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The properties of the multifragmentation of “hot sources” produced in
the 49Ca+1°Ca reaction have been studied at a beam energy 35 MeV /nucle-
on. Two signatures of prompt multifragmentation, which make use of spe-
cial features of particle emission from the “freeze out volume”, together
with an analysis of the reduced relative velocity between pairs of interme-
diate mass fragments, indicate the presence of a transition from sequen-
tial decay to prompt multifragmentation at an excitation energy of about
3 MeV /nucleon.

PACS numbers: 25.70.Gh, 25.70.L.m, 25.70.Pq

1. Introduction

Phase transitions in finite systems are presently a subject of great in-
terest. Prompt multifragmentation of highly excited nuclei is of particular
interest, since it may yield information concerning the liquid-gas phase tran-
sition in nuclear matter [1]. The latter may be induced by a nuclear collision

* Presented at the Kazimierz Grotowski 70*" Birthday Symposium “Phases of Nuclear
Matter”, Krakéw, Poland, January 27-28, 2000.

(1479)



1480 R. PLANETA ET AL.

transferring a system into a spinodal region of instability [2]. Multifragmen-
tation may also appear as a natural extrapolation of the evaporation mecha-
nism characteristic of nuclear decay at low excitation energies. The essential
question concerns the typical time interval between successive emissions. In
the limit of very short times nuclear multifragmentation can be considered
as prompt multifragmentation (PM), whereas the opposite limit is usually
referred to as a sequential or a binary sequential decay (BSD).

At low excitation energies (= 2MeV /nucleon), atomic nuclei decay by the
emission of neutrons and light charged particles. In this scenario particle
emission is such a rare event that a chain of subsequent emissions may be
assumed to take place from a corresponding sequence of equilibrated parent
nuclei. With increasing energy the emission of heavier particles, intermediate
mass fragments (IMF, Z > 2) competes with light particle emission. The
assumption of step by step equilibration of parent nuclei may break down
with further increase of the excitation energy and reduction of the decay time
scales, since the parent nucleus may not have time to equilibrate between
successive emissions [3]. Emitted particles may not have time to leave the
vicinity of the parent and consequently the presence of previously emitted
fragments may influence the decay process.

At excitation energy high enough to transfer a nuclear system into the
spinodal region, the system should break into fragments due to the instabil-
ity of nuclear matter. In this case one can postulate the existence of a set of
fragments, enclosed in some finite spatial region (the “freeze-out volume”),
which interact only via the inter-fragment repulsive Coulomb force [4]. Al-
though such a process is considered to be prompt, it should not be treated
as simply a short-time-limit of the sequential decay.

The experimental search for differences between the BSD and PM pro-
cesses is usually based on dynamic correlations between the IMFs emitted
from a nuclear system [5]. IMFs from PM are localized closer in space and
in time as compared to IMFs from BSD. Consequently, at small values of
the relative velocity, the number of coincidences is smaller for PM than for
BSD. In the above method the main difference between BSD and PM is due
to the decay time.

In this work we make use of two novel signatures of prompt multifragmen-
tation, which, instead of the decay time, exploit special features of particle
emission from the “freeze out volume”. These are: (i) the shape of the distri-
bution of squared momentum of the heaviest emitted fragment, p2, [6,7], (i)
the focusing of fragments of the decaying system by the Coulomb field [8].

A recursion relation has been derived by Cole [6], which relates the mean
square momenta of the sequentially emitted light particles and of the final
residue. It appears that the mean square momentum of the residue is al-
ways smaller than the mean of the sum of the squares of the momenta of
sequentially emitted particles.



Formation and Decay of Hot Nuclei in ... 1481

The situation is quite different for prompt multifragmentation. In this
case the heaviest fragment receives a collective Coulomb “kick” from other
particles contained inside the “freeze out volume”. Simulation shows that
the mean value of p? for the sequential decay scenario is smaller than the
mean value of p? in the case of prompt multifragmentation [7].

The second signature, the Coulomb focusing effect, was proposed by
Gawlikowicz [8]. For prompt multifragmentation from a single hot source,
momentum conservation tends to generate back-to-back motion of the two
heaviest fragments, producing axial Coulomb focusing of the light charged
particles. In the case of sequential decay this focusing effect is much weaker.

In Section 2 the reconstruction procedure of hot sources is described.
These sources are: projectile-like fragments (PLFs) produced in deep inelas-
tic collisions (DICs), and composite systems (CSs) resulting from incomplete
fusion. A model describing the creation and decay of such “hot sources” is
briefly presented in Section 3. The decay characteristics of “hot” PLFs and
CSs are studied in Sections 4 and 5, respectively. The last section contains
a summary and conclusions.

2. The 40Ca + 4°Ca experiment and data

The experiment was performed at the Grenoble SARA facility using
the AMPHORA upgraded multi-detector system [9,10]. For the symmetric
40Ca + 40Ca system most fragments are detected in the forward part of
the detector, where the granularity of AMPHORA provides a good angular
resolution for particle—particle correlation measurements. The experimental
details are described in [11,12].

2.1. The PLF hot source

At 35 MeV /nucleon the dynamics of peripheral °Ca + #°Ca collisions
exhibits a predominantly binary mechanism characterized by strong energy
dissipation [11-13]. Thus, in the exit channel, we should observe two ex-
cited and decaying “sources” a target-like and a projectile-like fragment
(TLF and PLF). Because of kinematics and detection energy thresholds
only a very small fraction of the TLF source is visible. Therefore in this
paper we focus our attention on the reconstruction of primary PLFs. The
PLF fragments charge, mass and excitation energy have been determined
using the reconstruction procedure [13,14].

The angular distributions of fragments measured in the center of mass of
the decaying PLF indicate forward-backward symmetry for the IMF emis-
sion, as expected for a thermalized source [13].
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The reconstructed charge and excitation energy distributions of the pri-
mary PLF are presented in Fig. 1. As one can see, deep inelastic collisions
produce a broad range of nuclei with an average charge of about 20, and
excitation energies extending from zero up to over 10 MeV /nucleon. Such a
span of excitation energy should make it possible to trace a transition from
BSD to PM.
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Fig.1. The PLF reconstructed charge and excitation energy distributions (black
dots), together with model predictions (PM — solid line; BSD — broken line).

2.2. The CS hot source

For more central collisions a composite system is formed as a result of
incomplete fusion, with a very low cross section (several milibarns). To select
events belonging to more central collisions we use a cut in the coplanarity
(C) sphericity (S) plane [15]. Parameters C' and S are related to the shape
of the event in the linear momentum space. The cut is defined by:

C <0.7(5—0.3). (1)

In model simulations (see Sec. 3) we can tag events produced according to
incomplete fusion or the DIC scenario and estimate their relative contribu-
tions. With the restriction (1) and additional conditions — total detected
charge Ziota1 > 34 and the LAB angle of the heaviest fragment ©1 < 20
degrees — about 60 percent of events come from the incomplete fusion.

The total charge and excitation energy distributions of the primary “hot
CS source” reconstructed under the above conditions are presented in Fig. 2.
The charge distribution is concentrated in the region just below Z = 40. The
CS excitation energy is quite high (about 8.5 MeV /nucleon), and the width
of its distribution (the FWHM value) is about 3 MeV /nucleon.
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Fig.2. The CS reconstructed charge and excitation energy distributions (black
dots) together with model predictions (PM — solid line; BSD — broken line).

3. Simulation

In order to study different decay scenarios of “hot sources” one must
use special gating techniques and particle correlation methods. To check
them a model is needed which reproduces some necessary details of the
reaction picture. We use a computer code elaborated by Sosin [16] which
belongs to a family of models [17| based on the Randrup assumption [18]
that at higher collision energies, energy dissipation proceeds mainly through
stochastic transfer of nucleons between colliding ions.

Sosin computer code includes competition between mean field effects and
the effects of nucleon—nucleon interactions in the overlap zone of colliding
nuclei. The activated nucleons are transfered to PLF or TLF. They may also
escape from the system or form a cluster. In the limit of smaller angular
momenta (more central collisions) such a clustering process may result in
the formation of a composite system.

An excited PLF, TLF or CS emits particles. In the model the deexcita-
tion process is simulated by the GEMINI statistical code [19] which treats
the cooling process as a sequence of binary decays.

As an option, the code permits decay of an excited PLF (TLF) or CS
by prompt multifragmentation. In this work we follow a suggestion made
by Lopez and Randrup [4] and applied in our previous work [8]. For a given
system with an initial angular momentum L and excitation energy E* (ob-
tained from the Sosin code) we use a partition provided by the GEMINI
code as an initial distribution of fragments inside the “freeze-out” volume.
The initial fragments are randomly positioned by a Monte Carlo subrou-
tine [8,20] inside a spherical region of space such that no two fragments
overlap. Energy, linear momentum, and angular momentum are conserved
for each event.
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The fragments of the initial configuration are accelerated in the mu-
tual Coulomb field along proper trajectories, which are integrated numeri-
cally [21]. The predictions of the code are filtered by a software replica of
the AMPHORA detector system [22]. For comparison with experimental
data the same reconstruction procedure for a PLF or CS has been applied
to the model predictions as for the data. Some of the results obtained using
the above procedure are presented in Figs 1 and 2.

4. Decay characteristics of hot PLFs

To study the PLF decay characteristics one can use a conventional method
based on correlations between the IMFs emitted from the excited PLF. Here
we use a 1 + R(vpeq) correlation function for pairs of IMFs moving apart
with a reduced relative velocity, vreq [5]-

The reduced velocity correlation functions measured for pairs of IMFs
with 3 < Z < 8 are shown in Fig. 3(a) for different bins of the excitation
energy of the primary PLF. The “Coulomb hole” seen at small values of
vred Clearly broadens for higher PLF excitation energies. The sequential
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Fig.3. Reduced velocity correlation functions for: (a) IMF’s with 3 < Z < 8§,
and (b) particle charge spectra, measured for different PLF excitation energy bins.
Black dots indicate experimental data. Model predictions: solid line — PM; broken
line — BSD.
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binary scenario explains the experimental data at low excitations only, below
3 MeV /nucleon. At higher excitations one must use a correlation function
calculated according to the PM scenario. The size of the “Coulomb hole” is
similar to that measured for other systems at similar energies [23-25].

As seen from Fig. 3(b), the agreement of the measured Z distributions
with model predictions is good, for both BSD and PM reaction scenarios
and for all excitation energy bins.

As an alternative, instead of the 1 + R correlation method we can ex-
amine the distribution of the squared momentum of the heaviest fragment,
p?. For this signature fragment momenta should be measured in the PLF
center of the mass system whose location is determined, event by event, in
the PLF reconstruction procedure [13]. To avoid the influence of the TLF
we take only those heaviest fragments which are emitted at an angle smaller
than 90 degrees in the coordinate system oriented by the running PLF.

The measured distributions of the squared momentum p? of the heaviest
fragment are displayed in Fig. 4. They become distinctly broader for PLF
excitation energies higher than 3 MeV /nucleon, in agreement with the PM
model prediction.
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Fig.4. Distributions of p? for different PLF excitation energy bins. Black dots
indicate experimental data. Model predictions: solid line — PM; broken line —
BSD.
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5. Decay characteristics of hot CSs

Fig. 5(a) displays the 14+ R correlation function for events selected by
the conditions described in Sec. 2.2. It shows a broad “Coulomb hole” in
agreement with the PM model prediction, but too broad for the BSD decay
scenario. In this case also the size of the “Coulomb hole” is comparable with
other results [23-25].
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Fig.5. Composite system: (a) 1+R correlation function; (b) p? distribution; (c)
Coulomb focusing; (d) secondary charge distribution. Black dots indicate experi-
mental data. Model predictions: solid line — PM; broken line — BSD.
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The p? distribution (Fig. 5(b)) is well predicted by the PM reaction
scenario, but is in disagreement with the BSD curve.

The Coulomb focusing effect is observed in the IMF velocity distribution,
do(0,)/ds2, displayed in a reference frame defined by the relative velocity,
10Uy , of the two heaviest fragments. Here ©, is an angle between the
IMF velocity and the o—t/» vector. As expected the two heaviest fragments
generate a strong Coulomb field, focusing the velocities of IMFs around
O, = 90 degrees (see Fig. 5(c)). The experimental points agree with the
PM prediction. For the sequential binary decay the do(©,)/df2 distribution
is distinctly flatter but not isotropic because of momentum conservation
and very short time intervals between consecutive emissions, which create a
dependence of subsequent decays.
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The agreement of the measured Z distribution with the model prediction
is good, for both BSD and PM reaction scenarios (see Fig. 5(d)). In spite of
the nearly two times larger CS mass and charge, the Z distribution here is
not longer than the PLF one, because of much higher average CS excitation.

6. Summary and conclusions

The multifragmentation of excited nuclei from the 4°Ca, + 4°Ca reaction
at Frap = 35 MeV /nucleon has been studied using the AMPHORA mul-
tidetector system. Using special gating and reconstruction procedures we
could observe projectile-like fragments with different degrees of excitation,
and also highly excited systems from incomplete fusion. These “hot sources”
possess features of thermalized systems. To investigate their decay charac-
teristics we have used the conventional reduced velocity correlation method
and also two signatures based on the distribution of the squared momentum
of the heaviest fragment, and on the Coulomb focusing effect, respectively.

For the PLF, both methods, the reduced velocity correlation, and the
p? distribution, support the binary sequential decay scenario below an exci-
tation energy of 3 MeV /nucleon, and prompt multifragmentation for higher
excitations. For a CS which has about twice the PLF electric charge the
Coulomb focusing effect could also be observed. In that case all three sig-
natures indicate prompt multifragmentation of the hot system.

The consistency of all these observations shows that both the p? distri-
bution and the Coulomb focusing effect can be used as signatures of prompt
multifragmentation.

At high excitations the PM signal (the difference between the BSD and
PM prediction) is quite strong for the new signatures. This may be used as
an argument that prompt multifragmentation should not be treated simply
as a short time limit for binary sequential decay.
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