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Abstract. Correlations between Intermediate Mass Frag-
ments were measured for the reaction Xe + Cu at E/4 =

45 MeV/u. The velocity correlation function for central
3-fold events, depleted at small values of the relative
coordinate, as typical for fast decay processes, reflects the
mutual Coulomb repulsion between the emitted fragments.
From the comparisons between a significant number of
experimental observables and the predictions of the Berlin
Multifragmentation Model, it appears that the data are
compatible with a simultaneous multifragment emission.

PACS: 25.70.-z

1. Introduction

The emission of Intermediate Mass Fragments (IMFs —
3 <Z < 20} is an important decay mechanism of the ex-
cited nuclear systems formed in heavy ion reactions at
intermediate energies. The relative velocities between
IMFs are a signature of the disintegration process and are
a unique tool to investigate the lifetime and the density of
the excited system decaying through a multifragment
emission [1].

IMF-IMF correlation functions at small values of the
reduced velocity [2] are controlled by the interactions
between the fragments: the IMFs will move under the
influence of their mutual Coulomb repulsion and will be
deflected from each other, provided they are emitted in
a sufficiently narrow time interval, such that their mutual
distances are small. When more than two fragments are
emitted, as suggested in [3], any depletion (Coulomb hole)
in the correlation function at small reduced velocities is in
contradiction with the assumption of an independent se-
quential fragment emission.

On the other hand, the correlation function at
higher values of the reduced velocity probes the mutual

* Present address: IPN Orsay, France

interaction between all the fragments present in the disin-
tegration region and it is sensitive to the breakup config-
uration: at intermediate energies, if the disassembly occurs
through the multifragmentation of the expanded nuclear
system formed in central collisions, the Coulomb energy
between a pair of fragments is reduced with respect to the
sequential emission, leading to a smaller relative velocity.

The shape of the experimental correlation functions
gives therefore significant information on the space-time
evolution of the hot nuclear system [4].

The method most commonly used to extract the emis-
sion time and the dimension of the source consists in the
comparison of the experimental correlation function with
the prediction of three- or many-body trajectory calcu-
lations [5, 6], where the simulated events are generated
from the experimental charge, energy and angular distri-
butions and the free parameters are the size, the density
and the lifetime of the emitting source. In this approach,
the basic hypothesis is that IMFs are emitted sequentially
from the excited and expanded source, so that their
Coulomb trajectories are essentially influenced from the
presence of a large residue.

A different approach is to compare the experimental
correlation function with predictions of statistical decay
models, based upon different assumptions such as sequen-
tial decays or instantaneous emissions, with or without
the hypothesis of an expanding source [3, 7]. The informa-
tion on the fragment source, obtained by this comparison,
is meaningful if the model is able to reproduce all the
previously mentioned experimental distributions, so that
the reduced-velocity correlation function can be used to
characterize the source density and the mean emission
lifetime for multifragment final states.

In order to understand if also for our reaction, as for
those analyzed in [5, 8], an instantaneous multifragment
emission can be responsible for the observed features, in
this paper we have compared IMF-IMF correlation func-
tions to the predictions of the Berlin Multifragmentation
Model (BMM) [9], which is based on a statistical and
instantaneous disassembly of an expanded and excited
system. It has to be noted that the simultaneous disas-
sembly of an excited source in 3 or more fragments, like in



192

BMM, is compatible, as far as the relative velocities are
concerned [107], with a sequential binary decay with a life-
time smaller than the Coulomb interaction time
(t = 10722 sec). Before comparing the correlation func-
tions we checked that the model is able to reproduce the
main features of the experimental distributions, such as
charge distributions, kinetic energy and angular distribu-
tion of the IMFs. The shape of the correlation functions
(in particular at low values of the reduced velocity) allows
therefore to determine the density of the excited system.

2. Exclusive experimental observables and comparison
with the model

The experiment was performed at the GANIL Laboratory
bombarding a Cu target with a Xe beam at 45 MeV/u.
Fragments (Z > 3) were detected with the MULTICS
[11-14] apparatus. The angular range covered was
5° —25°, with a geometrical acceptance of 72% [15], the
energy threshold was = 2.5 MeV/u, (corresponding to
a velocity =~ 2.2 cm/ns, the overall energy resolution re-
sulted better than 2% and the angular resolution ranged
from 0.1° to 0.3°.

In previous papers [16, 17] we already presented part
of the data and we showed that experimental inclusive
observable, as the total cross section, the multiplicity
distributions and the charge cross sections are well repro-
duced, without any normalization, by the prediction of
a dynamical model based on Boltzmann, Nordheim,
Vlasov (BNV) equation, followed by a statistical binary
decay. However more exclusive observables, like the total
charge distribution and the charge event asymmetry, were
not reproduced by this hybrid model; indications were
found of a non binary sequential decay of the hot sources
formed at central impact parameters.

The central events, coming from the de-excitation of
an equilibrated source, were identified through the frag-
ment multiplicity and their isotropic angular distribution
[17] in the centre of mass frame. The central events with
three IMFs were studied and their characteristics were
compared to the predictions of the BMM. A quite good
agreement has been found for the event charge asymmetry
Z )71+ Zy + Z3)(Zy, Z,, Z;5 are the heaviest, medium
and lightest fragment in each event, respectively) and the
distribution of the fragment total charge, using as the
freeze-out radius the default one (ro- A® fm, ro = 2.1 fm),
if comparing 3-fold events with fragment charges Z > 6.
The discrepancy between experimental observables and
predictions for Z < 6 was attributed both to experimental
thresholds and to the too high production of light frag-
ments by the BMM model. Even in the analysis presented
here, the comparison between data and model predictions
will be done for fragments with charge between 6 and 20.

The input parameters of the Berlin model are the mass,
the atomic number, the excitation energy and the angular
momentum of the source, together with the freeze-out
radius. The BMM model calculates the emissions prob-
abilities of a unique equilibrated source according to the
entropy of the system. The emission is instantaneous and
the fragments start their trajectories from the freeze-out
configuration.

We followed the first stage of the reaction up to the
time when the intermediate nuclear system has reached
the equilibrium [16] with the dynamical BNV model,
which takes into account momentum and energy conset-
vation. The mean values and the variances of the mass,
charge, excitation energy and angular momentum of the
source, that undergoes multifragmentation, can be deter-
mined and used as inputs for the fragmentation code; only
the freeze-out radius, which is a specific parameter of the
Berlin model can be treated as a free parameter and its
effect on the results of the calculation can be investigated
through the comparison to the experimental data. For the
measured reaction the source characteristics given by the
dynamical BNV model for the impact parameters
b=01+2fm aree A,=151, Z,=66, E*/A=
53MeV/u, L ~0 =704 In the present BMM calcu-
lations an angular momentum L = 11A, corresponding to
b = 0.5 fm has been used since, as discussed in the pre-
vious work [17], a larger angular momentum of the
source leads to a decay in fragments with a charge asym-
metry considerably higher than the experimental one. The
theoretical treatment has therefore to be improved in
order to reproduce the data also when the source has non
negligible angular momentum, as predicted from BNV
calculations for impact parameters up to 2 fm.

A software replica of the experimental apparatus was
applied to the predicted events before the comparison
with the experimental ones, in order to allow meaningful
comparison with exclusive data. This software includes
a realistic treatment of the geometrical inefficiencies, the
particle kinetic energy thresholds and the particle energy
loss in inactive regions [15]. The experimentally deter-
mined source velocity, used in the filtering procedure
through the detecting apparatus, resulted =~ 7 cm/ns, very
similar to the one predicted by the incomplete fusion
systematics [18], corresponding to a linear momentum
transfer of 80%. Only the events detected, like the experi-
mental ones, as 3-body events were considered in the
calculation of the exclusive observables.

In Fig. la we present the comparison between the
experimental and calculated total charge Z,,, of the frag-
ments as a function of the excitation energy of the source,
with the freeze-out radius at its default value 2.1- A3 fm.
As it is evident from this figure, the predicted total charge
agrees with the experimental one in the range
E* = 650 = 850 MeV, in agreement with the BNV pre-
dicted value = 800 MeV.

The mean value of the total charge experimentally
detected is 36, i.e. 30 units of charge of the emitting source
are not detected. The good agreement between the BMM
calculation and the experimental value is due to the fact
that in the events with 3 IMFs with Z > 6 the BMM
model predicts also 89 protons, 4-5 a-particles and
3 very light IMFs 3 < Z <5).

In Fig. 1b, ¢, d and e we show the calculated total
fragment charge Z,, and the charge distributions of the
heaviest, medium and lightest fragment (labelled as Z;,
Z,, Z 5 respectively) as a function of the freeze-out radius,
for the excitation energy values of 700 and 800 MeV. As it
is clear from these plots, the freeze-out radius does not
influence strongly the charge partition and the agreement
between predicted and experimental charge distribution is
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Fig. 1. a) Calculated (full squares) and experimental (dashed area)
total charge (Z,) of the fragments (Z = 6) as a function of the
excitation energy E* of the source, for ro = 2.1 fm. b) Calculated
(full squares for an excitation energy of 800 MeV and full triangles
for an excitation energy of 700 MeV) and experimental total charge
Zyor of the fragments (Z > 6) as a function of ry ¢), d), €) Calculated
and experimental charge distributions of the heaviest (Z;), medium
(Z,) and lightest (Z3) fragments as a function of r,. f) Laboratory
mean IMF kinetic energy (MeV) versus the laboratory detection
angle. The full circles refer to the experimental value, the open circles
to the calculation with E* = 800 MeV and ro = 2.1 fm, the open
squares to E¥ = 800 MeV and ry = 2.8 fm and the open triangles to
E* =700 MeV and ro = 2.6 fm. The predictions were filtered by the
acceptance of the apparatus

acceptable for a range 1.9 =~ 2.6 4Y/3 [m of the freeze-out
radius.

As claimed in [§, 19] and clearly seen in Fig. 1, increas-
ing the excitation energy or the freeze-out radius the
symmetry on the charge of the IMF's formed in the decay
of the source increases. The excitation energy cannot be
increased over 800 MeV since it would lead to IMFs with
total detected charge Z,, smaller than the experimental
one; on the contrary one gets IMF's symmetric in charge,
with a Z,, value close to the experimental value in a wide
range of the freeze-out radius,

In Fig, 1f the fragment laboratory mean kinetic energy
as a function of the laboratory detection angle is reported
for ¥y =2.1fm, E* =700 MeV, for r, = 2.6fm, E* =
700 MeV and for ry = 2.8 fm E* = 800 MeV. The under-
estimation of the kinetic energy for the highest r, value
could be due to a missing additional energy; as it has been
recently suggested [20] an additional compression energy
could improve the agreement between data and model
predictions as in other reactions at intermediate energies.

The overall agreement between the data and the
BMM calculations allows to extend the comparison to the
relative velocities distributions in order to determine the
best value of the freeze-out volume which reproduces
these observables. A strong influence of the freeze-out
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radius is expected on the relative velocities between pairs
of fragments, since the Coulomb energy depends strongly
on the proximity of the fragments.

In Fig. 2a the experimental scatter plot V.4 as a func-
tion of @, for each pair of IMFs is reported. V.4 is the
reduced  velocity Vo= |V, —V;|/\/(Z:+Z) (,j=
1 =3, i%#j) between the IMF velocities and 0, is the
relative angle between the IMFs velocities in the event
Centre of Mass frame. In Fig. 2b, ¢, d the BMM predic-
tions are reported for the excitation energy
E* =800 MeV and ry = 1.7, 2.1, 2.6 fm respectively. The
agreement with the experimental plots improves for
increasing available volume, as it clearly appears from
Fig. 2; an expanded source seems to be responsible for the
IMFs emission.

3. Reduced velocity correlation functions

A more meaningful information can be extracted from the
investigation of reduced velogity correlation functions, as
usual in interferometry analysis [21]. The correlation
functions are defined as the observed probability P(v,.q) of
pairs of fragments belonging to the same event divided by
the probability P, (v.q) of uncorrelated pair of fragments
with the same reduced velocity v,.4:

P(Ured)

1+R= .
mix(vred)

(1)
The uncorrelated events are obtained from the coincident
events by the technique of event mixing [22], ie. by
combining fragments from different recorded events.
Mixed events take into account (as the correlated ones)
the efficiency and the finite granularity of the experimental
apparatus: events where two mixed fragments could have
been detected in the same detector were rejected. This
request is needed when calculating correlation functions
for IMF, especially when dealing with reverse kinematics
experiments; in fact, due to kinematical constraints, the
detection angles of the fragments are limited in a forward
cone and the probability of double counting, when mixing
the events, depends on the number of detectors used to
cover these angles. If one does not apply the rejection of
the double hits, the uncorrelated probability P, (t,eq) in
the equation (1) is increased at low reduced velocities and,
due to the normalization over the whole area, the correla-
tion function is enhanced at higher values of the reduced
velocity, simulating additional correlations. The yield of
the double hits for the correlated and uncorrelated events,
estimated by filtering BMM calculations, is of the order of
4% and 13.5% respectively. It has to be noted that no
arbitrary normalization is used, since expression (1) de-
fines uniquely the normalization of the correlation func-
tions [8].

In Fig. 3 the experimental correlation functions of the
reduced velocity are shown, together with the calculated
ones for E* = 800 MeV and ry = 1.7, 2.1, 2.8fm and for
E* =700 MeV and r, = 2.6fm. The error bars of the
experimental data correspond to the statistical error on
the correlated yield; the high number of mixed events does
not afect the correlation function errors.
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Fig. 3. Correlation functions of the reduced velocity. The full line is 700 18 4.0

the predicted correlation functions for ro = 2.8 fm and the excitation
energy E* = 800 MeV. The dashed, dotted and dash-dotted lines are
the predicted values for rp = 2.1 fm and E* = 800 MeV, ro = 1.7 fm
and E* = 800 MeV, and r, = 2.6 fm and E* = 700 MeV, respective-
ly, fitted following the procedure described in [23]. The predictions
were filtered by the acceptance of the apparatus

The evident depletion in Fig. 3 at low values of the
reduced velocity in the experimental data is a signature of
a short decay time: the fragment emission is fast enough to
have noticeable mutual Coulomb interaction between
IMF after their separation.

The bump of the calculated correlation function of the
reduced velocity, just after the Coulomb hole, decreasing
with increasing r,, reflects the modification of the charge
partition and of the breakup configuration. As it can be
seen from Fig. 1, indeed, the charge partition evolves to-
wards an increasing symmetry with r,, due to the increase
of the free volume. At low ry values, when the largest
fragment (Z,) is much larger than the other IMFs, the
smaller ones (Z, and Z) are at the maximum distance from
the largest one because of the Coulomb repulsion. The
resulting relative motion of Z, and Z; will be governed
more by their mutual repulsion than by the interaction with
the largest fragment [19]. This leads to a pair of IMFs
(Z,,Z5) with relatively high relative velocity and two

pairs (Z,,Z, and Z;, Z3) with lower relative velocities.
Events with IMFs asymmetric in charge contribute to the
correlation functions twice at low values of the relative
velocity and once at higher values of the abscissa; this is
the origin of the bump in the calculated correlation func-
tion after the Coulomb hole for low r, values. At higher
ro values, due to the increasing of the free volume, more
symmetric charge partitions are available; this reflects in
a flatter correlation function (see Fig. 3).

We investigated how the experimental uncertainties
and finite resolution effects reflect on the Coulomb hole
and on the shape of the correlation functions. We found
that, in our case, the low velocity thershold ( = 2 cm/ns},
the energy resolution (better than 2%) and the angular
one (0.1° — 0.3°) lead to an overall error on the reduced
abscissa = 5%. The correlation function is then only
slightly affected by the acceptance of the apparatus and
therefore the observed Coulomb hole cannot be attributed
to experimental limitations.

In Table 1 we present y* = 1/Nints (& (fin(rea) —
Fexp(Urea)))? /12,5 (Dreq), the normalized distance of the ex-
perimental correlation function with respect to the pre-
dicted values for several combination of the freeze-out
radius and of the excitation energies.



From Figs. 2, 3 and from Table 1 it is evident that the
best agreement between the data and the calculations is
obtained for the largest values (2.6 = 3.0 fm) or r, for an
excitation energy of 800 MeV. Since however, as it can be
seen in Fig. 1f), with these inputs the kinetic energies are
underestimated, an overall better reproduction of all the
observables seems to be obtained for a lower excitation
energy (700 MeV) and for a freeze-out radius of the order
of (2.6 = 2.84"3 fm).

4. Conclusions

The experimental correlation function of the events with
3 IMFs, showing a clear Coulomb hole, indicates that the
decay of the system formed in central collisions is a very
fast process compared with the Coulomb interaction time
(t &~ 10~ %% sec) and, as stressed in [3] rules out conven-
tional sequential binary decay models which use indepen-
dent decay rates for subsequent decays. The agreement
between the experimental data and the prediction of the
BMM model and the comparison of the correlation func-
tions indicate that the multifragment production observed
in central collisions in the reaction Xe + Cu at 45 MeV/u
can be explained within the BNV + BMM approach with
a freeze-out radius 2.6 + 2.84*° fm and an excitation
energy = 4.6 = 5.3 MeV/u. The mechanism for multifrag-
ment production, if one selects the most central collisions,
is compatible with an instantaneous breakup of the inter-
mediate excited system.
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