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INTRODUCTION

Intermediate-mass fragment (IMF) production, typically 3<Z<20, is a widely ob-
served decay mode in heavy-ion reactions!!l. Possible scenarios to explain such a decay
mode include bulk instabilities based on the expansion of hot nuclear matter with an
initial compression stage in near-central collisions [#H4. However, for such collisions,
dynamical IMF production is also present as is evident from the observation of neck
emission® 7. Also, the persistence of binary dissipative collisions®®1 leaves a very
small cross section for forming a hot and dense single sourcel'? 13,

An alternate way to study highly excited nuclear matter is to consider the fast-
moving source formed in peripheral collisions!'®l. The Aladin collaboration, working
at GSI, has explored the excitation energy dependence of IMF production from the
breakup of the spectators in the reaction of Xe, Au and U projectiles on a gold target
at 600 MeV /nucleon4. When scaled by the charge of the projectile, the average IMF
number from all three projectiles was the same for a given excitation energy, suggesting
that the IMF production mechanism is independent of the emitter size. This result
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1s also consistent with the target independence already found in the Au-projectile-
induced reactions at beam energiesl®¥ of 400A, 600A and 1000A MeV, showing that
the beam energy dependence could be removed by using the excitation energy. A
global picture of the IMF production can be expressed by only two parameters, the
excitation energy and the source size. In the case of a lighter system, namely 4°Ca
at 35 MeV /nucleon?” 23 the IMF emission was well reproduced by the sequential
decay of a hot, rotating sourcel®¥ at variance with the Aladin datal®s). In the light
system, the driving parameters for IMF production were the excitation energy and the
angular momentum. Therefore, there seems to be a strong mass effect in the production
mechanism.

In this paper, we explore IMF production as a function of the excitation energy
for two systems, one in the range of the calcium study and the other between the first
system and the Aladin Au experiments. Simulations with a standard sequential decay
calculation for a hot, rotating source and with a lattice-gas model will be presented.
The applicability of our results will be extended to a heavier system mass and higher
beam energy by comparison to the Aladin work(®2.

EXPERIMENTAL SET-UP and EVENT SELECTION

Experimental set-up

A ¥Cl beam at 43 MeV /nucleon and a ™Ge beam at 35 MeV/nucleon from the
TASCC facility at Chalk River bombarded self-supporting 2.9 mg/cm? *”Au and 2.1
mg/cm® "Ti targets. Charged particles were detected in the CRL-Laval forward
array®® 37 complemented with three telescopes at small angle. The array consists
of 80 detectors mounted in 5 concentric rings around the beam axis and covering from
6.8° to 46.8°. The three inner rings are made of fast-slow plastic detectors with charge
resolution up to Z=17 for the chlorine experiment and Z=20 for the germanium ex-
priment. Energy thresholds are 7.5, 12.5 and 16.2 MeV/nucleon for Z=1,6 and 10
respectively. The two outer rings (24° to 46.8°) are made of CsI(Tl) crystals which
achieve mass resolution for Z=1,2 and charge identification for Z=3. Ilons with Z>4
were all attributed to Z=4. Thresholds are about 2.5 MeV/nucleon for Z=1,2 parti-
cles. Three Si-CsI(T1) telescopes covered 18% of the solid angle between 3° and 5°,
with charge resolution from Z=2 to 17 for the chlorine experiment and Z=2 to 32 for
the germanium experiment. Typical thresholds were 2.5, 4.7 and 5.9 MeV /nucleon for
Z=2,6 and 10 ions, respectively.

Event selection

The fast-moving emitter in the **Cl+Au reactions was selected according to the
iterative procedure of Désesquelles et al.?® and Lleres et all?. In a first step, all
particles with Z>4 detected in the phoswiches (high thresholds) were used to give a
first estimate of the source velocity, about 84% of the beam velocity. At this stage, the
particle-emission pattern in the reconstructed frame can be clearly seen. A selection
1s made in velocity space by accepting all charged particles moving in the forward
direction. Particles emitted in the backward direction are attributed to the fast-moving
source if their velocities are smaller than 4 cm/ns®3. The data sample of events with
a total charge of 17 consists of 580000 events. In the case of the "°Ge+Ti reaction,
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Figure 1. Kinetic energy spectra of Z=1,2 and 3 particles in the emitter frame. The Cl data are
shown in the left part and the Ge in the right. The lines are Maxwell-Boltzman fits.



separation of the fast-moving source was more difficult and each particle having a
laboratory velocity parallel to the beam and greater than or equal to 68% of the beam
velocity was attributed to the fast emitter. More than 480000 events with a total charge
from 29 to 33 were selected.

From these selected events, the emitter frame can be recontructed event by event.
Fig. 1 shows the kinetic energy, in the emitter frame, for Z=1,2 and 3 particles from
Cl (left) and Ge (right) projectiles. The distributions have been scaled so that Z=3 is
displayed at the top. The lines through the data represent Maxwell-Boltzman fits and
are shown only to demonstrate the shape of the emission. The Cl data are very well
described by the fits with a small excess yield at high kinetic energy for Z=1. In the
case of Ge data, there is an excess in both Li and He spectra but only at the 1% level.
The shoulder in the Z=1 distribution is explained by the different acceptance of the
Csl detectors. The overall emission pattern is in good agreement with that expected
from a single isotropic source.

EXCITATION ENERGY

The first step in the evaluation of the excitation energy is to assign a mass to
each charge and estimate the number of neutrons (which are undetected). This was
done by taking the most abundant mass for each charge to perform a mass balance.
Then, the excitation energy, Ey, is obtained by summing all the charged particles’
kinetic energies in the emitter frame; a @ value, corrected for the neutrons, is added.
Finally, the contribution of the kinetic energy of each neutron is taken to be 2 x T or
2 x /8E}/A.

The excitation energy distributions are shown in Fig. 2. In both cases, the distri-
butions extend to high energies. The structure at low excitation is due to exit channels
with charged particle multiplicities of 2, 3 and 4. The validity of high-excitation events
was tested with the statistical code GENEVERE. This code first calculates the entrance
channel and allows for pre-equilibrium emission of neutrons and protons. In a second
step it proceeds with a deexcitation stage as in GEMINI®?. Pre-equilibrium emission
can lead to uncertainties of the order of 7% at energies above 10A MeV for the Cl data.
Also, the tail of the distribution at 400 MeV and higher contains a 4% contribution
from the target-like source. In the case of the Ge data, target emission is negligible
because of the selection procedure used; uncertainties due to pre-equilibrium nucleons
are estimated at a maximum of 10% for an excitation energy higher than 8.5A MeV. On
the other hand, the GENEVE simulation did not consider a possible net mass transfer
from the target to the projectile, which favors higher excitation!?.

FRAGMENT PRODUCTION

IMF number

The IMF distributions have been sorted as a function of excitation energy, which
was divided into bins of 1A MeV width. The average number of IMF in each bin for
Cl and Ge is shown in Fig. 3 as a function of the average excitation energy in each
bin. The definition of an IMF is 3< Z;pr <8 for Cl and 3< Ziyr <12 for Ge. The
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Figure 2. Excitation energy distributions for the Cl and Ge data.



maximum IMF production is reached at about 7TA MeV of excitation in the Cl data and
then decreases while the “fall of multifragmentation” is not reached in the Ge data.

A comparison to models was made first with a minimum number of parameters.
This was achieved with the statistical code EUGENEM!. Like GENEVE, EUGENE
performs the calculation of the entrance channel, but without pre-equilibrium emission,
shares the excitation energy and the angular momentum between the reaction partners,
and simulates the sequential breakup of the excited target and projectile nuclei. The
only adjustable parameters are the projectile and target masses and the beam energy.
Each event is then filtered for detector acceptance and thresholds and treated exactly
like the experimental data. The result of the simulations is shown for Cl in the upper
part of Fig. 3. This model underpredicts the IMF production.

The second model used is the lattice-gas model®® 43, In this case, fragments
are formed assuming a temperature and a freeze-out density. Based on the study of
Ar+Sc by the MSU 47 group!*?44, the freeze-out density was chosen to be as close
as possible to 0.39. This density ratio is given by the number of nucleons divided by
the lattice size and is 0.35 for Cl (lattice size 4x5x5) and 0.39 for Ge (lattice size
5x6x6). Calculations are then made for increasing temperature values and filtered by
a sotfware replica of the array. The simulations are displayed in Fig. 3 and show an
overall agreement with the data.

The last model used was GEMINI. As in the calcium study by Lleres and co-
workersl?? a correlation between excitation energy and angular momentum was used
to reproduce the IMF number at each excitation energy. The angular momentum
values used ranged from 0% to 25% for Cl and 0% to 50% for Ge, with the maximum
values representing the critical angular momentum. The sequential breakup from a
hot, rotating source is able to reproduce the IMF production over nearly all of the
excitation energy range for the Cl data, quite similar to the calcium datal®®34, The
agreement is less successful above TA MeV of excitation, which corresponds to the
maximum of the angular momentum (kept constant at 25%); the model is pushed to
the extreme in terms of excitation and angular momentum. For the Ge reaction, the
agreement between GEMINI and the data is good for excitation up to 5A MeV but
the IMF production saturates as the excitation energy increases to 8.5A MeV. The
difference between the simulations and the data is greater than for the Cl data. Again,
the importance of angular momentum in such models is evident in the simulations with
1=0%, where the IMF numbers are strongly underpredicted by the simulations.

Clearly, in GEMINI, the IMF production is dominated by angular momentum ef-
fects and is also strongly mass dependent. The maximum IMF number predicted by the
code is higher in the Ge case by about 20% but the increase in the data is approximately
60%. The low excitation energy region is well reproduced in both cases. However, the
lattice-gas model, which incorporates ingredients of prompt multifragmentation and
phase instability, does better at high excitation and does not seem to suffer any mass
dependence as in the GEMINI simulations. The connection between the two models,
low and high excitation, suggests a change in the decay mechanism for IMF production
and the importance of temperature in the lattice-gas model.

Mass scaling

Based on the Aladin results demonstrating beam-energy independence and mass
scaling, we have compared the Cl and Ge IMF productions to the Aladin Au+Au data
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Figure 3. Average IMF number versus excitation energy per nucleon. Upper panel: Results of the
Cl data are compared to simulations with EUGENE(dashed line), lattice-gas model(dotted line) and
GEMINI(dash-dotted line). Bottom panel: Ge data and simulations with lattice-gas(dotted line) and
GEMINI with (dash-dotted line) and without angular momentum(dashed line)
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Figure 4. Scaled IMF numbers as a function of excitation per nucleon. The Cl and Ge data are
shown and compared to the Aladin Au results from ref. 32.



at 600A MeV*7]. The excitation energy per nucleon, average IMF number and source
size were extracted from ref. 32. The definition of an IMF was adjusted relative to the
Aladin data by scaling the upper limits, 3< Zipr 30X (Zsouree /79), Z=30 being the
upper limit in the Aladin data. The new definition of an IMF is 3< Zar <6 for Cl
and 3< Ziyr <12 for Ge data. Only the definition for the Cl reaction has changed in
the process. Also, to fully compare the systems, the average IMF number was scaled
at each excitation energy bin by the source size which is about constant for Cl and Ge
because of the total charge requirement but decreases with increasing excitation for the
Au data. The mass scaling results are shown in Fig. 4. The surprising result is that
all curves coincide. There is also a strong correlation between the scaled number of
IMF versus the excitation energy per nucleon, suggesting a temperature dependence for
IMF production. As discussed previously, the overall curve would not be reproduced by
GEMINI, the maximum IMF number being strongly mass dependent and decreasing
as the mass increases. The data of Fig. 4 show that the IMF production relative to the
system size is the same, in agreement with the lattice-gas model. It was also verified
that the unfiltered lattice-gas simulations give the same mass scaling!*".

SUMMARY

IMF production has been studied as a function of excitation energy for two different
systems, formed in Cl- and Ge-induced reactions. The average IMF numbers for the
Cl reactions are well reproduced within the framework of a sequential decay of a hot
rotating source with only a small discrepancy at high excitation. In contrast, only
the low-excitation data are well reproduced for the Ge data. The comparison of the
data to GEMINI calculations suggests a size effect in the IMF production mechanism
as observed by Désesquelles et al.#¥. On the other hand, the lattice-gas model might
be unrealistic at low excitation where GEMINI does well. However, the size effect is
not present in the lattice-gas model which is in good agreement with both sets of data
over the complete excitation energy range. By scaling the average IMF number by the
source size, we were able to demonstrate a universal behaviour over a wide range of
beam energies, from 35A MeV to 600A MeV, for a range of source masses, A~35-190.
The thermal nature of IMF emission is evident in the strong correlation between the

scaled IMF number and the excitation energy per nucleon, in good agreement with
recent results by the EOS TPC collaboration!*®: 5.
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