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Abstract. Proton and deuteron correlation functions have been investigated with both impact parameter
and emission source selections. The correlations of the system 2°Xe 4+ Sn at 50 AMeV have been
measured with the 47 INDRA which provides a complete kinematical description of each event. The
emission time scale analyzed with a quantum model reveals the time sequence of the light particles emitted
by the projectile-like fragment. The short and constant emission time of the proton, independent of the
impact parameter, can be attributed to a preequilibrium process.

1 Introduction

The microscopic description of hot nuclear matter is fun-
damental to the understanding of energetic heavy ion col-
lisions. Many of the theoretical models developed so far
suffer from a shortage of observables to directly test the
properties of nuclear matter early after the reaction. An
example is the time scale of the reaction. By the very
nature, experimenters observe only the signals reaching
the detectors at infinite time. Subsequently only asymp-
totic properties of particles leaving the reaction zone are
monitored. This shortcoming is partly bypassed in stud-
ies using interferometry of light particles [1]- [10]. It has
been shown that the two-body correlation function is not
only sensitive to emission time and source size, but also
to charge and slope parameter of the source [11] which af-
fect the velocity distribution of the particles and thus the
relative distance between them.

It is quite obvious that a 47 detector array [12,13] can
be superior to a finite angle hodoscope, as used in many
previous investigations, provided the granularity (angu-
lar resolution), energy threshold, energy resolution and
the particle identification are of sufficient quality. A good
47 setup allows minimally biased event selection avoiding
many possible distortions.

At GANIL, the system Xe on Sn has been extensively
investigated at 50 AMeV using the 47 multidetector IN-
DRA [14-16]. Here experimental data are further analyzed
by means of correlation functions aiming at the correla-
tion properties of light particles [17]. They allow to per-
form event by event the following tasks: (i) determine an
‘experimental” impact parameter, (ii) select and charac-
terize the emission sources, and (iii) build the correla-
tion functions. Instead of imposing a spatially fixed par-
ticle correlator, we now can use a correlator, which fully
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exploits the event topology. This correlator continuously
adapts to the kinematical configuration of every single
collision. So each emission process can be characterized
individually.

This study focuses on two-proton (p-p), two-deuteron
(d-d) and proton-deuteron (p-d) correlation functions for
the system 12°Xe +V9t Sn at 50 AMeV which aims at
providing time scales for the emission of the light charged
particles. This should shed light on the type of processes,
in particular if the reaction is dominated by preequilib-
rium emission occurring at the early stage of the reaction
(typically with times between 0 and 100 fm/c) or by ther-
mal emission from the projectile and target like fragments
(typically with times of a few hundreds fm/c). With the
knowledge on the chronology pattern, the emission time of
deuterons might give a hint to the mechanism for the pro-
duction of this lowly bound particle in hot nuclear matter.
For this purpose the design of the INDRA detector is well-
suited [15]. A large range of excitation energies (up to 12
AMeV) is covered and the light charged particle multiplic-
ity which can be measured is adequate for our selection
criteria.

With a conventional reaction picture in mind, and
supported by recent studies showing that a sizeable frac-
tion of fragments are emitted in the mid-rapidity region
[16], only thermalized particles are expected in the for-
ward hemisphere of the momentum space of the projectile-
like source. Such an assumption has for example impor-
tant consequences for the estimation of the excitation
energy and the slope parameter of the projectile source
[18,19]. Conversely semiclassical calculations of heavy ion
reactions in this energy domain have shown that the
projectile-like and the prompt emissions from the inter-
acting zone present a large overlap in their rapidity distri-
butions [20]. We have constructed our correlation func-
tions with particles selected in this forward region to
find out if the thermalized component is really the single
contribution.

The extraction of the emission time was performed
with a quantum model whose interesting feature is to
take into account the Coulomb effect of the source
charge by analytically solving the three-body problem
[21,22].

3 3.5

Fig. 1. Light isotopes resolution (Z=1) of the
8 first rings and in the insert for the rings 2, 5
A and 9 separately

2 INDRA setup and light charged particle
resolutions

The experiment was performed at the GANIL facility
where the INDRA detector has been installed with a tar-
get of 350 pg/cm?. The beam intensity was limited to 0.4
nA to avoid a saturation of the data acquisition software.

INDRA [23] has been designed to maximize the detec-
tion efficiency of charged particles at intermediate energy.
It reaches a total detection efficiency of 90%. The fine
granularity chosen is such that double counts stay below
5%. INDRA consists of an array of 336 modules reparted
on 17 rings centered along the beam axis. Each module
is a telescope composed of an ionization chamber (Chlo)
filled with C5Fg gas followed by a Cesium Iodide (CsI)
scintillator. For forward angles below 45 degrees, the reso-
lution is further improved by insertion of a 300 um silicon
(Si) wafer between the Chlo and the Csl. With AE — FE
methods in the telescope, the charge identification goes up
to Z=>54. Isotopic resolution (PID) is obtained for Z=1,2
(and up to Z=5 for ring 2 to 8) by pulse shape analysis
of the Csl light output. Lowest energy threshold for the
identification of protons and deuterons is 6 MeV using the
matrix [CsI(fast) + Si] versus [CsI(slow)].

In particular p-p correlation functions require the reso-
lution of very small relative momenta, less than 20 MeV /c.
A minimum relative momentum of 10 MeV/c can be
reached for forward angles under 20°. For the determi-
nation of the particle coordinates, the angle from the tar-
get to the middle of the detector has been used instead
of a random distribution over the spatial extension. The
energy resolution of light particles is between 100 keV and
200 keV depending on the module. With exception of IN-
DRA’s first ring (A© = 2° — 3°) which consists of plas-
tic phoswich detectors (NE102 and NE115) for standing
higher particle rates in this region, the light isotope sepa-
ration could be performed on the overall domain.

Figure 1 shows the isotope resolution summed up for
rings 2 to 9 (3° < 0 < 45°). The insert shows it sepa-
rately for rings 2, 5 and 9. The projectile-like fragments
at small angles come out at larger energy. To avoid sat-
uration there, the photomultiplier gains steadily increase
from ring 2 to ring 17 by about an overall factor of 10.
Subsequently ring 2 has less PID resolution, seen in the
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Fig. 2. Two-proton correlation function for the FHPS selection

insert to Fig. 1. However the angular resolution of the first
rings is superior and therefore they contribute important
information to the correlation function at small relative
momentum.

The p-p correlation function of Fig. 2 shows the data
from the forward hemisphere of the projectile source
(FHPS, see Sect. 3) without impact parameter selection.
It can be continuously constructed from 10 MeV/c up to
250 MeV/c relative momenta due to the 47 coverage and
the good angular resolution (yet the forward source selec-
tion slightly increases the minimal relative momentum).
The structure in the correlation function at 20 MeV/c is
due to the attractive s-wave p-p interaction [1]. There is
a Coulomb suppression at very small relative momentum
and possibly in the range between 50-75 MeV /c. The nor-
malization has been applied to the data points between
100 and 120 MeV/c which is above any remaining two-
body effects and below any kinematical effects at higher
momentum. A normalization at lower relative momentum
would have introduced a misinterpretation of the correla-
tion effect.

3 Event sorting and source selection

We take in our analysis events in which the total longi-
tudinal momentum of detected ejectiles is above 80% of
the initial momentum. We refrain from further cuts, for
instance the totally detected charge Z;,:, to conserve a
representative impact parameter distribution. For most of
the events the target like ejectile is lost due to the velocity
thresholds. This missing fragment has been kinematically
reconstructed and taken into account in the calculation
of the momentum tensor and thrust variable. This event
class gives an unbiased starting point for the analysis of
light particle correlations.

The calculation of the impact parameter is based on
the total transverse energy of the light charged particles
(Z<2) whose experimental detection is quite independent
of the reaction mechanism. Furthermore a recent analysis
of the correlation between the total multiplicity versus the
transverse energy (Er) for that system has demonstrated
the validity of Ep [16].
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Fig. 3. Invariant velocity plot of the protons in the center of
mass for a total light particles transverse energy smaller than
40 MeV which corresponds to a normalized impact parameter
larger than 0.9. The average value of the reconstructed forward
source is represented by a vertical line at V,, = 0.155c. This
line position is in accordance to the middle of the Coulomb
circle. The FHPS is defined by the particles in each event which
are faster than the reconstructed forward source velocity

In order to observe impact parameter dependent pro-
perties while maintaining sufficient statistics, we have de-
fined three Er bins for which the correlation function is
constructed. The “peripheral”, “intermediate” and “cen-
tral” events have a Ep range between 0-280 MeV, 280-420
MeV and above 420 MeV corresponding to reduced im-
pact parameters in [1-0.65], [0.65-0.35] and smaller than
0.35 respectively.

INDRA allows to build event by event a momentum
tensor [24] defined in the center of mass by:

M

Qi = 2o (k)p; (k)

k=1 p

where M is the multiplicity of fragments with a charge Z
greater than 2, p is the momentum of the k’th particle
in M and p;, p; two of the Cartesian momentum com-
ponents. The eigenvectors of this tensor establish a ref-
erence frame. The main axis (eigenvector of the largest
eigenvalue) gives the average direction of nuclear matter
emission. The eigenvectors associated to the two largest
eigenvalues define a reaction plane. The FHPS selections
and the calculations have been performed with regards
to this new reference system. Figure 3 shows the trans-
verse versus the parallel velocity of the protons when Ep
is smaller than 40 MeV. Since this selection implies only
very peripheral events, a clearer separation of the sources
is exhibited.

The next task consists of recognizing the fragments
emitted either from the target-like or from the projectile-
like source. The thrust variable defined by

— —
|Zi€m ‘PZ |+ | Zj€c2Pj |
M =
Zk:l |Pk |

divides up the fragments in two groups c¢; and cy cor-
responding to the two emitting sources. The velocity of
each of them is determined by a kinematic reconstruction

T = max

C1,C2
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within these two ensembles [25]. As an example, the aver-
age velocity of the projectile-like source is drawn with a
vertical bold line in Fig. 3.

To disentangle the projectile-like source emission from
mid-rapidity contributions, we have taken particles with a
parallel velocity larger than the projectile source velocity.
This region (FHPS) is on the right of the bold line in
Fig. 3. In the following, this sample of particles is used
as the base for the extraction of the slope parameter in
the energy spectra as well as for the construction of the
correlation functions. We remind the reader here that our
correlator works dynamically within the reference frame,
a fact being imperative in order to optimize the FHPS
selection.

4 Source parameters: disentangle size and
time

4.1 Size

The shape and the height of the correlation function is
given by the strength of the interactions which themselves
depend on the average distance between the two particles
detected in coincidence. This distance depends on the av-
erage emission time and on the spatial source extension.
The double parametrization can be circumvented only for
two extreme cases: at high energy the emission time is set
to zero while at low energy the emission time is very long
and consequently the source size is negligible [26]. In our
energy domain, both parameters are relevant. Using the
complete detection by INDRA of all charged products we
alternatively can determine the source size directly.

For this estimation, ejectiles are grouped according to
(Z < Zp) and (Z > Z1,) where Zp, is an adjusting param-
eter. In the first group only the particles faster than the
projectile-like source velocity are included (particles from
the FHPS) and the sum of their charges is multiplied by 2
taking into account the isotropical projectile-like emission.
This sum is Zp in which the additional mid-rapidity con-
tribution mainly composed of light charges is suppressed.
The second group contains only the particles faster than
the center of mass velocity, the sum of their charges is Zp.
This separate treatment of the heaviest particles (second
group) takes into account an asymmetry of emission in
the projectile-like reference frame (for example only one
big remnant, or two fission fragments). The total charge of
the source is Zrotar = Zp + Zp. To test the quality of this
procedure, the calculation of Zr ., has been performed
for different values of the parameter Zp,(2, 4, 8, 10). Fig-
ure 4 shows that Zr,¢q only varies by less than 6% with
Zr,. For later calculation of Zp,:q we chose Zp = 4.

For each of the three impact parameter bins we have
also defined Zj;,, as the largest fragment being faster
than the center of mass. Zys,, decreases with the central-
ity as expected in the geometrical, simple picture of the
collision also shown in Fig. 4. Z1,;4; unexpectedly remains
constant.

To estimate the source size, we make two assumptions
about the projectile-like source. First, the Arotai/ZTotal
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Fig. 4. The reconstructed total charge of the projectile-like
Zrotal for three centrality bins and for different calculations.
The meaning of the parameter Zp is given in the text. The
Zrotar dependance on Zis less than 10% which places con-
fidence in this estimation. The largest fragment Zasa» (open
stars) gets smaller with centrality as expected in a geometrical
picture. This is not the case of Zr,tq; which remains constant

Table 1. Parameters of the projectile-like source. The radius
has been calculated from the total reconstructed charge of the
source, by assuming a A/Z ratio in the valley of nuclear sta-
bility and a normal nuclear density. The slope parameter has
been extracted from the energy spectra in the source reference
frame

TProton (Mev) TDEUtET‘OTL (MGV)
Centrality Radius T To Ty Ty
(fm)
Peripheral 5.940.3 3.7£0.1 9.5+0.1 4.1£0.1 8.9+£0.1

Intermediate 5.9+£0.4 4.840.1 11.3+0.1 6.0£0.1 10.740.1
Central 5.9£0.5 5.2+0.1 12.8+0.1 11.3£0.1 *)

*) Only one slope could be extracted

ratio is fixed to the one from the valley of nuclear stabil-
ity. Secondly, with this value of A7, we determine the
source radius r by assuming a normal nuclear density pg
and by simply applying r = TO-AlT/jtal with rg = 1.2 fm.
The central 'single source’ events which have a radial flow
of 2 AMeV [27] have a very small cross section. This im-
plies that a density different from py does not make sense
for our calculation even in the central impact parameter
bin. The extracted source sizes are given in Table 1. The
errors are derivated from the Zp,; distribution widths.

4.2 Slope parameter

We have extracted the slope parameter from the experi-
mental energy spectra using the formula for surface emis-
sion. As for the source size estimation, we have selected
only the protons and the deuterons located in the FHPS
region. Their kinetic energy is given in the projectile-like
source reference frame. As example for the peripheral col-
lisions, Fig. 5 shows the energy spectra restricted to ring
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Fig. 5. The energy spectra of the protons (top) and deuterons
(bottom) for the ring 2, 4 and 6 in the case of the peripheral
collisions. The shapes clearly exhibit two components, better
separated in the case of the protons. For comparison reasons
the relative scale is the same for all panels

2, 4 and 6 where the double slope is the most clearly visi-
ble. The low energy one originates from the projectile-like
thermal emission, the other at higher energy, presumably
from a preequilibrium emission. We observe that the im-
portance of high energy particles decreases with the radial
angle as if this emission were concentrated along the beam
axis, and as expected in a Fermi-jet picture [28]. The slope
parameters averaged over all the rings included in FHPS
are given in Table 1. For the quantum calculation code
presented below we have used a weighted average value of
the double slopes.

5 Description of the quantum model

The extraction of the emission time has been performed
by using the three-body quantum model developed by R.
Lednicky [21,22]. This code calculates the quantum statis-
tics for identical particles and the final state interaction
by taking into account the nuclear and the Coulomb po-
tentials. The Coulomb repulsion on the particle pair due
to the emitting projectile-like source is also included [11].
The three-body problem is analytically solved by making
an adiabatic assumption: the relative motion between the
two particles has to be much slower than their velocity
in the source reference frame. Due to a sizeable angle be-
tween neighboring detectors, the small relative momentum
region can only be populated by pairs of particles with
almost equal velocity. Thus the adiabatic assumption is
fulfilled in the region of the signal.
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The introduction of the emitter Coulomb effect in the
quantum calculation is a new feature brought by this
model. We feel that this type of description is required
to correctly reproduce the experimental data because the
presence of the remnant source charge is intrinsic to the
model. In so far it may surpass models where the Coulomb
influence of the emitter is only treated as a correction [31].
Limits of this model are certainly related to the static
source description [32] which does not take into account
the correlation between momentum and position, nor the
dynamical emission.

The particle pairs are generated by a static surface
emitter describing the projectile-like source with size and
slope parameter (see Table 1). The choice of a surface
emission instead of a volume one is justified on grounds
of the dominance of binary processes [25,30] meaning a
big fragment at the speed of the projectile remains in the
exit channel. Combined with the fact that no radial flow
is observed (see 4.1), the picture of a surface emission
of particles seems to be the most appropriate. The time
distribution for particle emission follows an exponential
decay law with average emission times to be determined
from comparison with the data. The energy distribution
is taken from the experimental slope parameter. The dis-
tributions have been filtered according to the geometri-
cal granularity, including also double counts. In addition,
energy and particle identification thresholds as well as the
source selection criteria (FHPS) have been folded in.

6 Analysis of the light particle correlation
functions

The experimental correlation function is defined by the
yield of true coincidences as a function of the two particle
relative momentum divided by the so-called false coinci-
dences obtained by the technique of event mixing [33]. It
consists of taking two particles from two different events
which assures a full decorrelation and has the advantage
to use the same sample of events for true and false coinci-
dences. Possible distortions coming from our FHPS selec-
tion are then largely eliminated. In general, event mixing
introduces an additional term in the relative momentum
due to different source velocities. This influence which oth-
erwise would disturb the correlation function is reduced by
the impact parameter selection.

6.1 The Proton-Proton correlation function

The p-p correlation functions for the three intervals in
impact parameter are represented in Fig. 6. The statistics
of 2.3 millions of reconstructed events give a reasonable
correlation function above 10 MeV /c relative momentum.
In all three event classes, the resonance at 20 MeV/c is
clearly visible and well described by a time value of 7=80
fm/c with a surface emission model. A time variation of
25% changes the height of the resonance by a factor of
two. This demonstrates the high sensitivity of the corre-
lation function on the emission time parameter. The fact



Fig. 6. The experimental p-p correlation func-
tions (black circles) of the projectile-like source
for the three impact parameter intervals. Each
case has been calculated with different emis-
sion times using the source parameters of Ta-
ble 1. A time of 80 fm/c was found to be the
best for all impact parameter bins. The reso-
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that the time estimation strongly depends on the emission
description has also been investigated: a simulation using
volume break-up, closer to the scenario of a preequilib-
rium emission, leads to shorter times in the range of 25
fm/c.

The undershoot in the shape of the calculated cor-
relation function visible at 50 MeV/c is induced by the
Coulomb repulsion between the two particles. The addi-
tional boost due to the repelling charge of the third body
(emitting source) shifts the Coulomb suppression, which
is usually located at small relative momentum, to higher
values. In a pure two body calculation this undershoot
almost disappears.

The experimental data also show this behavior at 50
MeV /c for the central events contributing to a very good
agreement with the calculation. On the contrary the ex-
perimental correlation function for the peripheral events
does not show this anticorrelation feature. It is not fully
reproduced by the calculation based still on a surface emis-
sion. This might indicate the presence of a preequilibrium
component, for which no coherent Coulomb influence of a
source is expected and for which a volume break-up sim-
ulation would be more appropriate. A recent QMD cal-
culation for the system Xe+Sn at 50 AMeV [34] predicts
the compression to be maximal at 50 fm/c after the be-
ginning of the collision compatible with the total time of
spatial overlap (=~ 40 fm/c). The end of fragment interac-
tion occurs in this model at 120 fm/c considered as the end
of the reaction. Taking this time scale into account, our
measured times in between 25 and 80 fm/c are compati-
ble with a preequilibrium emission. It is confirmed by the
disappearance of the Coulomb undershoot at 50 MeV/c
in the case of the peripheral collisions. The appearance
of the double slope in the energy spectra supports this
interpretation.

One must ask here, how the emission time alters for
a given error in source size. To test this we have reduced
the charge from Z=46 to Z=36, simply assuming all the
7Z=1 particles do not belong to the projectile-like emis-
sion. The result for the emission time is then 100 fm/c
instead of 80 fm/c which still stays short enough to be
compatible with our conclusion saying, these light parti-
cles characterize a prompt process of pre-equilibrium emis-
sion which covers a large domain of rapidity. By lack of
statistics resulting from our source and impact selections,

nance of the calculated function decreases with
the centrality because the slope parameter of
the emitter increases

60. 80. 100.
q (MeV/e)

the method of simultaneous determination of the source
size and the emission time from parallel and transverse
correlation functions [35] could not be tested here.

6.2 The Deuteron-Deuteron correlation function

The d-d correlation function has been constructed on the
same base of events as p-p. The normalization has been
applied to the data points between 150 and 200 MeV /c.
Again the three impact parameter classes have been sep-
arately analyzed and the results are shown on Fig. 7. We
immediately observe the anticorrelation effect in the d-d
correlation function for small relative momenta. Despite
the fact that data do not go below 30 MeV /c the fit of the
quantum model gives the following results : for periph-
eral reactions the emission time is as least 200 fm/c, for
semi-central reactions it is 100 fm/c and for central it is
25 fm/c. This behavior can be interpreted as an increasing
contribution of out-of-equilibrium emission.

Yet the creation of barely bound particles is not the
prefered mechanism of hot nuclear matter to dissipate
energy. A second scenario could be imagined, assuming
the deuteron creation happens only at a certain low den-
sity [36]. Then the extracted emission time would give a
direct hint on when this state of the nuclear matter is
reached during the reaction process. However the dou-
ble slope of the deuteron energy spectra seems to favor
the out-of-equilibrium emission. In the picture of the co-
alescence model [37], the deuteron formation is directly
connected to the proton creation. Consequently it is not
surprising to find also two components in the deuteron
energy spectra.

In conclusion the process of deuteron production re-
mains an open question. Still we tend to favor the pree-
quilibrium emission over the other explanations. Unfortu-
nately, the present sample of data is insufficient to disen-
tangle more.

6.3 The Proton-Deuteron correlation function and the
emission chronology

The correlation function of non-identical particles can give
model independent information about their mean order
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. wo‘p Fig. 8. The experimental proton-deuteron
ool #:ﬁ‘ . I | correlation functions of the projectile-like
4 source for the peripheral collisions grouped
os L i | + into two velocity bins (left and middle panel).
14+ R™ contains all the pairs of particles where
07 - VP > VD VD > VP 1 Tpmmn > TDeuteron the proton was faster than the deuteron. 1+ R~
is the reverse situation. The ratio of both func-
0.6 | | | I | I | I | I | | tions (right panel) which is smaller than unity
0. 40. 80. 120. 160. 0. 40. 80. 120. 160. 0. 40. 80. 120. 160. 200. indicates that the deuteron is on the average
q (MeV/c) emitted earlier than the proton
of emission simply making velocity selections [38—40]. We £ 10 Se=
have applied this method to the p-d correlation function £ = © P-P: T=5.3 MeV, <E>=12.9 MeV
for particles emitted in the FHPS region. The principle 5 4 ¢ P-D : T=3.6 MeV, <E>=9.9 MeV
is to compare two functions. The first, (1 + R*), is con- £ 10 e g o e

structed with pairs where the proton is faster than the
deuteron in the projectile-like source reference frame. The
second function, (1+R™), corresponds to the reverse situa-
tion. When the first emitted particle is slower than the sec-
ond, the average distance will be reduced and the Coulomb
suppression effect enhanced, and vice versa. The compar-
ison of the two functions gives the mean order of emis-
sion as it is shown in Fig. 8 for the peripheral collisions.
The Coulomb suppression is more pronounced in 1+ RT,
which the ratio clearly demonstrates. This means that the
deuteron is on average emitted earlier than the proton,
namely Tgeuteron < Tproton- Lhe same time sequence is
observed for the two other impact parameter selections.
It is important to note that this result is only validated
between 0-120 MeV /c relative momentum where the an-
ticorrelation effect leaves a measurable signal.

The chronology of emission in p-d spectra of peripheral
collision can be considerated as surprising since we just
learned from previous paragraphs that the mean emission
time is 80 fm/c for p-p and 200 fm/c for d-d. This ap-
parent contradiction can be resolved by postulating that
the protons which contribute to p-p are not identical with
those contributing to p-d. Indeed the proton energy spec-
tra show a fast and a slow component (Fig. 5). Further-
more, from the energy slopes of Fig. 9, we infer that the

Under the cond. 0 < q < 50 MeV/c

alii
70 80
E

0 10

20 30 40 50 60

Proton

Fig. 9. The kinetic energy of the protons in the projectile-like
source frame which contribute to p-p (open circle) or to p-d
(black circle) with a relative momentum selection smaller than
50 MeV /c for peripheral collisions. For p-p the average energy
and the slope parameter are higher than for p-d

protons of p-p in the relative momentum range of 0-50
MeV/c have a higher mean kinetic energy (12.9 MeV)
than the one of p-d in the same range (9.9 MeV). Subse-
quently it is clear that the p-p correlation function is more
influenced by the preequilibrium protons. The extracted
times between 25 and 80 fm/c must be seen as an upper
limit reflecting the mixing of a fast and a slow component.
In the p-d correlation function the situation is different:
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the coincidences of “early” protons with the deuterons
are shifted to higher relative momentum value since the
speed differs more than for thermal proton-deuteron pairs.
Moreover, the functions 1 + Rt and 1 + R~ are built in
the projectile-like source frame. So protons from the in-
teracting zone which feed both correlation functions are
per definition faster. Consequently they put only little
weight to the emission time order determination. The p-
d correlation function informs rather about the thermal
protons.

Taking the deuteron emission time extracted from d-d,
7 = 310, 110 and 25 fm/c for the peripheral, intermedi-
ate and central events respectively, we have deduced the
corresponding time for the protons (Fig. 10) and obtained
400 fm/c for central collisions. Unfortunately no satisfy-
ing agreement can be found between the quantum model
and the p-d data for peripheral and intermediate reac-
tions, possibly due to the different proton contributions,
one acting at low the other at high relative momentum.
In addition, the description of the source without dynam-
ical features might prevent a better agreement. Therefore
the extracted parameters do not retain the meaning of a
physical time.

Although both components of protons simultaneously
play a role in the correlation function, we can deduce a
chronology pattern of the light particle emission. The fast
protons from the interacting zone come first, then the
deuterons and still later the protons thermally emitted
by the projectile-like source. It is possible to better sepa-

rate the two proton components by making a cut on the
parallel velocity as Fig. 11 shows. The clear enhancement
of the p-p resonance at 20 MeV /c and the disappearance
of the Coulomb suppression at 50 MeV/c reveal the en-
larged part of fast protons not feeling the charge of an
emitter. The importance of differentiating between short-
lived and long-lived emission components and subsequent
space-momentum correlations has also been discussed by
using source imaging methods [32]. Furthermore, making
the plausible hypothesis that fastest particles are emitted
earlier than the slowest ones because the available energy
is greater at the beginning of the reaction [29], we can ex-
trapolate from the slope parameter pattern an equivalent
chronology:

TP'rotonQ > TDeuteron27 TDeuteronl > TProton 1

7 Conclusion

We have taken the large data set for collisions of Xe on Sn
at 50 AMeV which INDRA has accumulated at GANIL to
examine correlations of protons and deuterons. Such stud-
ies have many attractive aspects in view of the complete
detection of all collision residues by a 47 detector. Fore-
most to name is the unique possibility to well determine
the emitting source in particular for symmetric systems
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at intermediate energy. In addition each event can be in-
dividually characterized in its own frame of reference, due
to full charge, angular and energy coverage of INDRA.

The time scale as well as the chronology of emission
of light projectile-like particles could be determined from
two particles correlation functions interpreted by a full
three body quantum code. Total charge measurements as
a function of impact parameter indicate possible out-of-
equilibrium emission of protons from the forward hemi-
sphere of the projectile source. The observation that the
slope parameter of the energy spectra exhibits two com-
ponents points to a similar conclusion. Strong confirma-
tion of these findings stems from the very short emission
time extracted from p-p correlation functions. While this
process is expected to dominate in central collisions our
study unveils that it also contributes to the forward zone
of binary peripheral collisions. We explained in the text
how both proton components are not equally shared in
p-p and p-d correlation functions. So the whole emission
chronology pattern remains self-consistent. It is also in
good agreement with the measurement of slope param-
eters. The short time scale in p-p reveals the presence
of fast hot protons from an out-of-equilibrium process.
Protons emitted later than the deuterons correspond to
the really equilibrated production from the projectile-like
source. The light particle emission chronology including
the deuteron formation via the NNN — dN process
has been calculated in the Boltzmann-Uehling-Uhlenbeck
(BUU) approach [41]. The theoretical results although for
lighter systems are in excellent agreement with the present
experimental study.

We would have liked to look into the hydrogenic cor-
relation function in more detail by finer selecting impact
parameter intervals. Furthermore, the inclusion of tritons
could have given valuable additional information. This
task cannot yet be performed on the same footing as with
protons and deuterons due to a serious shortage of data
statistics.

We therefore suggest to perform a high statistics exper-
iment especially dedicated to light particle correlations.
INDRA parameters, optimized toward this goal, could
contribute important and still better information on the
dynamics of light particle emission.

The authors whish to thank H.Orth for his careful reading of
the manuscript, R.Lednicky for discussions and providing his
code. D.G acknowledges the support of the ALADIN group at
GSI.
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