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Fission cross section excitation functions were measured from near threshold to —10
MeV/nucleon using 9Be i2C, i6, is0 24, 26Mg 32S, and 64Ni beams. The systems studied included
' Po formed in ' C and "0 induced reactions; ' Os formed in Be, ' C, ' 0, and Mg reactions;

and ' Er formed in ' 0, Mg, S, and Ni reactions. In addition, the composite systems
Po formed with ' 0 and ' 0 projectiles were studied. In the experiment the velocities and

emission angles of two coincident fission fragments were measured using position-sensitive
multiwire proportional counter stop detectors and a thin (-200 pg/cm ) gas "start" detector. The
measured fission excitation functions along with previous data from He and "Bbombardments for
the ' Os and ' Po systems and recent data on the Pb system are compared to statistical model
calculations using recent angular momentum dependent fission barriers calculated by Sierk. Corn-

parisons of calculated and measured fission excitation functions show good overall agreement be-

tween data and theoretical predictions. These comparisons give good agreement for both a wide

range of mass of the composite system and for a wide range of mass asymmetry in the entrance
channel. It is concluded that the fission barriers of Sierk give a good description of both the mass
and angular momentum dependence of fission barriers in this region.

I. INTRODUCTION

There have been many studies' of fission probabilities in
the actinides that have yielded a comprehensive mapping
of fission-barrier parameters in this region. In order to
understand these results quantitatively, it was necessary to
include effects of nuclear shells and fundamental shape
symmetries at the saddle point. For lighter nuclei, fission
barriers (i=0) become large compared to neutron binding
energies, but for large angular momenta fission can again
become a dominant process due to the centrifugal lower-
ing of the barrier. In this region, the limited experimental
results have been fit with various statistical model
codes ' primarily utilizing calculated fission barriers
from the rotating liquid drop model (RLDM) of Cohen,
Plasil, and Swiatecki" (CPS)'. In fits to fission cross sec-
tions it has generally been necessary to lower the CPS bar-
riers using an arbitrary renormalization procedure. Be-
cause of the limited data available and the need to renor-
malize, it has not yet been possible to systematically test
the predicted angular mom. entum dependence of the
fission barrier. However, a more recent angular-
momentum-dependent barrier calculation by Sierk' has
been shown to give a good representation of data to the
composite systems' Tb and ' 'Re without the necessity
for renormalizing the calculated barrier heights. Because
of the limited data and uncertainties in the RLDM-barrier
calculations, it has not been possible to obtain any signifi-
cant estimates of the importance of shell effects on fission
barriers in the mass & 210 region.

The purpose of the present experiment was to develop a
representative set of fission cross-section data, so that it

would be possible to test both the mass and angular
momentum dependence of fission barriers in the mass re-
gion 150&3&210. Using these data, a statistical model
utilizing the barrier calculations of Sierk has been
developed, and the sensitivity of the calculations to vari-
ous input assumptions has been tested. The results yielded
good qualitative agreement between data and calculations
for a wide variety of heavy-ion-induced fission reactions
leading to composite systems of mass 158, 186, 204, 206,
208, and 210. It was not necessary to introduce an arbi-
trary normalization factor for the fission barrier.

II. EXPERIMENTAL
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FIG. 1. Schematic diagram of the experimental setup.

The experimental setup is illustrated schematically in
Fig. 1. Coincident fission fragments are detected in
multiwire proportional counters (MWPC's) (Ref. 13)
(STOP 1 and STOP 2) that yield two-dimensional position
signals and a fast signal. The time-of-flight (TOF) for
each fragment is determined using a start signal generated
by a thin (-200 pg/cm ) MWPC (Ref. 14) that is placed
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FIG-. 2. Fission cross sections from the present experiment
compared to previous measurements of Sikkeland et al. «;Ref. 2).
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close to the target. Approximate flight paths were 21 cm
for fragment 1 (START to STOP 1) and 17 cm for frag-
ment 2 (target to STOP 2). The overall resolution of the
TOF measurements was -400 psec, which was sufficient
to ensure that measured widths of total kinetic energy,
mass, and momentum transfer distribution were limited
by the dispersion from the neutrons emitted from the
fragments. The MWPC's had active areas of 2&&2 cm
and 10&&8 cm for START and STOP, respectively. This

FIG. 4. Fission cross sections as a function of compound nu-
cleus excitation energy for reactions leading to the composite
system ' Os from bombardments with projectiles from Be
through Mg.

resulted in an angular acceptance b, O, hP of 22, 18' (frag-
ment 1) and 33', 26' (fragment 2). Detector 1 was placed
at a mean angle of 57, and the angle of detector 2 was
determined from the kinematics of the various reactions.

The electronic logic was set up so that events were
recorded on magnetic tape whenever either STOP 1 or
STOP 2 registered a pulse. Then, position and analog sig-
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FIG. 3. Fission cross sections as a function of compound nu-
cleus excitation energy for reactions leading to the composite
system '"Er from bombardments with projectiles from ' Q
through Ni.
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FKJ. 5. Fission cross sections as a function of compound nu-
cleus excitation energy for reactions leading to the composite
system ' Po from bombardments with ' C and "O.
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certainty in relative measurements for a particular
projectile-target combination is less than 5%. The abso-
lute uncertainty in the measured cross sections is believed
to have a systematic uncertainty of less than 10% (except
that in all cases the 1/sin0 angular distribution is as-
sumed). In the data presentations statistical uncertainties
greater than 5% are indicated.

The targets used in these experiments were generally in
the 100 to 250 pg/cm thickness range. In some cases the
targets were in the form of oxides on carbon backings, but
the presence of light elements did not affect the absolute
fission cross-section determinations.

I
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FIG. 6. Fission cross sections as a function of compound nu-

cleus excitation energy for reactions leading to various Po iso-
topes. Closed symbols refer to "0 bombardments and open
symbols tp ' Q bpmbardments. Note that 2 Pp data was pb-

tained with both ' 0 and ' O bombardments.

nals were recorded on magnetic tape from all detectors.
In all detectors fission fragment pulse heights were well
above noise, and fragments could be easily recorded with
100% efficiency. Spectra from monitor detectors at +12'
were also recorded on magnetic tape with the same dead
time as the fission measurements.

The positions in the STOP detectors were calibrated us-
ing a precisely positioned mask with a pattern of 1.5-
mm-diam holes. The TOF spectra were calibrated with a

Cf source and a time-to-amplitude converter (TAC)
calibrator.

In the analysis of the cross-section data, the events were
first replayed from magnetic tape with a gate on single
events detected in a small, well-defined area of detector 1,
and a check was made that the complementary fragments
associated with these events struck an active area of detec-
tor 2 with greater than 95% probability. Then the various
possible correlations between fragment 1 and fragment 2
were checked and sometimes subjected to gates so that any
noise or, in some cases, fission from small target contam-
inants could be easily eliminated. The correlations used
for this purpose were X& vs X2, I'& vs I'2, TOF~ vs TOF2,
and 0~ vs 82 (or the calculated momentum-transfer distri-
bution).

Absolute differential cross sections were calculated us-

ing measured geometries and assuming Rutherford
scattering in the monitor detectors. Total fission cross
sections were calculated assuming an angular distribution
proportional to 1/sin8. This procedure seemed most
reasonable because detailed angular distribution data are
not available at this time and the assumption of a 1/sin0
dependence will make any future corrections based on new
experimental data particularly simple. From systematic
measurements relative to a current integrator and various
repeat measurements, we estimate that the systematic un-

III. RESULTS

The cross sections obtained in these experiments are
shown in Figs. 2—6 and are tabulated in Table I. The ' O
and ' C reactions leading to ' Os overlap previous experi-
ments of Sikkeland et al. , ' and Fig. 2 shows a compar-
ison to their measurements. At the higher energies, the
present measurements are 10—20% lower for the ' 0
bombardments and 5—10% higher for the ' C measure-
ments. At the lowest energies, the present measurements
are consistently higher, but this could easily arise from the
uncertainties and spread in the bombarding energies for
the Sikkeland measurements, since they were forced to
vary the energy using absorber foils. There were also pos-
sible uncertainties in the primary energies available from
the heavy-ion linear accelerator (HILAC) at that time. At
the lowest energies, the Sikkeland data were converted to
cross sections assuming of was up to 15% lower than the
value obtained with a 1/sinO angular distribution; this
could also contribute to the deviations shown in Fig. 2.
However, it should be stressed that the overall agreement
between these two measurements is remarkably good.
This point is especially important because, with the excep-
tion of the present data, the experiments of Sikkeland
et al. form the broadest available data set on heavy-
ion-induced fission in rare earth nuclei.

The fission cross sections for composite systems ' Er
and ' Os are shown in Figs. 3 and 4 as a function of the
excitation energy of the compound nucleus. In these cases
the angular momentum dependence of the fission cross
section is illustrated dramatically by the increase in cross
section with increasing projectile mass at a fixed excita-
tion energy. It is seen that the data show a consistent pat-
tern.

Figures 5 and 6 show the results for C and O reactions
leading to various Po systems. For ' Po, the ' 0 cross
section is cut off by the Coulomb barrier, so the angular
momentum effects are not so obvious. The increase in
cross section with decreasing composite mass shown in
Fig. 6 is an effect of both moving away from the double
closed shell ( Pb) and the increasing fissility (Z /A).

In the interpretation of the cross sections it becomes im-
portant to try to identify any components that might arise
from fission following incomplete fusion. Figure 7 shows
distributions of the velocity of the fissioning system rela-
tive to the compound nucleus velocity for the highest en-
ergy C and Q reactions leading to the most fissionable sys-
tem (

' Po) and for ' 0+ Th. In the Th case, there
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TABLE I. Experimental cross sections. Statistical errors are less than 5% except where indicated. Absolute fission cross sections
are estimated from do/dQ at 57 laboratory angle using an assumed angular distribution proportional to 1/sinO. Bass cross sections
(Ref. 18) used for the statistical model calculations are also included.
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TABLE I. (Continued. )
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ever, the ' 0+ ' Qs data do show a slight skewing to-
ward lower velocities that would be qualitatively con-
sistent with preequilibrium nucleon emission of the mag-
nitude reported previously. ' '
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is clearly a small component ( —10%) that is consistent
with incomplete fusion involving a forward-going alpha
particle. The Th results came from analysis of data
from a Th contaminant in one Nd target. There is no
evidence that such reactions lead to fission in ' Po. How-

iV. THEORETICAL. COMPARISONS

A. General considerations

The major objective of this experiment was to provide a
comprehensive data base of fission cross sections against
which various theoretical models and concepts could be
tested. In this context a statistical model code has been
developed incorporating our current best estimates of the
important physical parameters. This code uses Monte
Carlo techniques and has been described previously in
general technical terms. '" For the following, we will dis-
cuss mainly those aspects relevant to the current calcula-
tions of fission cross sections. These calculations neces-
sarily involve both details of the compound nucleus for-
mation process and the relative competition between fis-
sion and other modes in the compound nucleus decay pro-
cess. Since the fission barrier is a strong function of angu-
lar momentum, it is particularly necessary to incorporate
angular momentum effects as realistically as possible. By
considering deviations between the predictions and the ex-
perimental data, we would hope to identify weaknesses in
the theoretical formulation and possibly point out new ex-
perimental approaches which might provide more
stringent tests of our current theoretical concepts. In the
following sections, we will discuss the physical concepts
that go into the development of the statistical model, show
a comparison of predictions with experimental data, and
discuss the significance of the comparisons.
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B. Theoretical model

y'ormation of compound nucleus fusion—
Any model of fusion-fission must begin by estimating

the fusion cross section as a function of angular momen-
tum We have chosen for fusion cross section estimates
the most recent model proposed by Bass, ' which gives a
description of the fusion cross sections in this mass and
energy region to an accuracy of the order + 10%.

Near threshold, the calculated fission cross sections are
very sensitive to that tail of the angular momentum distri-
bution for the fused system. This is because of the rapid
change in the fission probability in the angular momen-
tum region where the fission barrier crosses the neutron
binding energy. In the calculations the fusion cross sec-
tion was parametrized as

l ~ l

0.2 -O. I

I

0 O. I 0.2
v- vC (cm/ns)

err„,——~A, g ( 21 + I )T ( l),
1=0

FIG. 7. Distribution of velocities for the fissioning system for
the indicated reactions. Values are relative to the compound nu-
cleus velocity UCN resulting from full momentum transfer.

1T(I)=
1+exp( l l„)/61—
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The quantity 5I was treated as an adjustable parameter,
and its significance and range of values are discussed
below. The fusion cross section, obtained from the Bass
model, was used to determine l„.

An implicit assumption in our parametrization is that
the entire fusion cross section as obtained from the Bass
model' corresponds to complete fusion. However, the
Bass model is a parametrization which has been adjusted
to fit experimental fusion cross section measurements that
may contain both complete and incomplete fusion com-
ponents. For C and 0 projectiles, the thorium data in Fig.
7 suggest that incomplete fusion components could be of
the order of 10%. For heavier projectiles, incomplete
fusion effects are unknown, but because of the generally
lower energy per nucleon relative to the Coulomb barrier,
we would expect them to be less significant.

At the highest energies for S and Ni projectiles, the an-
gular momenta become high enough so that "extra push"
effects' ' could cause a decrease in the fusion cross sec-
tion below the Bass model predictions. For our highest
energy Ni reaction, the model of Swiatecki would
predict a 15—20% lowering of the fission cross section.

Because the magnitudes of the incomplete fusion and
"extra push" effects' ' are expected to be similar to the
systematic uncertainties in the Bass model, and because
these effects are both poorly understood in a quantitative
sense, we have chosen to neglect them in the formulation
of our current version of a theoretical statistical model.

2. Decay of the compound nucleus fission—

In order to calculate the total fission cross section, it is
necessary to estimate the branching ratios for fission rela-
tive to particle emission as a function of angular momen-
tum and excitation energy. The basic inputs for such a
calculation are the ground state masses of the relevant nu-
clei, the fission barriers as a function of mass and angular
momentum, and the level densities at both the ground
state and saddle-point deformations. From this input, a
Monte Carlo method is then used to estimate the contribu-
tion from fission summed over the particle deexcitation
cascade.

The fission barriers are taken from the calculations of
Sierk' for the systems ' Er, ' Os, and ' Po. These bar-
riers are obtained from a model of rotating nuclei which
incorporates effects due to the finite range of the nuclear
force and the diffuseness of the nuclear surface on the
Coulomb, surface, and rotational energies. Effects due to
possible axially asymmetric deformations are also taken
into account. When compared to previous calculations
(CPS)," the results show a reduction in the fission barrier
heights of the order of 15% for zero angular momentum
and relatively larger effects at the high angular momenta
which become important in these heavy ion reactions.
Calculations based on a similar model but with a different
shape parametrization have also been reported by Mustafa
et al. ' The Sierk barriers have been shown to give a
good representation of ' C and Ne induced fission exci-
tation functions leading to the composite system ' Tb and
181R

For the dependence of the nuclear state density on exci-

tation energy, to(E), two extreme prescriptions were used.
The first was a simple Fermi gas estimate which should be
appropriate at high temperatures where shell and pairing
effects have washed out. In this case, excitation energies
were measured from the appropriate liquid drop mass sur-
face. This meant that the effective ground state used for
level densities for particle emission was shifted from the
true ground states by the shell plus pairing energy. This
formulation would be expected to be most appropriate at
high excitation energies. In this formulation, the ratio of
level density parameters af /a„ is adjustable over a narrow
region but would be expected to be close to 1.00.

In the second prescription, co(E) was generated from
single-particle level schemes, similar to the approach em-
ployed in the analysis of actinide fission probabilities. '

However, the uncertainties in this approach are much
larger than in the previous application to actinide data be-
cause: (1) Detailed mappings of the relevent shell correct-
ed potential energy surfaces are not available; (2) it is
necessary to consider much higher excitation energies than
in the actinide case so that the approximate cancellation
of shell and pairing effects is no longer relevant; and (3)
there is little experimental or theoretical guidance on how
to handle collective enhancement effects and how these
enhancements wash out at higher energies. Therefore, the
single-particle-based level densities described below should
be considered primarily as simply an alternative formula-
tion of the level density function to give an indication of
the sensitivity of calculations to the level density function.

For the light particle decay channels, the level densities
were obtained using single particle spectra from Nix for
Po and Os systems and from a Nilsson model calcula-
tion for Er. The code of Moretto was then used to
generate total nuclear state densities to(E). In all cases, we
used single particle spectra at zero deformation (i.e.,
spherical shape) to generate the microscopic level densi-
ties. In the Po case, the proximity of the doubly magic

Pb shell had a large influence on the state densities. In
this case, state densities were calculated for each isotope in
the decay chain. For Os and Er systems the same state
densities were used for all isotopes.

For the fission decay channels, microscopic level densi-
ties at the saddle point are required. For the Er and Os
systems we found that co(E) had only a small dependence
on deformation and co(E) was taken as the same function
used for the ground state deformation. For Po, the defor-
mation dependence of co(E) was studied and a function
appropriate to the saddle point deformation was used. In
all cases, the excitation energies at the fission barrier were
measured from the liquid drop saddle point because the
shell correction at this deformation is expected to be small
and could not be estimated reliably enough to exclude a
zero value.

In keeping with the qualitative nature of these level
density estimates, it was assumed that there was no large
angular momentum dependence to the shell correction so
that the angular momentum dependent level density
p(E,J) was approximated by

p(E~ J)=
3 co[E —Eroi(J)] .2J+1

8m.cr
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In these calculations, the nuclear state density co(E) was
taken either from the microscopic formulation described
above or from a Fermi gas model. The rotational energy
E,o, (J) was taken from CPS calculations" at both the
ground state and saddle point deformations.

This level density calculation is equivalent to the spheri-
cal case described in previous publications, ' except for
the inclusion of a macroscopic rotational energy instead of
a microscopically calculated spin cutoff factor. Our level
density formulation does not specifically include any col-
lective enhancement effects of the type that were found
essential to a quantitative interpretation of low excita-
tion, low angular momentum actinide data. In fact, if col-
lective enhancements were included at only the saddle
point deformation, the generally good agreement between
calculations and experiments that is shown below would
be lost. Two possibilities exist: (1) The collective
enhancement effects have been washed out at the relative-

ly high excitation energies and angular momenta of pri-
mary concern here; and (2) the ground state and saddle
point shapes for the high angular momenta in these reac-
tions are both deformed so that the ratio of enhancement
effects at the ground state and saddle point will be close to
unity.

C. Comparisions to experimental data
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FIG. 8. Calculated fission cross sections compared to experi-
mental data for the composite system ' Er. Solid lines use Fer-
mi gas level densities and dashed lines use microscopic level den-
sities (see text).

We wish to emphasize that the purpose of the present
model calculations was primarily to attempt a qualitative
comparison to the experimental data and to test the sensi-

tivity of the calculations to different models of the level

densities. Further progress in the development of our
model is limited by the fact that we do not have quantita-
tive estimates for all of the relevant shell energies or a
complete understanding of the effect of shells and collec-
tive enhancements on level densities at moderate to high
excitation energies. These fundamental questions and
similar uncertainties in our understanding of the fusion
process and the fission barrier functions should be con-
sidered when comparing the calculations to the experi-
mental results presented here.

Figures 8—11 show comparisons of the data from this
experiment with fission cross sections calculated as
described above. Also shown are comparisons to He in-
duced fission for ' Os and ' Po, "8 induced fission
for ' Os, and recent ' F and Si reactions' leading to

Pb. The data of Hinde et al. ' for Pb were especially
valuable since they also measured evaporation residue
cross sections, which allowed a more comprehensive fest
of the model calculations. In this case, the calculated
evaporation residue cross sections agreed with their data
to better than 10%. It should be noted that the Bass
fusion cross sections' used in this model are qualitatively
different from an earlier formulation that was used for
comparison in the paper of Hinde et al. ' The parameters
used in the model calculations are listed in Table II. It
should be noted that af /a„ is always near 1.0; 5E is deter-
mined from mass tables and is not adjustable. In the case
of the microscopic based level densities, there is no adjust-
able parameter equivalent to af/a„. In the threshold re-
gion, the angular momentum dispersion in the fusion
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FIG. 9. Calculated fission cross sections compared to experi-
rnental data for the composite system ' Os. Solid lines use Fer-
mi gas level densities and dashed lines use microscopic level den-
sities (see text). Data for He and "8 reactions were taken from
Refs. 25 and 3, respectively.

cross sections becomes important. The 5l values shown in
Table II were obtained by adjusting 6l to obtain the best
fits to the low energy portions of the excitation functions.
The large values of 6l for Mg, S, and ' 0 could be indica-
tive of dynamic and/or static deformations affecting the
threshold region in a manner similar to that observed pre-
viously for S + ' ' Sm reactions where changes in
target deformations were shown to be imported. The sen-
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&ABLE II. Parameters in statistical model calculations.
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FIG. 10. Calculated fission cross sections compared to exper-
imental data for the composite system ' Po. Solid lines use Fer-
mi gas level densities and dashed lines use microscopic level den-
sities (see text). Data for He reaction were taken from Ref. 25.

'In all cases a„=A/7. 5.
EE is the energy difference between the liquid drop ground

state mass and the true ground state mass.
'5l is the dispersion factor in the critical angular momentum as
described in the text.

sitivity of the calculated cross sections to 51 is shown for
two cases in Fig. 12.

The calculated cross sections shown in Figs. 8—11 agree
remarkably well with experimental data over a very broad
region. The significance of this agreement is further illus-
trated in Fig. 13, which shows calculations with barriers
from Sierk, ' Mustafa et al. ,

' and Cohen, Flasil, and
Swiatecki. " In these calculations the microscopic-based
level densities were used. The angular momentum depen-
dence of the barrier functions is shown in Fig. 14. The
success in describing data ranging from the rare earth re-

gion to the closed shell Pb-Po region and for bombarding
particles ranging from He to Ni indicates that the
overall excitation energy, angular momentum, and fissility
dependences of this model utilizing the Sierk barriers'
must be reasonably correct. Nevertheless, there are some
systematic deviations that will be discussed below as indi-
cations for possible fruitful future extensions to both
theoretical and experimental programs in this area.

In the case of the He and Be induced reactions at the
lower energies, the angular momenta brought in are well
below the regions where the fission barrier has decreased
to the order of the neutron binding energies. Thus, the
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FICJ. 11. Calculated fission cross sections compared to exper-
imental data for Po isotopes and Pb (Ref. 10). Calculations
use Fermi gas level densities. For Po, the solid curve and
solid points are for the reaction with ' O projectiles while the
dashed curve and open points are for ' O projectiles.
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FICz. 12. Sensitivity of the theoretical calculations to value of
61 for two reactions leading to '"Er.
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the value for which Bf=B„. If By(l) is rapidly changing
in this region, then the level density functions are of less
importance. In these cases, the theoretical calculation is
most sensitive to the calculated Bf in the angular momen-
tum region where Bf crosses B„and to the calculated
fusion cross section. The differences in angular momenta
involved in different reactions leading to the same com-
posite systems are illustrated in Fig. 15. Figure 15 shows
the average angular momentum leading to fission from
the statistical model calculations.

The case of the reaction 64Ni + 94zr~issEr is qualita-
tively different from the other cases involving lighter pro-
jectiles. Here, the reaction is dominated by quasi-elastic
and deeply inelastic reactions, but it was possible to isolate
a symmetric fissionlike component, which is shown in
Fig. 8. The increased uncertainty in isolating the sym-
metric fission component is reflected by the relatively
larger error bars shown in Fig. 8.

ta near and above the value where the fission barrier
equals the neutron binding energy. These data do not ef-
fectively test the barrier calculations for lower angular
momenta. Previous data on fission induced by He parti-
cles do test the lower angular momentum region and
show a qualitative agreement between predictions and
data. However, uncertainties in the relevant level density
functions and fusion cross sections limit the ability to test
the barrier function in this case.

Within the accuracy of the comparisons, there is no
need to invoke shell corrections at the saddle point. More
quantitative tests of the calculated barriers would require
experimental data on the evaporation residue cross sec-
tions, a knowledge of the properties of any incomplete
fusion effects, and an improved model for the level densi-
ties used in estimating I f /I „,.
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