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Time-of-flight (TOF) measuremcnts of the velocity spectra of residues produced in
reactions induced by light heavy-ion projectiles (14 < A < 20) have shown that at higher
bombarding energies (Ejab > S - 8 MeV/nucleon) the velocity centroids are inconsistent,
in many cases, with that expected for a complete fusion reaction [1 - 4). These results
have been interpreted as evidence that some fraction of the evaporation residues
produced arise from a composite nucleus, formed in a pre-equilibrium or incomplete
fusion process, which is moving at a different velocity from that of the complete fusion
compound nucleus. A recent study suggests that these incomplete fusion processes

depend on the mass asymmetry of the entrance channel [5].

To study possible entrance channel effects in these reactions and to investigate the
dgpcndcncc of such processes on heavier projectiles, measurements involving a pulsed

beam and 12C, 28Si, and 40Ca targets were performed using the ANL ATLAS
facility. TOF mcasurcmcnts at 28Si bombarding encrgics of 11.0, 14.3, and 16.1 MeV/u
were carried out to establish the total cvaporauon residue cross section behavior for
complete and incomplete fusion. Reported in this abstract are the preliminary results of

the 28Si + 12C study.

Two TOF detectors were used to identify the 28Si + 12C reaction products. In the first, a
microchannel plate detector provided the start signal and a AE-E telescope was used to .,
obtain the stop signal (AE) and full energy (AE + E) of each particle. In the second TOF tﬁ i’%
arm, a AE-E telescope was again used to obtain the stop (AE) and full energy (AE + E) "%
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signals. In this case, however, mass identification was obtained by tming against the
pulsed ATLAS beam.

To ensure accurately calibrated energy spectra, each measured fragment encrgy was
corrected event-by-event for energy losses in the target, channel plate foil (in the one
time-of-flight arm), gold layers on the fronts of the AE and E telescope detectors, and
aluminum layer on the back of the AE detector. (It should be noted that most of the
residues of interest were stopped in the AE detector.) In addition, pulse height defect
corrections based upon the method of Kaufman were taken into account for each of the
Si detectors [6]. Plasma delay corrections which affect the timing signal obtained form
Si detectors were also incorporated into the analysis. In this correction, the set of
empirical formulae established by Bohne, et al., were used [7].

The velocities of the reaction products were extracted event-by-event using two
techniques: 1) by direct time-of-flight measurement cormrected for plasma delay, and 2)
using the measured energics comrected for pulse height defect and energy losses. Good
agreement between the two sets was found.The velocity spectra which were used in the
analysis were the ones from the energy measurements.

Reaction products were detected over an angular range from 30 to 200. The absolute
cross section was obtained by normalizing the elastic scattering data with the results of an
optical model calculation using the 288i + 12C parameter set H12 of DeVries (8].

The velocity spectrum for each residue mass (12 < A < 39) was individually inspected to
determine the magnitudes of the complete and incomplete fusion components and to
identify any yield which might arise from competing reaction processes. The non-
evaporation component, found primarily within three mass units of the projectile mass,
was readily identifiablc as it had a near-projectile velocity. The velocity centroids for the
fusion-evaporation events, on the other hand, were approximately one half that of the
beam velocity. Further, the magnitude of the non-fusion component fell very rapidly
with angle, in most cases exhausting its strength by 80-100. The fusion-evaporation

component extended out to about 200,

The complete fusion component of the evaporation residues was determined by a
comparison of the experimental velocity spectra with the velocity spectra predicted by
the Monte-Carlo Evaporation Code LILITA [9]. The maximum yield consistent with
complete fusion was determined by normalizing the magnitude of the predicted velocity
distribution to the distribution observed for each mass at each angle. Held fixed in this
analysis was the width and position of the predicted velocity distribution. This procedure
is believed to provide a limit on the maximum possible complete fusion cross section.

The summed angular distributions (12 < A < 39) for the complete fusion yield (dashed
curve) and the total evaporation residue yield (incomplete + complete - solid curve) for
the 14.3 MeV/u data are presented in Fig. 1. The integrated cross sections, found by
using a smooth extrapolation between data points, for all bombarding energies studied in
this experiment are presented in Table I as Decomposition 1.

The dotted curve in the Fig. 1 is the complete fusion angular distribution predicted by
LILITA. As can be seen, the calculated angular distribution is narrower than that
associated with the yields identified in our velocity decomposition as consistent with
complete fusion evaporation residues. In an attempt to understand the origin of the
enhanced back-angle yield in the experimental angular distributions, the angular
distributions of the individual mass residues were studied. We found that the heavy
residue masses (A > 24) were well predicted by the LILITA calculation over the entire



angular range. The experimental angular
distributions for the lighter residues (A <
22), however, were substantally broader
than those predicted by LILITA. This is
illustrated in Fig. 2. The origin of this
broadening is not fully understood at
present. It is not clear whether the result is
attributable to the inadequacics of the
LILITA calculations, not including for
example the emission of heavy particles like
8Be, or whether there has been 8
misidentification of fusion events. An
integration of the LILITA angular
distributions (normalized to the data at
forward angles) was performed to provide
an estimate of the complete fusion cross
section in the event that the back-angle
broadening arises from some reaction
process other than fusion (sec Table I,

Decomposition 2).

Our integrated cross sections have been
included in the 1/E¢cm. plot presented in
Fig. 3. The results are shown as bars, the
lower limit corresponding to the value
obtained by following the LILITA angular
distribution and the upper limit by following
the extracted experimental points. As can
be seen in the figure, our results are in good
agreement with the theoretical predictions of
Frobrich [10]. We are, however, in poor
agreement with the trend in the data
suggested by the recent study of Harmon et
al. [11]. As can be seen in Fig. 3, Harmon's
results are not in agreement with an earlier
experimental study.

Finally, the ratio of complete fusion to total
evaporation residue cross section shown in
Fig. 4, are consistent with the Morgenstern
systematics which argue for an entrance
channel mass asymmetry dependence of the
incomplete fusion process. However, it
should be noted that the procedure used to
identify the complete fusion yield can only
provide an upper limit on the cross section,
and if significant pre-equilibrium single or
two nucleon emission is present our
procedure will over estimate the cross

section.
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Fig. 1. Angular distribution of the

total evaporation residues (solid),
complete fusion (dashed), and LILITA
(dotted) at 1l4.3 MeV/u.
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Fig. 2. Angular distributions

for the complete fusion yields
of masses 28 and 18. The solid
curves are the LILITA predictions.



Table I 2851+ 12C integrated cross sections.

Evaporation Residues Complete Fusion
Energy (complete + incomplete) Decomp 12 Decomp2b
MeV/u mb mb
11.0 1222 772 722
143 1100 597 497
16.1 1171 537 414

8 Decomposition consistent with the experimental velocity distribution.
b Decomposition coasistent with the experimental velocity distribution and the angutar distribution predicted by LILITA.
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence hercin to any specific commercial producy, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thercof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of tne
United States Government or any agency thereof,



