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Abstract

For 50 MeV /nucleon '?*Xe + "%!Sn multifragmentation events, we deduced,
by means of correlation techniques, the multiplicities of the hydrogen and
helium isotopes which were emitted by the hot primary excited fragments
produced at the stage of the disassembly of an equilibrated hot source. We
also derived the relative kinetic energy distributions between the primary
clusters and the light charged particles that they evaporate. From the com-
parison between the secondary multiplicities observed experimentally and the
multiplicities predicted by the GEMINI model, we concluded that the source
breaks into primary fragments which are characterized by the same N/Z ratio
as the combined system. Knowing the secondary light charged particle multi-
plicities and kinetic energies, we reconstructed the average charges of the hot
fragments and we estimated their mean excitation energies. The fragment
excitation energies are equal to 3.0 MeV /nucleon for the full range of inter-
mediate mass fragment atomic number. This global constancy indicates that,
on the average, thermodynamical equilibrium was achieved at the disassembly

stage of the source.
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I. INTRODUCTION

In several recent publications, analyses of many features of multifragmentation events
occurring in the central collisions of **Xe + ™*'Sn at 50 MeV /nucleon have been presented
[1-4]. Analyses of both light charged particle (Z < 2) and fragment (Z > 3) data indicate
that the mechanism is one of disassembly of a single equilibrated source formed in those
collisions. Comparisons of the experimental data to Statistical Multifragmentation Model
(SMM) [5-7], Expanding Emitting Source (EES) [8] and Boltzmann Nordheim Vlasov (BNV)
[9] calculations have shown that tﬁe kinetic energies of light charged particles and fragments
can essentially be understood as reflecting the multiple emission steps occurring during dif-
ferent phases of the disintegration of the system. In the framework of these models, the
scenario for the multifragmentation process which emerges is one in which the compressed
equilibrated hot source first expands, emitting mainly light particles. When the system
reaches a sufficiently low density, intermediate mass fragments (IMF) may be abundantly
produced, either through a freezing out process [5] or through rapid sequential emission [8].
Lighter charged species may also be emitted in this phase. The primary fragments may be
excited and if so, are expected to decay by normal statistical processes. A direct observa-
tion of this secondary statistical component and extraction of the excitation energies and
sizes of the primary fragments can provide a very significant test of the models and of the

assumption of thermodynamical equilibrium at the time of disassembly.

In this paper, we present the results of an experimental analysis of the 50 MeV /nucleon
129Xe + ™'Sn multifragmentation events in which light charged particle-IMF correlations
have been employed to determine the average multiplicities of particles emitted from de-
exciting primary fragments. From these data, both the average excitation energies and
the masses of the primary fragments have been derived. These results indicate that the
fragments are formed with the same N/Z ratio as the initial system 12°Xe + ™**Sn and that

their excitation energies per nucleon are all the same. This provides strong evidence that,



on the average, thermodynamical equilibrium is achieved when the primary fragments are

produced.

II. EXPERIMENTAL PROCEDURES
A. Event selection

The 50 MeV /nucleon ***Xe + "**Sn events analysed in this paper were obtained during
an experiment performed at the GANIL facility. The charged products of these events were
detected with the multidetector INDRA [10-12]. In references [1-3], the multifragmentation
events originating from very central collisions of 50 MeV /nucleon 12°Xe + "#*Sn were isolated
by requiring events for which the total detected charge exceeds 80 % of the total charge of
Xe+Sn system and for which the flow angle 8; >60°. The flow angle, §;, is the angle between
the beam axis and the principal axis associated with the ellipsoid which approximates the
kinetic energy event shape [13]. From the analysis made on this event sample, it was
concluded that in such collisions, an isotropically disintegrating equilibrated source is formed
[1]. Its initial charge represents 86 % of the total charge available. The remaining charge is
accounted for a small number of light charged particles which are strongly forward /backward
focused in the center of mass [1]. The total mean multiplicity of light charged particles per
event is 27.5 and the mean multiplicity of IMF per event is 7.1. The domain of the IMF
atomic number ranges from Zpr=3 to Z;pr=30. Application of the calorimetric method
on the isotropically emitted species gives a mean excitation energy of the source of 12 + 0.5
MeV /nucleon. The kinetic energies of the fragments are interpreted as reflecting expansion
effects which lead to a measured collective energy of about 2 MeV /nucleon at the freezeout
time. Calculations using the EES model suggest that the light charged particle kinetic
energies may be reproduced by taking into account the time evolution of the system [2]. For
more details, see references [1-3].

For this work, the event selection criteria are very similar to those used in the earlier



work. However, since application of the decorrelation technique requires good stdtistics, we
have chosen to treat experimental events characterized by 6; >45°. The widening of the
selection might lead to a slight pollution from binary events but it has been verified that
this new event sample has the same global features as the previous one, selected with a
05 260°. This fact is illustrated in Table I and Table II. Table I shows the average mul-
tiplicities of light charged particles, intermediate mass fragments and fragments of various
atomic numbers accounted for the isotropic source, for events characterized by 45° < ¢ 5 <
60° (left column), and for events characterized by 6; > 60° (right column). Table II shows
the average kinetic energies of Z=1 and Z=2 isotopes, Li, Ne and S fragments associated to
the isotropic source, for the two different selections in flow angle. The numbers in brackets
represent the statistical errors, i.e ¢/v/N, where N is the number of particles considered.
We have made no special requirement for the angular domain at which the light charged
particles are detected as the correlation functions have equivalent forms whether or not we

limit the angular domain for the light charged particle emission.

B. Particle emission sources

In dealing with complex multifragmentation events, the first question to be addressed
is whether a distinct secondary statistical component can be observed in the presence of
the other particles emitted. To answer this question, we first calculated event by event, for
each detected IMF, the relative velocities between that IMF and all light charged particles
in an event. We then determined the projections of these relative velocities onto the axis
representing the IMF direction in the center of mass frame and into a plane perpendicular
to that axis. The components of these projections are designated by VlIlMF and VIMF This
treatment allows us to define a common system of reference for an ensemble of fragments
that have different directions in the center of mass. In figure 1, we present examples of

VﬁMF - VIMF diagrams obtained for alpha particles detected in coincidence with B, Ne, P



and Ca fragments. The overall pattern observed is one of near isotropic emission centered at
VﬁMF values in the -3 to -4 cm/ns range. The mean IMF velocities in the center of mass are
in the 2 - 4 cm/ns range. Thus the dominant emission observed is essentially isotropic in the
center of mass frame. However, we also clearly observe circles which are centered at the IMF
velocities and with radii which increase with the detected fragment atomic number. Such
circles are observed for all hydrogen and helium isotopes, and with IMF of other atomic
numbers. By the means of simulations and a decorrelation technique (described below), we
verified that this effect is not related to the INDRA geometry and we conclude that these

circles clearly reflect the Coulomb repulsion between light charged particles and intermedi-

ate mass fragments.

In order to further explore whether some of these light charged particles originate from
the de-excitation of the primary fragments, which are the parents of the detected IMF, we
then constructed relative velocity spectra between light charged particles and IMFs. In
figure 2, the resultant spectra are presented for alpha particles detected in coincidence with
Neon and for protons detected in coincidence with Sulphur respectively. The experimental
data are represented by continuous histograms. If the detected fragments are residues from
primary fragments, their average velocities are expected to be the same as the average
velocities of the initial parents. Therefore, particles evaporated from the IMF parent would
be expected to appear at small relative velocities corresponding to emission at near Coulomb
barrier energies. The fact that an excess of particles which might be expected at such low
relative velocities is not clearly visible in figure 2, indicates that the evaporated component
represents a relatively small contribution to the whole spectrum. These secondary particles
are difficult to observe given the apparently large amount of light charged particles produced
in other phases of the source disintegration. Therefore, to observe and extract them, it is
necessary to have a reference spectrum in which such secondary particles do not make a large
contribution or in which their correlation with the IMFs is negligible. This suggests use of

a decorrelation technique such as that used in particle-particle correlation measurements.
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Such a method has already revealed itself as very powerful [14].

III. DECORRELATION TECHNIQUE

For two particle correlations, the basic idea of decorrelation techniques is to compare
an observable constructed with couples of particles, detected in coincidence in the same
correlated event, to the same observable built with couples formed by replacing one of the two
particles by a like particle, produced in a different event, and therefore totally independent
of the first one. Ideally, in these uncorrelated events, the correlations that existed in the
correlated events should be destroyed. The spectra of the observables obtained with the
two different samples of couples may then be compared to isolate differences reflecting real
physical effects. In general, the spectra are compared by dividing the correlated distribution
by the uncorrelated one. The resulting spectrum is then designated as the correlation
function which is symbolised by this expression :

R= NDAB: (1)

Py, B,
where P4; p; is the number of correlated pairs of particles A and B detected in the same
event i, P 4; p; is the number of uncorrelated pairs formed by particles produced in two dif-
ferent events i and j, and N is a normalization factor. This factor is often defined by making
the distributions superimposable in a region where the sought after physical effect is not

expected.

Decorrelating fragments and particles in multiparticle events presents some particular
difficulties which must be overcome. For such complex events, with many fragments, the
interactions between all particles and not just those between a particle pair can be important.
Decorrelating a particular pair may then result in the loss of other pairwise correlations which

should in fact be preserved in order to define a correct background spectrum.

-1



A. Development of decorrelation procedures

In order to test various decorrelation procedures for multiple fragment events, we have
used simulations which were performed with a modified version of the phenomenological
event generator SIMON [15]. Simulated events were calculated with input parameters which
reasonably reproduce the experimental observed kinematical characteristics of the fragments
and light charged particles [3]. In this generator, the calculation of the trajectories of all the
reaction products is performed by taking into account the Coulomb interactions at each step
of the source disintegration. An important feature of the modified generator is its ability
to treat the light charged particle emission occurring before the formation of the primary
fragments, separately from the secondary evaporation resulting from the deexcitation of the
primary fragments. Indeed, these two different emission phases may contribute to the total
relative velocity spectrum. In figure 3(a), the solid histogram represents the total spectrum
of relative velocities for protons emitted in coincidence with Ne. The distinct contributions
from each phase are also illustrated. The dot-dashed histogram represents the spectrum of
protons emitted during the first step of the system de-excitation, before disassembly into
fragments. We call this spectrum the primary emission spectrum. The dashed and hatched
histogram represents the spectrum of protons evaporated by the primary excited fragments
which produce the detected Ne isotopes. This spectrum is hereafter designated as the sec-
ondary evaporated spectrum. This is the component analogous to that which we wish to
extract from the experimental data. The dotted histogram corresponds to the secondary
evaporation of protons from all the other primary fragments, i.e. those which do not decay
into Ne. To decorrelate events, we tried a number of different procedures based on two
particle decorrelation techniques. While each of these allowed us to see the effect we were
attempting to explore, most were not satisfactory as residual correlations among other par-
ticles in the same event led to shifts in the background distribution which would only be
removed by rather subjective techniques. For this reason, we finally settled on a decorrela-

tion technique based on Li containing events.



In using the simulations to construct relative velocity spectra for ﬁarticles 1n coincidence
with each detected IMF, we noted that the calculation predicts that the relative contribution
of the secondary evaporated spectrum associated with Li is very weak as compared to that
for heavier fragments. This effect is shown figure 3(b) where the spectrum of particles
emitted by Li parents is symbolized by the hatched area. The primary component (dot-
dashed histogram ) and the secondary contribution from the other primary fragments (dotted
histogram) are also presented for these Li containing events. The explanation for the low
multiplicity of the secondary component is that, in the simulated events, 20 % of the Li are
primary fragments which decay only through neutron emission and 72 % of the Li are the
residues from the disintegration of small primary fragments, lighter than Silicon fragments.
We have taken advantage of the fact that very few light charged particles are emitted by
the parents of Li in our attempts to construct the decorrelated spectra which we use in this
work. Specifically, we follow a procedure in which : for every event where a Li is produced,
we replace the velocity modulus of the Li by the velocity modulus of a heavier fragment,
taken from another event. At the same time, the chosen IMF is given the original direction
of the Li fragment. We have checked that events containing at least one Li represent 80 %
of the event sample. Since Li isotopes are correlated with very few light charged particles,
this technique allows us to mimic an event where the parent of the chosen IMF would have
emitted almost no light charged particles and the secondary emission is from other primary
fragments in the event. We then construct the relative velocity spectrum between this virtual
fragment and the light charged particles. We then normalize the decorrelated spectrum to
the correlated spectrum using the ratio between the production rate of the chosen IMF
and the production rate of Li. In this way, both the correlated and uncorrelated spectra
correspond to the same total number of fragments.

For simulated events, the decorrelated spectrum constructed for Ne with the technique
described above is presented in figure 3(b) (continuous histogram). The spectral shapes

are quite similar. In order to compare the two relative velocity spectra in detail, we have



calculated both the ratio of the two, the correlation function designated by R, and their
difference, the difference function symbolised by A, as a function of relative velocity. For
the simulated events, these are shown in figure 3(c) and figure 3(d) respectively. Since in
the calculations we know the origin of each particle, we have hatched the area on each plot
corresponding to the secondary emission from the parents of the Ne fragments. We note in
this treatment that the background of the difference function is negative and therefore its
equivalent is located below the R=1 line in the correlation function. This feature can be
understood by looking at the differences between the correlated and uncorrelated contribu-
tions, for example in figure 3(a) and figure 3(b). The amplitude of the primary component
1s the same for both correlated and uncorrelated events, but the intensity of the secondary
emission from the other primary fragments is higher for Li containing events than for events
selected by requiring heavier fragments. For background events, alone this difference in am-
plitude therefore would result in a difference function which is negative (figure 3(d)) and in

a correlation function which is less than 1 (figure 3(c)).

The results of the simulation suggest a procedure to decorrelate events that can enable
us to observe, in the experimental relative velocity spectra, the component originating from
the secondary decay of primary fragments formed in multifragmentation events. They also
indicate that, in order to extract the spectrum of evaporated particles, we need to determine
the shape of the background in the correlation function. Once again, the simulations have

proved to be a very useful guide for this task.

In the generated events, we can determine the background by omitting from the corre-
lated spectrum the secondary evaporated contribution from the parents of the IMF being
considered, and, applying the subtraction and division operations to the residual correlated
and uncorrelated spectra. The backgrounds determined with this method are shown in fig-
ure 3(c) and figure 3(d) as dashed histograms. For the correlation and difference functions,

they are respectively very similar to a hyperbola or to a gaussian.
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By fitting the backgrounds obtained for correlation functions such as those in figure 3(c),

we found that the background shape is well fitted by the equation

1

RV,)=12- ——
( l) 2 a‘/rel+b (2)

where V. designates the relative velocity, and a and b are two parameters which differ for
each IMF. Since in the experimental data we do not have a means of directly observing the
background, we assume in the following analysis that the experimental background has the
same general shape, and attempt to define the parameters a and b from the experimentally
determined correlation and difference functions. These parameters can be calculated by
solving the equation (2) for two different points at which the secondary evaporated spectrum
leading to the selected IMF's can be neglected. We use both functions R and A to select those
points. In the simulations, we have observed that the secondary evaporation disappears at
the first minimum in the difference function, at Vi,.;, and again after the second minimum,
at Vo, the first point at which A=0. Having found the relative velocities associated
with these two points, Vi, and V.o , we can determine in the correlation function their
associated R; and R; ordinates. With the points (Vi,e, Ra) and (Varer, Rz), the a and b
parameters in equation (2) are deduced and then, the function reflecting the background is
determined. From this background defined for the correlation function, we can derive the
corresponding background in the difference function.

In figure 3(e) and figure 3(f), we present the backgrounds deduced from the proce-
dure described (dashed histograms). A comparison with the real backgrounds, presented
in figure 3(c) and figure 3(d), shows they are generally well reproduced. Subtracting the
backgrounds in figure 3(e) and figure 3(f) from the respective functions, we recover 91 % of
the actual secondary emission spectra associated with the Ne parents, and for the ensemble
of produced prefragments, we recover on average 84 % of the protons they evaporated. This
gives us some confidence that the same techniques may be applied to the experimental data.

We note that the same background shape has been used for all particles.

11



B. Application to experimental events

We applied the procedure described above to the experimental data for each IMF and
for each hydrogen and helium isotope. The correlated spectra which are obtained for alphas
in coincidence with Neon fragments and protons in coincidence with Sulphur fragments are
compared to the corresponding uncorrelated spectra in figure 2 (dashed histograms). In
figures 4(a) to 4(f), 5(a) to 5(d) and in figures 4(g) to 4(1), 5(e) to 5(h) we present examples
of the difference functions and the correlation functions associated with hydrogen and helium
isotopes correlated with fragments of various sizes. In the case of *H and 3He, multiplicities
are low. Therefore, it was necessary to add spectra for several Z pr in order to be able to
observe distinctly the evaporated peak. We have derived the backgrounds of the correlation
and difference functions for Z=1 and Z=2 isotopes and each detected Z;sr. Examples of the
derived backgrounds are presented in figures 4(a) to 4(f), 5(a) to 5(d) and in figures 4(g) to
5(1), 5(e) to 5(h) as dashed lines. For the experimental data, there are larger fluctuations in
the difference functions than observed for the simulations. These fluctuations in some cases
appear larger than statistical. We have considered the possibility of well defined resonance
states but have not been able to definitely identify these fluctuations as resulting from such
states. This introduces some uncertainty in the definition of the background.

The difference between the difference function and its associated background gives di-
rectly the IMF associated component that we are interested in. The resulting secondary
evaporated spectra are presented figures 4(m) to 4(r) and 5(i) to 5(1). If we consider the
detected fragments as residues, those spectra are those of the evaporated light charged parti-
cles emitted during the decay of the primary parent fragments. In some spectra, we observe
negative dips which correspond to the region in the correlation and difference functions
where the background goes through fluctuations at large relative velocities. This results
from the fact that the background has been optimized for the region of the evaporation
peak. Therefore, for the following analysis, we will consider only the positive part of the

secondary evaporated spectra in the velocity range between the first minimum of the differ-
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ence function and the velocities designated by the arrows drawn in figures 4 and 5.

In summary, with the aid of an event simulator, we have developed a technique to ap-
proximate the background shape in our experimental light charged particle-IMF correlation
functions. By applying this procedure to the 50 MeV /nucleon 2°Xe+"2!Sn multifragmen-
tation events, we can extract the velocity spectra of secondary particles emitted by the hot

fragments produced during the disassembly of the excited source.

It is interesting to ask whether some light IMFs also result from secondary emission
processes. In order to answer this question, we constructed the correlation functions between
Li and larger fragments. For this case, in a manner similar to that used for Li events in the
previous section, the Be velocities were replaced by those of heavier IMFs and, correlation
and difference functions analogous to those for lighter particles were constructed. We did
not observe peaks in either the difference or in the decorrelation functions. Therefore, in
the framework of the decorrelation procedure we have developed, we conclude that the de-
excitation of primary excited fragments which leads to a Li and a larger IMF is a rare process

in the events under study.

IV. RECONSTRUCTION OF THE PRIMARY FRAGMENT

CHARACTERISTICS
A. Secondary light charged particle multiplicities

From the secondary emission spectra, it is possible to extract physical quantities that
will enable us to reconstruct the average characteristics of the primary fragments, i.e. their
sizes and excitation energies. If each fragment is considered as a residue of the de-excitation
of a primary fragment, the number of particles in the secondary evaporated spectra gives

directly the average number of helium and hydrogen isotopes emitted in the decay of the
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primary excited fragments. From these, knowing the production rate for IMF of each atomic
number, we can deduce the average evaporated light charged particle multiplicities per IMF.
These multiplicities are shown figure 6 as a function of the IMF atomic number, for Z=1
and Z=2 isotopes detected in coincidence with fragments of atomic number in the range of
4<Zmr <20. Above Zpr=20, the statistics were insufficient to extract reliable quantities.
The error bars represent the estimated uncertainty in the mean value, resulting from the
uncertainties in the background reconstruction due to the presence of fluctuations (refer
to paragraph IIL.B). They are the largest deviations seen using three different techniques
for determining the two points at which the backgrounds in the correlation and difference
functions are normalized.

In figure 6, we see that the light charged particle multiplicities increase with Increasing
Zimr. Such an increase suggests increasing total excitation energy of the parent fragments.
Multiplicities of protons, deuterons and alphas are comparable. Triton and 3He multiplicities
are significantly lower and show less variation with Z;asp.

From these data, it is possible to determine the fraction of the light charged particle mul-
tiplicity associated to the isotropic source, which can be accounted for by secondary particle
evaporation from the primary fragments. For this purpose, we have first made a linear ex-
trapolation of the secondary multiplicities per IMF in order to estimate those corresponding
to fragments with atomic numbers greater than 20. Then, from the known production rate
of IMF, we have deduced the average secondary multiplicity per event, M,, for the Z=1 and
Z=2 isotopes. These are shown in the second column of Table III. The superscripted and
subscripted numbers represent the absolute uncertainties and the corresponding percentage
uncertainties. The average multiplicities per event of light charged particles emitted by the
isotropic source, M;,,, are presented in the third column. The percentages, P, of the sec-
ondary evaporated particles with respect to the isotropic component, and their associated
absolute uncertainties are given in the last column. The comparison between M;,, and M;,;
shows that, on average 27.9 £ 5 % of the particles emitted isotropically by the excited

source originate from the cooling of the primary fragments. Since the heaviest fragments
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have the smallest production rate, without the extrapolation for fragments with atomic num-
bers greater than 20, this percentage is very similar and equal to 26.2 + 5 %. This may be
slightly underestimated as it was shown in section IIL.A that only 84 % of protons emitted
from fragments in the simulation were recovered by the method used. The other particles
must then be emitted earlier, either while the source expands or during the disassembly of
the source into fragments [8]. The percentage of secondary *He is very high in comparison
with the percentages observed for the other light particles. We will discuss this point in

paragraph IV.C.

B. Secondary light charged particle kinetic energies

From the relative velocity spectra, we can also determine the kinetic energy distributions
of the evaporated light charged particles. The relative kinetic energies are calculated using
the formula : E,q = 0.5 A V2, where A designates the mass of the Z=1 or Z=2 isotope
which is considered. The resulting mean relative kinetic energies of the hydrogen and helium
isotopes are presented figure 7 as a function of the detected fragment atomic number. We
note that for each isotope, the relative kinetic energies vary only slightly over the fragment

atomic number range from Zyyp=4 to Zipr=20. We have fitted the relative kinetic energy

spectra by a maxwellian distribution for surface emission :

Ere -k —(Ere=E
P(Erel)a——lj_,z_ﬁe (==r—2) (3)

In this formula, T designates the apparent temperature of the source and Ep is the Coulomb
barrier. We performed the fit on the relative kinetic energy spectra of the different hydro-
gen and helium isotopes, for each detected IMF. The resulting parameters Eg and T are
presented in figure 8 and figure 9 respectively, as a function of the IMF atomic number. We
observed that the Coulomb barrier, Ep, increases slightly with the atomic number of the
fragment. The mean value of the apparent temperatures calculated for the fragments whose

atomic number is in the range 4<Zjpyr <20, is symbolized by the dotted lines. For each
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particle type, the apparent temperatures fluctuate about a constant value over the whole
range of detected fragment atomic number but the mean apparent temperatures differ sig-
nificantly between the different hydrogen and helium isotopes. This last fact is worrisome
and we could not find a satisfactory explanation for it. These differences seem larger than
those expected from time effects in the de-excitation of the primary fragments and they
do not appear in the GEMINI calculations (refer to paragraph V.B). However, it appears
most likely that the differences reflect uncertainties in the background shape approximation.
Indeed, this background shape has been derived from the background predicted for protons
in the simulations. Alternatively, Coulomb effects from other species produced in these
complex events might also explain the differences in the mean temperatures observed (see
section V.B.). The mean temperature obtained for *He is very high relative to the others.

We will discuss about this in paragraph IV.C.

C. Multiplicity determinations for 3He

The total multiplicity for *He emission is very low, as seen in Table III. In contrast, we
note that the secondary multiplicity (Table III, paragraph IV.A.) and apparent temperature
of the kinetic energy spectra (figure 9, paragraph IV.B) obtained for 3He are significantly
larger than the ones observed for the other hydrogen and helium isotopes.

A possible reason is that, for *He, the procedure that we developed in order to construct
the correlation functions and approximate the background shapes may be inadequate. In-
deed the experimental *He spectra are strongly different from those of “He, exhibiting a
larger average energy [1]. The very low *He multiplicity makes the absolute determination
very sensitive to background uncertainties. Therefore, for this species, using this technique,
we may extract not only particles emitted by the excited primary fragments, but we may pick
up also some *He which were produced before the disassembly of the source into fragments,
or during disassembly.

However, we see in figure 5, well defined peaks which argue strongly for *He emission and

16



note that these appear significantly broader than the 4He secondary emission peaks. This
suggest that part of the secondary *He multiplicity that we extracted might originate from
the decay of particle unstable states of complex nuclei. Likely candidates for such emission
are the E"=16.66 MeV state of °Li which decays into 3He-d, the E*=21.0 MeV state of 5Li
which decays into 3He-t, the E*=17.0 MeV state of “Be which decay into *He-*He or the
E"=19.29 MeV state of '°Be which decay in *He-*He-n [16]. For the events under study, the
existence of such states would explain also the large width of the relative velocity spectra
observed for the *He (figure 5, paragraph II1.B). We attempted to verify this hypothesis
by the study of the *He-*He, *He-d and 3He-t correlations for the multifragmentation event
sample we use for this analysis. Neither in the difference functions nor in the correlation
functions were we able to observe peaks which would indicate significant contributions from
such states, although we could observe the ®Be and 6Li resonances in the ‘He-*He and “He-d
correlation functions. Therefore, we believe that the most likely reason for the large 3He
secondary multiplicities and apparent temperatures is the uncertainty in the definition of the

background which leads to particularly large uncertainties for very low multiplicity particles.

D. Atomic numbers and masses of the primary fragments

From the average secondary multiplicities presented figure 6, it is possible to estimate the
average atomic numbers <Z,, > of the primary fragments. This average primary fragment
atomic number is determined by adding to the detected fragment atomic number Z;pr, the

evaporated light particle atomic numbers weighted by their associated multiplicities < M >.

<Zp7>=<Z[MF>+<M1H>+<M2H>

+ < Msg > +2(< Mo, > 4+ < Mag, >) (4)

For this purpose, we estimated the average *H and ®He secondary multiplicities correspond-
ing to each detected fragment from the values obtained by adding spectra for several IMF

(refer above).
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In order to estimate the primary fragment masses, we have initially made two assump-
tions. In the first, we assumed that the prefragments were in the valley of stability with

masses A,, which are calculated with the following formula :
Apr = 1.867Z,, +0.016Z2, — 1.07107*Z3, (5)

This expression approximates the valley of stability [17]. It has been used to assign average
masses Ajpp to the detected IMFs in order to calculate their velocities. Alternatively, we
have assumed that the final fragments are in the valley of stability but that the primary
fragments have the same N/Z ratio as the disassembling system which, in turn, is expected
to be essentially that of the 1**Xe+"**Sn combined system, i.e. N/Z=1.38. In this case A,,

1s given by :
Apr = Zpe + 1382, (6)

The values of, Z,. and the two different estimates of A,. are shown in figures 10(a) and
10(b) as a function of the detected fragment atomic number and mass.

For the two different assumptions regarding parent N/Z ratio, the excitation energies of
the primary fragments can be estimated by summing the total kinetic energies of all particles

emitted and the Q value for the emission process.

Here M; are the average multiplicities of the hydrogen and helium isotopes emitted by the
hot fragments. They are those presented in figure 6. E; are the average relative kinetic
energies of the Z=1 and Z=2 isotopes shown in figure 7. M, is the number of neutrons
produced in the course of the disintegration cascade. M, is deduced from the difference
between the mass A, of the primary fragment and the total detected mass Ag; which is

the sum of the detected charged particle masses, including the residue :
< Aget >= < Apmr > + < Mig > 42 < Meg > +
3< Mag > +3 < Magg. > +4 < Mage > (8)
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E, is the kinetic energy of a neutron in the system of reference of the emitter nucleus. It
1s estimated from the relative kinetic energy Eiy of the proton, from which we deduct the
Coulomb barrier energy. This last energy was calculated with the formula of [18]. Q is the
mass difference between the primary fragment and the final products. The Q values were"
calculated using the liquid drop formula proposed by Seeger and Prisho [19].

Figure 11 shows the average excitation energies estimated with the above method, as a
function of the primary fragment atomic number Z,,. Figure 11(b) corresponds to the case
where the masses A, of the initial fragments are assumed to be in the valley of stability,
and figure 11(a) corresponds to the case where the parent fragments are assumed to have
the same N/Z ratio as the combined system. The values deduced from the two distinct as-
sumptions differ significantly. This difference is due to the fact that the number of neutrons
that we estimate for this reconstruction is very different for the two different assumptions
regarding N/Z ratio in the parent. In both cases the excitation energies of the initial frag-
ments increase almost linearly with the fragment atomic number. When we assume that
the fragments belong to the valley of stability, the linear increase indicates a mean excita-
tion energy per nucleon of 1.6 MeV /nucleon. On the contrary, when we suppose that they
conserve the N/Z ratio of the initial system, their mean excitation energy per nucleon is
3.0 MeV/nucleon. Moreover, the excitation energy per nucleon deduced for each prefrag-
ment varies very little around this mean value. This result indicates that, on the average,
thermodynamical equilibrium was achieved at the moment of the breakup of the source into
excited fragments, and it reinforces the similar conclusion of equilibration that was derived
earlier from the comparison of the experimental multiple fragment production events with
the predictions of the Statistical Multifragmentation Model [2]. It should be noted that the
excitation energy of the multifragmenting source at the moment of the prefragment forma-
tion is larger than the prefragment excitation energies. In order to evaluate it, we should
add to the excitation energies and kinetic energies of the hot primary fragments, the kinetic
energies of the light charged particles which are also produced at this disassembly stage.

Moreover, we would need to know their multiplicities and the size of the source at this time
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in order to calculate the Q value of the reaction which enters also in the source excitation
energy calculation. All these quantities are unknown and can not be extracted from the
information that we possess without the use of models which describe well the scenario of
multifragmentation on which our analysis relies.

At this point, it is reasonable to ask whether the mean excitation energy derived from
the experimental data is very sentitive to the procedures we use to evaluate it. In order to
explore the sensitivity, we performed simulations in which the prefragments have a much
higher excitation energy of 7.5 MeV /nucleon. We find that the fraction of protons recovered
is rather insensitive to the assumed excitation, i.e. 84 % at 4.3 MeV/nucleon excitation
and 81 % at 7.5 MeV /nucleon excitation. Given this result, it does not appear that the

experimentally reconstructed excitation energy is limited by the reconstruction techniques.

V. COMPARISON WITH THE GEMINI CALCULATION

In an attempt to distinguish between the two different assumptions regarding primary
fragment N/Z ratio, we have compared the experimental results to the predictions of the sta-
tistical model code GEMINI [20]. For this purpose, we simulated separately the de-excitation
of a set of excited compound nuclei having atomic numbers, Z,., equal to those determined
experimentally for the primary fragments, and masses equal either to those deduced from
the valley of stability assumption, or those corresponding to the values estimated assuming
conservation of the entrance channel N/Z ratio. In the valley of stability case, we performed
two calculations for which the excitation energies were fixed at 1.5 and 2 MeV /nucleon. For
the N/Z ratio conservation case, excitation energies of 2.5 or 3. MeV /nucleon were used.
These choices are based on the estimates obtained from the method described paragraph
IV D. In figure 11 we compare, for the two different assumptions on reconstruction of A,,,
the total excitation energies of the primary fragments obtained from the experimental data

(black circles) to those calculated for the simulations (open symbols).
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A. Secondary light charged particle multiplicities

In figure 12, we compare the multiplicities of neutrons and light particles predicted
by GEMINI to the experimentally observed multiplicities of hydrogen and helium isotopes
(black circles) and to the neutron multiplicities estimated when we assume that the primary
fragments conserve the N/Z ratio of the entrance channel (black triangles). For this pur-
pose, the Z;yr from the calculation corresponds to the mean value of the atomic number
distribution, resulting from an event by event selection, of the biggest fragment left after the
de-excitation of the assumed primary fragment. For the data, they are the detected fragment
atomic numbers. When we assume that the primary fragments are neutron rich (entrance
channel N/Z ratio) and that they have excitation energies of 2.5 to 3 MeV /nucleon (open
symbols), the results of the calculation are in generally good agreement with the experimen-
tal data for all but ®He, although the calculated 'H multiplicities are somewhat larger than
the experimental values for the heaviest fragments. As noted, the 3He experimental multi-
plicities are much larger than the predicted ones, for the whole range of primary fragment
atomic number.

For the energy reconstruction, we have assumed that the detected fragments, which we
consider to be residues of the primary fragments, are in the valley of stability. For the
neutron rich parents in the model calculation, we noted that the average N/Z ratios of the
biggest fragments remaining after the cooling of the compound nuclei, and which we consider
as residues, are in the range of 1.1 to 1.2 for fragments lighter than Z=15, and for heavier
fragments, the ratios correspond to the valley of stability line.

For the simulations obtained with the assumption that the primary fragment masses
belong to the valley of stability and that the initial excitation energies are equal to 1.5 or 2
MeV /nucleon (lines), we observe a much poorer general agreement between the calculated
and observed multiplicities. In particular, the 'H multiplicities are seriously overestimated
while the 2H and *H multiplicities are seriously underestimated.

In this assumption, the N/Z ratios of the residues in the simulated events follow the
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valley of stability line in agreement with the supposition made on the detected fragment

masses for the experimental events.

Based on the comparisons presented in figure 12, the hypothesis that appears to be the
most reasonable is that which assumes that the source breaks into fragments which are
characterized by the N/Z ratio of the initial system. This result reinforces the observation
made with the EES calculations which predict that during the expansion phase from p, to

1/3 p,, the N/Z ratio of the expanding source remains equal to that of the entrance channel

[2].

B. Mean kinetic energies

In figure 13, we compare the experimentally derived relative kinetic energies to the
predictions of the GEMINT calculation when the primary fragments have the same N /Z
ratio as the initial system. For neutrons and charged particles, these kinetic energies were
calculated the same way as for the charged particles in the experimental data, i.e. relative
to the residues (E,; = 0.5 A VZ,;). For 'H, and neutrons the mean kinetic energies deduced
from the experiment are well reproduced by the calculation. For other emitted particles,
the calculated energies are lower than the experimental ones. Maxwellian fits to the spectra
calculated with a level density parameter of A/10, lead to apparent temperatures near 4
MeV regardless of the identity of the particle. The apparent temperatures derived from
the experiment show a wider variation (figure 9, paragraph IV.B). The larger energies and
temperatures that we observed experimentally might be explained by the fact that in the
experimental events, the particles are subject to the Coulomb interaction with a large number
of other fragments or light species which are also produced during the source disintegration.
This complex environment is not taken into account in the GEMINI simulations. In order
to verify whether this scenario can explain the discrepancies between the simulations with

GEMINI and the experimental data, we performed calculations with the SIMON event
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generator. In this generator, the interactions between the reaction products are taken into
account in order to calculate the trajectory and kinetic energy of each particle. For the
simulations with SIMON, the average excitation energy of the primary fragments was set
to 2.8 MeV /nucleon. The kinetic energy spectra of the secondary light charged particles
obtained with SIMON were slightly harder than the spectra calculated with GEMINI, but
this difference was not sufficient to reproduce the experimental values. Therefore, we believe
that the discrepancies between the data and the simulations should be aftributed to the
uncertainty in the background definition whose shape has been extracted from the proton
emission simulations. This background shape might not approximate the background shapes
of the other light particles, as well as for protons. This uncertainty has a noticeable effect on
the kinetic energies because this quantity depends strongly on the shape of the background.
On the contrary, for the extraction of the light charged particle multiplicities, the most
important parameter is the depth of the background. For these reasons, the kinetic energies
are much more affected by the uncertainty in the background shape than are the light
charged particle multiplicities.

In order to estimate the effect of the kinetic energy uncertainties on the extraction of
the total excitation energies of the primary fragments, we calculated this last quantity by
replacing the experimental light charged particle kinetic energies by the kinetic energies given
by GEMINI, without changing the experimental secondary multiplicities. As in section IV
D., the neutron kinetic energies were again deduced from the proton kinetic energies. With
the simulated kinetic energies, we obtained an average value of 2.85 MeV /nucleon for the
primary fragment excitation energy. This quantity is very close to the value deduced from
the experimental observables (3.0 MeV /nucleon). This reflects the fact that the Q value,
which accounts for 55 % of the total excitation energy, is unchanged because the secondary
multiplicities remain the same for both calculations. Further, since the GEMINI calculations
reproduce well the experimental proton kinetic energies, the neutron kinetic energies deduced
from the simulations are very similar to the values deduced from the experiment. Since

the secondary neutron multiplicities are very high in comparison to the secondary lLight
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charged particle multiplicities, the neutron kinetic energies are the dominant factor for the
calculation of the total kinetic energy in formula 7. Therefore the differences observed in
figure 13 between the calculated and experimentally observed kinetic energies do not lead

to a significant change in the derived excitation energies.

VI. CONCLUSION

In conclusion, for the 50 MeV /nucleon '**Xe+"**Sn central collisions, with the help of
light charged particle-fragments correlations, we have extracted the multiplicities of particles
resulting from evaporation decay of the primary hot fragments. We have also extracted the
relative kinetic energy distributions between the primary fragments and the light charged
particles that they evaporate. We then reconstructed the average atomic numbers, masses
and excitation energies of those primary fragments. From the comparison between the
predictions of the GEMINI model with the experimentally observed secondary multiplicities
of the evaporated light charged particles, we concluded that the primary excited fragments
have the same N/Z ratio as the initial system **Xe + "**Sn. We reconstructed their initial
excitation energies per nucleon and we noted that those last are very similar from one
fragment to another and correspond to a mean value of 3.0 MeV /nucleon. It is interesting
to note that this excitation energy per nucleon suggests primary fragment temperatures
near 4.9 MeV, assuming a fermi gas level density parameter a=A/8. Such values are very
close to those derived from the state ratio measurements [21-25]. This work proves that the
primary fragments produced in the multifragmentation process are excited. The estimation
of this internal fragment excitation energy, which corresponds to a 5 MeV temperature,
seems to be consistent with a limiting temperature below which primary fragments deexcite
only through evaporation.

The fact that the excitation energy of the hot multifragmenting source is shared between
the fragments in the ratio of their masses, suggests that, on the average, thermodynamical

equilibrium has been achieved at the disassembly stage of the source.
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FIGURES
FI1G. 1. V”I ME _ VIMFE diagrams obtained for alpha particles detected in coincidence with B,

Ne, P and Ca fragments in experimental events (see text).

FIG. 2. Relative velocity spectra between Neon and alpha particles (left plot), Sulphur and
proton particles (right plot) for correlated (continuous histograms) and uncorrelated (dashed his-

tograms) experimental events.

FIG. 3. For simulations : Top) Relative velocity spectra for protons emitted in coincidence
with Ne or Li correlated events. The total spectra (continuous histograms) and the spectra for
the three separate components are shown. The dot-dashed histograms show the contribution from
primary emission (see text). The hatched-dashed and dotted histograms show respectively the
contributions from de-excitation of the primary fragments which produce and do not produce the
considered fragments. (a) For correlated events and Ne fragments. (b) For uncorrelated events, but
for protons detected in coincidence with Li whose velocities are replaced by Ne velocities (see text).
(c) The correlation function (continuous histogram) for Ne-'H. The associated real background
(dashed histogram) and the contribution from secondary emission from the parents of the Ne
fragments (hatched area) are also shown. (d) The difference function (continuous histograms) for
Ne-'H. The associated real background (dashed histogram) and the contribution from secondary
emission from the parents of the Ne fragments (hatched area) are also shown. (e) and (f) Same as
(c) and (d) except that the dashed histograms represent the backgrounds derived according to the

method described in the text.

FIG. 4. Difference functions and correlation functions for hydrogen isotopes detected in experi-
mental events and correlated with various fragments : 4(a) to 4(f) Difference functions (continuous
histograms) and their associated calculated backgrounds (dashed histograms). 4(g) to 4(1) Cor-
relation functions (continuous histograms) and their associated calculated backgrounds (dashed

histograms). 4(m) to 4(r) Secondary evaporated spectra.
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FIG. 5. Same as figure 4 for helium isotopes detected in experimental events and correlated

with various fragments.

FIG. 6. For experimental events, average secondary multiplicities per IMF, < M >, of the

evaporated hydrogen and helium isotopes, as a function of the detected IMF atomic number 7 IMF-

FIG. 7. Average relative kinetic energies between the primary fragments and the evaporated

hydrogen and helium isotopes, as a function of the detected IMF atomic number, ZpF.

FIG. 8. Values of the parameters Ep obtained for the fit of the relative kinetic energy spectra

of the hydrogen and helium isotopes, as a function of the detected IMF atomic number, Z s F (see

text).

FIG. 9. Values of the para.meters T obtained for the fit of the relative kinetic energy spectra
of the hydrogen and helium isotopes, as a function of the detected IMF atomic number, Z
(see text). For each light particle, the dotted line represents the mean value of the temperatures,

calculated over the fragment atomic number range considered.

FIG. 10. (a) Average atomic number of the primary fragments, Z,,, as a function of the detected
IMF atomic number Z;yp. (b) Average masses of the primary fragments, A,., as a function of
the detected IMF mass Ajpsr. The triangles correspond to the case where the primary fragments
are in the valley of stability. The squares represent the case where the primary fragments have the

same N/Z ratio as the combined system 2°Xe+"*!Sn.

FIG. 11. Average total excitation energies of the primary fragments, as a function of their
atomic number, Z,.. The experimental results are represented with black circles and the GEMINI
calculations performed for different compound nucleus excitation energies are symbolized by open
symbols. (a) The initial fragments have the same N/Z as the combined system. (b) The masses

A, of the initial fragments were estimated assuming they are in the valley of stability.
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FIG. 12. Comparison between the multiplicities of neutrons and light particles predicted by
GEMINI to the experimentally observed multiplicities of hydrogen and helium isotopes (black
circles) and to the neutron multiplicities estimated when we assume that the primary fragments
conserve the N/Z ratio of the entrance channel (black triangles), as a function of the residue atomic
number. The open symbols correspond to the assumption of neutron rich compound nuclei. The

lines represent the case in which the compound nuclei are in the valley of stability.

FIG. 13. Relative kinetic energies of the light charged particles and neutrons, as a function of
the residue atomic number, resulting from the experimental data (black symbols) and predicted
by the GEMINI model when the primary fragments have the same N /Z ratio as the initial system

(open symbols).
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TABLES
TABLE 1. Average multiplicities Qf light charged particles, intermediate mass fragments and

fragments of various atomic numbers accounted for the isotropic source, for events characterized
by 45° < 67 < 60° (left column), and for events characterized by 6; > 60° (right column). The

numbers in brackets represent the statistical errors.

Isotope M;s, Miso
45° < 0 < 60° 60° < 8;
'H 6.81 (0.01) 6.94 (0.01)
H 3.90 (0.01) 3.94 (0.01)
°H 2.74 (0.01) 2.76 (0.01)
‘He 7.15 (0.01) 7.30 (0.01)
*He 0.88 (0.01) 0.91 (0.01)
IMF 7.10 (0.01) 7.10 (0.01)
Li 1.58 (0.01) 1.58 (0.01)
Ne 0.30 (0.01) 0.30 (0.01)
S 0.097 (0.002) 0.094 (0.002)
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TABLE II. Average kinetic energies of Z=1 and Z=2 isotopes, Li, Ne and § fragments associ-

ated to the isotropic source, for 45° < 8y < 60° (left column), and for 4 > 60° (right column).

The numbers in brackets represent the statistical errors.

Isotope E (MeV) E (MeV)
45° < 6; < 60° 60° < 6
R: | 25.9 (0.08) 26.0 (0.08)
H 32.5 (0.12) 33.0 (0.13)
*H 31.9 (0.15) 32.2 (0.15)
‘He 32.7 (0.09) 32.9 (0.09)
SHe 49.5 (0.33) 49.4 (0.34)
Li 56.4 (0.31) 58.9 (0.32)
Ne 84.2 (1.02) 91.9 (1.02)
S 99.7 (2.42) 105.2 (2.36)

TABLE III. Multiplicities per event of the secondary particles evaporated by the primary

fragments, M,, multiplicities per event of light charged particles emitted by the isotropic source,

M;;,. P is the percentage of M; in comparison with M;,,.

Isotope M, M;so P =M,/M;s, (%)
' LTI 0.4t}
°H L2l 3.92 30.6152
*H 0840 hrer) 2.75 29.173"
“He 227 05 o 7.2 30.5%S
*He 0340 oS o 0.88 38.67148
total 6.03% 1 0e 05 21.62 27.9+53
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