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Abstract: Experimental data from the GANIL’s 47 INDRA detector are available
for the ' Xe 4+ 9Sn system at incident energies ranging from 25 to 50 AMeV.
Features of the detector show that both energy thresholds and granularity are quite
good for § < 45° making possible the study of light charged particles correlation
at small relative momentum. Strong effects in terms of emission time are observed.

Large multiplicities of Z=1,2 particles might influence the shape of correlation func-
tions.

I. INTRODUCTION

The technique of intensity interferometry between light charged particles has been

extensively used to measure the space-time characteristics of the emission sources
produced in nuclear collisions [1-4].
For the shortest times or simultaneous emissions, the correlation function is sensitive
to the mean distance between the emitting points. As the emission time 7 increases,
the source size effects become negligible as compared to the mean distance between
the particles, and data depend only of the emission time of particles. Information
about the order of emission of these two particles can also be deduced from particular
set of particle pairs [5].

Experiments were performed at GANIL with the 47 detector INDRA providing
very nice data and allowing us to investigate the behaviour of well identified sources
with the evolution of the violence of the collision [6]. Moreover many beam energies
and systems have been performed, opening for the first time wider studies of time
emission with a 47 setup. The main goals of these preliminary results are first to fix
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to what extent such a study is possible with INDRA, then to show that we observe
very clear signals of emission time effects and finally to look at the first observation
of a Coulomb influence from the large multiplicity events on the correlation function

shapes.

II. INDRA FEATURES AND THE LIGHT PARTICLES INTERFEROMETRY
TECHNIQUE

The two particle correlation function is defined in terms of coincidence yields,
Y12(p1, p2) and the single particle yields Y;(p;) and Y;(p;) where py, p; are the lab-

oratory momenta of the particles.

C(q)

available is given by :

qin = pup S0

_ Y13
Yy,

q is the relative momentum of the particle pair in its center of mass frame and N
a normalisation coefficient choosen to have C=1 for large q values (region where
final-state interactions are negligible). The effect of interaction between particles on
the correlation function is located at small relative momentum, typically below 100
MeV/c depending on the particles of interest. The access of this region depends on
both energy thresholds and the granularity of the detector. The smallest momentum

=N
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where py, is the lowest momentum which can be detected and ay,;, the smallest
relative angle between two modules of the detector. Although INDRA has been
designed to study mainly the fragments emission [7-9], the detection of all the
products, particularly light particles is very efficient. The detection thresholds for
light particles are very low. Moreover, the granularity of INDRA is quite good
especially at forward angles. The Figure 1 shows the smallest relative angle and
(taking into account the energy thresholds) the smallest relative momentum for all
radial angles §. We have decided to concentrate our study only for angles 8 < 45°.
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FIG. 1. Relative angles and relative momentum thresholds as function of the radial angle 8

On a other hand, care has to be taken to the statistical precision in the small rel-
ative momentum. For standard selections, the Figure 2 displays a typical spectrum
of real coincidences between deuterons from which the lower limit is estimated to

be ¢ = 20 MeV/c.
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FIG. 2. True coincidences distribution of deuteron-deuteron pairs from the forward source and for the
more peripheral events (cf. 11I)

III. EVENTS SORTING AND SOURCE SELECTION

The reaction '**Xe on '°Sn at a beam energy of 50 AMeV was chosen because
of large light particles multiplicities and to take benefits of the already performed
analysis in terms of events selection and source determination [8].

In the first step, only complete events for whose at least 80% of the total charge and
80% of the initial parallel momentum were detected have been investigated. Because
of lack of statistics, the events in whose the target-like has not been detected were
added: the measured parallel momentum is still close to the beam’s one thanks
to the low energy threshold for the target-like detection. Since a large part of the
charge has been lost, the trajectory and the velocity of that fragment is reconstructed
by a simple kinematic study where all the other particles trajectories are taken into
account. Figure 3 shows the total detected charge as a function of the total detected
parallel momentum. The hatched area represents the events kept in our analysis.

In order to characterize the violence of the collision we have constructed the quan-
tity E; as the sum of the transverse kinetic energies of the Z=1,2 particles. It is
assumed that larger is F;, smaller is the impact parameter [10]. The information
given by E, keeps being relevant even if the event is fairly complete because the
detection of light particles is always good and their multiplicities are large. In the
calculation of E,, particles used in the construction of the correlation function have
been removed in order to avoid any autocorrelation between the observed signal and
the selection.
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FIG. 3. Total detected charge versus the total detected paralle]l momentum

In this first study two cuts have been applied : the first one , Fy < 400MeV, was
related to the more peripheral events, the second one , 400MeV < E,, characterizes
more central events.

According to Ref. [8] most collisions produce two equilibrated sources, the target-
like and the projectile-like. These two sources can be seen on the corresponding
Lorentz invariant velocity plots for deuterons particularly in the peripheral case
(Figure 4). Moreover some particles coming from dynamical processes can be ob-
served in the mid-rapidity region and for the more central events.

Following this analysis two particle emission regions were defined by:

"/particule > 0.8 ‘/source
27° < 0particule< 45°

where Vo ticute and Viouree are ,in a event-by-event analysis, the parallel velocities of
the particle and of the forward source, respectively .
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FIG. 4. Invariant cross-section plots of the transverse velocity versus parallel velocity for deuterons

The value of 0.8V,,urce instead of V,ource 1s taken to increase statistics, nevertheless

one can assume that the selected particles are still emitted by the forward equili-
brated source.
The second cut can favor the dynamical emission in the "mid-rapidity” region. The
upper limit § = 45° is anyway fixed by the performances of the detector as shown
before (Figure 1). The two emitting regions are delimited on Fig. 4 with straight
lines.



IV. EMISSION TIME DEPENDENCE WITH CENTRALITY AND EQUILIBRATION

In this first approach the analysis is focused on p-d and d-d pairs, for whose the
final state interaction can be mainly described by Coulomb forces.

Figures 5 display the experimental correlation functions for the deuteron-deuteron
system. The upper panels show the evolution of the "forward” source as a function
of centrality. A clear dependence of the mean emission time which gets larger as the
violence of the reaction decreases can be observed.

Concerning the so-called "mid-rapidity” region (lower panels), no significant dif-
ference in the shape of the correlation function despite the large error bars for the
more central collisions case can be deduced. Assuming these particles are emitted
in the first steps of the collision, it is not surprising to find that the emission time
is quite independent of the violence of the collision. One also has to keep in mind
that both centrality and mid-rapidity selections are here pretty rough and therefore
we do expect to see only the strongest effects. Under this last restriction one can
conclude that the mean emission times for deuterons does not strongly depend on
the violence of the reaction for the "mid-rapidity” case.

Figure 6 shows the correlation function for the proton-deuteron system and for
more peripheral collisions only. In the "mid-rapidity” case the pronounced anticor-
relation effect is consistent with the one obtained in the d-d result.

On the other hand the flat correlation function observed for the forward source is
inconsistent with a realistic proton emission time value.

We will see in the next chapter that the light charged particles multiplicity may
influence the shape of the correlation function.
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FIG. 5. Deuteron-Deuteron correlation functions for the two E, selections and for the two zones of
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FIG. 6. Proton-Deuteron correlation functions for the more peripheral events and for the two zones of
emission

V. N-BODY CODE SIMULATION TO EXTRACT TIME

To reproduce correlation functions for p-d and d-d pairs, a simple N-Body calcu-
lation which follows the coulomb trajectories of each particle has been used. The
model is based on the classical scheme of an evaporative emission from a thermal-
ized source and particles are emitted radially from the surface of the source with an
isotropic angular distribution and kinetic energies following a Maxwell-Boltzmann
distribution.

The characteristics of the source are extracted from the INDRA data as follow :
the velocity is the one of the heaviest fragment detected at forward angle.

The size is deduced from the sum multiplied by two of all particles and fragments
detected with a parallel velocity greater than the source’s one in order to avoid other
contributions.

The temperature is extracted from deuteron’s kinetic energy spectra.

In the calculation, the size and the velocity of the source are selected from gaussian
distributions but the temperature is kept constant.

In order to fit the experimental correlation functions, we just have to adjust the
particle emission time which follows an exponential distribution.

The Figure 7 shows the experimental and calculated correlation functions for d-d

pairs in the more peripheral collisions for the forward source.
The best agreement is found for an emission time of 7 = 100 £ 20 fm/c which is
consistent with an evaporating process from a source at a temperature of about 5
MeV. We must point out that in this simple 3-body case (no multiplicity effect) the
agreement if poor below q=40 MeV/c.
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FIG. 7. Deuteron-Deuteron correlation functions for the forward source in the case of the peripheral
events : comparison between the simulation and the data

As shown before the p-d correlation function for the forward source is rather

flat and to reproduce such a behaviour, it would be necessary to take a very large
and unrealistic proton emission time (typically several hundred fm/c) assuming the
deuterons’ one is fixed from the d-d study.
To get rid of this difficulty one may recall that we are dealing with a 47 solid angle
and that two particle correlation functions are built by taking all combinations from
the whole multiplicity. Then the other fragments emitted in between the correlated
particles might cancel the anticorrelation leading to an overestimated 7 value.

In order to analyse this influence, the average multiplicities of particles emitted
by the forward source in the more peripheral collisions have been fixed from data at
values of 5, 2 and 5 for protons, deuterons and alphas, respectively. The contribution
of tritons, ®He and other fragments is very weak and will be neglected in this first
approach. An emission time of 80 fm/c for deuterons has been taken consistently
with the value extracted in the d-d case by assuming it might have been overesti-
mated. For proton emission we have taken 7 = 100 fm/c to take into account the
order of emission as found in [5,13]. The upper panel of Figure 8 shows the result
of our calculation in a pure 3-body configuration, which is totally inconsistent with
the data.

To estimate the effect of alpha multipicity, two emission time values were tested
assuming that the corresponding final state interaction will be different.

The correlation function of the first calculation with 7,=200 fm/c is plotted with
open circles on Figure 8, mid-panel. As expected, the anticorrelation effect due
to the coulomb repulsion is clearly present but no so strong than in the simple



simulation with one proton and one deuteron only. In particular, at small relative
momentum, the function does not reach values lower than 0.9.

In the second case, alphas are emitted with 7,=90 fm/c in order to increase the
interaction with the other particles. The result of this last calculation is shown on
the bottom of figure 8. The anticorrelation effect is clearl} weaker than before and
we obtain a better agreement with data.

In conclusion we may expect that alpha particles play an important role in the
final state interaction between light particles. This assumption is strengthened by
the behavior of the p-d correlation function selected from the mid-rapidity area
(see Figure 6) which shows a clear anticorrelation effect consistent with a smaller

multiplicity of light charged particules (3, 2 and 3 for protons, deuterons and alphas,
respectively).

@ 1.05 I
& L
1 i k]
SR SRR T |
0.95 i , ....... B TINI EIREE o NE R S
0.85 [--mdoiih
IR R e « S N S R N
0.8 ... ........ CI ....... *Dat.a ............ e ....... :
r ( C) Simulation :
075 = T g = 80
- ’ . Tproton | = 100fm/c
lllllllll lII[IIIIJlllIllllllllll\llllllll

7
0 10 20 30 40 50 60 70 80 90

q (MeV/c)
@ 1.05
&)
1
0.95
0.9
0.85 — ~~~~~~ @ Slmulatlon-"--"--f ------- -------
- ‘EDEUTERON = 80fm/c |
08 |- o =100
0.75 __ ........ AAAAAAAA TALPHA_ZDOfm/c ..... .......
RN
07{lL!i|Ifil[‘illl|lillllllll\lli)klk‘;ll\illllllli

0 10 20 30 40 50 60 70 80 90
q (MeV/c)



Cont'd

-

085 O Simulations o

S st LT
0.75 _ ........ ,,,,,,,, TALPHA:gOfm/c ..... .......
0.7 JJllilllillIJiLlJLillllilllliIlllj1Illillll

0 10 20 30 40 50 60 70 80 90
q (MeV/c)
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top panel no alpha are emitted. On the mid panel, alphas are emitted later than protons and deuterons.
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VI. CONCLUSIONS AND OUTLOOKS

We have seen that analysis of light charged particles correlations are possible with
INDRA. The detection for such particles is very efficient in terms of granularity and
energy thresholds for the § < 45° region.

Even with rough selections, sizeable effects are observed.

As expected, the emission time of light particles decreases as the violence of the
collision increases for the equilibrated forward source.

The shape of the p-d correlation function which is almost flat for the forward source
and the more peripheral events can be explained in terms of multi-emission processes
which involve other charged particles as alphas. Consequently, 7 values extracted
in the d-d case must be taken with care since the calculations have been performed
with the emission of two deuterons only.

The next step of this study will be first to select more properly the sources of emis-
sion. Then the selection of well detected events can be extend allowing us to perform
a better selection of the violence of the collision. This technique of interferometry
will provide us emission times for protons and deuterons and also the order of emis-
sion [5,13].

To extract smaller emission times one has to use a more sophisticated model which
takes all the interactions into account [12]. The extraction of 7 values out of equi-
librium will require a model taking into account the dynamic of the reaction. This
possibility is already under study [14].

We will also be looking at the p-p correlations which are strongly sensitive to the
nuclear interaction when the distance between the two particles becomes small.
Finally, the actual role of the multi-emission will have to be studied carefully.
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