PHYSICAL REVIEW C

VOLUME 48, NUMBER 4

OCTOBER 1993

Identification of a percolationlike critical region in the decay of excited calcium nuclei

P. Désesquelles, A. J. Cole, A. Giorni, D. Heuer, A. Lleres, and J. B. Viano
Institut des Sciences Nucleaires, IN2P3-CNRS et Universite Joseph Fourier, 53 Avenue des Martyrs,
F-38026 Grenoble Cedex, France

B. Chambon, B. Cheynis, D. Drain, and C. Pastor
Institut de Physique Nucleaire, IN2P3-CNRS et Universite Claude Bernard, 43 Boulevard du 11 Novembre 1918,
F-69622 Villeurbanne Cedex, France
(Received 25 January 1993)

The multidetector AMPHORA was used to investigate the reaction of 35 MeV per nucleon “’Ca ions
with a "™'Cu target. For 150000 events corresponding to peripheral and midperipheral collisions, it was
possible to reconstruct the primary projectilelike fragments and to calculate event by event the center of
mass and the excitation energy. Comparison with a percolation simulation (charge moments, critical ex-
ponent) and a momentum ellipsoid analysis are presented and commented. No evidence for a change in
disintegration mechanism with increasing excitation energy is found.

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

I. INTRODUCTION

The study of highly excited atomic nuclei [1-3] is
presently one of the most active fields in heavy-ion-
collision physics. The global objective of such studies is
to understand how the evolution (decay) of such nuclei is
influenced by temperature, compression and rotation
(which are the main forms of excitation energy produced
by collisions). From the experimental point of view, ex-
cited nuclei are produced either by incomplete fusion in
central collisions or in very inelastic (quasi)binary reac-
tions. In the former case, in which hot nuclei are formed
with low angular momenta, a considerable fraction of the
excitation energy may be initially stored as compressional
energy [4,5] whereas the latter situation usually involves
significant rotational energy imparted to the projectilelike
and targetlike fragments. In heavy nuclei, the possibility
of observing a thermally induced Coulomb instability has
also been invoked [6].

For quasibinary collisions, which are the subject of the
present work, it is quite challenging to understand how
kinetic energy and orbital angular momentum in the en-
trance channel are converted into internal excitation and
rotation of the primary fragments. However, in this
study, we will concentrate on the disintegration mecha-
nism of the primary projectilelike fragments (PPLF’s).
At low excitation energies, experimental measurements of
evaporation residues and light particles produced in
fusion reactions are well described by the multistep
Hauser-Feshbach formalism [7] which, however, becomes
inadequate for excitation energies greater than ~3 MeV
per nucleon where the emission of intermediate mass
fragments (which themselves may further decay) may
compete significantly with light particle (Z < 3) emission
[8]. At excitation energies greater than 5 MeV per nu-
cleon, the time scale for particle emission may become
comparable with the time necessary for a given emitted
fragment to escape from the vicinity of the parent and
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may even be comparable with typical equilibration times
[9,10], so that the usual sequential or binary sequential
equilibrium statistical decay models [11] may no longer
be useful. Statistical multifragmentation models [12] may
then be invoked providing that the initially excited
parent nuclei can be considered to be in equilibrium.

Study of the disintegration mechanism of primary pro-
jectilelike collision products is greatly facilitated by the
use of multidetector systems [13-15] insofar as certain
quantities such as the identity, the excitation energy, and
the location of the center of mass of primary projectile-
like fragments moving with velocities somewhat inferior
to the beam particles can be explicitly reconstructed from
the decay products. Thus, the need for a detailed model
for the formation of hot PPLF’s is obviated, although of
course it remains possible to compare the predictions of
such models with the experimental observations. Unfor-
tunately the angular momentum transferred to the PPLF
cannot be directly measured and, in most cases, this fact
leads to the introduction of corresponding parameters in
the decay calculations.

The measurements to be presented and discussed
herein constitute part of a data set obtained with the mul-
tidetector AMPHORA [16] in the reaction “°Ca+"*'Cu
at 35 MeV per nucleon. The experiment is presented in
the following section. The data reduction procedures
and, in particular, the separation of the projectilelike
fragments (PLF’s) with total detected charge 20, and ex-
citation energies up to 7.5 MeV per nucleon (150000
events), are presented in Sec. III. Intermediate mass frag-
ment production is described in Sec. IV. In Sec. V, we
compare various aspects of the measured charge distribu-
tions with those obtained from a simple bond breaking
(percolation) calculation. This analysis is obviously only
one of many that could be performed with the data.
Indeed we are in the process of comparing our data with
statistical mode! predictions [17]. However, in the
present work, we report only on the percolation analysis.
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It is shown that the sample of physical events under
study reaches an excitation energy equivalent to the per-
colation critical bond-breaking probability. In Sec. VI,
we search for evidence for a mechanism transition close
to this so-called critical energy using dynamical variables.
The momentum ellipsoid analysis of the PPLF decay
products does not seem consistent with multifragmenta-
tion. In Sec. VII we summarize our findings and present
some concluding remarks.

II. EXPERIMENTAL SETUP

The data were obtained using a 0.2 nA, 35 MeV per
nucleon “°Ca beam at the SARA (Systéme Accélérateur
Rhéne-Alpes, Grenoble, France) facility. The self-
supporting 50 ug/cm? natural copper target was located
inside the AMPHORA multidetector. AMPHORA (Fig.
1) is a 140 detector CsI array which covers 82% of 41 sr.
The 48 detectors of the forward wall lie on a honeycomb
frame at a distance of 1.40 m from the target. The back-
ward ball is arranged into seven rings comprising in all 92
trapezoidal detectors with distances ranging from 0.12 to
0.44 m from the target. The forward-angle detectors (an-
gles ranging from 2° to 57° in the laboratory frame) were
equipped with thin (100 to 200 um) Bicron BC400 plastic
foils. The identification of light particles in charge
(Z =1, 2, and 3 ) and mass was made by the CsI(T1) crys-
tals (Fig. 2). For those detectors equipped with plastic
foils, the identification of heavier fragments (up to
Z =20) was possible (Fig. 3). In both cases, particle
identification was made using pulse shape analysis. Isoto-
pic separation is obtained in all detectors from Z <3 and
unambiguous identification of the charge of detected
fragments in the plastic foil+CsI detectors for Z <9.
For higher charges, no such clear separations are ob-
served. However, we were able to make charge
identification in this region using a semiautomatic mask-

AMPHORA

FIG. 1. Schematic view of the multidetector AMPHORA.
The forward wall is composed of 48 CsI detectors equipped with
200-um plastic scintillators. The ball is composed of 92 CsI
detectors of which the three forward rings are equipped with
100-pum plastic foils.

IIIIII'I]IIIIIIIIIIIIIIII]IIII]II

1

3500

3000

2500

2000

L(gate2)

1500

1000

500

TTT T[T T T [ TI T [ TITT[TTTT RERRRERRA
1||||

lllllllllllli

0llllllllllllllllllllll}_llljlllllllII

500 1000 1500 2000 2500 3000 3500
L(gatel)

f=}

FIG. 2. Typical identification map for Csl detectors (see
text). Ions with Z <3 are identified in mass as well as in charge.

ing procedure [18] with estimated uncertainty of +1
charge unit in most cases and less than *2 units in all
cases. The identification consisted of a global manual ad-
justment of a set of curves which coincide with the crests
of the clouds connected with each charge, using five tun-
ing parameters. The separation between the crests was
fixed by a progression law based on energy loss. For
charges Z =9, the adjustment was unambiguous. For
higher charges, the progression law has been supplemeiit-
ed using the elastic Z =20 cloud at most forward angles
and odd-even effects for other rings.

It has been shown that the particle incident energy is
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FIG. 3. Typical identification map for plastic + CsI detectors.
Ions with Z <9 are clearly identified. Identification of higher
charges is based on a semiautomatic masking procedure (see
text).
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proportional to the integration, in a 400 ns gate, of the
light deposit in the CslI crystal when acting alone [19].
Hence, a few calibration points (thorium source, alpha-
particle calibration beam, stopping energies) are sufficient
to allow an energy calibration to within a +5% error
[20]. For plastic foil+ CsI detectors the calibration was
made via published calibration parameters [21], with un-
certainties of 3.5%, 5%, and 6.5% at 2, 8, and 15 MeV
per nucleon, respectively.

The identification thresholds were imposed by the
thicknesses of the plastic foils, which were 100 um for the
rings set at 31° and 47° and 200 um for the more forward
detectors. In this latter case, the thresholds reach 3.6
MeV for protons, 14.2 MeV for alpha particles, and, ap-
proximately, 7 MeV per nucleon for heavier particles.

III. EVENT SELECTION

In this work, we concentrate mainly on the analysis of
quantities derived from the charge partition weights
Wn,,n,,... Nz, l), where n; is the number of frag-

ments of charge k and Z, is the total charge. Most
analyses of charge partitions (multinomial method [22],
intermittency [23], charge moments [24]) require an event
sample corresponding to the disintegration of a well
defined parent nucleus measured with close to 100%
efficiency. This is, of course, due to the fact that even
some quite simple global variables may suffer some dis-
tortion due to the rejection of incompletely detected
events [25]. Thus, in the present study, we focus on peri-
pheral and midperipheral collisions for which the frag-
ments resulting from the decay of excited PPLF’s have
energies well above the detector thresholds whereas only
some few light particles from the PTLF (primary target-
like fragment) are detected.

It was necessary to identify the source of every detect-
ed particle in order to isolate a sample of completely
detected quasiprojectile disintegrations. This was
achieved essentially by an event-by-event determination
of the frame of reference in which the PPLF, prior to
disintegration, is motionless (c.m. frame). The procedure
employed involves three steps.

Since slow moving target-like fragments produced in
peripheral collisions are expected to remain undetected, a
first evaluation was made by calculating the c.m. of all
the particles with charge Z =3. Already at this stage,
projectilelike and targetlike sources are clearly visible and
it was observed that, in the selected sample of events,
very few lithium nuclei, and no particles with Z > 5, are
evaporated from the PTLF nuclei, thus providing some a
posteriori justification for the choice of the Z =3 cutoff.
A more accurate evaluation was then made by retaining
only the particles with charge Z =3 which were included
in a velocity selection sphere centered on the first calcu-
lated c.m. in velocity space. The radius of the sphere was
set to v =0.45v,,,,, so as to include all particles emitted
in the forward direction. In a third step, this process was
repeated including Z =1 and Z =2 particles for which
the appropriate velocity radii were 0.6v,,,,, and 0. 50,4,
respectively. Finally, 150000 events for which the total
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charge assigned to the PPLF was Z,,, =20 were selected.
The set of events can thus contain PPLF’s which have
picked up some nucleons from the target, the correspond-
ing excess charge being not detected. In fact, simulations
show that, thanks to the motion of the center of mass of
the particles and to the good angular coverage of AM-
PHORA, such events are scarce. In the following, unless
explicitly mentioned, we will deal only with this sample of
Z,,, =20 events.

As the center of mass of the PLF is known, it is possi-
ble to represent the velocity vectors in this reference
frame. Figure 4 presents the observed alpha-particle dis-
tribution (each point represents one alpha particle) ob-
tained in this way. One can clearly see the Coulomb bar-
rier effect around the center of mass of the parent nu-
cleus. The dark ring corresponds to the particles emitted
by the PPLF whereas the cloud (which contains only
about 10% of the alpha particles) corresponds to the oth-
er sources (PTLF, preequilibrium). The fact that the
Coulomb circle is almost empty shows that there is very
little contamination of the set of alpha particles assigned
as PLF’s coming from other sources (less that 7%). A
similar picture is obtained for protons (15% target con-
tamination). For higher-charge particles, we obtain a
perfect separation between the projectilelike and target-
like fragments. Thus the selection seems reliable.
Detected intermediate mass fragments and heavy resi-
dues originate exclusively from the quasiprojectile. Some
light particles emitted from the PTLF, which are detect-
ed in the forward direction may just compensate un-
detected PLF’s, but such events should be scarce.

A. Effect of detection efficiency

It is known that, for AMPHORA [16] and other such
47 multidetectors, the detector response function may

Vl/Vbeam
o
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FIG. 4. Distribution of a-particle velocities in the reference
frame centered on the (reconstructed) projectilelike fragment
velocity. The horizontal axis in this plot coincides with the
PPLF-PTLF relative velocity.
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severely distort certain global variables [25,26]. This
response function is essentially due to two factors: the
geometrical efficiency (in AMPHORA, one-sixth of the
41 space is not covered by detectors and another sixth, at
90°, is shadowed by the target holder), and the thresholds.
Nevertheless, the velocities of the fragments emitted by
the PPLF’s are much higher than the detector thresholds
even if the fragment is emitted backward to the PPLF
direction. Moreover, the PPLF fragments are focused in
the high-granularity forward direction of the multidetec-
tor. Furthermore, simulation studies [25] indicate that,
essentially due to the high forward-angle granularity of
AMPHORA, geometric effects do not seriously impair
the detection of PLF’s.

B. Event-by-event total energy balance

The total energy of the system is 1400 MeV. This ener-
gy is shared between the PPLF and the PTLF.

The PPLF total energy is made up of the kinetic ener-
gy of its center of mass, the kinetic energies of the
charged fragments in its center of mass, the Q value for
the disintegration, and the kinetic energy of the unob-
served neutrons. The first two terms are directly mea-
sured. The latter ones have been evaluated with a simula-
tion code. A large number of disintegrations, for various
excitation energies and angular momenta, have been
simulated by the Monte Carlo evaporation code BINFRAG
[27]. For each event, the charge and mass partitions, as
well as the Q value, were stored in such a way as to con-
struct a neutron-number spectrum (and corresponding
Q-value spectrum) for each charge partition. Hence, it
was possible to affect an average Q value and an average
number of neutrons to each experimental event. A first
evaluation of the temperature (7';) is made assuming a
kinetic energy of 10 MeV per neutron and assuming the
relation Ef =( A /8)T%. The value of E} is obtained by
summing the Q value and the kinetic energies of the
charged particles and the neutrons. The final kinetic en-
ergies of the neutrons are fixed to 27;. The final excita-
tion energy E* is then calculated using this value of the
neutron kinetic energy. The total neutron contribution
is, on average, 12% of the PPLF excitation energy.

The position of the PTLF in the velocity space can be
deduced from that of the PPLF using momentum conser-
vation. The excitation energy of the PTLF is obtained by
fitting PTLF light evaporated particle spectra in its rest
frame for subsets of events belonging to the same PPLF
excitation-energy region. The sum of the kinetic and ex-
citation energies of the two primary fragments gives the
event-by-event total energy (Fig. 5). The calculated total
energy spectrum shows a Gaussian shape which is cen-
tered at 1350 MeV, close to the total entrance-channel
energy (1400 MeV). This can be considered as evidence
that the energy calibrations do not suffer from any
significant systematic error. The width of the spectrum
(0 ==110%) is mostly due to the difficulty of measuring
correctly the kinetic energy of the PPLF, which is the
dominant term in the sum, due to the uncertainties of the
detector calibration (see Sec. II). The relative error for
the excitation energy of the PPLF is about +10%.
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FIG. 5. Total reconstructed energy spectrum obtained by
summing the kinetic and excitation energies of the PTLF and
the PPLF and measuring the temperature of the PTLF by fitting
light evaporated particles in subsets of events.

IV. INTERMEDIATE-MASS FRAGMENT EMISSION

Important features of the event sample can be seen in
Fig. 6 which shows the charge of each fragment plotted
against the event excitation energy. Each point stands
for one particle. The dark zone at the bottom of the map
corresponds to hydrogen and helium nuclei, which are
about ten times more numerous than lithium in the whole
excitation energy domain. At very low excitation energy,
events consist of one Z =20 particle (elastic or inelastic
scattering). For higher energies (evaporation domain)
light particles are detected together with a heavy residue.
The first intermediate-mass fragments appear at an exci-
tation energy of 50 MeV. The intermediate-mass frag-
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FIG. 6. Distribution of PLF charge as a function of excita-
tion energy of the event. Each plotted point corresponds to one
charged particle. At the lowest energies only evaporative pro-
cesses are visible whereas at the highest energies the decay pro-
duces only light particles and intermediate mass fragments.
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ments (IMF’s) will be defined herein as fragments with
charge between 3 and 11, so that if there are three (or
more) IMF’s there can be no heavy residue with charge
strictly superior to 11. One interesting first result can be
seen in Fig. 7(b), which shows the probability for an event
to include O, 1, 2, 3, or 4 IMF’s as a function of the exci-
tation energy. The events containing two IMF’s corre-
spond either to fissionlike decays or to the evaporation of
two lithium nuclei. The three-IMF-event threshold is 2.5
MeV per nucleon. This value is low compared with the
predictions of many models for the threshold of mul-
tifragmentation [6,28]. A similar low value was also ob-
served by Hu on a heavier system [29]. It would thus be
unwise to consider three-IMF observation as a signature
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FIG. 7. Evolution of the probability of observation of inter-
mediate mass fragments (fragment with charge included be-
tween 3 and 11). Circles: O IMF, squares: 1 IMF, triangles: 2
IMF, plus signs: 3 IMF, crosses: 4 IMF. (a) Evolution with per-
colative bond parameter in percolation model. (b) Correspond-
ing plot for the physical events as a function of the excitation
energy.

[30] for the approach of a phase transition (see Suraud
et al. [1] for a discussion of this point). Figure 8 are
scatter plots of the correlation between the three largest
fragments (Z, <Z, <Z,) in each event. In these plots,
the horizontal axis corresponds to the difference z, —z,
and the vertical axis to the difference z;—z, where
z;,=2Z,/(Z,+Z,+Z;). Every event falls into a right-
angled triangle, the horizontal edge of which represents
the events with two equal largest fragments, while the
vertical edge represents the events with two equal second
largest fragments, and the hypotenuse represents the
events with multiplicity M =2. We define evaporative
events as having one heavy fragment Z; > 11 and the oth-
er two with charge Z,Z, <3. They mostly lie in the top
apex [circles in Fig. 8(a)]. The fissionlike events (two
fragments with charge Z,,Z;>7 and the third with
charge Z, = 3) lie in the right apex (squares). Defining, as
above, multifragment events as those containing three
IMPF’s we find that they are localized in the left apex (plus
signs). Finally, the vaporization events (Z;<2) lie on
three points close to the origin (crosses). The fissionlike
threshold is 50 MeV. Unlike the results published in Ref.
[31], the data show no sudden evolution at any given ex-
citation energy.

V. COMPARISON OF CHARGE MOMENTS
WITH THE PERCOLATION MODEL

A. Analogy between physics and the percolation model

For many experiments, percolation simulations have
been shown to be able to reproduce several features of the
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FIG. 8. Dalitz plots of the three largest fragments in an event
(Z:<Z,<Z,), z,=2Z,/|Z,+Z,+Z;)]: (a) representation of
all the 627 possible partitions: the open circles represent eva-
porationlike events (Z; > 11), the squares quasifission (Z, =7,
Z,<3), the plus signs multifragment events (Z, =3, Z;<11),
and the crosses vaporization events (Z3; <3); (b) experimental
data for various energy bins; the horizontal and vertical scales
are the same as in (a).
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experimental charge distributions [31]. This is perhaps
surprising since these simulations contain neither the dy-
namics nor the structure information which are usually
considered to be essential ingredients of nuclear decay
models. Our first goal will therefore be to check to what
extent this feature is preserved for systems as small as
calcium and to investigate the behavior of the physical
events corresponding to bond-breaking parameters p
close to the critical value p.. These physical events will
be called ““critical” events even if one should be aware of
the fact that this denomination only means that they cor-
respond to percolation events which are in the critical re-
gion.

The percolation crystal used is a simple cubic frame
with 20 sites arranged in such a way as to produce the
most compact structure. The charge moments ([24], see
below) of order greater than or equal to 2 reach a smooth
maximum for bond-breaking parameters near p. =0. 65.

In order to make a comparison between our event sam-
ple and percolation it is necessary to select events corre-
sponding to the same pseudotemperature (p is the image
of the nuclear temperature). For this we need to establish
a link between the excitation energy of physical events
E* and the bond-breaking parameter of percolative

events. As both E* and p are well correlated with the
multiplicity, we have associated the mean values (E*),,
and {p),, obtained for each value of the multiplicity
(Fig. 9). The maximum experimental multiplicity is
M =13. The interpolation of the curve between the thir-
teen points gives a correspondence for excitation energies
ranging from O to 350 MeV and for bond-breaking pa-
rameters ranging from O to 0.75. It will be noted that
this interval includes the critical bond parameter.

The preceding method gives a one-to-one relation be-
tween p and E*. We have also discovered an iterative
method which makes it possible to generate a bond-
breaking probability distribution is such a way as to
create a sample of percolative events which reproduces
the physical multiplicity spectrum.

We first divide the full range of bond-breaking parame-
ters, [0,1], into » bins. We denote by P (i) the probability
that the bond parameter p belongs to the range
[(i—=1)/n,i/n], P(m) the probability that the multipli-
city M =m, and P ( A|B) the conditional probability of 4
given B. The index ¢ stands for physical data and the in-
dex k is the number of the iteration. With these nota-
tions, the inputs of the procedure are the conditional per-
colation multiplicity probabilities [P (m|i)] and the phys-
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ical multiplicity spectrum [P, (m)].
We define an iterative procedure

(V=1 P (m)P _(ilm) (1)

where, for large k, P, (i) should converge to the required
bond parameter spectrum.
Using

P(B|A)P(A)

P(A4|B)= P(B)

(1) can be rewritten

:EP (m Pk_l(m|i)Pk_1(i)
(4

P,_(m)

P.(i) )

We also have

Pkﬁl(m)=zPk_l(i')Pk_l(m[i') (3)

Due to the fact that P, _(mli) does not depend on the
distribution P (i), (2) can finally be written as
P (m)P(mli)

2 2 Pk—l )P(m|l

P (i)=P, (i (4)

The iterative procedure represented by Eq. (4) is ter-
minated when the resulting multiplicity spectrum (3) is
the same as the physical one Pw(m), to within the numer-
ical precision.

The bond parameter distribution (4) obtained is much
narrower than the corresponding experimental
excitation-energy distribution. This is due to the fact
that the correlation of the multiplicity with E* is

stronger than with p. Nevertheless, the corresponding
percolative sample of events can directly be compared
with the experimental data.

B. Charge moments

The comparison between the physical data and the per-
colation model is made via the charge-moment analyses
as introduced by Campi [24]. The reduced charge mo-
ment of order k is given by

>z
i
Ztot

M

where the sum runs over all the fragments excluding the
heaviest one. M= (multiplicity—1)/Z,, is the reduced
multiplicity.

The first plot [Figures 10(a) and (b), where each point
stands for one event] shows the correlation between the
largest fragment of the event and the reduced multiplicity
for the percolative and the physical samples of events.
The percolation events have been generated using the
technique described above. The spectra are similar. On
the same plots, a histogram gives the evolution of the
variance of the greatest charge. The maximum of each
histogram is attained for the same multiplicity (M =6).
The fluctuation of the charges in a given event is
displayed in Fig. 11. The y, value is a combination of the
charge moments [y,=MoM,/M?=1+0%Z)/{Z)?.
Both in the physical events and in the percolation events
one obtains large charge fluctuations (y,>2). The aver-
aged values represented by histograms show similar
behavior.

As mentioned earlier, a correspondence has been estab-
lished between p and E* and we know the critical value
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of p. Hence we are able to select percolation events close
to the critical point (E*&€[190,210] MeV) and the physi-
cal events in the corresponding excitation-energy range.
For the subset of data, we plot In(S;) versus In(S,) with
S;=M;/M, (Figure 12 where each circle stands for one
partition, the surface being proportional to the number of
events belongs to the partition). The fit of the plots with
straight lines gives the slopes A;,, for percolation and
physical events. The value of A, , is related to the value
of the so-called critical exponent 7 by the relation
7=(3A3,,—4)/(A;3,,—1). We obtain r=2.14 (percola-
tion) and 7=2.10 (data), which are quite close. The value
obtained from mean-field theory [32] is rather greater
(~2.33). One can also notice that, for Z,,, =20, both the
critical probability (p.=~0.65) and the critical energy

Zmax

6(Zmax)

Zmax

FIG. 10. Plot of maximum charge Z,,,, versus reduced mul-
tiplicity M, (a) for percolation and (b) for physical events. The
histograms represent the standard deviations of the Z,, distri-
butions. The similarity between the percolation and physical
events is obvious.
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(E*~200 MeV) correspond to the crossover of the O
IMF and 3 IMF probability curves (see Fig. 7).

C. Preliminary conclusions

For simple moments of the charge distribution the per-
colation simulation gives results which are in good agree-
ment with experiment. It appears that we can select
events which are close to the critical point (by analogy
with percolation). This critical zone corresponds to exci-
tation energies in the range 190 to 210 MeV, that is, exci-
tation energies per nucleon close to 5 MeV per nucleon.

D. Nonaveraged charge moments

As seen previously, the percolation model is able to
reproduce the behavior of many averaged physical ob-
servables. This is true not only close to the “critical”
point but for the whole excitation-energy range. It is
then of interest to seek for differences by investigating the

FIG. 11. Same as Fig. 11 for the charge moment ¥, (see text).
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details of these distributions when the moments are not
averaged. In order to do this, Jagaman et al. [33] have
proposed to plot the correlation map between In(S,) and
In(Z_,,), where Z_ ., is the largest fragment in the event.
The comparison of the results for percolation and a mi-
crocanonical Metropolis sampling calculation [12] shows
a relative depreciation in the upper-right zone of the
former. This zone corresponds to the pseudofission
events, i.e., in the present case, events with exactly two
fragments with charge greater than 5. This study has
been made for nuclei much larger than calcium (64 sites
for percolation, 79 protons for the fragmentation code).
The lack of pseudofission in the percolation simulation
was explained by the fact that it includes only short-
range links between neighboring nucleons whereas the
long-range Coulomb forces where included in the micro-
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FIG. 12. Comparison of the plots of charge moments S;
versus S, (a) for percolation and (b) for the physical event sam-
ple. The slopes of these plots are related to critical indices as
explained in the text.
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canonical simulation code.

We have performed the same kind of comparison be-
tween our data and the corresponding percolation data
set. The resulting correlation maps can be seen in Figs.
13(a) and 13(b) where each circle corresponds to a charge
partition, the surface being proportional to the number of
events belonging to the partition. The plots are quite
comparable even (by opposition to the Jagaman et al. re-
sult) in the pseudofission zone. This may be due to the
fact that the role of the Coulomb force is less important
for small systems. This conclusion is corroborated by the
spectrum displaying the probabilities for an event to in-
clude 1, 2, 3, or 4 IMF’s (Fig. 7). The pseudofission curve
(n1pp =2) shows similar behavior for the percolation and
the physical events. The correlation map also shows that,
apart from vaporization, the sample contains events be-
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FIG. 13. Correlation between In(S,) and In(Z,,, ) where
S,=M,/M, and Z_,, is the largest fragment in the event.
Each partition is represented by a circle, the surface of which is
proportional to the number of events belonging to the partition:
(a) for percolative events, (b) for physical data.
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FIG. 14. Representation of all partitions in the form of Fig.
13. As in Fig. 8(a), the open circles represent evaporation-like
events, the squares quasifission (2 IMF), the plus signs cracking
events (=3 IMF) and the crosses vaporization events (0 IMF
and no large residue).

longing to the evaporative, pseudofission, and multifrag-
ment emission (MFE) domains. This can be seen by com-
paring with Fig. 14 where the circles correspond to eva-
porative events (nyg = 1, one heavy residue), the squares
to pseudofission (npr=2), the plus signs to MFE
(npme = 3), and the crosses to vaporization (npyr =0, no
heavy residue). Some partitions are much more popu-
lated in the experimental sample than in the percolation
one. They are arranged along almost vertical lines on the
map. They correspond to the differential stability of cer-
tain physical particles as compared with the particles
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FIG. 15. Pseudo phase space, representation of all partitions.
Larger circles are drawn when several partitions lie on the same
point. The dashed line approximately divides the figure into
two regions, in the upper one the Q value is less than 100 MeV.

generated by the percolation model. Alpha particles and
carbon nuclei are most abundant in the physical sample.
This abundance is compensated by the fragments with
one, three, four and nine charges in the percolative sam-
ple. The density of the events in the plot seems to be also
influenced by the partition Q values. Only the partitions
corresponding to Q values which are lower than about
100 MeV are populated (Fig. 15). In the phase-transition
description, the critical events are those with large values
of S; (i 22). Here these events lie on the right side of the
map. The sample contains events with the largest possi-
ble values of S,.

From the correlation map, the so-called critical ex-
ponent 7 can be extracted. The values obtained for the
physical sample and the percolation simulation are re-
spectively 7=2.10 and 7=2.17.

VI. SEARCH FOR A CHANGE
IN THE DISINTEGRATION MECHANISM

The analysis in terms of charge moments of the sample
of physical events shows that it includes subcritical and
overcritical events, the critical point being reached for an
excitation energy of about 5 MeV per nucleon. The prob-
lem is to know if this point actually corresponds to a
change of disintegration mechanism. No indication of
such a change can be seen on the Dalitz charge plots of
Fig. 8(b).

An independent signature is to be found in the dynami-
cal variables. The shape of the emission in the momen-
tum space can be characterized by the momentum tensor
variables:

M
S P,P,/|P,|
n=1

Ty=""x

> [P,

n=1

In this equation i and j are two of the three directions in

momentum space, # is the number of the fragment, M the

multiplicity, and P, the momentum of the particle in the
reference frame of the parent nucleus. The three eigen-
vectors of this tensor give the three principal axes
of the ellipsoid characteristic of the emission. The eccen-
tricity & measures its isotropy, &=[g;—1(q,+q,)]/

(g, +g,+4q5), where the g; are the square roots of the ei-

genvalues, g5 being the more different of the three. If the

emission is isotropic (which may be expected for very ex-
plosive events), the ellipsoid will be a sphere and &=0.

For a prolate shape (pseudofission) 6 €[0,1] and, for an

oblate shape, 6 €[ —1,0] (in-plane emission).

The inclusive analysis of the eccentricity as a function
of the excitation energy can lead to biased conclusions.
Indeed, at low excitation energy, one can only have
events with multiplicity 2 (6=1) or 3 (6=—1). As the
excitation energy increases, the mean multiplicity also in-
creases, and the value of & can approach zero. Hence the
evolution is mostly governed by the charge distribution
and only slightly by the disintegration dynamics. In or-
der to get rid from this effect, the [excitation energy, ec-
centricity] correlation has been studied for fixed values of
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FIG. 16. Variation with excitation energy of the momentum
ellipsoid average eccentricities for physical events with fixed
multiplicity M. The upper group of curves represents prolate
shapes whereas lower group corresponds to oblate shapes.

the multiplicity. The averaged values of eccentricity, for
oblate and prolate events and for different multiplicities,
are shown in Fig. 16.

Different observations can be made concerning these
spectra: (i) As stated earlier, the sphericity increases with
the value of the multiplicity. (ii) For a given multiplicity,
the sphericity decreases as a function of the excitation en-
ergy. Though the effect is not very strong, it is constant
and systematic over the multiplicities. It can be ex-
plained by an angular-momentum effect. The events with
higher excitation energies correspond to increasing angu-
lar momentum so that emitted fragments tend to be fo-
cused more and more in the reaction plane. The focusing
effect of the rotational motion apparently increases faster
than the defocusing effect due to the thermal (isotropic)
part of the excitation energy. (iii) From our data it is
clear that no signal for a change in mechanism can be
seen in the critical region. The same conclusion can be
drawn from the nonaveraged plots: the clouds corre-
sponding to events with a fixed multiplicity or a fixed
number of IMF’s show no substructure which could have
been caused by different reaction mechanisms.

VII. SUMMARY AND CONCLUSIONS

We have presented in this work a data sample obtained
by reconstructing primary projectilelike fragments in
quasibinary collisions of 35 MeV per nucleon *°Ca with a
"Cy target. From this sample 150000 events corre-
sponding to the projectile charge were isolated and ana-
lyzed.

The analysis was mainly concerned with quantities ob-
tained from charge partitions and the corresponding
weights. It was shown that certain derived quantities
(e.g., the charge moments) vary with the PPLF excitation
energy in a way which is quite comparable with the varia-
tion of the same quantities with the bond parameter in a
simple percolation simulation. In particular, by estab-
lishing a correspondence between PPLF excitation ener-
gy and the percolation bond parameter, it was shown that
the data-sample excitation energy spectrum, which ex-
tends up to 7.5 MeV per nucleon, contains a critical re-
gion (in the percolation sense) close to S MeV per nucleon
lying above the threshold for production of three inter-
mediate mass fragments. Value of the critical exponent,
found for percolative and physical events, are very simi-
lar.

A more refined (iterative) technique was presented
which leads to the construction of a bond-parameter
spectrum which reproduces the global experimental mul-
tiplicity spectrum. In this case, the main features (includ-
ing pseudofission events) of the experimental charge par-
tition spectrum are reproduced by the simulation.

Analysis of momentum ellipsoids was carried out as a
function of excitation energy. Strong effects were ob-
served due to in-plane focussing associated with angular
momentum transferred to the PPLF. These effects be-
come stronger as the excitation energy increases. Howev-
er, no evidence for a change in disintegration mechanism
was obtained. This finding agrees with an earlier analysis
of heavy-fragment recoil effects [34] and casts doubt on
the usefulness of investigations of charge partitions or
their moments in the search for prompt multifragmenta-
tion. In one sense, the comparison of the data with the
percolation simulation supports this conclusion since in
the latter case the passage through the critical region
cannot be associated with dynamical effects in the disin-
tegration mechanism. On the other hand, we feel that a
fuller investigation of angular-momentum effect in the
multifragmentation mechanism should be carried out be-
fore definite conclusions may be drawn.
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