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Transition from complete to incomplete fusion in asymmetric heavy ion reactions
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Complex fragments with atomic numbers between those of the target and the projectile have
been detected from the reactions of 26 and 31 MeV/nucleon Xe + C, Al, Ti, and Cu. Angular
distributions, cross sections, and velocity spectra of these fragments were extracted from the inclusive
data. The velocity of the emitting source and Z-total distributions were reconstructed from the
twofold coincidence data. These results are used to characterize the emission source of the complex
fragments. The results are compared to a geometric incomplete fusion model calculation. Agreement
between the model and the data is good.

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

I. INTRODUCTION

The characterization of the source of complex frag-
ments (Z )3) in heavy ion induced reactions is presently
of great interest. Complex fragment (CF) emission has
been observed at both low [1—8] and intermediate [9—31]
bombarding energies for a wid. e variety of reaction sys-
tems. Two sources of complex &agments have been ob-
served, a "nonequilibrium" source that is characterized
by forward peaked angular distributions in normal kine-
matic reactions [9, 10, 32] and a second, "equilibrium"
source that is characterized by Coulomb-like velocities
and 1/sin8 angular distributions in the center-of-mass
frame [4—10]. This second source has been shown [33] to
come mainly &om the statistical decay of an excited com-
pound nucleus (CN) formed in either fusion, or, at larger
bombarding energies, an incomplete fusion process.

CF emission &om excited compound nuclei has been
systematically studied for asymmetric entrance channels

(X + C and Al), where X ranges across the Periodic ta-
ble. At bombarding energies below =10 MeV/nucleon,
CF emission by the CN is rare [1—3,7]. This is due to the
low excitation energy attained in these near Coulomb
barrier bombarding energies. However, as the bombard-
ing energy is increased, the maximum excitation energy
increases and the probability of CF emission rises rapidly
[4-7,9,10].

For asymmetric entrance channels reactions at low
(E/A(20 MeV) bombarding energies, many of the fea-
tures of the "equilibrium" CF production are quantita-
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tively described [4—7] by assuming a complete fusion re-
action mechanism and then calculating the decay of the
resulting CN using the statistical decay code GEMINI [4].
However, this statistical approach fails to reproduce the
data from asymmetric systems at higher (E/A)35 MeV)
bombarding energies [21, 22, 34, 35]. If this failure is due
to the change of reaction mechanism from complete to
incomplete fusion, one should use an incomplete fusion
model to describe the production of the primary frag-
ments as a function of impact parameter rather than the
complete fusion model. The primary fragments could
then be used as the starting point for a statistical model
calculation describing their decay.

Studies of more symmetric reaction systems exhibit
a more complicated picture [8, 22, 34, 35]. CF's are
no longer associated with a single source, but rather
with a broad range of sources. A study [8] of the 18
MeV/nucleon ssLa + Ni reaction concluded that this
broad distribution of sources is produced by an incom-
plete fusion process. Incomplete fusion leads to di8'er-

ent mass transfers as a function of impact parameter,
producing CN with systematically varying masses, exci-
tation energies, and angular momenta. By selecting a
given source velocity, it was possible to characterize the
product formed. in a specific incomplete fusion process
and its decay.

In the present work we report on the results for
CF emission &om the reactions of Xe at 26 and 31
MeV/nucleon with targets of C, Al, Ti, and Cu. By
using reverse kinematics rather than normal kinematics,
the fragments have a larger kinetic energy, so that they
are easily detected and identified in AE —E telescopes.
However, since in reverse kinematics the &agments are
forward focused, heavy &agments can be lost as they are
concentrated at small angles near the beam and careful
position measurements must be made to extract angular
distributions. Data were taken at two energies intermedi-
ate to those used in the previous studies [6,8,22], so that
the transition &om complete fusion to incomplete fusion
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could be examined. Four targets were used so that the
effect of varying the entrance channel asymmetry could
be studied. In the present study, we compared the data
with the results from a model using incomplete fusion to
simulate the first stage of the reaction and then, in the
second stage, we used a statistical decay code to simu-
late the deexcitation of the excited fragments from the
incomplete fusion process.

II. EXPERIMENT

Beams of 26 MeV/nucleon l sXe + and 31
MeV/nucleon l2 Xe2s+ produced by the K1200 cyclotron
at the National Superconducting Cyclotron Laboratory
at Michigan State University were reacted with thin tar-
gets of l C (1.0 mg/cm ), Al (2.0 mg/cm ), " Ti (2.2
mg/cm ), and " Cu (2.9 mg/cm ). The K1200 cyclotron
provided beam intensities of approximately 0.2 pnA. The
detection apparatus consisted of eight detector telescopes
arranged in a plane with four telescopes on either side of
the beam. Each telescope consisted of a gas AE section,
and a 5 mm Si(Li) E, and was position sensitive in two
dimensions. These detectors have been described else-
where [4] and are similar in design to earlier gas AE/Si E
heavy ion telescopes [36]. Low intensity beams of l C2+,

Ar + Kr + and Xe + at 26 Mev/llucleoll alld
Xe + at 31 MeV/nucleon were directed into each de-

tector for calibration purposes. The filling gas was car-
bon tetrafIuoride and was maintained at a pressure of 30
torr. The gas AE segment was calibrated by measuring
the difference in the energy deposited in the Si detector
with and without the gas in the detector. The overall er-
ror in the energy calibration of each detector is estimated
to be 1%%uo and individual Z values were resolved up Z =
30. The vertical position was measured by the drift time
in the gas chamber and the horizontal position by resis-
tive division of the Si(Li) signal. The position spectrum
was calibrated using a 49-hole mask which could be re-
motely placed in &ont of the telescope. The total in- and
out-of-plane coverage was 25 and 10, respectively.

III. RESULTS AND DISCUSSION

A. Source and emission velocities

In general, the characterization of the source of CF's
is a complex problem. However, for very asymmetric re-
actions, the problem is easier as one typically observes
a single source. If one plots the velocity distribution for
the CF's f'rom a very asymmetric reaction in the V~~-V~
plane, one observes a circular ring of approximately con-
stant 0 o'/BV~~BV~ for each Z value. The radius of this
ring is related to the Coulomb repulsion of the emitted
fragments. Moreover, if the yield along the circumference
of the ring is isotropic in da /d0, this is an indication of a
long-lived source that had undergone binary decay. Thus,
plots of the distribution of &agment velocities in the V~~-

U~ plane can give valuable information on the reaction
process.

In order to identify the source, or sources, of CF's in
these reactions, the observed kinetic energy distributions

should be transformed into velocity distributions. How-
ever, the mass of the fragment was not directly measured
and a transformation from Z to mass is required. The
velocity of each fragment was determined using the mea-
sured kinetic energy and Z value by assuming that the
mass is given by

A = 2.08Z+ 0.029Z .

This expression is valid for heavy nuclei that have un-
dergone extensive evaporation [4]. From the calculated
velocity and the measured scattering angle, a distribu-
tion of 8 o./BV~~BV~ was generated for each atomic num-
ber. The limited out-of-plane acceptance was accounted
for by calculating the fraction of the out-of-plane angles
covered at a particular 0 angle and then multiplying the
data at that angle by the reciprocal of the fraction sub-
tended. The out-of-plane acceptance at a particular 0
angle ranged from 17%%uo at small angles to 3%%uo at large
angles. Some representative double differential velocity
distributions are shown in Figs. 1 and 2 for the reactions
at 26 MeV/nucleon and 31 MeV/nucleon, respectively.
(The distributions for the reactions at 31 MeV/nucleon
are incomplete due to an incomplete coverage of the lab-
oratory angular range. ) The data have been made sym-
metric about the beam and smoothed to aid presenta-
tion. For the very asymmetric Xe + C and Al reac-
tions, these distributions show well-defined rings for all
Z values. These rings (also observed in nulnerous reac-
tions at lower energies [4, 6, 8]) represent evidence for the
emission of &agments with fixed average energies from a
fixed longitudinal velocity source. For most Z values, the
intensity along the circumference of the ring is fairly uni-
form. However, the smaller &agments show a backward
peaking, which, at lower bombarding energies, has been
associated with a targetlike deep-inelastic component [4].
For the heavier targets, rings are no longer observed. A
broader range of source velocities, possibly populated by
incomplete fusion processes, leads to the smearing of the
rings along V~~.

The center of a ring defines the average laboratory ve-
locity of the emitting source, and its radius defines the
velocity with which the fragments are emitted &om that
source. In those cases in which a ring could be observed,
its center was determined by assuming that the center
of the circle was on the line of the beam velocity. First,
a spectrum was created for a cut through the ring at
small Vj . The resulting spectrum contained two peaks,
corresponding to the forward and backward emitted &ag-
ments. Each of these peaks was then fit to a Gaussian
function and the average of the two centroids was taken
as the source velocity of that ring. This procedure was
applied to the data for Xe + C, Al, Ti, and Cu reac-
tions at 26 MeV/nucleon and Xe + C and Al reactions
at 31 MeV/nucleon. At the higher bombarding energy,
the determination of the source velocity for the heavier
systems becomes highly uncertain due to the large width
of the rings. The rings for the high Z values from the
lower bombarding energy are also subject to this limita-
tion. The source velocities extracted with this procedure
are shown in Fig. 3 as a function of the &agment Z
value for the different targets. The variation of the ex-
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FIG. 1. Linear contours of the ex:—

perimental cross sections 8 Ir/BVjj BV~
in the VI~-V~ plane for representative
Z values produced in reactions of 26
MeV/nucleon Xe + C (top row), Al
(2nd row), Ti (3rd row) and Cu (bot-
tom row) for representative Z values

[10,15,20,25,30j. The Z value is noted
in the lower left-hand corner of each col-
umn. (The beam direction is vertical. )
The data have been smoothed and sym-
metrized to aid in presentation.

tracted source velocity with the Z value of the fragment
is fairly small and is only slightly larger than the error
in the determination of the source velocity. In add. ition,
these values are generally in agreement with the value ex-
tracted from the coincidence data (dashed line) that will
be discussed below. The arrows on the left-hand. side of
Fig. 3 indicate the complete fusion velocity of each sys-
tem. Notice that the very asymmetric Xe + C and. Al
systems have average source velocities that are consistent
with complete fusion to within the error of the measure-
ment. At 31 MeV/nucleon, the average source velocity
for the Xe + C reactions is slightly below the com-
plete fusion velocity. However, this difference is within
the error of the measurement and might be attributed to

a small systematic error in the energy calibration. On
the other hand, the more symmetric Xe + Ti and Cu
systems have average source velocities that are somewhat
greater than that for complete fusion.

The laboratory kinetic energies and angles were con-
verted from the laboratory frame into the average mov-

ing source frame for each reaction. The resulting mov-

ing source frame data were then binned into equal size
449 bins for the angular distributions and. the source-
frame, emission-velocity distributions were also deter-
mined. . The mean emission velocity for each atomic
number and the width of each distribution are shown
in Fig. 4. Note the almost linear decrease in the trans-
formed emission velocity with increasing emitted frag-

030~-
0.25 =

0.20—
0.15 —10

'I, P
0

I' I II I
f

II I If I III I I
f

I I I I
f

I I I I
j

I

0. 0-IPL I I I I I I I I I I I I I I f I I I I I I I I I I I I I I I I I I I I I
I I I I

j
I I I I

f
I I I I

f
I I I I I I ~ I

f
I I I I

f
I I I I

f
I I

j I I I I j I I I I I I I I I I I I I I I « I I I I I I
I II III II I

f
I I I I I II IIII I I

f
IIII I I I I f I I « I I I I I l I I I I

I I I I
j

I I I I
j

I I I I
f

I li I

0.25~ 0.20
~0 15
~~ 0.30
~= 0.25

0.20
0.15
0.30

I I I I I I I I I j I I I I f I il I
I I I I

f
I I I I

f
I I I I ji I I I

I lj IIII jl1 I I
I

II II fl ~ I I fl ill fll1l I I
I if I I I II I I I I I I I I I I I I I I I I I I j I 11 I ji

I I I I I I I f I I I I I I I I I I I 11 I I I I I f I I I I I I I I I I I I I j I I I I j 1111
I if II I I f1 I II

f
III I II II fl Ill f1 I I I f1 ill ill I fill I

j
II II FIG. 2. Same as Fig. 1 but for 31

MeV/nucleon Xe induced reactions.
The gaps in the distributions are caused
by an incomplete coverage of the Iabo-
ratory angular distribution.

I ~ I I I

0.0 0.1 0.0 0, 1 0.0 0.1 0,0 0, 1 0.0 O. i.

V~ (v/c)



K. HANOI D et aI.

ment charge. This nearly linear decrease is consistent
with the expectation that the velocity is mainly deter-
mined by the Coulomb repulsion of the fragment and its
decay partner [4]. Also, the source frame emission. veloc-
ity for a particular Z value is almost constant, indepen-
dent of the target or bombarding energy. This suggests
that the nuclear charge, Z, of the source is nearly con-
stant. In contrast, the widths of the transformed emis-
sion velocity increase as the target becomes larger. This
is expected for increasing center-of-mass energies for the
larger systems (see Table I). For large excitation energies,
the primary products of the binary decay are hotter and
undergo more extensive evaporation which broadens the
emission-velocity distributions. The uncertainties in the
mean and the width of the emission-velocity distributions
are about the size of the symbols in Fig. 4. The smaller
Z fragments are not shown due to the limited laboratory
angular range measured.
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Typical angular distributions of the fragments in the
source kame are shown in Figs. 5 and 6. For the very
asymmetric Xe + C systems, the angular distribu-
tions are approximately constant in da. /de, as expected
for the isotropic emission of fragments, for a wide range
of Z values intermediate between the projectile and tar-
get. In other words, the distributions have a do. /dO oc

1/sin0 form indicating isotropic emission in the reaction
plane. Such distributions have been observed previously
at 14 and 18 MeV/nucleon [6] for a very similar sys-
tem ( La + C). For the lightest fragments (Z (10),
the angular distributions are backwards peaked. (The
light fragments are spread over a large angular range.
Due to the limited beam time, fragments at laboratory
angles larger than 25 were not measured and there-
fore the light &agment distributions are incomplete and
are not shown. ) Such a backward-peaked component in
the the angular distributions has been previously associ-

PIG. 3. Source velocities (plot symbols) as a function of a
fragment Z value for the reactions at 26 MeV/nucleon (top)
and 31 MeV/nucleon (bottom). The error bars shown for the
Ti and Cu data indicate the possible error due to the width
of the rings. The dashed line represents the source velocity
extracted from the twofold coincidence events for each system.
The arrows at the left edge of the igure indicate the center-
of-mass velocity for the 31 MeV/nucleon Xe + C and Al
reactions in the top part of the figure and 26 MeV/nucleon

Xe + C, Al, Ti, and Cu reactions in the bottom part. Note
the suppressed zero on the ordinate axis.

ated [6] with targetlike fragments at low Z values. This
backward peaking must be associated with a correspond-
ing forward peaking at high Z values from the projec-
tilelike &agments. These effects are presumed to arise
from deep-inelastic processes. Similar distributions have
been seen at both lower [4, 6] and higher energies [22,
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FlG. 4. Mean emission velocities
(diamonds) measured at 90' in the
source frame as a function of a fragment
Z value. The top row is for the reaction
of 26 MeV/nucleon Xe and the bot-
tom row is for 31 MeV/nucleon Xe.
The targets are indicated in the upper
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GEMINI calculations.
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27, 34, 35]. The angular distributions from reactions in
the slightly more symmetric Xe+Al reaction are also
similar. However, the anisotropy observed for large and
small &agments is more pronounced and the range of
atomic numbers whose angular distributions are isotropic
is more restricted. For the heaviest systems, the back-
ward peaking present at low Z values decreases making
a transition, around Z=25, to forward. -peaked distribu-
tions which become even more forward peaked as the
Z value increases. The angular distributions for the 31
MeV/nucleon reactions, shown in Fig. 6, are very similar
to the angular distributions from the 26 MeV/nucleon
data and are also similar to those distributions reported
for higher bombarding energies [22, 35, 34].

C. Integrated cross sections

The individual angular distributions were integrated to
extract the fragment cross section for each atomic num-
ber. The integration was performed by fitting a quadratic
function to the angular distribution and then integrating
it over the full angular range. The fitted functions are
shown as solid lines on the angular distribution figures
(Figs. 5 and 6) and the integrated cross sections are
shown in Fig. 7. The statistical error in the cross section
values is smaller than the plotting symbol, about 5%,
however, the systematic errors may be as large as 30%.
The sources of the systematic errors are about 10% from
the beam current and target thickness, and 10% for the
lighter fragments to 20% for the heavy fragments from
the angular distribution integration procedure. The to-
tal cross section increases rapidly with increasing target
mass, and is correlated with the available center-of-mass
energy (Table I). The cross sections are consistent with
the values obtained for similar systems at energies both
above and below the present beam energy [4, 6, 22, 34,
35]. The charge distribution for the reaction of Xe+C
at 26 MeV/nucleon, as a function of increasing Z value,
decreases strongly at small Z values, going through a

TABLE I. Available excitation energy in MeV.

Beam target
18 MeV/nucleon La
26 MeV/nucleon Xe
31 MeV/nucleon Xe

C
200
285
340

Al
406
580
690

Tl
640
910
1085

CL1

785
1110
1325

D. Coincidence data

There were a number of events in which fragments
were observed in coincidence on either side of the beam.
Higher-order coincidences were very rare due to their very
low detection efficiency in the present experimental con-
6guration, and there were essentially no events in which
both &agments were detected on the same side of the

minimum at Z = 18 and then peaks at Z = 30. Such
minimum and peak values are barely visible with the
slightly heavier Al target that also has a shoulder in the
Z = 10—15 region. This shoulder has been observed at
higher bombarding energies and was attributed to multi-
body events [22]. For the heavier targets, this shoulder is
barely visible, interrupting an otherwise monotonic de-
crease with increasing Z value.

On the other hand, the charge distribution is relatively
flat for the reaction of 31 MeV/nucleon Xe + C, show-
ing no signs of the peak observed at 26 MeV/nucleon
around Z = 30. For the Xe + Al reaction, the dis-
tributions decreases with increasing Z value at low Z
values, then becomes Hat. For the heavier targets, the
charge distribution strongly decreases with increasing Z
value. The large increase in the yield of Z=10—15 for
31 MeV/nucleon again may indicate that at the higher
center-of-mass energies, the emission of several fragments
becomes the dominant exit channel. In such a picture,
the average size of the fragments would then be reduced,
the yield of the heavier fragments depleted, and the yield
for the lighter fragments enhanced.
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FIG. 5. Experimental angular dis-
tributions in the source frame for repre-
sentative Z values produced in the reac-
tions of ' Xe + C, Al, Ti, and Cu. The
solid curves represent the 6tted func-
tions that were used to extract the cross
section for each Z value. Each column
corresponds to a difFerent target. The Z
values, and a factor by which the data
was multiplied for display purposes, are
indicated to the left of each distribution.
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beam. For the coincidence events, the Z value of one
fragment is shown as a function of the Z value of the
second in Fig. 8. When a source with a constant to-
tal charge (Zt t ~) undergoes binary decay, coincidence
events should lie along a hne parallel to the equation

Z1 + Z2 —Ztotal.

If there is a range of sources wi.th different total nuclear
charges that undergo binary decay, the events will no
longer lie along a single line. Instead, there should be
a broad band of events where the width of the total ob-
served charge is related to the range of source sizes. For
the very asymmetric reaction systems, most events fall
within a narrow band that corresponds to an approxi-
mately constant sum of the two atomic numbers Z1 and
Z2. There is some curvature of the Z1 + Z2 ridge visible
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in the 26 MeV/nucleon Xe + C data. This could result
from the preferential emission of charged particles from
lower Z nuclei present in asymmetric splits of the com-
pound nucleus (CN). With the heavier targets, in which
incomplete fusion populates sources with a larger range
of masses, the bands are much broader. These bands
broaden even further with increasing bombarding energy.
For the heaviest target at the highest bombarding energy,
no distinct band is observed indicating the importance of
events with more than two CF's in the exit channel. The
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FIG. 7. Experimental angle-integrated cross sections as a
function of a fragment Z value for 26 MeV/nucleon (upper
row) and 31 MeV/nucleon (lower row) Xe induced reac-
tions. The solid and dashed lines are cross section predictions
from the model. See discussion in text for details.
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FIG. 8. Contour plots of the detected charge for twofold
coincidence events from the 18 MeV/nucleon La+X (top
row), 26 MeV/nucleon Xe+X (middle row), and 31
MeV/nucleon Xe+X (bottom row) reactions. Zq and Z2
refer to the Z value of each fragment detected. Each row
corresponds to a difFerent beam energy and each column to
a diff'erent target. In column 4, a Ni target was used at 18
MeV/nucleon and a Cu target was used at the two higher
beam energies. At 18 MeV/nucleon, the C and Al target
data are from Ref. [6j and the Ti and Ni target data are from
Refs. [37,8I.
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18 MeV/nucleon 1ssLa data are shown for comparison
and were extracted from Refs. [6,8,37]. For the 26 and 31
MeV/nucleon reactions, the detector thresholds were low
enough to detect alpha particles in coincidence with heav-
ier complex fragments. Alpha-alpha and alpha-complex
&agment coincidences can be observed as ridges parallel
to the axes. The evolution &om a narrow ridge for the
very asymmetric entrance channels at low bombarding
energy to a broad ridge which disappears for more sym-
metric reactions at higher bombarding energy follows the
large increase in the available center-of-mass energy.

Histograms of Zq+Z2 are shown in Fig. 9 for reactions
at 18, 26, and 31 MeV/nucleon. For the 12sXe+C and

La+C reactions, the distributions are narrow. For the
heavier targets, the distributions broaden and shift to
lower Z values. In addition, a tail extending to low Z
values develops. This is due to the incomplete detection
of events in which there were more than two CF's in the
exit channel. This tail becomes a substantial &action of
the total number of events at higher bombarding ener-
gies, where multibody exit channels may be prevalent.
In constructing this figure, it was found to be useful to
place a minimum Z threshold on each &agment to ex-
clude alpha-CF and Z=6-CF ridges that can be seen in
Fig. 8. This restriction is used to limit the contamina-
tion due to events in which one or more large &agments
were not detected. The threshold was placed at Z=7
and this restriction is carried throughout the rest of the
twofold event analysis. The dashed and dotted curves on
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FIG. 10. The relative yield of coincidence events as a func-
tion of the calculated source velocity for column 1, the reac-
tion of 18 MeV/nucleon La+C, Al, Ti, and Ni; column 2,
26 MeV/nucleon Xe+C, Al, Ti, and Cu; and column 3, 31
MeV/nucleon Xe+C, Al, Ti, and Cu. Arrows indicate the
complete fusion velocity for each system. The dashed curves
and dotted curves are results from model calculations.
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this figure are the results &om model calculations, which
will be described later.

The center-of-mass velocity of the binary coincidence
events was reconstructed for each event &om the Z, to-
tal energy, 0, and C of each &agment in the event. The
distributions of the V~~ component are shown in Fig. 10.
The distributions in V~ are very narrow. (The widths
are given in Table II.) The arrows in Fig. 10 indicate the
complete fusion velocity for each system. In the Xe +
C and Al reactions, only a peak corresponding to com-
plete fusion or very near complete fusion is seen, similar
to results observed for lower-energy reactions induced by

Cu, Nb, and 1 La [7, 4, 6]. The data obtained for
the reactions induced by 18 MeV/nucleon 1ssLa ions are
shown for comparison. The dashed and dotted curves in
this figure are the results &om model calculations that
are described below.

To obtain an overview of the evolution of the reaction
with excitation energy, linear contour plots of the mea-

0 20 40 60 0 20 40
Z1

I

60
+Z2

0 20 40 60 BO

FIG. 9. The relative yield of coincidence events as a func-
tion of the total charge detected for column 1, the reaction
of 18 MeV/nucleon La+C, Al, and Ti, Ni; column 2, 26
MeV/nucleon Xe+C, Al, Ti, and Cu; and column 3, 31
MeV/nucleon Xe+C, Al, Ti, and Cu. The dashed and
dotted curves are results from model calculations.

Beam target
26 MeV/nucleon Xe
31 MeV/nucleon Xe

C
0.033
0.030

Al
0.041
0.046

Tl
0.053
0.063

Cu
0.056
0.065

TABLE II. Perpendicular width of source velocity in units
of v/c.
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sured sum of the charges Z~+Z2 versus the derived emis-
sion source velocity for diferent target and beam energy
combinations are shown in Fig. 11. An interesting evo-
lution is observed with increasing target mass and beam
energy. For the cases of the 14 and 18 MeV/nucleon
~ssLa + C, Al reactions [4] only narrow peaks corre-
sponding to complete fusion are seen. However, for the
18 MeV/nucleon La + Ni data [8], a band of events
stretching from 90'%%uo of the beam velocity to the center-of-
mass velocity occurs with the intensity peaked at the ve-
locity corresponding to complete fusion. This band cor-
responds to the distribution of mass transfers expected
for incomplete fusion [8]. One limit to the range of source
velocities is given by small mass transfers in peripheral
collisions. The resulting CN's will have very low excita-
tion energy and are unlikely to decay by CF emission.
These sources will have a velocity close to that of the
beam. The other limit is given by complete fusion reac-
tions which have a lower velocity and much higher excita-
tion energy. A similar shape in the source velocity distri-
bution is observed for the 18 MeV/nucleon La + Ti re-
action [37] and arises from the same mechanism. For the
higher-energy 26 and 31 MeV/nucleon Xe + Ti and Cu
reactions, a broad distribution of center-of-mass veloci-
ties is seen. The range in source velocities is again simi-
lar to that of the 18 MeV/nucleon data, but the Zj+Z2
distribution becomes broader, and the mean value de-
creases with increasing bombarding energy. This reflects
the large amount of excitation energy available at higher
bombarding energy and the correspondingly larger num-
ber of light charged particles evaporated from the hot
primary fragments. The broad source velocity distribu-
tion indicates a broad range of mass transfers.

IV. INCOMPLETE FUSION MODEL

We have demonstrated that a large range of mass
transfers leads to a distribution of source velocities in
the reaction at 18 MeV/nucleon with the two heavier
targets. The 18 MeV/nucleon La + Ni data are con-
sistent with an incomplete fusion reaction model [8]. To
make a quantitative comparison with the data, we have
used an incomplete fusion model [38] similar to the model
of Dayras et al. [39]. In this model there are two stages:
an incomplete fusion process followed by a statistical de-
cay of the excited primary fragments. In the first stage,
a geometrical incomplete fusion model is used to describe
the dynamics of the reaction in which two sharp spheres
represent the colliding nuclei. The energetics of fragment
formation is assumed to be dominated by the increase in
the surface area of the fragments. Since the surface area
created by breaking a smaller nucleus into parts is less
than the area created by breaking the larger nucleus into
parts, it takes less energy to break the smaller target
nucleus. To account for this, the model forces the over-
lapping nuclear matter to be sheared from the smaller
target nucleus and fuses it onto the larger projectile nu-
cleus to produce an excited compound nucleus plus a cold
spectator. The model generates values for the Z, A, ex-
citation energy, final spin J, and the laboratory velocity
of each of the reaction partners. The excitation energy is
calculated from the energetics of the surface creation and
from the mass transfer. J is calculated from the relative
motion of the centers of mass of the projectile and the
lump of mass transferred kom the target.

In the second stage, the primary fragments from the
incomplete fusion model were allowed to statistically de-
cay. The eR'ect of the statistical deexcitation on the pri-
mary fragments was calculated using the statistical decay
model (GEMINI) [4]. The statistical decay model sim-
ulates CF emission from the CN. GEMINI also models
the center-of-mass energies and angles of emission of all
fragments along the decay chain. The resulting events
were then transformed into the laboratory to yield labo-
ratory velocities and angles of the fragments. Finally, the
fragments were passed through a detection filter that in-
cluded the geometry and thresholds of the detectors used
in the present study. The results are shown in the same
figures as the experimental data. The only adjustable pa-
rameter in this model is the radius parameter (ro) used to
calculate the size of the sharp spheres (from B = roA~/s).
The parameter ro was considered slightly adjustable to
account for the fact that the model used a sharp-surfaced
sphere to represent the nuclei, whereas in reality there is
some difFuseness of the nuclear surface.

0 6 j I I, I,

40 60
I T I . . . I I

40 60
Zi + Z2

40 60 40 60

V. COMPARISON OF MODEL AND DATA
FIC. 11. Linearly spaced contours of source velocity vs

total charge for twofold events from the 18 MeV/nucleon
I a+X (top row), 26 MeV/nucleon Xe+X (middle row),

and 31 MeV/nucleon Xe+X (bottom row) reactions. The
data from 18 MeV/nucleon La have been shifted down
three units of Z to account for the di6'erence in the La and Xe
atomic numbers. The horizontal line is at the center-of-mass
velocity for each system.

The results of the model calculations for 26 and 31
MeU/nucleon Xe + X reactions are shown in the Zq+Z2
versus V, „„,plane in Figs. 12 and 13. The top row of
Fig. 12 depicts the experimental distributions from each
of the four targets at 26 MeV/nucleon. The second, third,
and fourth rows contain the model calculations for three
diferent values of the sharp sphere radius parameter, ro.
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FIG. 12. Linearly spaced contours of source velocity
vs total charge detected for twofold events from the 26
MeV/nucleon reactions. The top row is the data, while the
next three rows are model calculations with values of ro ——

1.06, 1.10, and 1.16 fm, respectively.

Similar calculations with ro values of 1.10 fm and 1.16
fm are compared to the experimental distributions for
the 31 MeV/nucleon systems in Fig. 13. The range of
the source velocity and the position of the ridge in Z»+Z2
are qualitatively similar to the data for all systems. Note
that there is little dependence on ro for the lighter C
and Al systems. The model calculations for the heavy
targets indicate a depletion of cross section in the region
of intermediate to high mass transfers. For these events,
the model predicts the resulting CN will decay into three
or more CF's. The data for the same region indicate that

there are a large number of events with no more than two
CF's in the exit channel. In particular, the calculation
shows a strong depletion for the Cu target at large rq at
both bombarding energies which is not observed in the
data. The width of the sum Z»+Z2 is much narrower
from the model calculation than in the data.

The results from the model calculations with diferent
ro values are compared to the data in the Z» versus Z2
plane in the bottom three rows of Fig. 14 for the 26
MeV/nucleon reactions and in the bottom two rows of
Fig. 15 for the 31 MeV/nucleon reaction. Little change
is visible as a function of ro for the lighter targets. For
the heavier Ti and Cu system, as ro is increased, the ex-
citation energy in the model increases for a given center-
of-mass velocity and this can be seen in the slightly in-
creasing width of the Z» versus Z2 distributions.

The calculation with an ro value of 1.10 fm gives
the best agreement for the data at 26 MeV/nucleon.
The source velocity distributions for the reactions of 18
MeV/nucleon s La+Ti, Ni were also calculated using an
ro value of 1.10 fm and are shown in Fig. 9. The agree-
ment of the calculation with the 18 MeV/nucleon data is
very reasonable. The model predictions for all of the "ob-
served" quantities, the cross sections, emission velocity,
the width of the emission velocity, Z»+Z2, and source
velocity for the reactions at 26 MeV/nucleon are com-
pared with the data in Figs. 7, 4, 9, and 10, respec-
tively. The overall agreement of the calculations with
the 26 MeV/nucleon data is good for the lighter targets.
For the heavier targets, the range of source velocities is
correct (see Fig. 10) as is the centroid of the Zq+Z2
distribution (see Fig. 9) but the calculated width of the
Z»+Z2 is narrower than that observed in the data. The
inclusive cross sections (see Fig. 7) are well predicted for
the lighter targets except for the low Z region. The sim-
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FIG. 13. Linearly spaced contours of source velocity
vs total charge detected for twofold events from the 31
MeV/nucleon reactions. The top row is the data, the sec-
ond row is a model calculation with preequilibrium included,
while the bottom rows are model calculations with values of
ro ——1.10 and 1.16 fm, respectively.
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corelation for two-fold coincidence events from the 26
MeV/nucleon reactions. The top row is the data, while the
next three rows are the results from model calculations. De-
tails are given in the text.
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FIG. 15. Similar to Fig. 14 but for the 31 MeV/nucleon
systems.

ulations for the heavier targets predict the correct order
of magnitude but the shape of the cross section distri-
butions is wrong. The calculated centroids and widths
of the emission-velocity distributions agree well with the
experimental data for all targets (see Fig. 4, upper row).

The 31 MeV/nucleon model calculations were not in
as good agreement with the data as the 26 MeV/nucleon
calculations for the heavier targets. This failing may be
due to the overestimation of the excitation energy in the
CN. Therefore a correction for preequilibrium emission
was attempted. A Boltzman-Nordheim-Vlasov (BNV)
model [40, 41] was used to estimate the amount of pre-
equilibrium emission in the 31 MeV/nucleon reactions.
The dynamical stage of the collision was simulated. by
solving the BNV equation with the test particle approach
in a "full ensemble" method (each nucleon being repre-
sented by 50 test particles). The self-consistent mean
field needed for the calculation included the Coulomb
potential and a nuclear potential approximated by a den-
sity dependent Skyrme-like interaction. The parameters
of the latter potential were chosen to reproduce nuclear
matter saturation properties, and a compressibility co-
eKcient of K=200 MeV. The free nucleon-nucleon cross
section was used in the collision term with its energy and
angular dependence. These are the same values used to
reproduce La + Al data at the somewhat higher en-
ergy of 55 MeV/nucleon [41]. The resulting average tra-
jectory was followed until the slope of the emitted nucleon
mean energy curve changed. This was taken to indicate
the transition from preequilibrium emission to evapora-
tion &om a more equilibrated source.

The BNV code was run for the Xe + Al and Xe + Cu
reactions at nearly central impact parameters leading to
complete fusion. By comparing the BNV model results to
those &om the incomplete fusion model for the same im-
pact parameter, the amount of nuclear charge, mass, ex-
citation energy, and angular momentum lost in preequi-
librium emission could be estimated. For the Al target, it

N

0 65—
0

60—

I I I I
i

I I I I
]

I I I I
i

I I I I

55—

800—
I I

]
I I

Excit. Energy
600—

400 =

200—

0 I I

40

0
0

b (urn)

FIG. 16. A comparison between the input parameters for
GEMINI for the Xe+Al reaction from the incomplete fu-
sion model (solid lines) and the parameters resulting from
the BNV calculation (dashed lines) as a function of impact
parameter.

was estimated that preequilibrium particles carried away
4 units of charge, 10 units of mass, 40% of the excitation
energy, and 27% of the angular momentum. The uncer-
tainties in these estimates are fairly large, being about
20% for each physical variable. At other impact param-
eters, the number of preequilibrium particles was scaled
down to the amount of mass transfer predicted by the
incomplete fusion model. The percentage of the angular
momentum and excitation energy lost to preequilibrium
emission was kept constant for all impact parameters.
The calculation was repeated for the 26 MeV/nucleon
and 18 MeV/nucleon reactions. For 26 MeV/nucleon,
the calculation predicts only a small amount of pree-
quilibrium emission and at 18 MeV/nucleon it predicts
none. Because of the large uncertainties in these esti-
mates, no corrections were attempted to the incomplete
fusion model calculation at these two lower bombarding
energies.

Figure 16 contains a comparison of the resulting pri-
mary fragments as a function of impact parameter for
the 31 MeV/nucleon Xe+Al system. The solid lines are
the results of the incoInplete fusion model alone while
the dashed lines are the results of the incomplete fusion
model when including the eÃects of preequilibriurn emis-
sion. At 31 MeV/nucleon, preequilibrium emission sub-
stantially reduces the excitation energy and to a lesser
degree both the charge and angular momentum of the pri-
mary &agments. The results &om the calculation which
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included preequilibrium emission are shown in the sec-
ond row of Figs. 13 and 15. The calculations for light
targets remain in good agreement with the data. The
depletion of events with moderate mass transfers for the
Cu reaction no longer occurs and this model calculation
is much closer to the observed V, „„distributions. How-
ever, the peak value for Zq+Z2 is not well reproduced and
the width of the Zq+Z2 distribution is again too narrow.
(See the dotted curves in the last columns of Figs. 9 and
1O.)

The predicted cross sections &om the calculation in-
cluding preequilibrium are shown as dashed curves in the
lower row of Fig. 7. The cross section for the C and Al
targets are well reproduced, however, for the heavier sys-
tems only the order of magnitude is correct and the shape
of the distribution is not correct. The predictions from
this calculation for the emission velocity and its width
are shown as solid lines on the lower row of Fig. 4. The
agreement between the calculation and the data is good.
Since the agreement between the model calculation and
data becomes significantly better after the inclusion of
the preequilibrium emission, we conclude that there is
a significant amount of preequilibrium emission in these
reactions at 31 MeV/nucleon.

VI. SUMMARY

The production of complex &agments from the reac-
tions of Xe with C, Al, Ti, and Cu targets at 26 and

31 MeV/nucleon was measured. Angular distributions,
emission velocities, source velocities, and cross sections
were extracted &om the data. The results were com-
pared to a geometrical incomplete fusion model coupled
to a statistical decay model. The 26 MeV/nucleon data
were found to be well reproduced by this model with a
radius parameter, ro, equal to 1.10 fm. The results &om
reactions at 31 MeV/nucleon were also well described af-
ter a correction was made for preequilibrium emission.
The agreement between the simple geometric incomplete
fusion model and the data suggests that this model gives
a reasonable description of the nuclear reactions in this
energy region. The agreement also suggests that the com-
plex fragments produced in this energy region arise from
the compound nuclei produced in the incomplete fusion
processes.
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