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Proton and a-particle correlations with evaporation residues were measured over the com-

plete angular range in the interaction of a 450-MeV *°Ca beam with a '2C target.

Compar-

isons of the data with predictions of the statistical model and expectations for complete fu-
sion from the kinematics provide clear and consistent evidence of incomplete fusion due to pre-
equilibrium emission of both protons and a particles from the 2C target. However, there is con-
flicting evidence both for and against preequilibrium emission from the projectile.

PACS number(s): 25.70.Jj, 25.70.Mn

I. INTRODUCTION

The study of linear-momentum transfer in relatively
light, heavy-ion systems (Aprojectile + Atarget < 60) at
bombarding energies around and above 10 MeV /nucleon
has received considerable attention in recent years [1-10].
In these studies, the velocity distributions of evaporation
residues are compared to that expected for a complete-
fusion reaction in which the full linear momentum of
the projectile is transferred to the compound nucleus.
In studies of reactions involving asymmetric systems in
which the projectile is lighter than the target, the velocity
centroids of the heavy residues are found to be shifted to
lower velocities than expected for full linear-momentum
transfer. When the projectile is heavier than the tar-
get, the distributions are shifted to higher velocities than
expected. For symmetric systems, a broadening of the
velocity distributions rather than a shift in the centroids
is observed. These results have been interpreted as evi-
dence that some fraction of the evaporation residues arise
from a composite nucleus, formed in a preequilibrium or
incomplete-fusion process, that is moving at a different
velocity than the complete-fusion compound nucleus due
to the emission of preequilibrium particles. This behavior
is qualitatively consistent with the picture that particle
emission from (or breakup of) the projectile and/or tar-
get occurs (some fraction of the time) prior to fusion,
and that the emission from the lighter reaction partner
is dominant.

The origin of the preequilibrium emission of light par-
ticles associated with incomplete fusion is unknown and
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one of the interesting questions is whether the incomplete
momentum transfer is the result of the emission of pre-
dominantly nucleons or of heavier particles. Several coin-
cidence experiments [11-15] have been performed to in-
vestigate preequilibrium emission in these relatively light
systems. The results of three studies of rather asymmet-
ric systems [11-13] indicate that preequilibrium o emis-
sion plays an important role. In a study of the 2°Ne+27Al
reaction at E(?°Ne)=19.2 MeV /nucleon, a preequilib-
rium a component was identified; however, it was de-
termined that it accounted for at most % of the momen-
tum lost in the incomplete fusion process [14]. On the
other hand, measurements for the *N+!2C system at
E(**N)=12.9 MeV /nucleon yielded results for a-particle
correlations and energy spectra consistent with evapora-
tion [15].

In recent years, considerable progress has been made
in the development of various theoretical descriptions of
preequilibrium emission. Most of these models are based
on either the Fermi jet approach [16-18], the Boltzmann
master equation [19], or the Landau-Vlasov equation [20].
In general, these models have provided reasonable de-
scriptions of the rather sparse preequilibrium nucleon
data that exist. However, these models are appropriate
only to explain nucleon emission and it is possible that
preequilibrium emission of composite particles is impor-
tant (for which there are no promising models proposed).
A much broader range of nucleon and cluster emission
spectra gated on central collisions are needed to provide
more severe tests of these models and future efforts in
the description of preequilibrium particle emission. It
is important to develop a quantitative understanding of
preequilibrium particle emission so that it can be used to
probe the very early stages of heavy-ion collisions.

In this paper we report on a detailed measure-
ment of protons and o particles emitted in coincidence
with evaporation residues for the 4°Ca+!2C system at

948 ©1994 The American Physical Society



49 LIGHT-PARTICLE CORRELATIONS WITH EVAPORATION. .. 949

E(%°Ca)=450 MeV. The energy spectra of the evapora-
tion residues and the energy and angular distributions of
the light particles are compared with predictions of the
statistical model for complete fusion and equilibrium de-
cay. The proton energy spectra are also compared with
the predictions of a preequilibrium emission model [18].

The experimental procedure is described in Sec. II.
In Sec. III the experimental results are presented. The
results are discussed in the context of previous measure-
ments and existing models in Sec. IV, and a summary is
presented in Sec. V.

II. EXPERIMENTAL PROCEDURE

The experiment was performed with a pulsed, 450-
MeV %°Ca beam from the Argonne National Labora-
tory ATLAS facility. The time resolution of the beam
pulses was better than 200 ps [full width at half maxi-
mum (FWHM)] with a period of 82.5 ns. The beam was
incident on a 100-ug/cm? carbon target mounted in the
ATLAS 91-cm scattering chamber. The heavy ions were
detected at 4.5° in a large-solid-angle, time-of-flight de-
tector system. This system consists of a parallel-plate
avalanche counter for timing and position information
and a Bragg-curve spectrometer [21] to obtain the en-
ergy and Z identification of the heavy ions. The detector
was mounted on the vacuum extension box of the scat-
tering chamber at a distance of 1.00 m from the target
and subtended a solid angle of 5.5 msr. The timing in-
formation was used to aid in the separation of heavy ions
from quasielastic and fusion events. An example of the Z
resolution attained is shown in Fig. 1 where the energy
is plotted as a function of the range of the heavy ions
detected in the Bragg-curve spectrometer.
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FIG. 1. Two-dimensional spectrum of energy versus range
of heavy ions detected in the Bragg-curve spectrometer for
0Ca+12C at E(4°Ca)=450 MeV and 6y; = 4.5°. A gate
on the two-dimensional energy versus time-of-flight spectrum
was used to exclude quasielastic events from this spectrum.

The light particles were measured at 23 in-plane angles
with 12 telescopes consisting of surface-barrier AE detec-
tors and lithium-drifted silicon £ detectors. The distance
of these telescopes from the target ranged from 19.5 to
41.0 cm, and the solid angles varied from 0.577 msr at
the most forward angles to 10.75 msr at the backward
angles. Identification of the light particles was achieved
using the rf-beam timing of ATLAS and is illustrated in
Fig. 2. Shown in Fig. 2 is a two-dimensional spectrum
of energy deposited in the AE detector versus time of
flight (TOF) for light particles detected at —55° in co-
incidence with evaporation residues. The negative angle
refers to the opposite side of the beam from the heavy-ion
detector.

The energy calibration of the Bragg-curve spectrom-
eter was derived using the alpha groups from a 228Th
source and a precision pulser. The slopes of the time-
to-amplitude converters (TAC’s) used for the TOF mea-
surements of the light particles were determined using
a time calibrator. The pedestal (or to) for each TAC
was obtained using the protons and alpha particles that
penetrated the AE detectors. The energies of the light
particles were then calculated from the TOF calibrations
and the measured flight paths.

Signals from the AE detectors were used to trigger
the electronics. As a result there are high-energy cutoffs
in the proton spectra due to the fact that high-energy
protons do not lose enough energy in the AE detectors
to produce signals above the discriminator thresholds.
The high-energy cutoff depends on the thickness of the
AFE detector and the discriminator threshold level, but
is typically about 30 MeV.
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FIG. 2. Two-dimensional spectrum of energy deposited in
the AE detector versus time of flight (TOF) for light particles
detected at —55° in coincidence with evaporation residues
detected at 4.5° for *°Ca+!2C at E(*°Ca)=450 MeV. The
negative angle refers to the opposite side of the beam from the
heavy-ion detector. The foldover exhibited in the spectrum is
due to the fact that the high-energy particles are not stopped
in the AFE detector.
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III. EXPERIMENTAL RESULTS
A. Statistical-model calculations

The complete-fusion and equilibrium-decay process
has been modeled with the Monte Carlo computer code
PACE [22] to aid in the interpretation of the data. This
calculation was performed with a total fusion cross sec-
tion of 900 mb obtained from a surface-friction-model
calculation by Frobrich [23] for the *0+4%°Ca system.
Discrete energy levels were used for the low-excitation-
energy region of each nucleus involved in the evaporation
cascades. A level-density parameter of a = A4/8.5 MeV ™!
was used at higher excitation energy. An “event” file
was created that contained the history of 108 cascades.
The history includes the mass, charge, and energy of the
evaporation residues as well as the energies and angu-
lar momenta of the emitted light particles. The file was
then scanned with the experimental detector positions
and solid angles to construct the energy and angular dis-
tributions of the evaporation residues and light particles.

For comparison, the calculation was also performed
with the statistical-model code LILITA [24] for fewer cas-
cades. The results of the two calculations were in good
agreement.

B. Evaporation residues

Approximately 75% of the evaporation residues de-
tected were isotopes of K, Ca, or Sc. An energy spec-
trum of Sc residues is shown in Fig. 3. The solid curve
is the PACE prediction for complete fusion normalized to
the maximum value consistent with the data. The ex-
perimental energy distribution is shifted to higher en-
ergy than predicted by the PACE calculation, indicat-
ing significant incomplete fusion due to preequilibrium
emission from the 2C target. This was observed for all
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FIG. 3. Energy spectrum of Sc residues detected at 4.5°
for *°Ca+!2C at E(*°Ca)=450 MeV. The solid curve is the
result of a PACE [22] calculation for the complete-fusion equi-
librium-decay process.

residue Z groups. The shape of the spectra was found to
be consistent with the assumption that contributions to
incomplete fusion corresponding to preequilibrium emis-
sion from the *°Ca projectile are negligible. By normal-
izing the PACE predictions to the maximum value con-
sistent with the data, it is estimated that at most 35%
of the evaporation residues arise from complete fusion.
These results are consistent with the systematics estab-
lished by Morgenstern et al. [3] from the measurements
of inclusive evaporation-residue velocity spectra.

C. a-particle correlations

The energy spectra of a particles measured at 6, =
=T7°, —27°, —45°, —65°, —95°, +15°, +25°, +45°, +65°,
and +75° in coincidence with evaporation residues with
12 < Zgr < 24 are shown in Fig. 4. Negative and
positive angles refer to the opposite and same side of
the beam as the heavy-ion detector, respectively. The
vertical scale in the figure indicates the a-particle double-
differential multiplicity (d>M,/dQ0adE,) defined by

d?M,  d%0/dQdQmdE,
dQdE,  (do/dQui)e,

where (do /dQup)ey, is the differential cross section of the
evaporation residues measured at 0g; = 4.5°. The solid
curves shown in the figure are the results of the PACE cal-
culation for complete fusion and equilibrium decay. The
agreement with the data at forward angles (|6,| < 45°)
is quite reasonable except at the most forward angles on
the opposite side of the beam. The experimental spec-
trum at —7° shows a large probability of a particles with
energies between 25 and 65 MeV which is not predicted
by the calculation. Also, the high-energy slope of the
experimental spectra at —7° and —27° are steeper than
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FIG. 4. Energy spectra of a particles detected in coinci-
dence with evaporation residues (12 < Zgr < 24) observed at
4.5°. Negative and positive angles refer to the opposite and
same side of the beam as the heavy-ion detector, respectively.
The solid curves are the results of PACE [22] calculations for
the complete-fusion equilibrium-decay process.
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FIG. 5. Angular correlation of a particles with evapora-
tion residues (12 < Zgr < 24) detected at 4.5° (squares).
The solid curve is the result of the complete-fusion equilib-
rium-decay calculation performed with the code PACE [22].
The diamonds indicate the angular distribution of preequilib-
rium (PE) a particles obtained by subtracting the calculation
from the data.

predicted. At angles larger than 45° the calculations un-
derpredict the experimental spectra.

Integrating over the a-particle energy spectra, we ob-
tain the angular correlation (squares) shown in Fig. 5.
The solid curve is the statistical-model prediction for
complete fusion and equilibrium decay. The calculation
provides a good description of the data at angles around
45° on both sides of the beam; however, it underpredicts
the data at the more forward and backward angles.

The angular correlations of a particles with residues
of K, Ca, and Sc are shown in Fig. 6. The solid curves
shown in the figure are the results of the statistical-model
calculation for complete fusion and equilibrium decay.
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FIG. 6. Angular correlations of a particles with residues
of K, Ca, and Sc detected at 4.5°. The solid curves are the
results of PACE [22] calculations for the complete-fusion equi-
librium-decay process.

From this figure it can be seen that the discrepancies
between the data and the calculation become more pro-
nounced with increasing Z of the evaporation residues.

D. Proton correlations

Although the experiments were primarily designed for
a-particle correlations with heavy ions, protons were also
detected in these measurements. The energy spectra of
protons measured at fp = —T7°, —45°, —95°, —140°,
—170°, +25°, +45°, +75°, +120°, and +150° in coin-
cidence with evaporation residues with 12 < Zggr < 24
are shown in Fig. 7. The solid curves are the results
of the PACE calculation for complete fusion and equilib-
rium decay. The agreement between the data and the
predictions at forward angles is poor. The experimental
spectra at —7° and +25° show an enhanced yield at low
energies. Also, the high-energy slopes of the forward-
angle spectra are steeper than predicted. The agreement
between the data and the calculations improves at larger
angles and is fairly good at —95° and +75° as shown in
the figure. However, at backward angles the statistical
model underpredicts the experimental spectra.

The angular correlation obtained by integrating the
proton energy spectra (squares) is compared with the
PACE prediction for complete fusion and equilibrium de-
cay (solid curve) in Fig. 8. The calculation overpredicts
most of the data at forward angles and underpredicts the
data at backward angles. The overprediction of the data
at forward angles may, at least in part, be due to the
high-energy cutoffs in the proton energy spectra.

The angular correlations of protons with residues of K,
Ca, and Sc are shown in Fig. 9. The solid curves shown
in the figure are the results of the statistical-model calcu-
lation for complete fusion and equilibrium decay. As in

Rl 1 *-_, +25°(x10°)
. g —7°(x 109) 108 ]
po o MT
.I:“ []
® S +45°(x10%)
"2 tot mﬁ‘(xm‘) 108 oy 4
1 [} ’
:""; ’ﬂ? ¢ i ’ﬁ
i o 4
o —95°(x10%) = +75°(x10%)
0
‘t‘{ 100 | 100 }
S &
%
E Ny - 140°(x10%) p“{'ﬂ +120°(x10%)
* ~, T 107 My 1
o \'q- -170° ) f’ff +150°
L]
) 20 PPy Py 10-8 o = = =
Ep (MeV)

FIG. 7. Energy spectra of protons detected in coincidence
with evaporation residues (12 < Zgr < 24) observed at 4.5°.
Negative and positive angles refer to the opposite and same
side of the beam as the heavy-ion detector, respectively. The
solid curves are the results of PACE [22] calculations for the
complete-fusion equilibrium-decay process.
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FIG. 8. Angular correlation of protons with evaporation
residues (12 < Zgr < 24) detected at 4.5° (squares).
The solid curve is the result of the complete-fusion equilib-
rium-decay calculation performed with the code PACE [22].
The dashed curve is the calculation normalized to the data at
0p = —55°. The diamonds indicate the angular distribution
of preequilibrium (PE) protons obtained by subtracting the
renormalized calculation from the data.

the case of the a correlations, the discrepancies between
the data and the calculation become more pronounced
with increasing Z of the evaporation residues.

IV. DISCUSSION

There is clear and consistent evidence from the data of
preequilibrium emission of both a particles and protons
from the target. The evaporation-residue energy spec-
tra (Fig. 3) are shifted to higher energy than predicted
by PACE and expected from the reaction kinematics for
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FIG. 9. Angular correlations of protons with residues of
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K, Ca, and Sc detected at 4.5°. The solid curves are the
results of PACE [22] calculations for the complete-fusion equi-
librium-decay process.

complete fusion. This indicates that there is significant
incomplete fusion due to preequilibrium emission from
the target. Also, the a-particle and proton yields at
backward angles are much larger than predicted by the
statistical model. One would expect that any preequilib-
rium particles emitted from the target will be detected at
large angles. In fact, due to the reverse kinematics em-
ployed in this reaction, nearly all of the statistical light
particles fall in the forward hemisphere and, therefore,
the light particles detected at backward angles in coin-
cidence with evaporation residues are almost exclusively
preequilibrium. It should also be pointed out that light
particles evaporated from a reduced compound nucleus
formed in an incomplete-fusion reaction due to preequi-
librium emission from the target will be even more for-
ward focused since the reduced compound nucleus will be
moving with a higher velocity than the complete-fusion
compound nucleus.

From the comparisons of the PACE predictions for com-
plete fusion with the data, there is conflicting evidence
both for and against significant preequilibrium emission
from the projectile. The shapes of the energy spectra
of the evaporation residues are consistent with the as-
sumption that preequilibrium emission from the projec-
tile is negligible. These observations are compatible with
the results of earlier inclusive measurements [1-10] of
evaporation-residue velocity distributions which indicate
that emission from the lighter reaction partner is dom-
inant. The estimate that an upper limit of 35% of the
evaporation residues arises from complete fusion is also in
agreement with the systematics established by Morgen-
stern et al. [3] and supported by recent measurements
[6-9]. This estimate was obtained by normalizing the
PACE predictions for complete fusion to the maximum
value consistent with the data with the assumption that
preequilibrium emission from the projectile is negligible.

On the other hand, comparisons of the statistical-
model predictions for complete fusion and equilibrium
decay with the light-particle data suggest that there may
be preequilibrium emission from the projectile. There
appears to be beam-velocity components in the energy
spectra at forward angles for both «a particles (Fig. 4) and
protons (Fig. 7). An « particle traveling with the beam
velocity would have an energy of 45 MeV, while a beam-
velocity proton would have an energy of 11 MeV. Light
particles traveling at the beam velocity are expected in
the simplest pictures of incomplete fusion due to pre-
equilibrium emission from the projectile. Also, from a
comparison of the experimental (squares) and calculated
(solid curve) a-particle angular correlations shown in Fig.
5, it can be seen that the calculation underpredicts the
data at forward angles as well as at backward angles.
After subtracting the calculation from the data, we ob-
tain the angular distribution of the apparent nonstatis-
tical component shown as the diamonds in Fig. 5. This
distribution is forward peaked and roughly symmetric
around the beam which is also expected in the simplest
pictures of incomplete fusion due to preequilibrium emis-
sion from the projectile. There is also a second peak in
the distribution centered around —70° which might be
taken as evidence that some « particles escape from the
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projectile with a substantial transverse velocity compo-
nent and not simply in the initial beam direction. Evi-
dence for this type of process has been reported [25] for
12Ca+197 Ay, 1%9Gd, and 2°Sn reactions at E(12C)=5.5—
10 MeV /nucleon where it was found that the angular dis-
tributions for incomplete fusion peaked at significantly
larger angles than those for complete fusion.

The proton differential multiplicities (squares) shown
in Fig. 8 are overpredicted by the PACE calculation for
complete fusion and equilibrium decay (solid curve) at
most of the forward angles. As mentioned earlier, this
may, at least in part, be due to the high-energy cutoffs in
the proton energy spectra. If we assume that the shape
of the calculation is correct and normalize it to the data
at —55°, we obtain the dashed curve shown in the figure.
Comparing the shape of the normalized calculation with
the experimental distribution, an extra component is ap-
parent. The angular distribution of this extra component
was obtained by subtracting the renormalized calculation
from the data and is shown as the diamonds in Fig. 8. As
with the a correlations, this distribution is roughly sym-
metric around the beam direction and peaked at forward
angles.

Another discrepancy between the data and the PACE
calculation for complete fusion is that the high-energy
slopes of the proton spectra measured at forward angles
are steeper than the predictions. A similar, although less
dramatic, disagreement is seen for the a-particle spectra
measured at forward angles on the opposite side of the
beam from the heavy-ion detector. Statistical-model cal-
culations for the formation of reduced compound nuclei
that might be formed in a simple picture of incomplete
fusion suggest that this is not a simple effect due to the
presence of incomplete fusion.

Since nearly all of the light particles observed at back-
ward angles (§ > 65° for a particles and 6 > 120° for
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FIG. 10. Averaged energy spectra of protons detected in
coincidence with evaporation residues (12 < Zgr < 24) ob-
served at 4.5°. The spectra were obtained by averaging the
energy spectra taken at the same angle on either side of the
beam. The solid curves are the results of calculations with the
nucleon-exchange transport model for preequilibrium emis-
sion [18].

protons) in coincidence with evaporation residues are
of preequilibrium origin, the large-angle spectra should
provide a good test for preequilibrium emission models.
Shown in Fig. 10 are averaged proton energy spectra
compared with the predictions of the nucleon-exchange-
transport model for preequilibrium emission [18] (solid
curves). The experimental distributions were obtained
by averaging energy spectra taken at the same angle
on either side of the beam to remove the experimen-
tal asymmetry and facilitate the comparison with the
preequilibrium-emission model. The model overpredicts
the high-energy portion of the energy spectra at forward
angles. As one goes back in angle, the agreement between
the calculation and the data improves, and at 75° it is
quite good. However, at backward angles the calculation
overpredicts the spectra. Emission at backward angles
is induced in the model by nucleons originating in the
target and propagating through the projectile. Similar
discrepancies between the predictions and data at back-
ward angles have been observed previously [18].

V. SUMMARY

We have performed a detailed measurement of a par-
ticles and protons emitted in coincidence with evapora-
tion residues produced in the *°Ca+!2C reaction using
a pulsed 450-MeV “°Ca beam from the ATLAS facility.
The evaporation residues were detected and Z identi-
fied with a large-solid-angle, time-of-flight detector sys-
tem. Energy spectra were obtained for each evaporation-
residue Z group. These energy spectra are shifted to
higher energy than expected for complete fusion, indicat-
ing the presence of significant incomplete fusion due to
preequilibrium emission from the 2C target. The shape
of the evaporation-residue energy spectra is consistent
with the assumption that incomplete fusion due to emis-
sion from the projectile is negligible. Comparisons of the
evaporation-residue energy spectra with statistical-model
predictions for complete fusion suggest that at most 35%
of the evaporation residues arise from complete fusion.

Energy and angular distributions were generated
for a particles and protons in coincidence with each
evaporation-residue Z group. The light-particle yield at
backward angles are much larger than predicted by the
statistical model and expected from reaction kinemat-
ics for complete fusion and equilibrium decay, indicating
the presence of considerable preequilibrium emission of
both a particles and protons from the 2Ca target. Com-
parisons of the forward-angle, light-particle data with
statistical-model predictions for complete fusion also sug-
gest that there may be preequilibrium emission from
the projectile in contradiction with the results from the
evaporation-residue energy spectra.

We have also compared the averaged proton energy
spectra with the predictions of the nucleon-exchange-
transport model for preequilibrium emission [18]. While
the agreement between the calculation and the data
is reasonable at 75°, the calculated proton spectra are
harder than the data at forward angles and overpredict
the yields at backward angles.
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