this
possibility for our system, and find that for our low exci-
tation energies (and hence low temperatures) and modest
angular momenta a negligible fraction of the compound
nuclei have fission barriers smaller than the temperature.
This is illustrated in Fig. 13, where the [ distributions
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FIG. 13. Spin distributions for several systems are compared.
Also shown is the spin dependence of the fission barrier as cal-
culated by Sierk, showing that few partial waves lead to nuclei
with fission barriers smaller than the nuclear temperature of
about 1 MeV.

given by the Wong model for several systems, including
the a+2*Cm calibration reaction, are illustrated. Also
shown is the / dependence of the fission barrier as given
by Sierk’s diffuse surface rotating droplet model.** The
nuclear temperature in all of these systems is close to 1
MeV, so very few compound nuclei satisfy the criterion
that B(I) <T. This figure also shows that the expected
spin distributions for the systems we have studied are
rather comparable to that of the calibration reaction, fur-
ther strengthening the validity of our conclusion.

C. Possible role of Coulomb excitation
in perturbing spin distributions

It has occurred to us and to others' that Coulomb exci-
tation might suppress fusion for the lower partial waves.
The *32Th and 2U have low-lying states with large
B(E2)’s which can be strongly Coulomb excited, especial-
ly for the lowest partial waves. Coulomb excitation takes
energy from the kinetic energy of relative motion and puts
it into the internal excitation energy of the target. The
reduction in the relative kinetic energy would make the
fusion reaction more sub-barrier and could lower the
fusion probability. We have made some exploratory in-
vestigations of the likely magnitude of this effect both by
looking at the results of a semiclassical calculation*® and
by running some coupled channels calculations.!’ We
conclude that the perturbation of the spin distribution due
to Coulomb excitation is small compared to the magni-

tude of the discrepancies that we observe. Also, our study
of the '%0+2%Pb system was motivated in part by the
desire to study a system where Coulomb excitation effects
would be small.

D. Relationship to earlier work

We have concluded from this study that the spin distri-
butions in sub-barrier fusion are broader than current
theoretical estimates. One might ask whether there are in-
dications of this in other work. Indeed, looking back at
some of the earlier work, there are hints of this discrepan-
cy at somewhat higher bombarding energies. In several
studies*>!7 of fission fragment anisotropies the .£o/.% o
values at the lowest energy show a sudden increase, al-
though often the statistical uncertainties of the underlying
anisotropies were large. An anomalously large value of
Fo/F g will be extracted if the mean-square spin as-
sumed is too small. The most comprehensive previous
study at near-barrier energies is that of Back et al.'’
They used deformation values more than twice as large as
the known values. The use of such unphysically large de-
formations means that the spin distributions are much
broader than expected. For the lighter system
160 + 298pp, Pieper et al.3! have already remarked that
their calculation gives overly small anisotropies when
compared with the data of Videbaek et al.!*

With regard to information about spin distribution
widths from other types of experiments, we have only a
few y ray multiplicity studies to consider. Earlier work®’
on '“C and '%0 induced fusion with '**Sm did not show
any anomaly, but was limited to near-barrier energies.
Nolan et al.’ have recently reported multiplicity distribu-
tions for ¥°Se + ¥Se. Dasso et al.!® have been able to
reproduce the general features of these distributions, but
in so doing have overestimated the relative fusion cross
section by factors of 2—3 at the lowest energies. This
discrepancy suggests that it might be difficult to repro-
duce the distributions with the constraint of reproducing
the excitation function.

VI. CONCLUDING REMARKS

We have found that fission anisotropies at sub-barrier
energies are much larger than expected. Assuming com-
pound nucleus formation, we obtain spin distributions
with larger mean-square values than expected. The
fragment-fragment folding angle correlations, the shape
of the mass distributions and their independence on angle,
and the persistence of the discrepancy to effective fis-
sionabilities way below the empirical threshold for quasi-
fission, all support a compound nuclear interpretation. It
is possible that the underestimation of the anisotropies in
the '>C + 236U and '%0 + 232Th systems may arise from
the neglect of transfer channels*® in the models employed.
The calculations of Pieper et al. for the !0+ 2%Pb sys-
tem, however, include the effect of transfer channels and
the discrepancy between experiment and calculation per-
sists. We are therefore led to the conclusion that we still
have an inadequate understanding of all of the dynamical
features of subbarrier fusion in heavy systems.

There is one assumption in essentially all sub-barrier
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fusion models presently employed that may be question-
able. This is the assumption that the effective mass ap-
pearing in the quantum mechanical barrier penetration ex-
pression is the reduced mass of the system. This may be a
reasonable assumption for light systems or for not overly
high energies where the inner classical turning point
occurs at internuclear separations corresponding to small
density overlaps. For heavier systems at sub-barrier ener-
gies, the overlap may become more appreciable. Little is
known about the dependence of the inertial mass on inter-
nuclear separation, although a few time-dependent
Hartree-Fock calculations have been performed for light
systems.*>* These calculations show significant increases
in the effective mass at separations less than the top of the
interaction barrier for / =0 collisions. The dependence of
the increase on ! is unknown, but one could speculate that
if it were smaller for higher s than for lower /s, then the
use of the reduced mass rather than the true inertial mass
might lead to higher mean-square spin values.

Note added in proof. We have recently become aware of
an observation that calls into question our assumption
that sequential fission (fission following transfer) is negli-
§ible compared to fusion followed by fission for the
%0+ 232Th reaction. Leigh et al. [J. R. Leigh, R. M. Di-
amond, A. Johnston, J. O. Newton, and S. H. Sie, Phys.
Rev. Lett. 42, 153 (1979)] have measured the yield of fis-
sion fragments in coincidence with projectile-like frag-
ments emitted to very backward angles. If we assume an
angular distribution of the cos?6 form back of 90°, as is
typical for sub-barrier transfer angular distributions, we
estimate from the data of Leigh et al. that there is ap-
proximately 10% sequential contamination of our fission

yield at 86 MeV and 30% at 80 MeV. Since the anisotro-
py in coincidence with transfer products is not known, it
is difficult to assess how important a correction to the
mean square spin values will result from this contamina-
tion, but it may be significant. Sequential fission is less
likely to be as important for the >)C+2*U reaction as the
optimum Q value for two-proton transfer corresponds to
a smaller residual excitation energy. This is consistent
with our observations of smaller discrepancies compared
to expectations for the latter system. Some contamination
must be expected, however, as Cheifitz et al. [E. Cheifitz,
H. C. Britt, and J. B. Wilhelmy, Phys Rev. C 24, 519
(1981)] were able to see fission fragments in coincidence
with breakup alphas from the 23%U('2C,®Be) reaction.
Fission following transfer should not be a problem in the
160 +2%8Pb reaction since the fission barrier is twice as
high as for the heavier targets and no tranfers are expect-
ed to lead to large enough excitation energies for sequen-
tial fission to occur.
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