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Abstract. Two-neutron correlation functions are measured in the “°Ar + '°7 Au reaction at 60 MeV /nucleon
to study the space-time characteristics of neutron emitting sources. The source temperatures and velocities
are deduced by fitting the single-neutron energy spectra with a three-source model. A comparison of the
correlation data with the predictions of the model of moving sources and with the dynamical Landau-
Vlasov model suggests the relevance of a multisource description. Particular care has been paid to the
influence of the relative source abundance on the shape of the correlation function.

PACS. 25.70.-z Low and intermediate energy heavy-ion collisions — 25.75.Gz Particle correlations

1 Introduction

Correlations of particles at small relative velocities are
widely used to reveal the space-time properties of the
emission process in heavy-ion collisions [1]. In the case
of charged particles, the long-range Coulomb force from
the emitting source and between two charged particles in-
troduces some distortions of the two-particle correlation
pattern making the interpretation of the results ambigu-
ous. Two-neutron correlations are free of it. Despite this
favourable property, the results on two-neutron correla-
tions are very scarce. The parasite effects in the detection
of neutrons in coincidence usually preclude the measure-
ment of two-neutron correlations in the region of small
relative momenta. There are some methods of eliminating
these parasite effects [2,3]. In this paper the method of [2]
is used as it corresponds best to our experimental condi-
tions.
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The common tendency, emphasized in many papers on
two-nucleon correlations, is the growth of the correlation
effect with the increase of emitted particle energy. In the
frame of the most straightforward interpretation, this de-
pendence corresponds to the decrease of space-time para-
meters of particle emission and reflects a relation between
the particle momenta and the mechanism of their emis-
sion.

However, the attempts to describe the shape of ex-
perimentally observed correlation functions with a sin-
gle curve corresponding to pre-defined space-time para-
meters appear to be difficult. Frequently, a set of theo-
retical curves corresponding to a grid of parameter values
is superimposed on the experimental result in order to
show the scale of effect in relation to different theoretical
predictions [4-9]. It seems that the observed correlations
originate from averaging over the contributions coming
from different sources which cannot be well separated by
a simple energy cut. Three distinct sources are conceiv-
able: the pre-equilibrium (PE), the quasi-target (QT) and
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the quasi-projectile (QP) ones, but with a presumably dif-
ferent contribution to each of particle classes.

In this paper we report the results on the source para-
meters deduced from an analysis of two-neutron correla-
tion functions. The experimental correlation functions are
compared with those obtained using a statistical multi-
source approach described in sect. 5 and with a dynamical
model [10].

2 Experiment

The measurements were performed at the GANIL faci-
lity within the E 240 experimental set-up [11]. The reac-
tion studied was °Ar + 7Au at an incident energy of
60 MeV /nucleon. Emitted neutrons were detected by 97
modules of the DEMON detector [12] installed at about
2 m from the target. The charged-particle component was
absorbed, up to 70 MeV, in a lead absorber placed in
front of a liquid scintillator container. In addition, the DE-
MON detectors situated at forward angles were equipped
with thin veto plastic scintillators to reject charged par-
ticles able to cross the absorber. A block of 12 closely
packed modules was used for correlation measurements
and served as a neutron interferometer. These modules
were mounted at close relative angles and placed at three
different distances (150, 200, 250 cm) from the target in or-
der to eliminate the parasite effects following the method
of ref. [2]. This neutron interferometer was placed at a
mean angle of about 50 degrees with respect to the beam
axis. The smallest angle between the detectors was 6° and
the neutron kinetic-energy range 5—580 MeV.

The trigger conditions, both for inclusive spectra and
for correlations, were determined by the registration of
heavy fragments using the solid state telescopes installed
in the forward direction [11].

The dependence of the experimental two-neutron cor-
relation functions on k*, the half of momentum difference
in the two-neutron rest frame, is presented in fig. 1. Three
cuts in neutron energies are indicated. A very strong de-
pendence of the correlation effect on the energy cut is
clearly seen. The increase of the correlation effect with in-
creasing neutron energies can be related to the decrease
of space-time intervals in the neutron emission process.
The origin of neutrons coming from different sources can
be deduced from their laboratory energies: low energies
correspond predominantly to the target fragmentation,
medium-energy neutrons come mostly from the compact
system formed at the early stage of the collision, and
highest energies can be attributed to the projectile disin-
tegration. The observed tendency is in qualitative agree-
ment with this intuitive expectation. (Note also that we
analyze a strongly asymmetric system here.)

3 Single-particle inclusive energy spectra

The parameters of the emitting sources were determined
using single-particle inclusive energy spectra. It was as-
sumed that registered neutrons were emitted from three
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Fig. 1. Dependence of the experimental two-neutron correla-
tion functions on the half of momentum difference, k*, when
both neutrons have a kinetic energy higher than 5, 10 and 20
MeV.
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Fig. 2. Neutron energy spectra measured for the emission an-
gles from 6 = 8° to 6 = 146°. The curves correspond to the
fits with the three-equilibrated-source model, eq. (1).

100

equilibrated sources with Maxwellian energy distributions.
Temperatures, intensities and velocities in the laboratory
system were attributed to each source. A simultaneous fit
was performed for a set of angles with the standard for-
mula

(f;—i(zzgl\h\/ﬁexp [— (E+Ei—2\/Ei—Ecos@> /T,L},
(1)
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where E and © are, respectively, the kinetic energy and
the angle of emission of the neutron in the laboratory
rest frame, INV; is the normalization constant, 7T; the i-
th source “temperature” parameter, E; the part of the
neutron kinetic energy related to the source movement
(E; = mv;?/2, where m is the neutron mass and v; is the
source velocity in the laboratory system). All fitting para-
meters are free. The best fit of the function (1) to the data
is shown in fig. 2. The corresponding parameters are listed
in table 1. The errors of the parameters are purely statis-
tical. The agreement is generally good except for neutrons

Table 1. Parameters of the three equilibrated sources, eq. (1),
fitted to the inclusive neutron spectra (fig. 2). N;, v; and T;
are the normalization constant, velocity (in c units) and tem-
perature (in MeV) of the i-th source, respectively.

Quasi-target Pre-equilibrium Quasi-projectile

N1 136.2 N2 11.19 N3 2.27
+ 0.6 +0.02 +0.02

v1 0.0 Vo 0.157 V3 0.368
+ 0.0007 40.002 +0.004

T 6.68 Ts 18.75 T3 3.00
+ 0.01 +0.01 +0.02

emitted forward with highest energies. The mismatch ob-
served indicates that besides the emission by equilibrated
sources, dynamical effects are also present in this region
of phase space.

The values of the normalization constants Ny, Ny and
N3 correspond to the contribution of different sources in
the analyzed spectra. To obtain the fractions of neutrons
coming from different sources, each of the three functions
in eq. (1) was integrated over energies and summed over
the detector angles. The results are listed in table 2. Note
that these values correspond to the number of registered
neutrons and depend on the detector configuration. The
contribution of the QT is the largest since, in our case,
the target is much heavier than the projectile. All these
values are in good agreement with the predictions of the
SIMON evaporative model [13] applied to the same re-
action and filtered through the same detection system.
The small contribution of neutrons from the QP is rela-
ted to our experimental conditions. Indeed, the smallest
measured angle is 8° and the simulation shows that the
majority of neutrons coming from the QP is emitted at
smaller laboratory angles.

4 Shape of the correlation function

The variation of the source radius and the change of the
emission time differently influence the shape of the correla-
tion function. Figure 3a shows two examples of correlation
functions for different combinations of the source radius
ro and the lifetime 7 chosen in such a way that they yield

Table 2. Relative contribution in registered neutrons from
each emitting source obtained by integration of the fit functions
of eq. (1) (middle column) and calculated according to the
SIMON model (right column).

Fit SIMON model
quasi-target 56 % 57 %
pre-equilibrium 42 % 40 %
quasi-projectile 2 % 3%
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Fig. 3. a) Two correlation functions for different combina-
tions of the source radius ro and the lifetime 7; b) compari-
son of the experimental two-neutron correlation function (for
neutrons with Exi, >5 MeV; full symbols) with two theoreti-
cal correlation functions (open symbols) evaluated for a single
source.

the same intercept R(0). The calculations were performed
using the code of [14] for a Maxwellian source with a tem-
perature of 5 MeV. Different shapes of correlation func-
tions reflect the interplay between quantum-statistical and
final-state-interaction effects for different combinations of
space and time parameters. The fact that the form of the
correlation function depends on the combination of 7 and
ro gives information about both the source radius and the
source lifetime.

Figure 3b illustrates the difficulties arising when com-
paring the experimental correlation function with the pre-
diction of a single-source Gaussian model. The two gene-
rated correlation functions coincide in some points with
the experimental one but neither of them agrees with the
data all over the exploited k* region. The single-source
approach is clearly insufficient to describe the data.
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5 Equilibrated multisource model

Let us assume that neutrons are generated from three
sources related to different stages of the collision. The
first stage is a rapid emission of high-energy particles (PE
source). In the second stage particles are emitted from two
low-temperature sources with long lifetimes (QT and QP).
The temperatures, velocities and intensities of the sources
are chosen from the analysis of inclusive single-neutron
spectra. In our case, the number of registered neutrons
emitted from the QP is practically negligible (see sect. 3),
and, therefore, the generated correlation function is not
sensitive to the values of QP parameters.

Thus, only two sources were taken into consideration:
a PE and a QT with relative contributions of 57 % and
43 %, respectively. The kinetic energies of the generated
particles were sampled from a Maxwellian distribution
with the corresponding temperatures. In the source rest
frames, the isotropic emission was assumed. The space co-
ordinates of the emission point (z,y, z) were sampled from
a spherical Gaussian probability distribution with a dis-
persion 3. The emission time (¢) was taken from an expo-
nential probability distribution P(t) ~ e~*/7. The values
ro and 7T characterize the space-time dimension of each
source. (Note that, in our parameterization, the RMS ra-
dius of the source is /3 times larger than r.) In order
to compare the results with the experimental correlation
functions, the generated neutrons were filtered through
the detection system.

The values of radii and lifetimes were chosen to obtain
good agreement with experimental correlation functions
simultaneously for three classes of neutrons: with kinetic
energies higher than 5 MeV, 10 MeV and 20 MeV. The
parameters of the best fit are listed in table 3. The x?
values for different 7 and ry parameters are plotted in
fig. 4 for two considered sources. Good agreement between
calculations and data is obtained for the PE parameter
values of 7o = 2.0-2.2 fm and 7 = 40-55 fm/c and for the
QT parameter values of 1o = 2.6-3.2 fm and 7 = 1800
2600 fm/c.

Table 3. Radii and lifetimes of sources.

Quasi-target  Pre-equilibrium

To 3 fm 2.1 fm

T 2000 fm/c 50 fm/c

A comparison of experimental and generated correla-
tion functions is presented in fig. 5. For each energy class,
the contribution of registered neutrons coming from dif-
ferent sources is different — the corresponding values ob-
tained from simulations are presented in table 4 and fig. 6.
This figure clearly demonstrates that the contributions of
the different sources depend not only on the energy cut,
but also on the value of the relative momentum of neu-
tron pairs. The strongest k*-dependence of the different
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Fig. 4. Contour diagram of x? per degree of freedom de-

termined by comparing the theoretical functions to the data
shown in fig. 1 as a function of the pre-equilibrium and the
target space-time parameters.
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Fig. 5. Experimental two-neutron correlation functions for
neutrons with a kinetic energy higher than 5, 10 and 20 MeV,
compared with the correlation functions predicted by the equi-
librated multisource model. The lifetimes and radii of the
sources are presented in table 3.
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source contribution occurs just in the region of the corre-
lation effect (see fig. 1). Thus, the shape of the correlation
function depends in a complicated way on the origin of
the two detected neutrons. This stresses that the attempt
to describe the shape of the correlation function with a
single source of any of the parameters can hardly lead to
a positive result.
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Table 4. The contribution of registered neutrons from different
sources in the three neutron classes (neutrons with a kinetic
energy higher than 5, 10 and 20 MeV, respectively).

Fyin >5 Fyin >10 Fyin >20
[MeV] [MeV] [MeV]
pre-equilibrium 43 % 50 % 75 %
quasi-target 57 % 50 % 25 %
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Fig. 6. The k*-dependence of the relative contribution P(k*)
of neutron pairs coming from different sources: © — both neu-
trons from the QT, ® — both neutrons from the PE, A — one
neutron from the QT another from the PE. Top, middle and
bottom panels are for neutrons with a kinetic energy higher
than 5, 10 and 20 MeV, respectively.

6 Dynamical model

The correlation functions obtained in the framework of the
semiclassical Landau-Vlasov (L-V) approach [15,16] for
40Ar + 197Au at 60 MeV /nucleon are presented in fig. 7.
Although the agreement of the model and experimental
functions is quite good for neutrons with a kinetic energy
higher than 10 and 20 MeV, for neutrons with a kinetic
energy higher than 5 MeV the model predicts a stronger
correlation effect than obtained in the experiment. The
L-V model calculations were carried out up to 800 fm/c.
A dynamical calculation can describe an exhaustively long
evaporation process very crudely. This results in too small
a number of evaporated neutrons and, accordingly, in a
shorter average emission time 7. Since the primary QP
and QT cool down during the emission process it is, how-
ever, likely that the most energetic part of the evaporation
spectra is acceptably well predicted by the model. Only
26 % of neutrons come from the QT (~57 % neutrons
come from the first rapid stage of the collision and 17 %
from the QP). The deficiency of evaporated neutrons re-
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Fig. 7. Experimental two-neutron correlation functions for
neutrons with a kinetic energy higher than 5, 10 and 20 MeV,
compared with the correlation functions predicted by the semi-
classical Landau-Vlasov transport model.

sults in disagreement of the theoretical and experimental
correlation functions for low-energy neutrons. It must be
stressed, however, that this discrepancy can merely be a
consequence of the inability of a dynamical model to cal-
culate such a long time. The agreement between the mo-
del and the experimental correlation functions for higher-
energy neutrons (Ey, >20 MeV) coming mainly from the
PE indicates that space-time dimensions of this source
predicted by the L-V model are reasonably correct. The
good agreement for neutrons with the Ey;, >10 MeV and
the disagreement for neutrons with the Ey;, >5 MeV cor-
roborate our speculation that the higher-energy neutrons
are emitted from the QT earlier than the slow neutrons.
Thus, the absence of the slowest neutrons in the model
which are presumably emitted later than 800 fm/c results
in the disagreement of the model and experimental corre-
lation function for Ey;, >5 MeV.

7 Conclusions

It is evidenced that the two-neutron correlation function
for the Ar + Au collisions at 60 MeV /nucleon depends
strongly on the kinetic energy of the two neutrons. This
dependence appears to be basically due to different con-
tributions from different sources. In the frame of the mul-
tisource approach considered, registered neutrons come
mainly from the pre-equilibrium phase and from the quasi-
target disintegration. The temperatures, velocities and the
space-time dimensions of the emitting sources have been
evaluated.

A comparison of the experimental correlation func-
tions with the prediction of the Landau-Vlasov transport
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model indicates good agreement for higher-energy neu-
trons. Since the model does not incorporate the slow evap-
orative stage of the reaction, the experimental data con-
cerning the low-energy neutrons cannot be reproduced.

This work was supported by Physics Faculty, Warsaw Univer-
sity of Technology, Grant No. 503 1050 0042 009 and by the
GA Czech Republic, Grant No. 202/98/1283.
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