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Abstract: Complex fragment emission (Z > 3) has been studied in the reactions of
35, 40, 45 and 55 MeV/u 139La + X. Charge, angle, and energy distributions were
measured inclusively and in coincidence with other complex fragments, and were
used to extract source rapidities, velocity distributions, and cross sections.
Multifragment events increase with both bombarding energy and entrance-channel
mass asymmetry. The excitation functions for multifragment events rise strongly with
excitation energy. These excitation funcions are independent of the target-projectile
combination and bombarding energy suggesting the formation fo an intermediate
nuclear system, whose decay properties depend mainly on its excitation energy and
angular momentum.
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1-Introduction

Complex-fragment emission is now a well established mode of decay for a compound
nucleus [1]. While it is quite rare at low excitation energy, due to the associated high barrier
(typically 20 to 40 MeV) [2-4], it becomes relatively abundant at high excitation energies and
angular momenta [5-13]. Furthermore, its distinctive features have been used to characterize
hot compound nuclei formed in both low- and intermediate-energy heavy ion reactions [8-13].

Compound nuclei are formed in complete fusion reactions at low bombarding energies.
As the bombarding energy increases, incomplete fusion sets in. Still, the product of the
incomplete fusion can relax into a hot compound nucleus, which can be characterized in terms
of its mass, excitation energy and, to a lesser extent, angular momentum, by detecting in
coincidence the two fragments arising from its binary decay. Studies of this kind are
particularly easy to make in reverse kinematics. For very mass-asymmetric entrance
channels, the velocity distribution of the sources of binary complex-fragment emission is very
sharply peaked. It corresponds to complete fusion at low bombarding energies [4,9,10,12],
and it progresses to values characteristic of incomplete fusion at higher bombarding energies
[8,13]. The sharpness of the source velocity distributions for these very asymmetric systems
has been of key importance in the unraveling of the reaction mechanism [1].

For more symmetric entrance channels, the situation is more complex. For instance, in
the reaction 139La + 58Ni at 18 MeV/u, the source velocity distribution determined from
binary coincidences is very broad [14]. In it one can distinguish a rather broad peak,
corresponding to complete fusion, and a leading edge covering the velocity range
corresponding to the entire range of mass transfers. This experiment demonstrated the
usefulness of the reverse kinematics technique, which allows one to characterize
kinematically the process of incomplete fusioh on the one hand, and its fusion product on the
other. This technique permits selection of the excitation energy by setting a window on the

source velocity. In the incomplete fusion picture, a given source velocity corresponds to a



given mass transfer and that mass transfer corresponds to a given excitation energy, and, to
a somewhat more uncertain degree, to a given angular momentum. Thus, at a fixed
bombarding energy, we can "dial", as it were, the excitation energy of the fused product, and
obtain an entire excitation function. In reality, preequilibrium emission creates some
complications, as will be discussed in a later section. This technique makes it possible to
extend the study of the incomplete fusion process along the two relevant "coordinates": the
bombarding energy, and the entrance-channel-mass-asymmetry.

In the experiments mentioned above, reference was made to "binary" decays, in the
sense that the product of complete or incomplete fusion underwent binary decay. Of course, in
the case of incomplete fusion these processes were at least ternary, accompanied, as they
were, by the incomplete-fusion spectator. :

With increasing bombarding energy, however, one encounters multifragment events that
cannot be reduced to this "trivial" case [15-21]. Thus, the question arises as to the origin of
these multifragment events. Is it possible to characterize a source of multifragment events in
terms of its mass, charge, excitation energy, and angular momentum, similarly to what was
done for "binary" decays? In principle it is, and in fact the very same kinematic reconstruction
used for "binary" events can be generalized to events with any number of fragments. If this
kinematic reconstruction works, one can obtain, at any given bombarding energy, the relative
excitation functions of binary, ternary, quaternary etc., events. These excitation functions
could be the key to unraveling the physical process responsible for multifragment production.

In order to achieve some of the goals illustrated above, we have investigated the
sources of binary, ternary, quaternary etc., events in a series of 13%La-induced reactions. The
entrance-channel mass-asymmetry coordinate and its role in incomplete fusion was
investigated by means of the following reactions: 139La + 12C, 27Al, 40Ca, 51V, nalCy and
139La. The bombarding energy dimension was explored by choosing the bombarding energies
35, 40, 45 and 55 MeV/u. By means of these and similar, although somewhat less

sophisticated studies at lower bombarding energies, we have obtained a very comprehensive
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coverage that may throw light on these intriguing and compléx processes. The experimental
method is detailed in Section 2. Section 3 presents the results obtained from the inclusive
data. Coincidence measurements are discussed in Section 4. Finally the conclusions are
presented in Section 5. A portion of this work has been published previously [18]. Extensive
simulations of these systems are being carried with a BNV code and are described in

separate papers [22, 23].

2-Experimental Procedure

The experiments were performed at the Lawrence Berkeley Laboratory Bevalac. Beams
of 139La ions impinged on targets of 12C, 27Al, 40Ca and 51V at 35 MeV/u; 12C, 27Al, 40Ca,
51V, and "2tCu at 40 MeV/u; and 27Al, 51V, matCy and 139La at 45 and 55 MeV/u. The
thickness of all of the targets was chosen to be approximately 2 mg/cm?2.

The reaction products were detected in two arrays of 3x3 Si-Si(Li)-plastic telescopes
[24]. The detection system is schematically illustrated in fig. 1. The two arrays were centered
at 15° on each side of the beam axis, and had an acceptance of 21° in the horizontal and
vertical planes. Each telescope had an active area of 4.5x4.5 cm2, and its total area was
5.5x5.7 cm2. A gold foil (3 mg/cm? thick) was placed in front of each telescope for electron
suppression. |

Each telescope consisted of three elements: a 300-um thick Si AE detector, a 5-mm
thick position-sensitive Si(Li) E detector, and a 7.6-cm thick plastic scintillator with its
photomultiplier tube, used as an E detector for the charged particles that punched through the
first two elements of the telescope. The fragment positions were determined by resistive
division across one face of the Si detectors. Each Si detector had fifteen 3-mm wide discrete
strips[25]. In each telescope, the strips of the two Si detectors were arranged orthogonally to
give both the in- and out-of-plane positions of the detected fragment.

The energy calibrations were performed by directly exposing the detectors to low

intensity "cocktail" beams[26], composed of ions with the same mass-to-charge ratio



(namely 14N4+ 285i8+ 56Fel6+ and 84Kr24+). The calibrations were repeated at several
bombarding energies. Fig. 2 presents a typical spectrum obtained with one of the multiple
calibration beams. The 139La beam itself was used to provide an additional calibration point.
The different charges and energies of the calibration beams allowed for a direct estimate of
the pulse height defect, using a method similar to that described in ref. [27]. A correction for
the energy loss in the target and in the Au foils was also performed. The energy resolution
achieved with this procedure is about 1.5%. The charge resolution obtained from the AE-E
measurement allowed for Z identification up to Z = 57. Fig. 3 shows a representative Z
spectrum, in both linear and logarithmic scales.

Only fragments with Z > 3 were considered in this analysis. The mass corresponding to
a given charge was estimated using the expression [8]:

A =2.08Z +0.0029 Z2. (1)

In order to measure absolute cross sections, the beam charge was collected in a

Faraday cup and integrated. The Faraday cup was calibrated with a current source and by

measuring the Rutherford scattering of 139La from a 197Au target at all bombarding energies.

3-Inclusive Data

3-1 Velocity diagrams

Preliminary information on the reaction mechanism and the emission process can be
obtained by plotting, for a given Z-value, the cross section d20/ dvydv in velocity space.
Sharp circles in velocity space - usually referred to as Coulomb circles because of their origin -
are produced by the binary decay of a highly equilibrated source moving with a well-defined
~ velocity [8]. At low bombarding energies, these Coulomb circles are centered at the
complete-fusion velocity. At higher energies, where incomplete fusion sets in, the circles
become smeared out, as a consequence of the continuous range of velocities and sizes of the
sources produced in the incomplete fusion process [14]. Similarly, the circles are expected to -

be smeared out as soon as multifragment emission becomes important, since in such events



the emission velocities of the fragments in the source frame are not as well defined as in the
case of binary decay. For both of the above reasons, we expected a smeared out pattern in
the 40 - 55 MeV/u region.

To illustrate the role of the entrance-channel mass asymmetry and of the incident
energy, some representative examples of the invariant cross section in the v - v plane are
presented for the systems 139La + 12C at 40 MeV/u (fig. 4), 139La + 27Al (figs. 5&6) and
1391.a + MatCy at 40 and 55 MeV/u (figs. 7&8). In the case of the 12C target, Coulomb rings
can be observed up to Z=25, but they are considerably broadened. Two effects contribute to
this broadening. The range of source velocities associated with the continuum of. incompiete
fusion processes produces a smearing along the vj axis, whereas the sequential evaporation
of light charged particles from the fragments broadens the distribution in all directions. For
the 27Al target at 40 and 55 MeV/u, we observe a further broadening probably due to non-
binary processes and the Coulomb rings can barely be distinguished for 5<Z<20. This effect
is even more pronounced for the heavier "atCu target, where disk-shaped patterns are
observed. For the heavier fragments, the distributions show very little dependence on the
incident beam energy and the entrance-channel-mass-asymmetry. In all cases, disk-like
distributions are observed. In this intermediate-energy regime, incomplete flision, extensive
particle evaporation, and multifragment emission, wash out the simple Coulomb circles
observed at lower bombarding energy.

The Coulomb circles are not sufficiently well defined to determine the source velocity
from the singles in a straightforward way. Therefore, we have determined the source velocity
from the coincidence data. In the present analysis, for the coincidence events, the source
velocity was given by the following expression:

Vs=XZm;V;i/Zm; (2)
where mj and V; are the mass and the velocity in the laboratory frame of the i-th fragment,
and the summation is carried out over all the detected fragments. In fig. 9, the extracted

source velocities are presented for all targets and energies. At all bombarding energies, the



source velocity is roughly independent of the fragment mass. There is a small target
dependence, with the lighter targets giving rise to somewhat larger source velocities.
Therefore, for each system a unique "average" value of the source velocity was assumed in
the extraction of the emission velocity from the singles data.

In fig. 10 the average-emission velocity, defined as <Ve> = <|Vp - Vs[>, is plotted as
function of the charge of the detected fragment. For all the studied systems, the emission
velocities are very similar to each other. Keeping in mind the Coulomb origin of the emission
velocity, this similarity indicates that, on the average, the mass of the decaying system does

not depend strongly on the target, or on the incident energy.

3-2 Angular distributions

The experimental angular distributions may provide information on the relative
importance of equilibrium and non-equilibrium emission processes [9]. Some representative
examples of the measured angular distributions are shown in figs. 11-13 for the different
targets and three bombarding energies. These angular distributions are plotted in a frame
moving with the average source velocity, as determined from eq. (2).

The first striking feature of the angular distributions is their similar evolution as a
function of the fragment charge for the different systems and the different energies. The
angular distributions are backward peaked for Z <18, forward peaked for Z > 22 and roughly
flat in the region in between. This lack of Z-values with isotropic angular distributions is in
contrast to the pattern at lower bombarding energy, where isotropic distributions are
observed for a large range of Z-values between the target and the projectile. At low
bombarding energies, the anisotropic distributions near the projectile and target Z-values are
due to quasi-elastic and deép-inelastic components [12] superimposed on the compound
nucleus component. At 35 - 55 MeV/u, the pervasive presence of anisotropic angular
distributions for nearly all Z-values, suggests the presence of additional non-equilibrium

emission processes. These results extend a previous study of the 50 MeV/u 139La + 12C



reaction which, for a limited range of masses and over a limited angular range, observed

forward-backward ratios consistent with isotropy[28].

3-3 Cross Sections

The angular distributions shown in tigs. 11-13, were fit (solid lines) and the results of
the fits were used to estimate the integrated cross sections.

The extracted cross sections are shown in figs. 14-16 as a function of the detected Z
value. In all cases, the statistical error bars are smaller than the size of the data points. The
error bars shown are associated with the extraction procedure and with the absolute
normalization. Due to the reduced angular coverage, a larger uncertainty is present for the
largest Z-values. To estimate these systematic errors, the angular distributions were fit with
two different procedures: a quadratic fit and a fit employing a linear plus exponential functional
form, similar to the one used in ref [12]. The error bar indicates the difference in the
integrated cross sections obtained with these two procedures.

The charge distributions for the systems 139La + 12C and 27Al at 18 MeV/u [12] are
consistent with statistical emission from a system above the Businaro-Gallone point [29],
with a maximum yield at symmetry (Z = 31-33), due to the corresponding minimum in the
potential energy. In contrast, all the charge distributions measured for these systems
between 40 and 55 MeV/u are either U-shaped or decrease monotonically over the entire
measured Z-range, with a flattening at large Z values in some cases. The overall flattening of
the charge distributions could be explained by the increase of the nuclear temperature with
increasing incident energy, which tends to make all decay channels more equally probable.
On the other hand, the overall decrease with Z-value could be associated with
multifragmentation. In the presence of multibody breakup, the yields for the lighter fragments
are expected to increase. At the same time, a corresponding depletion in the region of medium
and heavy fragments is produced, since fewer of them survive as a consequence of the

breaking of the system in several fragments. This trend is particularly visible in the case of



the 55 MeV/u 139La + natCy reaction. Due to the large available center of mass energy, in
particular for the more symmetric entrance channels, multifragmentation is likely to play an
important role in the complex fragment production in the energy range considered in this

experiment.

4-Coincidence Data
4-1 Twofold events

A global overview of the reaction can be obtained by examining the two-fold complex
fragment coincidence data. The source velocity was reconstructed on an event-by-event basis
from the velocities and the masses of the detected fragments, by means of the eq. (2). In
Figs. 17-18, contour plots in the plane of the source velocity (normalized to the beam
velocity) and the total detected charge are present for 2-fold events at seven different
bombarding energies and four entrance-channel-mass-asymmetries. The data corresponding
to 129Xe beams, which have been obtained in a different experiment [28], have been shifted
by 3 charge units to facilitate the comparison (AZpa-xe = 3). The 18 MeV/u data [12,14]
represent a low energy benchmark, since at this energy the reaction mechanisms are better
“understood. The horizontal lines indicate the complete fusion velocity for each system, and
the vertical arrows the projectile charge. It should be noted that the detection system used in
the experiments at 18, 26 and 31 MeV/u was different than that used at higher energies and
that the differences in detection acceptances could bias the comparison. However, as a test,
the data obtained at 55 MeV/u, were filtered through the horizontal central row of both
detector arrays used in the present studies, to simulate the low energy experiment's
detection acceptance. After filtering, the observed patterns did not change significantly.

In these figures, the first column corresponds to the most asymmetric system
1391 a/129Xe + 12C. This system, which has relatively low available energies in the center of
mass, presents a very simple pattern. At 18 MeV/u, the source velocity distribution peaks at

the value expected for complete fusion, which corresponds to the solid line, and the total
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charge detected is equal to the total charge of the system (Zp + Zt = 63). In this case,
complete fusion has occurred and primarily neutrons have been evaporated. When the
incident energy increases, the distributions move towards a higher source velocity and a
lower total detected charge. The higher velocity corresponds to the onset of inéomplcte
fusion, since, in reverse kinematics, when the projectile picks up less mass from the target, it
is slowed down to a lesser degree. A similar description applies to the somewhat heavier
27Al target. The only difference is that, due to the higher excitation energies, the evaporation
is more extensive, and the detected charge is smaller than that of the primary compound
nucleus (Zp + Zt = 70), even at 18 MeV/u.

The pattern observed for the heavier targets 48Ti,64Ni/matCu is more complicated. At 18
MeV/u we observe events ranging from complete fusion to incomplete fusion. The figures
show a ridge going to lower total charge as the source velocity increases. This pattern is
expected when a range of incomplete fusion processes are present.

As the incident energy and the excitation energy available in the reaction increase, the
pattern shifts towards lower Z values and rotates because of the secondary evaporation
process. The competing role of incomplete fusion and charged particle evaporation is
illustrated schematically in fig. 19. The thick line represents the range of primary products,
from the incomplete fusion process, prior to evaporation (this should be approximately the
same at all bombarding energies). The dashed lines to the left show the total charge after
evaporation as the bombarding energy (excitation energy) is increased. Since the maximum
excitation energy is always for complete fusion, the dashed line should rotate towards the left
as the bombarding energy is increased. A vertical line means that all of the charge gained in -
the incomplete fusion process is equal to the charge lost by evaporation. This is roughly the
case for the 31 MeV/u reactions. Above this energy, for each charge unit transferred from the
target to the projectile, more than one charge unit is lost on the average by evaporation.

The correlation between the measured charges of the two fragments is also instructive,

since it allows one to determine whether the decay mechanism is predominantly binary or
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multibody. If the final state is binary, the contour plots should be dominated by a band of
events peaking at Z1+Z2 = Zsource- If the exit channel is actually multibody with one or
sevéral fragments not detected, the events should fall below the line.

The measured Z; - Z3 correlations for the systems studied are shown in figs. 20-21. The
pattern observed for the La/Xe + C reactions is very clear. For this very asymmetric system,
the contour plots show a distinct band with a total charge close to the sum of the projectile
and target Z values, thus illustrating the binary nature of the process. The band broadens and
shifts towards smaller total charge as the incident energy increases, because of evaporation.
In the case of the 27A1 target, this effect becomes more important, and, at the highest incident
energy, the scattering of events indicates that for a large fraction of the "binary" events are in
fact multibody events where only two of the fragments have been detected. This pattern is
even more pronounced for the heavier targets, where the two-body band disappears
completely by 35 MeV/u. These two figures illustrate the dramatic changes observed in the
data between 18 and 55 MeV/u, as the reaction evolves from primarily two-body to multi-

body.

4-2 N-fold events

We define n-fold events, as events with more than two Z 2 4 fragments detected in
coincidence.

Figs. 22-24 show the total Z distributions for n-fold events for all the systems studied
at 40, 45 and 55 MeV/u. At 40 MeV/u, for the 12C target, a narrow peak is observed for the 2-
fold events in the Zyga1 Spectrum. As the mass of the target is increased, this peak broadens
and shifts to lower detected charge with an increasing low Z tail. These effects arise from the
larger range of mass transfers and from the increase of light particle evaporation due to the
larger range of available excitation energies. The tail at low total detected charge observed
for the two-fold events is associated with higher n-fold events where only two fragments are

detected. The same Zqq) distributions for 3-fold and 4-fold events presents a peak centered
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at approximately the same value, but with a reduced tail, indicating that most of these events
are complete.

At 45 MeV/u broad peaks are observed in the 2-fold spectra for the lighter 27Al and 51V
targets with an extensive low Z tail. For the heavier "Cu and 139La targets, very broad
distributions are observed. [The peak near Z = 52 in the 139La target spectrum is due to a
160 impurity in the target.] For the 3- and 4-fold events, the tails are reduced and, for the
heavier targets, the distributions sharpen up and move to larger values of Zota1 Which is
consistent with a larger fraction of the total charge being detected.

At 55 MeV/u a peak is only observed for the 27Al target in the 2-fold spectrum. For the
heavier targets, no peaks are observed and the distribution montonically decreases with
increasing Ziotal. For the 4-fold fold events, a broad peak is observed, whose position
decreases with increasing target mass.

In what follows, only events with total measured charge larger than 30 will be
considered, in order to keep the contamination arising from incompletely detected events to a
reasonable level, and to avoid biasing the kinematic reconstruction of the event.

The normalized source velocity distributions obtained at 40, 45 and 55 MeV/u for all the
targets and the different fragment multiplicities are presented in figs. 25-27. The observed
peaks broaden significantly as the mass of the target is increased. In the framework of the
incomplete fusion model, the increased width can be explained by a broader range of impact
parameters giving rise to a larger range of incomplete fusion products. Light particle
evaporation also contributes to the broadening of the source velocity distribution. This last
contribution has been estimated at 40 MeV/u [18] with the statistical code GEMINI [9]. In
the case of the 12C target, the width can be explained almost entirely by light particle
evaporation, whereas, for the heavier targets, evaporation accounts only for a third to a half,
at most, of the observed width. Therefore, for these heavy targets, the width of the source
velocity distribution can effectively be associated with a range of incomplete fusion

processes.
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At each energy, for a given target, the requirement of a larger multiplicity of complex
fragments selects out events with lower source velocities, which, in an incomplete fusion
picture, correspond to higher excitation energies. A similar result has also been reported in
the case of the Ne + Au reaction at 60 MeV/u by comparing the two and three-body events

[15].

4.3  Dalitz plots

Dalitz plots have been used to investigate the three-body decays. In this plot, each
three-fold event is represented by a point in a triangle, so that the distances to the sides of
the triangle correspond to the values Z1/Zot, Z2/Ziot, Z3/Zior- Therefore, an event with three
equally-sized fragments is represented as a point in the center of the triangle, while an event
with one large fragment and two small ones is located in one of the corners. Finally an event
with two medium sized fragments and a small one is located in the middle of one side of the
triangle. The Dalitz plots presented in fig. 28, have been symmetrized by randomly assigning
Z1, Zp, Z3. A gate has also been applied to the total detected charge (Z¢o;>30). The data at
45 MeV/u are not reported on this figure, due to the lower statistics at this energy.

For the system with the lowest available energy in the center of mass, the lightest
target (27Al), and the lowest bombarding energy (35 MeV/u), only the vertices of the triangle
are populated. This indicates that at low excitation energies, the excited nuclear system
undergoing 3-body decay strongly prefers to decay into one heavy and two light fragments.
As the excitation energy increases (as for the 27Al target at 55 MeV/u and the heavier
targets at 35 and 40 MeV/u), the perimeter is also populated in addition to the vertices,
leaving a depression in the center of the triangle. For the highest excitation energy (the MatCu
- target at 55 MeV/u), the center of the triangle becomes populated. ﬁowever, the vertices and
sides of the triangle are still more strongly populated. Thus, for all targets and bombarding
energies, the order of preference for 3-body decay channels is: 1) one heavy and two light

fragments (vertices), 2) two medium sized and one light fragment (sides of triangle), and 3)
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three equal sized fragments (center). As the available energy in the center of mass system
increases, the 3-body decays become more probable and the different 3-body decay channels

are populated more evenly.

4-4 Excitation functions

Valuable information can be obtained from the "excitation functions" of n-fold events.
Different models have been proposed, that predict a sudden rise in the multibody probability
for an excitation energy between 3 and 5 MeV/u, as a signature for the onset of
multifragmentation [31,32]. These excitation functions can be obtained at a given fixed
bombarding energy from the source velocity distributions, since the widths of these
distributions have been shown to be effectively related to a continuous range of incomplete
fusion processes.

The relative abundances of binary, ternary, quaternary etc., events were determined for
different bins of the source velocity, and thus of the corresponding mass and excitation energy
of the source. Fig. 29 presents the "excitation functions" for the multifold events, obtained
from the source velocity distributions, for the different systems at 35, 40, 45 and 55 MeV/u.
P(n) represents the proportion of n-fold events with respect to the total number of coincidence
events: P(n) = N(n)/[N(2)+N(3)+N(4)+...], where N(n) is the number of n-fold events.
Evaporation residues, corresponding to n=1, were not considered, since in reverse kinematics
they are confined to a very small angle around the beam direction, where the detection
efficiency is small. Rather than plotting these probabilities directly as a function of the source
velocity, we have chosen to plot them versus the quantity:

Q = (E/A)beam*(Vsource/ Vbeam)X(1-Vsource/Vbeam)-

This has the purpose of removing as much as possible the bombarding energy
dependence. The quantity Q corresponds to the excitation energy per nucleon in a simple
incomplete fusion model. Because such a model ‘does not take into account preequilibrium

particle emission processes, the quantity Q may be considered as an upper limit of the true
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excitation energy. We have estimated, by means of a dynamical code [33], that the
uncertainty on the horizontal scale connected to the emission of preequilibrium nucleons is at
most around 30% for the systems considered in this study. Therefore the semi-quantitative
analysis pre'sentcd below should not be strongly affected by such preequilibrium emission
processes.

The excitation functions presented in fig. 29 exhibit several remarkable features. The
excitation energies obtained with this procedure are stunning, as they extend up to 9 MeV/u!
Thus, we maybe producing "nuclear systems" with excitation energies larger that their total
binding energy.

The probabilities for three, four, and 5-fold events increase substantially as a function of
the quantity Q. Such behavior suggests that there is indeed a strong connection between the
source velocity and excitation energy, since the multifragment decay probébility is expected
to increase dramatically with excitation energy. The strong dependence of the branching
ratios on the calculated excitation energy also confirms that the width of the velocity
distribution is mostly due to the reaction dynamics, and is only partly due to evaporative
broadening. Actually, if evaporation processes were the only source of broadening, these
excitation functions should be flat. A similar increase in the multiplicity of intermediate mass
fragments has been observed recently at 50 MeV/u [19] and also at much higher incident
energy [20], where the average multiplicity of complex fragments increases up to an
excitation energy of 8 MeV/u, and decreases at higher excitation energies.

The rate of multifold events increases smoothly with the quantity Q, up to
approximately 6-8 MeV/u, without showing any discontinuity. The statistical
multifragmentation calculations of Bondorf et al. [31] predict a sudden rise in the multibody
probability at an excitation energy of about 3 MeV/u for a nucleus of mass 100. Gross et al.
predict a similar transition to nuclear cracking at about 5 MeV/u for the 131Xe nucleus [32].
| However, it would be necessary to filter such calculations by our detection acceptance in

order to make a valid comparison.
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A most remarkable result is that, at any given bombarding energy, these excitation
functions are almost identical for all targets. Even more extraordinary is that these excitation
functions are almost independent on the bombarding energy. This suggests that the
competition between the various multifragment channels is independent of the entrance
channel. More precisely, at a given bombarding energy, the similarity between the excitation
functions for the different targets indicates that the sources produced in these reactions can
be characterized mainly from the amount of mass picked up by the projectile from the target,
and depend relatively little on the actual nature of the target.

In the standard incomplete fusion model, the excitation energy depends essentially on
the mass that has been picked-up. A similar statement can also be made about angular
momentum. This is true at any given bombarding energy. However, the angular momentum at
fixed excitation energy should decrease with increasing bombarding energy like (E/A)-1/2,
Over the range 35 to 55 MeV/u, the overall angular momentum decrease is about 25%.
Therefore the incomplete fusion model suggests that the excitation functions should be
directly comparable to one another in terms of the excitation energies and, to a somewhat
lower extent, of the angular momentum. To summarize, it appears that, no matter what is the
bombarding energy, once the excitation energy (and the angular momentum) is determined
from the source velocity, the resulting branching ratios for the various multifragment channels
are fixed. This suggests that statistics play an important role in multifragmentation.

A closer look at fig. 29 shows some discrepancies for the 12C target, for which the
multifold probabilities are systematically lower than the heavier targets. One possible
explanation for these differences is the broadening of the excitation energy bins due to light-
particle evaporation. This is particularly severe in the case of 12C for which evaporation is
mostly responsible for the width of the source velocity, as mentioned before. This could also
explain why at the highest excitation energies the multifold probabilities for the 27Al target,
which are in the tail of the source velocity distribution, fall slightly below those measured for

the heavier targets. The relative importance of the primary effects (incomplete fusion
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processes) and secondary effects (light particle evaporation), which both contribute to the
width of the source velocity distribution, can indeed be very different in the wings of the
distribution and in the peak. The flattening observed in the case of the 27Al target at high
excitation energy may therefore be explained if only secondary effects contribute to the wings.
(Moreover, as already mentioned, an additional source of the differences for the various
targets could be that the sources are formed with slightly different angular momenta.)

These multifold probabilities have not been corrected for detection efficiency. It is
therefore necessary to verify that the observed excitation functions are not strongly biased by
some experimental artifact. In order to evaluate the influence of the detection acceptance on
our results, Monte-Carlo calculations were performed for the 35 MeV/u 139La + 40Ca
reaction. We generated sets of 2-, 3- and 4-fold events, striving to reproduce as well as
possible the experimental charge, angular and velocity distributions. In particular, we took
into account the fact that the angular distributions of light fragments are backward peaked in
the center of mass, and that their center-of-mass velocities are larger in the backward than in
the forward direction. These events were then filtered by the detector acceptance in order to
estimate the contamination due to incompletely detected events. In the case of the 40Ca
target at 35 MeV/u the contamination of the detected 2- and 3-fold events by incompletely
detected higher multiplicity events is found to be approximately 20%, when a gate is set on a
total detected charge greater than 30. This contamination level should be higher for the
heavier targets, and lower for the lighter targets, and should increase with the incident
energy.

In order to investigate the influence of this contamination on the excitation functions, a
simulation was performed where the source velocity distribution of the measured 4-fold
events was assigned to events of all multiplicities, thefeby simulating flat excitation
functions. After filtering by the detector acceptance, the calculated excitation functions along
with the data for the 35 MeV/u 139La + 40Ca reaction are shown in Fig. 30. The calculated

excitation functions for the 3- and 4-fold events are essentially flat, with the 4-fold events
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dropping slightly at small excitation energies. In contrast, the experimental data rises rapidly
with excitation energy. Therefore the detection efficiency does not seem to bias the measured

excitation functions in any significant way.

5-Summary and Conclusions

The data presented in this paper illustrate the dramatic change in the experimental
complex fragment production between 18 and 55 MeV/u. Below 30 MeV/u, the main features
of these reactions have been successfully explained in the framework of the incomplete-fusion
compound-nucleus statistical-decay model. In this case, aside from spectators and projectile-
& target-like deep inelastic products, the complex fragments are produced in highly
equilibrated binary processes, which give rise to flat or forward-backward symmetric angular
distributions, well defined Coulomb circles, and 2-fold coincidences which sum to a nearly
constant charge. At higher energies, this simple picture fails to reproduce the data: the
angular distributions exhibit a strong non-isotropic component for all Z-values, the Coulomb
circles are smeared out, the centroids of the coincidence charge distributions decrease and
their widths increase as the target mass increases (at a given energy). The bombarding
energy at which this transition occurs depends on the entrance-channel-mass asymmetry of
the system, decreasing as the mass of the target increases. For example, for targets as
heavy or heavier than 31V, the binary features have already completely disappeared at 35
MeV/u. In contrast, for the light 27A1 target, the binary ridge line in the Z1 + Z plots can still
be observed at 45 MeV/u. The disappearance of the characteristic binary signatures, together
with other experimental evidence, suggests an increasing importance of multifragment
emission processes for the higher beam energies and more symmetric entrance channels.

The excitation functions for multifragment events rise strongly with excitation energy.
Their independence from the target-projectile combination and from the bombarding energy is
‘rather striking, and suggests an intermediate nuclear system whose decay properties depend

mainly on its excitation energy and angular momentum. However in such a study, it would be
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useful to have an independent estimate of the deposited excitation energy, since this cannot
be extracted too precisely from the source velocity. Neutron multiplicity measurements [34],
or light charged particle multiplicity [19] can provide such an independent determination of the

excitation energy.
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Schematic drawing of the experimental set-up which consisted of two 3x3 arrays of
3-element Si-Si-Plastic telescopes, placed on opposite sides of the beam. In the
lower portion of the figure an exploded view of one of the telescopes is shown.

Energy spectrum of a 5 mm Si detector exposed to a quadruplet beam of 45 MeV/u
14N4+, 285i8+ S56Fel6+ and Kr24+ ions from the Bevalac.

Particle identification spectra for the 139La + 40Ca reaction at 40 MeV/u shown in
both linear (upper) and logarithmic (lower) representations. The individual peaks
correspond to different elements.

Experimental cross section (d26/dV;dV_) in the Vy-V plane for representative Z-
values between 5 and 50 for the 40 MeV/u 139La + 12C reaction.

Same as fig. 4 for the 40 MeV/u 139La + 27Al reaction.

Same as fig. 4 for the 55 MeV/u 139La + 27Al reaction. The cut at large VLap for the
lightest fragments (Z = 5) corresponds to the threshold in the AE detectors.

Same as fig. 4 for the 40 MeV/u 139La + natCy reaction.
Same as fig. 4 for the 55 MeV/u 139La + natCy reaction.

Average source velocity (normalized to the beam velocity) as a function of the
charge (Z) of the detected fragment, for four incident energies and several targets.

Average emission velocity in the source frame, as a function of the charge of the
detected fragments, for four incident energies and several targets.

Angular distributions (do/d®) in the source frame for representative Z-values from
the 40 MeV/u 139La + X reactions. The Z-values and normalization factors are
indicated for each set of points. The curves are fits to the data points.

Same as fig. 11 at 45 MeV/u.

Same as fig. 11 at 55 MeV/u.

Angle-integrated cross sections of products from the 40 MeV/u 1391.a + X reactions.
In all cases the statistical errors are smaller than the size of the data points. The
error bars shown are estimates of the systematic error in fitting the angular
distributions (see text). :

Same as fig. 14 at 45 MeV/u.

Same as fig. 14 at 55 MeV/u.
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Contour plots of the extracted source velocity (Vs) versus total detected charge (Z;
+ Z») for the 2-fold coincidence events, for the 18 MeV/u 139La + 12C, 27A], 48Tj and
64Ni reactions and 26 and 31 MeV/u 129Xe + 12C, 27A1, 48Ti and M2tCu reactions. The
beam energy and the target are indicated in the first row and column, respectively.
The total available energy in the center-of-mass system is indicated in the lower
right of each frame. The horizontal lines indicate the complete fusion velocity for each
system and the vertical arrow the projectile charge.

Same as fig. 17 for the 35, 40, 45, and 55 MeV/u 139La + 12C, 27Al, 51V, and atCu
reactions.

19 Schematic representation of the effect of light charged-particle evaporation on the
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22

23
24

25

26
27

28

correlation between the source velocity and total detected charge. The thick solid
curve represents the correlation for the primary fragments. Going from the right to
the left the three dashed lines represent cases of low, moderate and high excitation
energy, respectively, which corresponds to increasing amounts of light charge
particle emission.

Linear contour plots of the correlation between Z; and Z; for the 2-fold coincidence
events from the 18 MeV/u 139La + 12C, 27A1, 48Ti and 94Ni reactions and 26 and 31
MeV/u 129Xe + 12C, 27A1, 48Ti and MalCy reactions. The distributions have been
symmetrized by randomly assigning Z; and Zj.

Same as fig. 20 for the 35, 40, 45, and 55 MeV/u 139La + 12C, 27Al, 51V, and natCy
reactions.

Total detected charge for the 40 MeV/u 139La + 12C, 27Al, 51V, and MCu reactions;
row 1, inclusive charge; row 2, 2-fold events; row 3, 3-fold events, and row 4, 4-fold
events.

Same as fig. 22 for the 45 MeV/u 139La + 27A], 51V, natCy and 139La reactions.
Same as fig. 23 for the 55 MeV/u reactions.

Source velocity distributions for the 40 MeV/u 139La + 12C, 27Al, 51V, and matCu
reactions, and for different numbers of detected fragments. Only events with a total
detected charge larger than 30 are represented. The source velocity is normalized to
the beam velocity.

Same as fig. 25 for the 45 MeV/u 139La + 27A], 51V, natCy and 139La reactions.
Same as fig. 26 for the 55 MeV/u reactions.

Dalitz plots for the three-body events for the 35, 40 and 55 MeV/u 139La + 27Al,
31y, natCy and 139La reactions. The y-axis is the ratio Z1/Zoal. The x-axis is given
by: tan30° x (Z2/Zotal) + (Z3/Zio1a1)/sin60° = 0.577 X (Z2/Zotat) + 1.155
(Z3/Ztota1). The detected fragments have been randomized so that there is no
preferred ordering of Z;, Z3 and Z3.



Fig. 29

Fig. 30

25

Proportion of 2-, 3-, 4- and 5-fold events as a function of excitation energy per
nucleon (Q, see text) for the different targets (symbols, see inset) studied at
Ejap=35 (upper left), 40 (lower left), 45 (upper right), and 55 MeV/u (lower right).

Simulation (upper) and experimental data (lower) percentage of 2-, 3-, and 4-fold
events as a function of excitation energy per nucleon for the 35 MeV/u 13913 + 40Ca

. reaction.
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