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Symmetric splitting for the system S + U at energies near and below the barrier
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The total capture cross section for the system ' S + "U has been measured at energies from 0.93
to 1.08 times the s-wave interaction barrier by detecting coincident fission fragments following full
momentum transfer reactions. The subbarrier cross section cannot be reproduced by a one-

dimensional barrier penetration model. Using a quantum mechanical coupled channels model, good
agreement is obtained. The measured angular distributions of fission fragments were compared to
the predictions of saddle and scission point transition state theory. Saddle point transition state
model calculations fail to reproduce the data, while scission point transition state calculations are in

agreement with their qualitative trend. Evidence for nonequilibrium processes is presented.

I. INTRODUCTION

The fusion of two nuclei into a completely equilibrated
system at energies below the top of the interaction barrier
is a well known example of quantum mechanical tunnel-
ing. Much information about the height and width of the
barrier for a large number of systems has been obtained by
measuring this fusion probability as a function of the
center of mass energy. ' For light systems, typically, the
evaporation residues are measured, while for heavier sys-
tems the fission cross section must, in addition, be mea-
sured. The fission process is interesting in its own right,
e.g. , the question of the applicability of transition state
theory to describe fission of very heavy systems has been
actively debated.

In light systems the term fusion describes a well defined
reaction in whi. ch a compound nucleus is formed. For
heavy systems a more general term, capture, ' has been
used to describe reactions in which there is a large mass

asymmetry in the entrance channel and a symmetric or
nearly symmetric mass splitting in the exit channel. In
our discussion below we will use the more general term,
capture, in this regard without making a distinction as to
whether the system has crossed over the conditional sad-
dle point or not. The experiments reported here aim at
exploring symmetric splitting reactions near and below
the barrier for the very heavy system S+ U which has
a total charge Z=108 and total mass A =270 corre-
sponding to Z /3 =43.2. This system is also of interest
since it is at the boundary of where the extra push formal-
ism might become relevant. It has an effective entrance
channel fissility, X, =(Z /A), tt/(Z /A)„;, of 0.68 with
(Z /A), fr=31.9 and (Z /A), „,=47.25. According to ex-
tra push systematics an extra push energy is necessary
when X, exceeds 0.70+0.01.

The experiments spanned an energy range from approx-
imately 11 MeV below the interaction barrier to 13 MeV
above it. Similar experiments using reversed kinematics
have been performed elsewhere at both these and higher
energies. In this paper we will focus on the lower energy
range and show that a measurable capture cross section
exists even when the bombarding energy is below the

pocket in the potential predicted by a simple one-
dimensional model. The capture data will be compared to
a quantum mechanical coupled channels calculation. The
results of the calculations show that by including only the
ground state and the first excited state in U the total
capture data can be well reproduced.

Systematics show that for this system the evaporation
residue cross section is expected to be very small and
hence the capture cross section can be measured by detect-
ing fission fragments in the exit channel. Therefore, rnea-
surernents of the angular distribution of fission fragments
were made over a large angular range. This provided the
possibility of studying the fission decay from a very heavy
(A =270) system. One theory describing such decay is the
saddle point transition state theory. ' '" In some systems
the predictions based on this theory were unable to ac-
count for the observed fission fragment angular distribu-
tions. ' For very heavy systems the saddle point shape is
very different from the scission point shape and results
using the scission point as the transition state for calculat-
ing the angular distribution of fission fragments will be
described.

To search for possible nonequilibrium effects in this re-
action the masses of the fission fragments were measured
as a function of the scattering angle. The use of a saddle
point transition state theory to describe the angular distri-
bution of fission fragments would be called into question
by the presence of mass asymmetric splitting. However,
the use of a scission point transition state theory may still
be valid as that theory merely assumes the existence of an
equilibrated system outside of the saddle point and does
not assume compound nucleus formation.

In Sec. II we describe the experimental aspects of the
measurements and in Sec. III the results. In Sec. IV the
capture data will be compared to the predictions of one-
dimensional and multi-dimensional barrier penetration
calculations. The angular distributions will be discussed
in Sec. V and compared to predictions of the saddle point
and scission point transition state models.

II. EXPERIMENTAL METHOD

The experiments were performed using S beams from
the Stony Brook Tandem-Superconducting Linac Ac-
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celerator. The beam irradiated targets of ""U of areal
density 200 pg/cm which were backed by either a 200
pg/cm ""&i foil or a 50 pg/cm ""Al foil and were kept
at a potential of +- 22 kV to prevent electrons from hit-
ting the detectors. Laboratory energies of 171.0, 179.0,
188.0, and 199.0 MeV were used corresponding to center
of mass energies 150.7, 157.8, 165.7, and 175.4 MeV as
compared to an s-wave interaction barrier of approxi-
mately 161.8 MeV (using the potential of Ref. 13). The
capture cross section was measured by detecting coin-
cident fission fragments from the reaction. Fission frag-
ments as well as elastically and inelastically scattered par-
ticles were detected in two position sensitive parallel plate
avalanche counters which provided time of flight and po-
sition information.

A small circular counter (5 cm in diameter) which was
position sensitive with respect to the scattering angle 0
was located at backward angles (72'&O~,b& 154'). It was
placed 10 cm from the target and covered an angular
range of +12.4, with a resolution of 60=0.4'. Its out of
plane acceptance angle was approximately +6'. A large
rectangular detector (20X 15 cm ) was located at forward
angles (13.8' & g~,b & 72') 40 cm from the target. This
detector was position sensitive both in 0 and the polar an-
gle P, covering an angular range in 0 of +14.3' and in (t

of +10.8'. Its angular resolution was b,0= b,/=0. 1'.
The relative angle between the two detectors was chosen

to detect in coincidence fission fragments following full
momentum transfer. The two detectors were moved so as
to cover the range 90'&0, &166 at E~,b ——179.0, 188.0,
and 199.0 MeV and 127'(0, (169' at E] b =171.0
MeV. The beam current was monitored in a Faraday cup
and in two solid state monitor detectors which were
placed out of plane at scattering angles of =25 on either
side of the beam.

Time of flight information was used to discriminate be-
tween elastic (and quasi-elastic) processes and fission
events. The time resolution of the avalanche counters was
measured to be (300 ps and the intrinsic time resolution
of the pulsed beam (which had a repetition rate of 106.6
ns) was between 350 ps and 1 ns. In addition to time of
flight and position information, a AE signal from each
detector was recorded. Figure 1 shows a typical two di-
mensional plot of the relative time of flight between two
coincident particles hitting the detectors and the AE sig-
nal from the larger counter.

Because particles were measured in coincidence, the
only type of elastic or quasi-elastic event that could be
detected was a S scattered into backward angles and a

U scattered forward. These events are indicated in the
figure. The large central region corresponds primarily to
fission fragments following a collision in which most of
the momentum of the incoming S was transferred to the
combined system. The amount of momentum transferred
was measured to be )95%, assuming Viola systematics. '

The events on the right-hand side of Fig. 1 correspond
to reactions where a quasi-elastic S was detected in the
large detector in coincidence with a fission fragment. Fig-
ure 1 shows that, based on the relative time of flight,
discrimination between the elastic or quasi-elastic events
and fission events was easily achieved. To suppress addi-
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tional background due to sequential fission of the U fis-
sion, fragments were first selected according to Fig. 1.
Angular correlation spectra were then obtained and a typ-
ical example is shown in Fig. 2. These spectra exhibited
clear, correlated peaks corresponding to kinematically al-
lowed coincident fission fragments following full momen-
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FIG. 2. Position spectrum, at E, =165.7 MeV, of fission
fragments in the large detector correlated with events occurring
within a small angle slice (=5 ) in the small detector, plotted as
a function of the laboratory detection angle. The arrows indi-
cate the expected position for 90% and 100% momentum
transfer.

FIG. 1. Two dimensional plot of the relative time of flight of
the two particles detected vs the energy loss AE in the large
detector at E, = 165.7 MeV.
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turn transfer (see figure). The flat distribution, in addition
to the peak, displays background due to sequential fission
in which one of the fission fragments from the U is not
detected. These events could be subtracted quantitatively.
Sequential fission in which both fragments from the U
are detected following inelastic scattering into the grazing
angle lead to fold angles of =130 or smaller in the energy
range considered. Therefore these would be well separat-
ed from the full momentum transfer peak (with a fold an-
gle of =152') in Fig. 2 and do not contribute any back-
ground.

The differential cross section in the laboratory frame
was then calculated by taking into account the appropri-
ate solid angles in the small backdetector and normalizing
the yield to the Rutherford scattering measured by the
two monitor detectors.

For the measurements at E, =157.8 and 165.7 MeV
the mass of the fission fragments was also determined.
For a true compound nucleus reaction the mean value of
this distribution is expected to be centered about
AcN/2= 135 and should be independent of the center of
mass scattering angle. Deviations from this behavior have
been observed ' and could be taken as signatures that the
reaction is taking place on a timescale that is faster than
the time for equilibration in the mass degree of freedom.
Fragment masses were determined by using the measured
velocity vectors of the fission fragments and assuming
two body kinematics. Calibration was provided by elastic
scattering. Selecting only fission fragments following full
momentum transfer yields typical mass spectra as shown
in Fig. 3.

No corrections for light particle emission were made.
Since the angular distribution of neutrons emitted from
the primary fragments is assumed to be isotropic in the
reference frame of the fragment, the measured velocity
vector is averaged over all neutron emission angles and
represents the average kinetic energy of the primary frag-
ment. Therefore the average kinetic energy and mass of
the fission fragments prior to neutron evaporation was
calculated. '

The intrinsic mass resolution was calculated using a
Monte Carlo simulation to include the effects due to the

finite position and time resolution of the detectors and the
beam. These calculations indicate that for the masses and
angles covered the mass resolution was = 10%.

III. EXPERIMENTAL RESULTS
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In Fig. 4 the measured differential cross sections are
shown. The errors shown are statistical uncertainties; for
cases where several measurements are available, the
weighted average is shown and the errors are propagated
accordingly. The data show variations beyond purely sta-
tistical errors and display systematic uncertainties. Four
sources of errors were considered: (1) Inaccuracies due to
background subtraction; these were estimated to be small
( & 2%) for the three highest energies where the amount
subtracted varied between 10' and 15%. For the lowest
energy the amount subtracted approached 50% and here
an uncertainty of =9% was estimated by fitting various
order polynomials (%=0—3) to the background. (2) Er-
rors due to inaccuracies in the solid angle determinations
(=8%). (3) Errors due to detector efficiency are negligi-
ble; the efficiency was measured to be &98%. (4) Nor-
malization errors due to inaccuracies in the absolute an-
gles and positions of the monitor detectors (=20%). Er-
rors (2) and (3) affect the overall integrated cross section
only, whereas (1) and (4) account for the fluctuations in
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FIG. 3. Typical mass spectrum at E, =157.8 MeV.

FIG. 4. Angular distributions of fission fragments at
E, =150.7, 157.8, 165.7, and 175.4 MeV. Only statistical er-
rors are shown. The size of the systematic error in the data can
be judged from the fluctuations of the data points and is dis-
cussed in the text. The dashed lines indicate extrapolations used
to determine the integrated cross sections (see text).
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the differential cross section.
The capture cross section was obtained by integrating

the angular distributions. Since the experimental data
only covered angles 0, & 170', the points for angles
170' (8, & 180' were smoothly extrapolated (dashed
lines in Fig. 4). The uncertainty induced by this extrapo-
lation is given in Table I along with the capture cross sec-
tions and their statistical and systematic errors.

At E, =157.8 and 165.7 MeV the masses of the fis-
sion fragments were determined for 127' & 0, & 170'.
The center of mass scattering angle was calculated by as-
suming symmetric fragmentation. Assuming asymmetric
fragmentation with a mass ratio of 2:1 shifts the average
center of mass scattering angle by & 1.5%. The variation
in the Jacobian as a function of mass asymmetry was then
taken into account and the centroids of the mass distribu-
tion were calculated by fitting a Gaussian to the data.
The Jacobian shifts the centroid toward heavier masses in
the center of mass system and this shift amounts to
(10%. The centroids from different angle settings of the
detector (which allowed for overlapping measurements to
be made) were well within the errors. The results are
shown in Fig. 5. At both energies one observes a correla-
tion between the mass of the fragment and the center of
mass scattering angle. This may be taken as evidence for
nonequilibrium effects in the present reaction.

IV. COMPARISON OF THE DATA
WITH CAPTURE CALCULATIONS

By studying the fusion cross section, information on the
shape of the effective ion-ion potential can be obtained.
However, static or dynamic deformations have to be taken
into account in a description of the reaction as they could
significantly modify the effective ion-ion potential. Dif-
ferent nuclear shapes or orientations that have their sur-
faces closer to each other for a given center of mass dis-
tance will lower the interaction barrier. Hence the proba-
bility for tunneling through this lower interaction barrier
will increase. Models which take into account static de-
formations, zero point motion, ' ' neck formation, ' ' or
other mechanisms have predicted larger total fusion
cross sections than one-dimensional calculations employ-
ing static spherical potentials.

Recently, ' much effort has been devoted to incor-
porating several of the above mentioned effects without
ad hoc assumptions by explicitly taking into account the
coupling to low lying excited states in the target and/or
the projectile in calculating the fusion cross section ~f„,.
The argument is based on unitarity of the S matrix, i.e.,

1=g ~S '~(
I3

where P sums over all available channels. For a system
without strong transfer or deep inelastic reactions the S
matrix can be though of as being comprised of only elas-
tic, inelastic, and capture channels. Then one can deter-
mine the capture cross section, o.„~„ independent of
whether or not compound nucleus formation takes place
by calculating the coherent part of the reaction, i.e., the
elastic and inelastic channels. Thus, o.„z, is determined

TABLE I. Experimentally determined capture cross sections
for ' S+ U including statistical and systematical errors and
errors due to the extrapolation of the data to 180'.

(MeV)

150.7
157.8
165.7
175.4

E~ab

(MeV)

171.0
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188.0
199.0
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capt
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51

151
429
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0.8
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FIG. 5. Centroids of fission fragment masses as a function of
center of mass scattering angle. Dashed lines indicate the posi-
tion of ACN/2. Typical error bars shown in the mass coordinate
are statistical only. For systematic errors, see text.
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from the difference of the reaction and inelastic cross sec-
tions, i.e.,

such an imaginary potential has been examined in Ref. 23.
The total capture cross section is calculated according to

o.„p', ——
~ g(21 +1)T(l ) .k'

I

where P sums over all inelastic channels, and k and I
are the entrance channel wave number and orbital angular
momentum. This approach has been successful in repro-
ducing measured fusion cross sections over a wide range
of compound nuclei (from A cN = 50 to 3CN =200) with
best results for the lighter systems. So far it has not been
used to describe o, p$ for such heavy systems. Due to the
truncated basis used in the coupled channels calculations, '

one still has to introduce an imaginary part into the opti-
cal potential. The authors of Ref. 23 have shown a
method of constructing this imaginary potential while
preserving the strong couplings to the direct reaction
channels. They also show that in the limit of zero cou-
pling the %'KB results are obtained. Their method mill be
used here.

A. One-dimensional calculations

To determine, first, whether any enhancement exists in
the capture cross section for S+ U, one-dimensional
barrier penetration calculations were performed for the re-
action cross section. For the real part of the nuclear po-
tential the prescription of Akyiiz and Winther' was used,
while the imaginary part was taken to be a short range po-
tential of Woods-Saxon squared form. The parameters
used for the real potential are Vo ———74.7 MeV, ao ——0.68
frn, and ro ——1.18 fm; for the volume imaginary part,
Vo; ———10 MeV, a o; ——0.4 fm, and r o;

——1.0 fm. The
Coulomb potential was calculated for a uniformly charged
sphere with a radius equal to the sum of the target and
projectile radii and a Coulomb radius parameter of 1.2
fm.

The transmission coefficients T(l ) were then obtained
by directly integrating the Schrodinger equation using the
above "bare" nuclear potential. The validity of using

Figure 6 shows the measured energy dependence of the
capture cross section together with the predictions of this
one-dimensional calculation (dashed line). Also plotted
are the data points from Ref. 8 (open circles). Agreement
between the two experiments, which used different experi-
mental techniques, is very good. The figure also shows
that while the cross section above the barrier is well repro-
duced within this simple one-dimensional model, there is
substantial enhancement ( & 100) in the experimental cross
section at energies near and below the barrier.

B. The coupled channels method
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Since the one-dimensional calculation underpredicts the
cross section, we would like to determine whether the sub-
barrier enhancement in the capture cross section seen in
Fig. 6 can be explained by including couplings to the very
collective low lying excited states in U. Barrier
penetration through such a multi-dimensional potential
energy surface has been calculated using the method of
Ref. 23. For the system S+ U these calculations were
first performed by coupling just to the lowest 2+ state in

U at 45 keV. Both nuclear and Coulomb excitation
have been included and a value of B(E2)=12.3 e b
from Ref. 28 was used. The nuclear deformation parame-
ter is calculated according to the scaling law of Ref. 29.
The coupled channel equations were solved using the cou-
pled channels versions of either of the codes PToLEMY
(Ref. 30) or Ects (Ref. 31).
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FIG. 7. Comparison of CC and "bare" spin distributions for
S+ U (see text).
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The effect of coupling to the lowest 2+ state in U
can be seen in Fig. 7, where the spin distributions,
o.„„,(1)= (21+ 1)T~, calculated using coupled channels
(CC) are compared to those using only the "bare" optical
potential. The three highest energies are shown. The CC
spin distributions (from EcIs) o„~,(l) extend further in I
space than the "bare" spin distributions o„'~t(l). An ex-
planation of the shapes of cr„~,(l) has been given '3 by
considering a simple two level system. Coupling between
the two levels has the effect of splitting into two effective
potentials the potential barrier seen in the entrance chan-
nel. One of these effective potentials is raised by the cou-
pling and the other lowered. It is this splitting of the po-
tential barrier that produces the structure seen in the spin
distributions.

The results of using PTOLEMY or ECIS were virtually
identical, except that ECIS allowed all partial waves up to
80k to be included and the calculation converged for all
these partial waves. Inclusion of higher partial waves was
not possible due to the limited word size of the computer.
The spin distributions shown in Fig. 7 indicate that in-

cluding 80 partial waves is sufficient to describe the
present reaction even at the highest energy.

Figure 6 also compares the capture excitation function
as predicted by CC (solid curve) to the experimental data.
The figure shows that the CC calculations predict signifi-
cantly higher cross sections below the barrier than the
"bare" optical model calculations (approximately 3 orders
of magnitude at E, = 157.8 MeV) and agree quite well

with the data for energies near and above the barrier.
Even the CC calculations still underpredict the data at the
lowest energy. However, the agreement between the CC
calculations and the data is much better here than in some
other rotational systems where subbarrier fusion has been
studied. If the neck degrees of freedom are important in

explaining the discrepancy between the calculations of
Ref. 27 and the data discussed there, then a similar
discrepancy would have been expected here. The relative-

ly good agreement obtained here indicates the unimpor-
tance of such neck degrees of freedom for this reaction.

At E, =150.7 MeV the bombarding energy is below
the minimum in the pocket of the potential described
above. Hence the WKB and the "bare" optical model cal-
culations yield zero cross section. In contrast, a capture
cross section of 3.3+1.2 mb is measured. The calculated
cross section using CC predicts a value that is much less
than the data, but still indicates a substantial lowering of
the effective entrance channel potential and, hence, of the
pocket ~

C. Inclusion of higher lying states

The low lying states in U are essentially rotational in
character and therefore calculations including higher
members in the rotational band may not appreciably
change the calculated capture cross section since populat-
ing the 4+ or higher levels proceeds at the expense of
depopulating the 2+ state. To test this hypothesis, calcu-
lations including higher lying states in U were per-
formed.

Because of the strong interplay between the Coulomb
and nuclear excitation for S+ U, calculations involv-
ing higher lying states in the target are difficult. With
ECIS it is possible to include couplings up to the 6+ at all
energies. However, the number of partial waves that can
be calculated become smaller as higher states are included
and therefore the predicted cross sections become reliable
only at lower energies: At E, =157.8 MeV a calcula-
tion using only 45 partial waves and coupling to the 2+
state gives the same cross section as when 80 partial waves
are included (see Fig. 7). Including the 4+ state (and 45
partial waves) at E, =157.8 MeV leads to a predicted
cross section equal to that for the 2+ case (31.2 mb), con-
firming the above assumption.

V. FISSION FRAGMENT ANGULAR DISTRIBUTIONS

Recent measurements ' ' ' of fragment angular dis-
tributions for similar reactions have yielded anisotropies
that are much larger than those predicted by the rotating
liquid drop model (RLDM). In this model one expects
nearly isotropic angular distributions of the fission frag-
ments due to the very compact saddle point configuration
for such heavy systems.

This large discrepancy between measured angular dis-
tributions and the RLDM predictions is also expected for
the present system, where the experimentally observed an-
isotropies are large (see Fig. 4), even at the lowest beam
energy, since the predicted saddle point shape is very near-
ly spherical for the system &o8X. In order to investigate
this situation more quantitatively, we will compare, in this
section, the measured data with predictions from an im-
proved version of the standard transition state model,
namely the flexible rotor model of Ref. 36 and, alterna-
tively, with the results of a scission point transition state
calculation closely following Ref. 6. Since the pertinent
formalism has been developed elsewhere in the literature
(Refs. 3—6, 10, 11, and 36), we will concentrate, in the fol-
lowing, only on the essential parameters of the different
models.

A. Review of the formalism

where the compound nucleus formation cross section o (I)
should be identified with cr„„,(l), and the fission probabil-
ity Pf;„ is obtained by assuming that at the relevant point
of equilibration (saddle or scission) the system moves in
the direction of the separation (or symmetry) axis. If K is
the projection of I (or 1) onto the symmetry axis, and
p(I, K) describes the level density at equilibrium, then

Pr, „(I,K, O, ) cc
~
dox i p(I, K) .

2I +1
2

(4)

It is only in the specification of p(I, K) that the various
models differ. Using a constant temperature approxima-
tion, p(I, K) ~ exp( E„,/T). E„, is the —rotational energy

In both saddle and scission point models the starting
point for calculations of fission fragment angular distribu-
tions is (assuming zero channel spins)

(3)
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FIG. 8. Comparison between the saddle point (solid curve)

and the scission point (dashed curve) transition shapes.

and T is the temperature at the transition state. The
differences in the models are therefore essentially con-
tained in the geometry used to describe the saddle or scis-
sion point configuration, and a pictorial representation of
our approach is shown in Fig. 8.

In the saddle point approach the rotational energy E„,
is calculated assuming rigid rotation of a deformed
spheroid, i.e.,

they do not match the experimental cross section. To in-
vestigate the influence on the anisotropies due to varia-
tions in the assumed spin distributions, we have also used
the sharp cutoff approximation (SCO) and the optical
model (OPT). For the optical model calculations the
imaginary part of the nuclear potential was varied in such
a way as to reproduce the measured cross sections (the
real part is the same as in the CC calculations). This ap-
proach has the disadvantage of relying strongly on this ad
hoc imaginary part and will yield roughly triangular spin
distributions, which are at variance with what is presented
in Fig. 7. Similarly, the sharp cutoff approximation is
also of questionable validity, except at the highest energy,
and is only included for completeness.

Figure 4 and Table II show that the experimental fis-
sion fragment anisotropy decreases very slowly with de-
creasing bombarding energy. Even at the lowest bom-
barding energies, anisotropies of the order of 2:1 are ob-
served while, semiclassically, one would expect nearly iso-
tropic angular distributions for fission following com-
pound nucleus formation. To make this point more quan-
titative, we compare with the experimental data in Fig. 9
and Table II the predictions of a saddle point model, i.e.,

fi(I K) AK—
rot — ~ + ~

I l l I

Ec.m. = I57.8 MeV

I I l l

where ~J (
~ ~

) is the moment of inertia perpendicular
(parallel) to the symmetry axis. The temperature at the
saddle point is obtained from the excitation energy
Esad =EcN —Edef Erat using the usual Fermi gas formu-
la T= (E,*,d la )

' with a level density parameter
a =AcN/8. EcN is the excitation energy of a spherical
compound nucleus. In the flexible rotor model of Ref. 36
both the moments of inertia W and deformation energies
Ed,f are calculated retaining their explicit dependence on
K and this approach is used in the following.

In the scission point approach the excitation energy
E,*„, is similarly calculated as E,*„,=EcN+Qr„, E;„, —

E„„where Qr—,„is the Q value for symmetric splitting
of the compound nucleus and E;„, is the interaction ener-

gy between the two touching equal mass spheroids (see
Fig. 8). The temperature is again obtained from
T=(E,*„,/a)' with a =AcN/8. The rotational energy
is calculated using the touching spheroid approximation
(Ref. 6). It is the elongation of the touching spheroids
which influences the predicted anisotropy. Following
Ref. 6, we choose axis ratios near 2:1.

3.0
O
Ol

2.0
E

I.O-=,

4.0

3.0

2.0

B. Comparison of the model predictions to the results

The spin distributions, o(I) =o„~,(l), must be specified
before the actual calculations can be performed. The
most realistic spin distributions are those calculated by
the CC approach as discussed in Sec. IV. A problem with
those calculations is that, especially at the lowest energy,

I f f ) I J I

90 lpp IIP l20 l30 I4P I50 I6P ITP ISP
e

FICJ. 9. Comparison of the predictions of the flexible rotor
model (dashed curve) and the scission model (solid curve) of the
text to the experimental data. In all calculations CC spin distri-
butions were used.
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TABLE II. Comparison of predictions of flexible rotor model of Ref. 36 and the scission point model
for the system ' S+ U. Z /3 =43.2 and E&„——161.8 MeV.

E,
(MeV)

Tsad

(MeV)
TScls

(MeV)
Spin

distrib.
Irtns

calc
capt
(mb) Saddle

W( 164') / W (90')
Scission Expt.

150.7

157.8

1.14

1.22

1.59

1.63

CC
OPT
SCO

CC
OPT
SCO

30.1

35.2
3.8

19.0
15.2
12.3

0.03
4.3
3.0

31.2
48. 1

47.8

1 ~ 10
1.13
1.00

1.11
1.09
1.07

2.43
2.76
1.03 .

1.80
1.54
1.37 .

See text

2.05+0.43

165.7 1.30 1.70 CC
OPT
SCO

33.0
26.4
22.2

130.1

141.0
144.0

1.12
1 ~ 10
1.12

2.68
2.19
2.05 .

2.10+0.37

175.4 1.37 1.78 CC
OPT
SCO

40.9
39.7
39.2

375.4
404.6
416.5

1 ~ 11
1 ~ 12
1.12

3.03
3.08 r

3.08 )

2.94+0.62

the flexible rotor model (shown as the dashed curve), and
the scission point model (the solid curve) described above
with the experimental data. In Fig. 9 the calculations are
shown only for the case of CC spin distributions. Shown
in the table are the experimental anisotropies of the angu-
lar distributions and the calculations using the three dif-
ferent spin distributions: SCO and OPT distributions
fitted to o.'„'„,' and the CC spin distributions. Also shown
is the predicted cross section cr„~,=g&(2I + 1)TI and l
for each distribution.

Because the fission barrier is so small for the system
2S+ U (=300 keV), the saddle point shape is nearly

spherical, and hence the angular distributions predicted by
the flexible rotor model are nearly isotropic. This system
has a fission barrier Br,„(l=0)« T" and thus the
discrepancy between the data and these predictions is not
unexpected. In contrast, the scission point shape is much
more elongated and therefore substantial anisotropies are
predicted. Also shown in the table is that as /„, in-
creases, the anisotropy predicted by either model in-
creases.

At E, = 150.7 MeV (not shown in Fig. 9) the CC cal-
culation yielded a cross section that was much smaller
than the measured one. Using this spin distribution, the
scission model predicts a value of
W(164')/W(90') =2.43. Based on the same extrapolation
used to calculate the integrated cross section, the experi-
mental value for the anisotropy of the angular distribution
is estimated to be 1.90+0.6. The quoted error is due to
experimental errors and the extrapolated value of W(90 ).

At the next higher energy, E, =157.8 MeV, the an-
isotropy predicted by the scission model based on CC and
OPT spin distributions is less than the experimental value,
but within the uncertainty. The sensitivity of the angular
distribution to the shape of the spin distribution is again
evident, since even though the total capture cross section
is underpredicted by about 50% (cr', ",t1=51+12 mb) by the
CC calculations, the predicted anisotropy follows the
trend in the data quite well (see Fig. 9). The l„, values
for the CC and OPT spin distributions are larger than the

SCO value and, hence, using the latter spin distribution,
the experimental data are underpredicted.

Above the barrier at E, =165.7 and 175.4 MeV the
predictions based on all three spin distributions are
clustered around the data (see Fig. 9). This is expected
since Table II shows that the I, values for all spin distri-
butions are very close. The CC predictions are slightly
above the data at the lower of the two energies and this is
explained in terms of its larger value of l

Based on the calculations presented here, it is concluded
that the saddle point transition state theory does not work
for the system S+ U. However, the scission point
model described above reproduces the measured anisotro-
pies of the fission fragment angular distributions at these
energies when realistic spin distributions (i.e., CC) are
Used.

VI. CONCLUSIONS

Capture cross sections for S+ U have been studied
at energies near and below the s-wave interaction barrier.
The measured fission fragment angular distributions to-
gether with the mass versus angle correlations indicate the
presence of nonequilibrium reaction processes in agree-
ment with previous findings. ' ' ' Despite the presence
of these processes, the excitation function can be success-
fully describing using the coupled channels formalism.
This result is not surprising since the coupled channels
method is only based on unitarity as long as those reaction
channels that are strongly coupled to the elastic channel
are included. Assuming that the most important channels
in this system are due to inelastic and capture processes,
and using the nuclear potential of Ref. 13, this leads to
good agreement between the calculations and the data, ex-
cept at the lowest energy. In these calculations it is, in
fact, sufficient to only include the lowest lying 2+ state in

U. Inclusion of higher lying states in the target has
very little effect on the calculated cross section. This is
plausible since in U, which is a collective rotor, all the
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inelastic flux passes through the first 2+ state, which is
strongly coupled to the ground state. One should note
that for the system studied here the effective fissility is
close the predicted onset of the extra push mechanism.
The present data do not indicate the need for this mecha-
nism, justifying a posteriori the neglect of extra push in
the present calculation.

The failure of the saddle point model to reproduce the
measured angular distributions is in agreement with the
observed nonequilibrium aspects of this reaction. On the
basis of the angular distributions alone, one cannot rule
out that the reaction proceeds through a compound nu-
cleus with equilibration at the scission configuration. At
energies above the interaction barrier and for lighter sys-
tems, Back ' concludes that the saddle point model is
more appropriate. Either approach cannot explain the

mass-angle correlations observed here and in Refs. 8, 15,
and 17. Our data and analysis are then consistent with
the interpretation that the dominant reaction mechanism
is capture and reseparation of fragments rather than true
compound nucleus formation followed by fission.
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