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Abstract. Elastic scattering of 32S on 58,64^ an(j f u s j o n of 325+58,64^ ancj 345+64^
have been measured at energies near the Coulomb barrier. Our results differ in several
important respects from previous measurements on these systems. Coupled-channels
calculations which explicitly allow for inelastic excitation and single-nucleon transfer
reproduce the main features of the new data. Near-barrier elastic scattering of 48Ca on
4<^Ca has also been measured. These data provide evidence for the effect of strong
coupling to positive Q-value channels other than single-nucleon transfer.

1. Introduction

In recent years there has been considerable interest in heavy-ion reactions at energies near to
and well below the Coulomb barrier. Observations of enhanced low energy heavy ion fusion
rates, as compared with the predictions of conventional barrier penetration models, have
accelerated the exploration of how nuclear structure influences the fusion process. At the
opposite end of the reaction spectrum, optical model analyses of heavy ion elastic scattering
data are found to require strongly energy-dependent complex potentials in the region of the
barrier. In particular, the magnitude of the imaginary part of the optical-model potential has
been found to decrease, and the magnitude of the attractive real potential to increase, as the
bombarding energy is lowered. It is natural to expect that increased low energy fusion rates
should be correlated with increased attraction in the optical model potential (Nagarajan and
Satchler 1986) since both phenomena reflect the dynamic polarizabiliry of the colliding nuclei.

The interpretation of these recent developments relics upon having a consistent body of data for
both fusion and elastic scattering cross sections. The measurements of the S + Ni systems by
the Legnaro group (Stefanini, et al. 1986, 1987a, and 1990) have played a prominent role in
discussions of the physical basis behind the observed phenomena. An analysis of the
32s+58.64jsjj clastic-scattering data (Stefanini, et al. 1987a and 1990) tried to directly correlate
the energy dependence of the optical model potentials with the corresponding low-energy
fusion data (Stefanini, et al. 1986) using an energy-dependent barrier penetration model as
suggested by Nagarajan and Satchler (1986). A later analysis of the 32S+^8i&1Ni elastic
scattering and fusion data was carried out by Udagawa, et al. (1989) in the context of an
absorption model; a recent discussion of this work is given in Satchler, et al. (1990).

There are, however, some unusual features of the 32S+58-64Ni data presented by Stefanini, et
al. (1986, 1987a, 1990) which must be clarified before one attempts to draw conclusions from
them. In particular, the elastic scattering angular distributions for 32S + 5f5-64Ni, near to and
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below the Coulomb barrier, arc characterized by strong deviations from Rutherford scattering
at angles that are well forward of the expected "grazing" angle. Coulomb excitation of low-
lying states of the target and/or projectile, which might provide a mechanism for explaining pan
of the observed behavior (Thorn, et al. 1977) is far too weak to make a significant impact on
the predictions. As emphasized by Udagawa, et al. (1989), this seems to imply that an
anomalously large, unknown direct reaction process is occurring in these systems. With
regard to the fusion channel, we note that the barrier parameters extracted by Stefanini, et al.
(1986) do not follow the systcmatics as closely as one might expect, and in fact demonstrate a
strong isotope effect that has been interpreted as possible evidence for neck formation in the
more neutron-rich systems according to the model of Stelson (1988).

In order to gain a better insight into the behavior of the S + Ni systems, we have made new
measurements of the elastic scattering and fusion channels near the barrier which disagree with
the previous results in several important respects, and in fact do not show the unusual features
noted above. These new data have been analyzed in the context of a coupled-channels barrier
penetration model, and good overall agreement with the data is achieved without the need io
introduce an explicitly energy-dependent optical-model potential. Reasonable agreement with
the single-nucleon transfer cross sections (Stefanini, et al. 1987b) is also obtained.

Encouraged by the successful description of the new S + Ni data, we began a similar study of
40Ca+48Ca. It has been known for some time (Esbensen, Fricke, and Landowne 1989 and
references therein) that coupling to inelastic channels alone is not sufficient to explain the
variations observed in the 40Ca+40-44>48Ca fusion cross sections. Esbensen, et al. were able to
achieve very good agreement with the 40Ca+40Ca fusion yields (Aljuwair, et al. 1984) and
elastic scattering (Richter, et al. 1977 and Doubre, et al. 1977) by introducing coupling to the
single-nucleon transfer channels. On the other hand, although the single-nucleon transfer
strength is predicted to increase strongly in going to the 40Ca+48Ca system, the combined
inelastic plus one-nucleon transfer couplings were still not sufficient to explain the sub-barrier
fusion yields. This discrepancy led to the hypothesis of strong coupling to an additional
channel, possibly two-nucleon transfer, which was introduced in an ad hoc fashion by
Esbensen, et al. (1989). They found a cross section for population of this unspecified channel
that was comparable to that for single-nucleon transfer, and also predicted significant effects on
the near-barrier elastic scattering for this system. We have now made elastic-scattering
measurements for 4^Ca+4^Ca which show some very intriguing effects that bear a striking
resemblance to their predictions for coupling to positive Q-value channels.

2. Elastic Scattering

As mentioned above, the low-energy elastic scattering results for the S + Ni systems could
possibly be interpreted (Udagawa, et al. 1989) by invoking a significant flux-loss to
unmeasured reaction channels. Furthermore, the 40Ca-f 48Ca predictions of Esbensen, er al.
(1989) also postulated such unknown couplings. We therefore decided to use a kinematic
coincidence technique, which should be a sensitive way to search for strong inelastic and/or
transfer channels that might be responsible for the observed anomalies. For both experiments,
two sets of two silicon surface-barrier position sensitive detectors (PSDs) each were placed on
cither side of the beam. The coincidence efficiency in this geometry can be computed from
kinematics. However, the elastic-scattering angular distribution was in fact determined from
the singles rather than the coincidence counting rate so that efficiency corrections were not
needed in this case. The center-of-mass (cm) angular range from 40° to 160° was covered with
four settings of the detector arrays in the S + Ni experiments. The more restricted range of 60°
to 120° for40Ca+48Ca required only two settings There was considerable overlap between
detector angles measured at these settings, so that many normalization checks were possible.
The S + Ni measurements utilized 32-34S beams from the Notre Dame FN tandem Van de
Graaff accelerator, while the Ca+Ca data were taken with beams of 4RCa ions obtained from
the superconducting linear accelerator at SUNY-Stony Brook.



3. Fusion Measurements for S+Ni Svstems

The evaporation residues (ER) from fusion, emitted in a narrow cone within a few degrees
around the beam axis, were deflected out of the direct beam by means of an electrostatic
deflector. The value of the potential applied to the electrode plates was selected so as to
maximize the yield from each target. The separated residues were then identified in a time-of-
flight (TOF) and energy spectrometer, which consisted of a microchannel plate and a silicon
surface barrier detector (SSB) which together defined a lm flight path.

For the systems studied in the present experiment, and in the energy range we are interested in,
the ER cross section may be equated with the total fusion cross section since fission of the
compound nucleus is negligible. Absolute differential cross sections were obtained by
normalizing the ER yield to the elastic scattering cross section at forward angles. The elastic
yield was measured with an array of four monitor counters symmetrically distributed with
respect to the beam axis and at a laboratory angle of 15°. Wirh these monitors, both the beam
position on target and the product of the integrated beam current times the target thickness can
be determined with a high degree of accuracy (1%).

The transmission probability of the ER through the recoil velocity spectrometer was determined
empirically by elastic scattering of ions of similar atomic and mass numbers, and kinetic
energy. To accomplish this, we measured the Rutherford scattering of 103Rh ions on 60Ni at
bombarding energies of 42, 39, and 36 MeV and at a laboratory angle of 9.75°. These three
energies cover the range of interest for the recoiling compound nuclei of the fused systems. In
order to investigate how strongly the transmission depends on the mass of the analyzed
products, we also used a 81Br beam at 45 and 42 MeV. No measurable mass dependence was
noted over this range. The experimentally measured transmission probability was confirmed
by measuring the 35C1 + 58Ni reaction, which was previously analyzed by Scobel, et al. (1976)
using a very different experimental technique, and good agreement was obtained.

In a preliminary experiment, it was determined that the shape of the ER angular distributions
did not change appreciably over the energy range of interest in this work, so that it was
sufficient to measure them at convenient energies. Excitation functions for all systems were
measured at an angle of Gjab = 3°, which is near to the maximum of the da/d0 angular
distribution. Beam energy losses in the targets were corrected for by an iterative procedure,
taking into account the slopes of the excitation function.

4. Coupled-Channels Calculations

The scope and methodology of the coupled-channels calculations have been described by
Esbensen, et al. (1.989). The model consists of a real, energy-independent ion-ion potential
and explicit coupling to inelastic excitation and single-nucleon transfer reaction channels. The
fusion process is simulated by imposing ingoing-wave boundary conditions in all channels at a
separation distance inside the Coulomb barrier. In this way, the main reaction processes are
accounted for without introducing phenomenological imaginary potentials. The "rotating frame
approximation" is used to make the coupled-channels calculations more tractable. In this
approximation, one neglects the change in the centrifugal potential in a reaction channel with
respect to the elastic channel due to angular-momentum transfer. This allows one to reduce the
number of sub-channels to just one for each spin state.

We now specify the various parameters which enter into the present set of calculations. They
define the nuclear ion-ion potential, the macroscopic coupling parameters for inelastic
excitations, and the spectroscopic information for the single-particle transfer form factors. The
ion-ion potential is based on a semi-empirical parametrization of folding-model potentials
given by Broglia and Winther (1981):



where:
R(A) = (1.233A1* - 0.98A-W ) fm (2)

and:
R(Ai^2) = R(Ai) + R(A2) + AR. (3)

The diffuseness parameter is a = 0.63 fm. For the present set of calculations, the value AR =
0.20 fm has been used for the S+Ni calculations. This was determined by adjusting AR such
that the full coupled-channels calculation gave a reasonably good description of the 32S+58Ni
elastic scattering data at Ecm=62.5 MeV. This was the only parameter that was adjusted; all
remaining parameters were fixed by independent means. It should be noted, however, that the
isotope dependence of the radius parameter in Eq. (3) was modified to better account for the
detailed changes in the structure of the different nuclei. To be precise, the potential radii for the
various combinations of 3234s+58,64jvj] w e r e generated using:

R(Ai ,A2) = R(32) ]! ^ + R(58) g g | j + 0-20 &n,

instead of Eq. (3). Here, Rrms(A) refers to the root-mean-square matter radii obtained from
shell-model calculations. The actual values that have been used are 3.12, 3.18,3.67, and 3.87
fm for 32S,34S,58Ni,and ^Ni, respectively. This scaling procedure has been found to be
reliable for other reactions involving the Ni isotopes (see, e.g., Esbensen and Videbaek 1989).
For the Ca+Ca calculations, a similar procedure was followed, with AR = 0.21 fm and the rms
matter radii determined from electron scattering data (see Esbensen, et al. 1989).

The inelastic excitation channels taken into account included the low-lying states in both the
target and the projectile. The usual collective-model prescription of deforming the ion-ion
potential radius was foIlov^cS to obtain the coupling interactions. The single nucleon transfer
reaction channels were chosen on the basis of available spectroscopic information from light-
ion reaction studies, also taking into account considerations of matching conditions. All of the
possible projectile-target transitions implied by the individual states were included, but in an
approximate way. Transitions having similar Q-values were taken to define a single transfer
channel at an effective Q-value; the corresponding coupling interactions were obtained as an
average of the microscopic form factors computed from overlaps of single-particle orbitals.

5. Comparison with the Measurements

The elastic-scattering angular distributions obtained in the present S+Ni experiment are shown
in Fig. 1. Consider, for example, elastic scattering in the 32S+58Ni system at Ecm= 56.0 MeV
(corrected for energy loss to the center of the target). In marked contrast to the Legnaro results
at nearly the same energy, no deviation from Rutherford scattering beyond the experimental
uncertainty is observed over the entire cm angular range from 40° to 160° covered in the present
experiment. In fact, for each angular distribution shown in Fig. 1 there is disagreement
between our data and the results of the Legnaro group (Stefanini, et al. 1987a and 1990),
which in general fall from Rutherford much faster at backward angles. At present, no really
satisfactory explanation for these discrepancies exists.



Strong population of the first excited states of 32S or 58.64^ v j a inelastic scattering was not
evident at any angle or beam energy and for either target, except for the two most backward
angles at Ecm= 62.5 MeV for ^S + 5^Ni. However, die experimental energy resolution was
marginal for separating these two states from the elastic yield, so we compare our daia (Fig. 1)
with theoretical predictions for the sum of elastic scattering plus inelastic scattering to the first
excited states of 32S and 58«64Ni (solid curves), which differ significantly from the predictions
for true elastic scattering only for ^S+^Ni at Ecm= 62.5 MeV and angles beyond 9cm= 120°.
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Fig. 1. Comparison of the coupled-channels
calculations with the elastic-scattering angular
distributions of the present experiment. The dashed
curves correspond to the calculations in which only
coupling to inelastic channels is allowed, while the
solid curves include transfer couplings.



Not surprisingly, given the observation of essentially pure Rutherford scattering for 32
scattering at Ecnj= 56.0 MeV, we also saw no transfer channel with measurable cross section at
this energy, which is five MeV below the Coulomb barrier. Some transfer yield could be
ascertained for 32S + ^Ni at the highest enagy studied, but no evidence was found for the
existence of anomalously strong direct reaction processes in the systems studied.

We now discuss the comparison of the data with the calculations, beginning with the clastic
scattering cross sections for 32S+58jsTi. As noted above, the only free parameter in the
calculation (which fine-tunes the radius of the ion-ion potential) was adjusted once to fit the
32S-r58Ni elastic data at Ecm= 62.5 MeV. Tnis comparison is shown by the solid curve in the
middle of Fig. 1. It may be noted that, while the large-angle data are nicely reproduced, the
calculation produces too much rise above the Rutherford cross section around the grazing
angle. In a conventional optical-model analysis, one could increase the absorption in the
nuclear surface region to dampen this effect. Here we do not have this freedom, as explicit
couplings to the main direct reaction channels have already been made. There is, however, a
subtle effect in the way the transfer channels influence the elastic scattering angular
distribution, and the dashed curves in Fig. 1, calculated without transfer, illustrate this point.
The transfer couplings at Ecm=62.5 MeV lower the backward-angle cross section as expected
from an absorption effect, but also increase the rise above the Rutherford value. This is the
sign of a refractive effect, indicating that the transfer couplings are producing an attractive
polarization potential in the elastic channel.

The energy dependence of the clastic scattering cross section for 32S+58J^J j s followed
reasonably well by the calculations as one goes from Ecm= 62.5 MeV to Ecm= 56 MeV (Fig.
1). We note again that these calculations do coj use energy-dependent parameters. However,
since the present data set does not cover a wide energy range in detail it would be premature to
try to extract an energy-dependent optical-model potential from them, or to claim that the
underlying optical-model potential is in fact energy-independent.

We now look to the isotope dependence of ihc elastic scattering cross section as one changes
the target from 58Ni to 6*Ni. As shown in Fig. 1, the calculations also reproduce this change
rather well. There are basically two features that account for the differences between the
32S+58Ni and ^S+^Ni cases. One is clearly the size difference modeled in Eq. 4. The other
turns out to be the more significant role played by the transfer reactions when ^*Ni is the target,
since the inelastic excitation of 5&Ni and ^Ni are quite similar. To appreciate these points, one
may compare the 32S+64Ni elastic scattering results at Ecm= 58.5 MeV to those for 32S+58Ni
at Ecni= 59.3 MeV in Fig. 1. The lower energy in the w Ni case would normally imply a
smaller deviation from Rutherford scattering, but this is offset by the larger size of MNi. The
size effect can be judged by comparing the dashed curves, which on,!y allow for inelastic
couplings. It is clear that the increased size of *̂Ni alone is insufficient to explain the large
deviation from Rutherford scattering that is observed experimentally. Agreement with the data
is achieved only by including the couplings to the single-panicle transfer channels. If one were
to use conventional oprical-model potentials to fit both data sets, this effect would be masked
by an abrupt change in the parameters in going from ^s+58j\jj t 0 32S+64J^J_ ^ similar result
has been reported by Sugiyama, et al. (1989) in an analysis of 28Si+58>&4Ni elastic scattering.

The fusion yields we have measured (Fig. 2) are larger than those of the Legnaro group
(Stcfanani, et al. 1986), particularly at the lower energies where dynamical coupling effects
should play an important role, and for the 32s+58ftj system. However, they agree very well
with the values at higher energies for the latter system reported by Gutbrod, et al. (1973). The
comparisons of the new data with the calculated fusion cross sections are also shown in Fig. 2.
The dotted curves show the cross section corresponding to the flux which penetrates past the
Coulomb barrier without allowing any inelastic excitation or transfer processes. This gives
reasonable agreement with the fusion yields at energies above the barrier, but severely



undcrpredicts the low-energy cross sections. Adding the inelastic couplings enhances the low-
energy cross section significantly as shown by the dashed curves. The solid curves are the
results from the full calculation with both inelastic excitation and singlc-nucleon transfer
couplings. It is seen that the transfer couplings have a rather small effect for 32S+5^Ni, which
is already well-described by the calculation which includes only inelastic excitation. There is a
more notable effect for the 32S+64Ni case, which is in accord with the larger transfer cross
sections for this system. Note that the single-particle transfer couplings are required to obtain
agreement with the 32S+64Ni fusion data at the relatively high energy of Ecm= 58.5 McV
where they were also essential for obtaining agreement with the elastic scattering data. The
overall agreement with all three fusion excitation functions is very satisfying, particularly as it
is obtained simultaneously with good fits to the elastic scattering data as shown in Fig. 1.
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Given the success in accounting for the new S+Ni data in the context of the coupled-channels
barrier penetration model, it is clearly of interest to make similar comparisons for the
40Ca+48Ca system. Esbenscn, et al. (1989) fitted the sub-barrier fusion cross section for this
system using the same model discussed above (scaling the optical-model parameters from the
40Ca+40Ca system in a similar fashion) and found that inclusion of the single-nucleon transfer
channels, combined with inelastic excitation, was insufficient to explain the measured yield.
Accordingly, they introduced a hypothetical strongly-coupled reaction channel. Two cases
were considered, one in which this channel had a negative 3 MeV Q-value, and another in
which a positive 1 MeV Q-value was assumed. In both case, the strength of the coupling was
adjusted to fit the sub-barrier fusion yield. The results of these calculations, as well as the
"standard" calculation involving no extra strongly-coupled channel, are compared with our
experimental elastic-scattering data in Fig. 3.
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First of all, it is clear that the standard calculation does not reproduce the elastic scattering, just
as it was unable to predict the sub-barrier fusion yield. Thus, both data sets agree that this
calculation is incomplete. (It must be emphasized that the same calculation does reproduce both
the sub-barrier fusion yield and the elastic scattering for the 40Ca+40Ca system.) The negative
Q-valuc case can also apparently be ruled out. In this case, the extra absorption introduced by
the coupling reduces the elastic yield beyond the grazing angle below the prediction of the
standard calculation, which is already too low. Remarkably, however, our data bear a striking
resemblance to the positive Q-valuc prediction. Apparently, this results from a more extreme
form of the refractive effect discussed above in the context of the S+Ni systems, and suggests
coupling to an even more positive Q-value channel. In fact, Esbensen, et al. (1989) point out
that large positive Q-value channels arc available in this system. For example, the Q-values for

2p stripping, 2n pickup, and a-particle stripping arc +7.08 McV, +2.62 MeV, and +0.637
MeV, respectively. It is interesting to note that the two-proton-transfer Q-value is the most
positive. The "standard" calculation shows a dominance of single-proton transfer, â so for Q-
value reasons. Thus, if anything it appears likely that the formation of a "proton neck" may be
indicated for this system, rather than the neutron neck pictured by Stelson (1988).

Of course, it is critical to the model discussed here that a strongly-coupled positive Q-value
transfer channel actually be identified. Esbensen, et al. (1989) comment that their calculation
results in a cross section for the hypothetical reaction channel that is comparable to that for
single-nucleon transfer, which on the face of it seems unreasonably large for two-panicle
transfer. They therefore suggested a combination of a-particle and two-nucleon transfer,
which in turn led to the assumed +1 McV or -3 MeV effective Q-values that were used. (The
Q-values given above are for the ground state, wheras excited-state transfers are also expected
to be important) Our elastic-scattering data now point toward an increased importance of the
much more positive Q-value two-nucleon transfer channels. In principle, we should be able to
distinguish among the various possibilities, and even measure the cross sections for the
important transfer channels, since we used the kinematic coincidence technique.
Unforrunaiely, an unexpected energy-resolution problem with our PSD's has made it very
difficult to analyze the coincidence data. While we have not yet given up on identifying the
important transfer channels, and even measuring their yields, we are currently planning a new
experiment which will be able to provide definitive answers to these important questions. In
the meantime, it is clear from the elastic-scattering data that something very interesting is
occurring in the 40Ca+48Ca system, and that this phenomenon, whatever it is, is directly
affecting both the sub-barrier fusion yield and the clastic scattering.

6. Conclusions.

Elastic scattering measurements have been made for 32S + 58.64ĵ j a t s»Veral energies near the
Coulomb barrier display several significant differences with respect to earlier measurements
(Stefanini. et al. 1987a and 1990). In particular, there is no evidence in our data for the strong
deviation from Rutherford scattering at the lower energies. Consistent with this observation,
we were unable to locate the anomalously large direct reaction cross section hypothesized by
Udagawa, et al. (1989). Finally, we also find a different trend in the energy dependence of the
elasric scattering angular distributions. It is our conclusion that optical-model potentials
generated from analyses of the previous elasric scattering data are incorrect

Fusion excitation functions near to and well below the barrier have been obtained for 32S+
58.64 N:: a n d 3.15 + 64jvjj Some disagreements with existing fusion data, particularly at lower
energies and for tihe 32s+58jsjj system, are also observed. The differences are such as to
essentially remove the anomalous mass dependence of sub-barrier fusion apparent in the
Legnaro ria:2 (Stcfanini, et al. 1986). Thus, it would appear that previous attempts to correlate
the z'.zsilz-scattering and fusion channels (Stefanini et al. !987a, 1990 and Udagawa, et al.
:9:.c. zrt -jr.reiiabls.



A coupled-channels analysis of the new experimental data has achieved a very good
simultaneous description of elastic scattering and sub-barrier fusion, which gives confidence
that the theoretical model is fundamentally sound. Dynamical couplings arc clearly required to
explain the low-energy fusion rates, and the predicted increase in the single-nuclcon transfer
strength in going from 32S+58Ni to 32S+64Ni accounts for a significant part of the difference in
the corresponding elastic-scattering angular distributions.

Finally, our study of near-barrier clastic scattering in the 40Ca+48Ca system has shown that the
same theoretical model that works so well for S+Ni systems, and for 40Ca+4<^Ca, fails
completely in this case. Neither the sub-barrier fusion yield, nor the near-barrier elastic
scattering angular distributions, are reproduced. Esbenscn, ct al. (1989) considered an ad hoc
model in which an additional channel, beyond inelastic scattering and single-nucleon transfer,
is introduced. The coupling strength was adjusted to fit the sub-barrier fusion yield, and a
prediction for the elastic scattering angular distribution was generated under the assumption of
either a -3 MeV or +1 MeV effective Q-value for this channel. Our data rule out the -3 MeV
case, but bear a remarkable resemblance to the +1 MeV calculation and suggest that a
somewhat larger positive Q-value would be even better. It appears that positive Q-value
coupling generates a more extreme form of the refractive effect already seen in our S+Ni data,
while negative Q-value coupling leads to a repulsive polarization potential in the elastic channel,
and thus to a reduction in the elastic scattering yield just beyond the grazing peak, contrary to
experiment.

It remains to establish the identity of this hypothetical channel. The inferred coupling strength
leads to a very large cross section, comparable to that for single-nucleon transfer. The large
inferred Q-value suggests that the role played by the two-nucleon modes, and particularly two-
proton transfer which has an exceptionally large positive Q-value, needs to be considered.

This work was supported by the U.S. NSF under Contract No. PHY88-03035, and by the
U.S. Dept. of Energy under Contract No. W-31-109-ENG-38.

7. References.

Aljuwair H A, et al. 1984 Phys. Rev. C 30 1223
Broglia R A and Winther A \9%\ Heavy Jon Reactions (Benjamin: New York) Vol. 1
Doubre H, et al. 1977 Phys. Rev. C 15 693
Esbensen H, Fricke S H, and Landownc S 1989 Phys. Rev. C 40 2046
Esbensen H and Videbaek F 1989 Phys. Rev. C 40 126
Guthrod H H, Winn W G, and Blann M 1973 Nucl. Phys. A213 267
Nagarajan M A and Satchler G R 1986 Phys. Lett. B173 29
Richtcr M, et al. 1977 Nucl. Phys. A278 163
Satchler G R, Nagarajan M A, Lilley J S, and Thompson IJ 1990 Phys. Rev. C 41 1869
Scobel W, Gutbrod H H, Blann M, and Mignerey A 1976 Phys. Rev. C 14 1808
Stefanini A M, et al. 1986 Nucl. Phys. A456 509
Stcfanini A M, ct al. 1987a Phys. Rev. Lett. 59 2852
Stcfanini A M, ct al. 1987b Phys. Lett. B185 15
Stefanini A M, et al. 1990 Phys. Rev. C 41 1018
Stelson P H 1988 Phys. Lett. B205 190
Sugiyama Y, et al. 1989 Phys. Rev. Lett. 62 1727
Thorn C E, et al. 1977 Phys. Rev. Lett. 38 384
Udagawa T, Tamura T, and Kim B T 1989 Phys. Rev. C 39 1840


