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Experimental determination of fragment excitation energies in multifragmentation events
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For 50 MeV/nucleon129Xe1 natSn multifragmentation events, we deduced, by means of correlation tech-
niques, 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 comparison between the secondary multiplicities observed experimentally and the multiplicities
predicted by theGEMINI model, we concluded that the source breaks into primary fragments which are char-
acterized by the sameN/Z ratio as the combined system. Knowing the secondary light charged particle
multiplicities 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 intermediate mass fragment atomic number. This global constancy indicates that, on the average,
thermodynamical equilibrium was achieved at the disassembly stage of the source.@S0556-2813~98!02607-7#
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I. INTRODUCTION

In several recent publications, analyses of many featu
of multifragmentation events occurring in the central co
sions of 129Xe1 natSn at 50 MeV/nucleon have been pr
sented@1–4#. Analyses of both light charged particle~Z<2!
and fragment~Z>3! data indicate that the mechanism is o
of disassembly of a single equilibrated source formed
those collisions. Comparisons of the experimental data
statistical multifragmentation model~SMM! @5–7#, expand-
ing emitting source~EES! @8#, and Boltzmann-Nordheim
Vlasov ~BNV! @9# calculations have shown that the kinet
energies of light charged particles and fragments can es
tially be understood as reflecting the multiple emission st
occurring during different phases of the disintegration of
system. In the framework of these models, the scenario
the multifragmentation process which emerges is one
which the compressed equilibrated hot source first expa
emitting mainly light particles. When the system reache
sufficiently low density, intermediate mass fragments~IMFs!
may be abundantly produced, either through a freezing
process@5# or through rapid sequential emission@8#. Lighter
charged species may also be emitted in this phase. The
mary fragments may be excited and if so, are expecte
PRC 580556-2813/98/58~1!/256~14!/$15.00
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decay by normal statistical processes. A direct observatio
this secondary statistical component and extraction of
excitation energies and sizes of the primary fragments
provide a very significant test of the models and of the
sumption of thermodynamical equilibrium at the time of d
assembly.

In this paper, we present the results of an experime
analysis of the 50 MeV/nucleon129Xe1 natSn multifragmen-
tation events in which light charged particle-IMF correl
tions have been employed to determine the average m
plicities of particles emitted from de-exciting primar
fragments. From these data, both the average excitation
ergies and the masses of the primary fragments have b
derived. These results indicate that the fragments are for
with the sameN/Z ratio as the initial system129Xe1 natSn
and that their excitation energies per nucleon are all
same. This provides strong evidence that, on the aver
thermodynamical equilibrium is achieved when the prima
fragments are produced.

II. EXPERIMENTAL PROCEDURES

A. Event selection

The 50 MeV/nucleon129Xe1natSn events analyzed in thi
paper were obtained during an experiment performed at
256 © 1998 The American Physical Society
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GANIL facility. The charged products of these events we
detected with the multidetector INDRA@10–12#. In Refs.
@1–3#, the multifragmentation events originating from ve
central collisions of 50 MeV/nucleon129Xe1natSn were iso-
lated by requiring events for which the total detected cha
exceeds 80% of the total charge of Xe1Sn system and for
which the flow angleu f>60°. The flow angleu f is the angle
between the beam axis and the principal axis associated
the ellipsoid which approximates the kinetic energy ev
shape@13#. From the analysis made on this event sample
was concluded that in such collisions, an isotropically dis
tegrating equilibrated source is formed@1#. Its initial charge
represents 86% of the total charge available. The remain
charge is accounted for a small number of light charged p
ticles which are strongly forward or backward focused in
center of mass@1#. The total mean multiplicity of light
charged particles per event is 27.5 and the mean multipli
of IMF per event is 7.1. The domain of the IMF atom
number ranges fromZIMF53 to ZIMF530. Application of the
calorimetric method on the isotropically emitted spec
gives a mean excitation energy of the source of 1260.5
MeV/nucleon. The kinetic energies of the fragments are
terpreted as reflecting expansion effects which lead to a m
sured collective energy of about 2 MeV/nucleon at the fre
eout time. Calculations using the EES model suggest tha
light charged particle kinetic energies may be reproduced
taking into account the time evolution of the system@2#. For
more details, see Refs.@1–3#.

For this work, the event selection criteria are very simi
to those used in the earlier work. However, since applica
of the decorrelation technique requires good statistics,
have chosen to treat experimental events characterize
u f>45°. The widening of the selection might lead to a slig
pollution from binary events but it has been verified that t
new event sample has the same global features as the p
ous one, selected with au f>60°. This fact is illustrated in
Tables I and II. Table I shows the average multiplicities
light charged particles, intermediate mass fragments
fragments of various atomic numbers accounted for the
tropic source, for events characterized by 45°<u f<60° ~left
column!, and for events characterized byu f>60° ~right col-

TABLE I. Average multiplicities of light charged particles, in
termediate mass fragments, and fragments of various atomic n
bers accounted for the isotropic source, for events characterize
45°<u f<60° ~left column!, and for events characterized b
u f>60° ~right column!. The numbers in brackets represent the s
tistical errors.

Isotope
M iso

45°<u f<60°
M iso

60°<u f

1H 6.81 ~0.01! 6.94 ~0.01!
2H 3.90 ~0.01! 3.94 ~0.01!
3H 2.74 ~0.01! 2.76 ~0.01!

4He 7.15~0.01! 7.30 ~0.01!
3He 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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umn!. Table II shows the average kinetic energies ofZ51
andZ52 isotopes, Li, Ne, and S fragments associated to
isotropic source, for the two different selections in flo
angle. The numbers in brackets represent the statistica
rors, i.e.,s/AN, whereN is the number of particles consid
ered. We have made no special requirement for the ang
domain at which the light charged particles are detected
the correlation functions have equivalent forms whether
not we limit the angular domain for the light charged partic
emission.

B. Particle emission sources

In dealing with complex multifragmentation events, th
first question to be addressed is whether a distinct secon
statistical component can be observed in the presence o
other particles emitted. To answer this question, we first c
culated event by event, for each detected IMFs, the rela
velocities between that IMF and all light charged particles
an event. We then determined the projections of these r
tive velocities onto the axis representing the IMF direction
the center of mass frame and into a plane perpendicula
that axis. The components of these projections are design
by Vi

IMF andVt
IMF . This treatment allows us to define a com

mon system of reference for an ensemble of fragments
have different directions in the center of mass. In Fig. 1,
present examples ofVi

IMF-Vt
IMF diagrams obtained for alph

particles detected in coincidence with B, Ne, P, and Ca fr
ments. The overall pattern observed is one of near isotro
emission centered atVi

IMF values in the23 to 24 cm/ns
range. The mean IMF velocities in the center of mass are
the 2–4 cm/ns range. Thus the dominant emission obse
is essentially isotropic in the center of mass frame. Howev
we also clearly observe circles which are centered at the I
velocities and with radii which increase with the detect
fragment atomic number. Such circles are observed for
hydrogen and helium isotopes, and with IMFs of oth
atomic numbers. By the means of simulations and a de
relation technique~described below!, we verified that this
effect is not related to the INDRA geometry and we conclu
that these circles clearly reflect the Coulomb repulsion
tween light charged particles and intermediate mass fr
ments.

m-
by

-

TABLE II. Average kinetic energies ofZ51 andZ52 isotopes,
Li, Ne, and S fragments associated to the isotropic source, for
<u f<60° ~left column!, and foru f>60° ~right column!. The num-
bers in brackets represent the statistical errors.

Isotope
E ~MeV!

45°<u f<60°
E ~MeV!
60°<u f

1H 25.9 ~0.08! 26.0 ~0.08!
2H 32.5 ~0.12! 33.0 ~0.13!
3H 31.9 ~0.15! 32.2 ~0.15!

4He 32.7~0.09! 32.9 ~0.09!
3He 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!
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FIG. 1. Vi
IMF-Vt

IMF diagrams obtained for alpha particles detected in coincidence with B, Ne, P, and Ca fragments in experimenta
~see text!.
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In order to further explore whether some of these lig
charged particles originate from the deexcitation of the p
mary fragments, which are the parents of the detected IM
we then constructed relative velocity spectra between l
charged particles and IMFs. In Fig. 2, the resultant spe
are presented fora particles detected in coincidence wi
Neon and for protons detected in coincidence with sulph
respectively. The experimental data are represented by
tinuous histograms. If the detected fragments are resid
from primary fragments, their average velocities are
pected to be the same as the average velocities of the in
parents. Therefore, particles evaporated from the IMF pa
would be expected to appear at small relative velocities c
t
i-
s,
t

ra

r,
n-
es
-
ial
nt
r-

responding to emission at near Coulomb barrier energ
The fact that an excess of particles which might be expec
at such low relative velocities is not clearly visible in Fig.
indicates that the evaporated component represents a
tively small contribution to the whole spectrum. These s
ondary particles are difficult to observe given the apparen
large amount of light charged particles produced in ot
phases of the source disintegration. Therefore, to observe
extract them, it is necessary to have a reference spec
in which such secondary particles do not make a large c
tribution or in which their correlation with the IMFs is neg
ligible. This suggests use of a decorrelation technique s
as that used in particle-particle correlation measureme
FIG. 2. Relative velocity spectra between neon anda particles~left plot! and sulphur and proton particles~right plot! for correlated
~continuous histograms! and uncorrelated~dashed histograms! experimental events.
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Such a method has already revealed itself as very powe
@14#.

III. DECORRELATION TECHNIQUE

For two particle correlations, the basic idea of decorre
tion techniques is to compare an observable constructed
couples of particles, detected in coincidence in the same
related event, to the same observable built with coup
formed by replacing one of the two particles by a like p
ticle, produced in a different event, and therefore totally
dependent of the first one. Ideally, in these uncorrela
events, the correlations that existed in the correlated ev
should be destroyed. The spectra of the observables obta
with the two different samples of couples may then be co
pared to isolate differences reflecting real physical effects
general, the spectra are compared by dividing the correl
distribution by the uncorrelated one. The resulting spectr
is then designated as the correlation function which is sy
bolized by the expression

R5N
PAi ,Bi

PAi ,Bj

, ~1!

wherePAi,Bi is the number of correlated pairs of particlesA
andB detected in the same eventi , PAi,B j is the number of
uncorrelated pairs formed by particles produced in two d
ferent eventsi and j , andN is a normalization factor. This
factor is often defined by making the distributions superi
posable in a region where the sought after physical effec
not expected.

Decorrelating fragments and particles in multipartic
events presents some particular difficulties which must
overcome. For such complex events, with many fragme
the interactions between all particles and not just those
tween a particle pair can be important. Decorrelating a p
ticular pair may then result in the loss of other pairwise c
relations which should in fact be preserved in order to de
a correct background spectrum.

A. Development of decorrelation procedures

In order to test various decorrelation procedures for m
tiple fragment events, we have used simulations which w
performed with a modified version of the phenomenologi
event generatorSIMON @15#. Simulated events were calcu
lated with input parameters which reasonably reproduce
experimental observed kinematical characteristics of
fragments and light charged particles@3#. In this generator,
the calculation of the trajectories of all the reaction produ
is performed by taking into account the Coulomb intera
tions at each step of the source disintegration. An impor
feature of the modified generator is its ability to treat t
light charged particle emission occurring before the form
tion of the primary fragments, separately from the second
evaporation resulting from the deexcitation of the prima
fragments. Indeed, these two different emission phases
contribute to the total relative velocity spectrum. In Fig. 3~a!,
the solid histogram represents the total spectrum of rela
velocities for protons emitted in coincidence with Ne. T
distinct contributions from each phase are also illustrat
ul
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The dot-dashed histogram represents the spectrum of pro
emitted during the first step of the system deexcitation,
fore disassembly into fragments. We call this spectrum
primary emission spectrum. The dashed and hatched h
gram represents the spectrum of protons evaporated by
primary excited fragments which produce the detected
isotopes. This spectrum is hereafter designated as the
ondary evaporated spectrum. This is the component an
gous to that which we wish to extract from the experimen
data. The dotted histogram corresponds to the secon
evaporation of protons from all the other primary fragmen
i.e., those which do not decay into Ne. To decorrelate eve
we tried a number of different procedures based on two p
ticle decorrelation techniques. While each of these allow
us to see the effect we were attempting to explore, most w
not satisfactory as residual correlations among other parti
in the same event led to shifts in the background distribut
which would only be removed by rather subjective tec
niques. For this reason, we finally settled on a decorrela
technique based on Li containing events.

In using the simulations to construct relative veloc
spectra for particles in coincidence with each detected IM
we noted that the calculation predicts that the relative c
tribution of the secondary evaporated spectrum associ
with Li is very weak as compared to that for heavier fra
ments. This effect is shown Fig. 3~b! where the spectrum o
particles emitted by Li parents is symbolized by the hatch
area. The primary component~dot-dashed histogram! and the
secondary contribution from the other primary fragme
~dotted histogram! are also presented for these Li containi
events. The explanation for the low multiplicity of the se
ondary component is that, in the simulated events, 20%
the Li are primary fragments which decay only through ne
tron emission and 72% of the Li are the residues from
disintegration of small primary fragments, lighter than si
con fragments. We have taken advantage of the fact that
few light charged particles are emitted by the parents of L
our attempts to construct the decorrelated spectra which
use in this work. Specifically, we follow a procedure
which for every event where a Li is produced, we replace
velocity modulus of the Li by the velocity modulus of
heavier fragment, taken from another event. At the sa
time, the chosen IMF is given the original direction of the
fragment. We have checked that events containing at l
one Li represent 80% of the event sample. Since Li isoto
are correlated with very few light charged particles, this te
nique allows us to mimic an event where the parent of
chosen IMF would have emitted almost no light charg
particles and the secondary emission is from other prim
fragments in the event. We then construct the relative ve
ity spectrum between this virtual fragment and the lig
charged particles. We then normalize the decorrelated s
trum to the correlated spectrum using the ratio between
production rate of the chosen IMF and the production rate
Li. In this way, both the correlated and uncorrelated spec
correspond to the same total number of fragments.

For simulated events, the decorrelated spectrum c
structed for Ne with the technique described above is p
sented in Fig. 3~b! ~continuous histogram!. The spectral
shapes are quite similar. In order to compare the two rela
velocity spectra in detail, we have calculated both the ratio
the two, the correlation function designated byR, and their
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FIG. 3. For simulations:~Top! Relative velocity spectra for protons emitted in coincidence with Ne or Li correlated events. The
spectra~continuous histograms! and the spectra for the three separate components are shown. The dot-dashed histograms show t
bution from primary emission~see text!. The hatched-dashed and dotted histograms show, respectively, the contributions from deex
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-1H. 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-1H. The associated real background~dashed histogram! and the contribution from secondary emission from the parents of the
fragments~hatched area! are also shown.~e! and~f! Same as~c! and~d! except that the dashed histograms represent the backgrounds de
according to the method described in the text.
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difference, the difference function symbolized byD, as a
function of relative velocity. For the simulated events, the
are shown in Fig. 3~c! and 3~d!, respectively. Since in the
calculations we know the origin of each particle, we ha
hatched the area on each plot corresponding to the secon
emission from the parents of the Ne fragments. We note
this treatment that the background of the difference funct
is negative and therefore its equivalent is located below
R51 line in the correlation function. This feature can
understood by looking at the differences between the co
lated and uncorrelated contributions, for example in Fi
3~a! and 3~b!. The amplitude of the primary component is th
same for both correlated and uncorrelated events, but
intensity of the secondary emission from the other prim
fragments is higher for Li containing events than for eve
selected by requiring heavier fragments. For backgro
events, alone this difference in amplitude therefore wo
result in a difference function which is negative@Fig. 3~d!#
and in a correlation function which is less than 1@Fig. 3~c!#.

The results of the simulation suggest a procedure to de
rrelate events that can enable us to observe, in the ex
mental relative velocity spectra, the component originat
from the secondary decay of primary fragments formed
e

e
ary
in
n
e

e-
.

he
y
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d
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n

multifragmentation events. They also indicate that, in or
to extract the spectrum of evaporated particles, we nee
determine the shape of the background in the correla
function. Once again, the simulations have proved to b
very useful guide for this task.

In the generated events, we can determine the backgro
by omitting from the correlated spectrum the second
evaporated contribution from the parents of the IMF be
considered, and, applying the subtraction and division op
tions to the residual correlated and uncorrelated spectra.
backgrounds determined with this method are shown in F
3~c! and 3~d! as dashed histograms. For the correlation a
difference functions, they are, respectively, very similar to
hyperbola or to a Gaussian.

By fitting the backgrounds obtained for correlation fun
tions such as those in Fig. 3~c!, we found that the back-
ground shape is well fitted by the equation

R~Vrel!51.22
1

aVrel1b
, ~2!

whereVrel designates the relative velocity, and a and b
two parameters which differ for each IMF. Since in the e
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perimental data we do not have a means of directly obs
ing the background, we assume in the following analysis t
the experimental background has the same general sh
and attempt to define the parametersa and b from the ex-
perimentally determined correlation and difference fun
tions. These parameters can be calculated by solving Eq~2!
for two different points at which the secondary evapora
spectrum leading to the selected IMFs can be neglected.
use both functionsR and D to select those points. In th
simulations, we have observed that the secondary evap
tion disappears at the first minimum in the difference fun
tion, atV1rel, and again after the second minimum, atV2rel,
the first point at whichD50. Having found the relative ve
locities associated with these two pointsV1rel and V2rel we
can determine in the correlation function their associatedR1
and R2 ordinates. With the points~V1rel, R1) and (V2rel,
R2), thea andb parameters in Eq.~2! are deduced and then
the function reflecting the background is determined. Fr
this background defined for the correlation function, we c
derive the corresponding background in the difference fu
tion.

In Figs. 3~e! and 3~f!, we present the backgrounds d
duced from the procedure described~dashed histograms!. A
comparison with the real backgrounds, presented in F
3~c! and 3~d!, shows they are generally well reproduce
Subtracting the backgrounds in Figs. 3~e! and 3~f! from the
respective functions, we recover 91% of the actual second
emission spectra associated with the Ne parents, and fo
ensemble of produced prefragments, we recover on ave
84% of the protons they evaporated. This gives us so
confidence that the same techniques may be applied to
experimental data. We note that the same background s
has been used for all particles.

B. Application to experimental events

We applied the procedure described above to the exp
mental data for each IMF and for each hydrogen and hel
isotope. The correlated spectra which are obtained fora’s in
coincidence with neon fragments and protons in coincide
with sulphur fragments are compared to the correspond
uncorrelated spectra in Fig. 2~dashed histograms!. In Figs.
4~a!–4~f!, 5~a!–5~d!, and Figs. 4~g!–4~l!, 5~e!–5~h! we
present examples of the difference functions and the corr
tion functions associated with hydrogen and helium isoto
correlated with fragments of various sizes. In the case of3H
and 3He, multiplicities are low. Therefore, it was necessa
to add spectra for severalZIMF in order to be able to observ
distinctly the evaporated peak. We have derived the ba
grounds of the correlation and difference functions forZ
51 andZ52 isotopes and each detectedZIMF . Examples of
the derived backgrounds are presented in Figs. 4~a!–4~f!,
5~a!–5~d! and Figs. 4~g!–5~l!, 5~e!–5~h! as dashed lines. Fo
the experimental data, there are larger fluctuations in the
ference functions than observed for the simulations. Th
fluctuations in some cases appear larger than statistical.
have considered the possibility of well defined resona
states but have not been able to definitely identify these fl
tuations as resulting from such states. This introduces s
uncertainty in the definition of the background.

The difference between the difference function and
associated background gives directly the IMF associa
v-
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component that we are interested in. The resulting secon
evaporated spectra are presented Figs. 4~m!–4~r! and 5~i!–
5~l!. If we consider the detected fragments as residues, th
spectra are those of the evaporated light charged part
emitted during the decay of the primary parent fragments
some spectra, we observe negative dips which correspon
the region in the correlation and difference functions wh
the background goes through fluctuations at large rela
velocities. This results from the fact that the background
been optimized for the region of the evaporation pe
Therefore, for the following analysis, we will consider on
the positive part of the secondary evaporated spectra in
velocity range between the first minimum of the differen
function and the velocities designated by the arrows draw
Figs. 4 and 5.

In summary, with the aid of an event simulator, we ha
developed a technique to approximate the background sh
in our experimental light charged particle-IMF correlatio
functions. By applying this procedure to the 50 MeV/nucle
129Xe1 natSn multifragmentation events, we can extract t
velocity spectra of secondary particles emitted by the
fragments produced during the disassembly of the exc
source.

It is interesting to ask whether some light IMFs also res
from secondary emission processes. In order to answer
question, we constructed the correlation functions betw
Li and larger fragments. For this case, in a manner simila
that used for Li events in the previous section, the Be velo
ties were replaced by those of heavier IMFs and, correla
and difference functions analogous to those for lighter p
ticles were constructed. We did not observe peaks in ei
the difference or in the decorrelation functions. Therefore
the framework of the decorrelation procedure we have de
oped, we conclude that the deexcitation of primary exci
fragments which leads to a Li and a larger IMF is a ra
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
tract physical quantities that will enable us to reconstruct
average characteristics of the primary fragments, i.e., t
sizes and excitation energies. If each fragment is conside
as a residue of the deexcitation of a primary fragment,
number of particles in the secondary evaporated spe
gives directly the average number of helium and hydrog
isotopes emitted in the decay of the primary excited fra
ment. From these, knowing the production rate for IMF
each atomic number, we can deduce the average evapo
light charged particle multiplicities per IMF. These mult
plicities are shown Fig. 6 as a function of the IMF atom
number, forZ51 andZ52 isotopes detected in coincidenc
with fragments of atomic number in the range of 4<ZIMF
<20. AboveZIMF520, the statistics were insufficient to ex
tract reliable quantities. The error bars represent the e
mated uncertainty in the mean value, resulting from the
certainties in the background reconstruction due to
presence of fluctuations~refer to Sec. III B!. They are the
largest deviations seen using three different techniques
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FIG. 4. Difference functions and correlation functions for hydrogen isotopes detected in experimental events and correlated wit
fragments:~a!–~f! Difference functions~continuous histograms! and their associated calculated backgrounds~dashed histograms!. ~g!–~l!
Correlation functions~continuous histograms! and their associated calculated backgrounds~dashed histograms!. ~m!–~r! Secondary evapo-
rated spectra.
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determining the two points at which the backgrounds in
correlation and difference functions are normalized.

In Fig. 6, we see that the light charged particle multipli
ties increase with increasingZIMF . Such an increase sugges
increasing total excitation energy of the parent fragme
Multiplicities of protons, deuterons anda’s are comparable
Triton and 3He multiplicities are significantly lower and
show less variation withZIMF .

From these data, it is possible to determine the fraction
the light charged particle multiplicity associated to the is
tropic source, which can be accounted for by secondary
ticle evaporation from the primary fragments. For this p
pose, we have first made a linear extrapolation of
secondary multiplicities per IMF in order to estimate tho
corresponding to fragments with atomic numbers grea
than 20. Then, from the known production rate of IMFs, w
e

s.

f
-
r-

-
e

r

have deduced the average secondary multiplicity per ev
Ms for theZ51 andZ52 isotopes. These are shown in th
second column of Table III. The superscript and subsc
numbers represent the absolute uncertainties and the c
sponding percentage uncertainties. The average multiplic
per event of light charged particles emitted by the isotro
sourceM iso are presented in the third column. The perce
agesP of the secondary evaporated particles with respec
the isotropic component, and their associated absolute un
tainties are given in the last column. The comparison
tweenM iso andM tot shows that, on average 27.965% of the
particles emitted isotropically by the excited source origin
from the cooling of the primary fragments. Since the hea
est fragments have the smallest production rate, without
extrapolation for fragments with atomic numbers grea
than 20, this percentage is very similar and equal to 2
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FIG. 5. Same as Fig. 4 for helium isotopes detected in experimental events and correlated with various fragments.
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65%. This may be slightly underestimated as it was sho
in Sec. III A that only 84% of protons emitted from frag
ments in the simulation were recovered by the method u
The other particles must then be emitted earlier, either w
the source expands or during the disassembly of the so

FIG. 6. For experimental events, average secondary multip
ties per IMF^M & of the evaporated hydrogen and helium isotop
as a function of the detected IMF atomic numberZIMF .
n

d.
le
ce

into fragments@8#. The percentage of secondary3He is very
high in comparison with the percentages observed for
other light particles. We will discuss this point in Sec. IV C

B. Secondary light charged particle kinetic energies

From the relative velocity spectra, we can also determ
the kinetic energy distributions of the evaporated lig
charged particles. The relative kinetic energies are calcula
using the formulaErel50.5A Vrel

2 , whereA designates the
mass of theZ51 or Z52 isotope which is considered. Th
resulting mean relative kinetic energies of the hydrogen
helium isotopes are presented Fig. 7 as a function of
detected fragment atomic number. We note that for each
tope, the relative kinetic energies vary only slightly over t

i-
,

TABLE III. Multiplicities per event of the secondary particle
evaporated by the primary fragmentsMs and multiplicities per
event of light charged particles emitted by the isotropic sou
M iso. P is the percentage ofMs in comparison withM iso .

Isotope Ms M iso P5Ms /M iso (%)

1H 1.420.35(25%)
10.12(8.6%) 6.87 20.425.1

11.7

2H 1.220.25(20.8%)
10.32(26.7%) 3.92 30.626.4

18.2

3H 0.820.11(13.8%)
10.14(17.5%) 2.75 29.124

15.1

4He 2.220.29(13.2%)
10.43(19.5%) 7.2 30.524

16

3He 0.3420.05(14.7%)
10.13(38.2%) 0.88 38.625.7

114.8

total 6.0321.05(17.4%)
11.14(18.9%) 21.62 27.924.8

15.3
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fragment atomic number range fromZIMF54 to ZIMF520.
We have fitted the relative kinetic energy spectra by a M
wellian distribution for surface emission:

P~Erel!a
Erel2EB

T2
e2~Erel2EB! /T. ~3!

In this formula,T designates the apparent temperature of
source andEB is the Coulomb barrier. We performed the
on the relative kinetic energy spectra of the different hyd
gen and helium isotopes, for each detected IMF. The res
ing parametersEB and T are presented in Figs. 8 and
respectively, as a function of the IMF atomic number. W
observed that the Coulomb barrierEB increases slightly with
the atomic number of the fragment. The mean value of
apparent temperatures calculated for the fragments wh
atomic number is in the range 4<ZIMF<20, is symbolized
by the dotted lines. For each particle type, the apparent t
peratures fluctuate about a constant value over the w
range of detected fragment atomic number but the mean
parent temperatures differ significantly between the differ
hydrogen and helium isotopes. This last fact is worriso
and we could not find a satisfactory explanation for it. The
differences seem larger than those expected from time eff
in the deexcitation of the primary fragments and they do
appear in theGEMINI calculations~refer to Sec. V B!. How-
ever, it appears most likely that the differences reflect unc
tainties in the background shape approximation. Indeed,
background shape has been derived from the backgro
predicted for protons in the simulations. Alternatively, Co
lomb effects from other species produced in these comp
events might also explain the differences in the mean t
peratures observed~see Sec. V B!. The mean temperatur
obtained for3He is very high relative to the others. We wi
discuss about this in Sec. IV C.

FIG. 7. Average relative kinetic energies between the prim
fragments and the evaporated hydrogen and helium isotopes,
function of the detected IMF atomic numberZIMF .
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C. Multiplicity determinations for 3He

The total multiplicity for 3He emission is very low, as
seen in Table III. In contrast, we note that the second
multiplicity ~Table III, Sec. IV A! and apparent temperatur
of the kinetic energy spectra~Fig. 9, Sec. IV B! obtained for

y
s a

FIG. 8. Values of the parametersEB obtained for the fit of the
relative kinetic energy spectra of the hydrogen and helium isoto
as a function of the detected IMF atomic numberZIMF ~see text!.

FIG. 9. Values of the parametersT obtained for the fit of the
relative kinetic energy spectra of the hydrogen and helium isoto
as a function of the detected IMF atomic numberZIMF ~see text!.
For each light particle, the dotted line represents the mean valu
the temperatures, calculated over the fragment atomic number r
considered.
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3He are significantly larger than the ones observed for
other hydrogen and helium isotopes.

A possible reason is that, for3He, the procedure that w
developed in order to construct the correlation functions
approximate the background shapes may be inadequate
deed the experimental3He spectra are strongly differen
from those of 4He, exhibiting a larger average energy@1#.
The very low 3He multiplicity makes the absolute determ
nation very sensitive to background uncertainties. Theref
for this species, using this technique, we may extract
only particles emitted by the excited primary fragments,
we may pick up also some3He which were produced befor
the disassembly of the source into fragments, or during
assembly.

However, we see in Fig. 5, well defined peaks which
gue strongly for 3He emission and note that these app
significantly broader than the4He secondary emission peak
This suggest that part of the secondary3He multiplicity that
we extracted might originate from the decay of particle u
stable states of complex nuclei. Likely candidates for su
emission are theE* 516.66 MeV state of5Li which decays
into 3He-d, the E* 521.0 MeV state of 6Li which decays
into 3He-t, the E* 517.0 MeV state of 7Be which decay
into 3He-4He, or theE* 519.29 MeVstate of10Be which
decay in 3He-4He-n @16#. For the events under study, th
existence of such states would explain also the large widt
the relative velocity spectra observed for the3He ~Fig. 5,
Sec. III B!. We attempted to verify this hypothesis by th
study of the3He-4He, 3He-d, and 3He-t correlations for the
multifragmentation event sample we use for this analy
Neither in the difference functions nor in the correlati
functions were we able to observe peaks which would in
cate significant contributions from such states, although
could observe the8Be and 6Li resonances in the4He-4He
and 4He-d correlation functions. Therefore, we believe th
the most likely reason for the large3He secondary multi-
plicities and apparent temperatures is the uncertainty in
definition of the background which leads to particularly lar
uncertainties for very low multiplicity particles.

D. Atomic numbers and masses of the primary fragments

From the average secondary multiplicities presented
6, it is possible to estimate the average atomic numbers^Zpr&
of the primary fragments. This average primary fragm
atomic number is determined by adding to the detected f
ment atomic numberZIMF , the evaporated light particle
atomic numbers weighted by their associated multiplicit
^M &:

^Zpr&5^ZIMF&1^M 1H&1^M 2H&1^M 3H&

12~^M 3He&1^M 4He&!. ~4!

For this purpose, we estimated the average3H and 3He sec-
ondary multiplicities corresponding to each detected fr
ment from the values obtained by adding spectra for sev
IMFs ~refer above!.

In order to estimate the primary fragment masses,
have initially made two assumptions. In the first, we assum
that the prefragments were in the valley of stability w
massesApr which are calculated with the following formula
e
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Apr51.867Zpr10.016Zpr
2 21.071024Zpr

3 . ~5!

This expression approximates the valley of stability@17#. It
has been used to assign average massesAIMF to the detected
IMFs in order to calculate their velocities. Alternatively, w
have assumed that the final fragments are in the valley
stability but that the primary fragments have the sameN/Z
ratio as the disassembling system which, in turn, is expec
to be essentially that of the129Xe1natSn combined system
i.e., N/Z51.38. In this caseApr is given by

Apr5Zpr11.38Zpr . ~6!

The values ofZpr and the two different estimates ofApr are
shown in Figs. 10~a! and 10~b! as a function of the detecte
fragment atomic number and mass.

For the two different assumptions regarding parentN/Z
ratio, the excitation energies of the primary fragments can
estimated by summing the total kinetic energies of all p
ticles emitted and theQ value for the emission process:

E* 5(
i

M iEi1MnEn1Q. ~7!

Here Mi are the average multiplicities of the hydrogen a
helium isotopes emitted by the hot fragments. They are th
presented in Fig. 6.Ei are the average relative kinetic ene
gies of theZ51andZ52 isotopes shown in Fig. 7.Mn is
the number of neutrons produced in the course of the di
tegration cascade.Mn is deduced from the difference be
tween the massApr of the primary fragment and the tota
detected massAdet which is the sum of the detected charg
particle masses, including the residue:

^Adet&5^AIMF&1^M 1H&12^M 2H&13^M 3H&13^M 3He&

14^M 4He&. ~8!

En is the kinetic energy of a neutron in the system of ref
ence of the emitter nucleus. It is estimated from the relat
kinetic energyE1H of the proton, from which we deduct th
Coulomb barrier energy. This last energy was calcula
with the formula of Ref.@18#. Q is the mass difference be
tween the primary fragment and the final products. TheQ

FIG. 10. ~a! Average atomic number of the primary fragmen
Zpr as a function of the detected IMF atomic numberZIMF . ~b!
Average masses of the primary fragmentsApr , as a function of the
detected IMF massAIMF . The triangles correspond to the ca
where the primary fragments are in the valley of stability. T
squares represent the case where the primary fragments hav
sameN/Z ratio as the combined system129Xe1natSn.
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FIG. 11. Average total excitation energies of the primary fragments, as a function of their atomic numberZpr . The experimental results
are represented with black circles and theGEMINI calculations performed for different compound nucleus excitation energies are symb
by open symbols.~a! The initial fragments have the sameN/Z as the combined system.~b! The massesApr of the initial fragments were
estimated assuming they are in the valley of stability.
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values were calculated using the liquid drop formula p
posed by Seeger and Prisho@19#.

Figure 11 shows the average excitation energies estim
with the above method, as a function of the primary fragm
atomic numberZpr . Figure 11~b! corresponds to the cas
where the massesApr of the initial fragments are assumed
be in the valley of stability, and Fig. 11~a! corresponds to the
case where the parent fragments are assumed to hav
sameN/Z ratio as the combined system. The values dedu
from the two distinct assumptions differ significantly. Th
difference is due to the fact that the number of neutrons
we estimate for this reconstruction is very different for t
two different assumptions regardingN/Z ratio in the parent.
In both cases the excitation energies of the initial fragme
increase almost linearly with the fragment atomic numb
When we assume that the fragments belong to the valle
stability, the linear increase indicates a mean excitation
ergy per nucleon of 1.6 MeV/nucleon. On the contrary, wh
we suppose that they conserve theN/Z ratio of the initial
system, their mean excitation energy per nucleon is
MeV/nucleon. Moreover, the excitation energy per nucle
deduced for each prefragment varies very little around
mean value. This result indicates that, on the average, t
modynamical equilibrium was achieved at the moment of
breakup of the source into excited fragments, and it re
forces the similar conclusion of equilibration that was d
rived earlier from the comparison of the experimental m
tiple fragment production events with the predictions of t
statistical multifragmentation model@2#. It should be noted
that the excitation energy of the multifragmenting source
the moment of the prefragment formation is larger than
prefragment excitation energies. In order to evaluate it,
should add to the excitation energies and kinetic energie
the hot primary fragments, the kinetic energies of the lig
charged particles which are also produced at this disasse
stage. Moreover, we would need to know their multipliciti
and the size of the source at this time in order to calculate
Q value of the reaction which enters also in the source e
tation energy calculation. All these quantities are unkno
and can not be extracted from the information that we p
sess without the use of models which describe well the s
-
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nario of multifragmentation on which our analysis relies.
At this point, it is reasonable to ask whether the me

excitation energy derived from the experimental data is v
sentitive to the procedures we use to evaluate it. In orde
explore the sensitivity, we performed simulations in whi
the prefragments have a much higher excitation energy
7.5 MeV/nucleon. We find that the fraction of protons reco
ered is rather insensitive to the assumed excitation, i.e., 8
at 4.3 MeV/nucleon excitation and 81% at 7.5 MeV/nucle
excitation. Given this result, it does not appear that the
perimentally reconstructed excitation energy is limited by
reconstruction techniques.

V. COMPARISON WITH THE GEMINI CALCULATION

In an attempt to distinguish between the two differe
assumptions regarding primary fragmentN/Z ratio, we have
compared the experimental results to the predictions of
statistical model codeGEMINI @20#. For this purpose, we
simulated separately the deexcitation of a set of excited c
pound nuclei having atomic numbersZpr equal to those de-
termined experimentally for the primary fragments, a
masses equal either to those deduced from the valley of
bility assumption, or those corresponding to the values e
mated assuming conservation of the entrance channelN/Z
ratio. In the valley of stability case, we performed two ca
culations for which the excitation energies were fixed at
and 2 MeV/nucleon. For theN/Z ratio conservation case
excitation energies of 2.5 or 3. MeV/nucleon were us
These choices are based on the estimates obtained from
method described Sec. IV D. In Fig. 11 we compare, for
two different assumptions on reconstruction ofApr , the total
excitation energies of the primary fragments obtained fr
the experimental data~black circles! to those calculated for
the simulations~open symbols!.

A. Secondary light charged particle multiplicities

In Fig. 12, we compare the multiplicities of neutrons a
light particles predicted byGEMINI to the experimentally ob-
served multiplicities of hydrogen and helium isotopes~black
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FIG. 12. Comparison between the multiplicities of neutrons and light particles predicted byGEMINI to the experimentally observe
multiplicities of hydrogen and helium isotopes~black circles! and to the neutron multiplicities estimated when we assume that the prim
fragments conserve theN/Z ratio of the entrance channel~black triangles!, as a function of the residue atomic number. The open sym
correspond to the assumption of neutron rich compound nuclei. The lines represent the case in which the compound nuclei are in
of stability.
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circles! and to the neutron multiplicities estimated when w
assume that the primary fragments conserve theN/Z ratio of
the entrance channel~black triangles!. For this purpose, the
ZIMF from the calculation corresponds to the mean value
the atomic number distribution, resulting from an event
event selection, of the biggest fragment left after the dee
tation of the assumed primary fragment. For the data, t
are the detected fragment atomic numbers. When we ass
that the primary fragments are neutron rich~entrance channe
N/Z ratio! and that they have excitation energies of 2.5 to
MeV/nucleon~open symbols!, the results of the calculation
are in generally good agreement with the experimental d
for all but 3He, although the calculated1H multiplicities are
somewhat larger than the experimental values for the he
est fragments. As noted, the3He experimental multiplicities
are much larger than the predicted ones, for the whole ra
of primary fragment atomic number.

For the energy reconstruction, we have assumed tha
detected fragments, which we consider to be residues of
primary fragments, are in the valley of stability. For the ne
tron rich parents in the model calculation, we noted that
averageN/Z ratios of the biggest fragments remaining af
the cooling of the compound nuclei, and which we consi
as residues, are in the range of 1.1 to 1.2 for fragme
lighter thanZ515, and for heavier fragments, the ratios co
respond to the valley of stability line.

For the simulations obtained with the assumption that
primary fragment masses belong to the valley of stability a
that the initial excitation energies are equal to 1.5 or 2 Me
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nucleon ~lines!, we observe a much poorer general agre
ment between the calculated and observed multiplicities
particular, the1H multiplicities are seriously overestimate
while the 2H and 3H multiplicities are seriously underest
mated.

In this assumption, theN/Z ratios of the residues in the
simulated events follow the valley of stability line in agre
ment with the supposition made on the detected fragm
masses for the experimental events.

Based on the comparisons presented in Fig. 12, the
pothesis that appears to be the most reasonable is that w
assumes that the source breaks into fragments which
characterized by theN/Z ratio of the initial system. This
result reinforces the observation made with the EES calc
tions which predict that during the expansion phase fromr0
to 1/3 r0 , the N/Z ratio of the expanding source remain
equal to that of the entrance channel@2#.

B. Mean kinetic energies

In Fig. 13, we compare the experimentally derived re
tive kinetic energies to the predictions of theGEMINI calcu-
lation when the primary fragments have the sameN/Z ratio
as the initial system. For neutrons and charged partic
these kinetic energies were calculated the same way as
the charged particles in the experimental data, i.e., relativ
the residues~Erel50.5 A Vrel

2 ). For 1H, and neutrons the
mean kinetic energies deduced from the experiment are
reproduced by the calculation. For other emitted partic
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the calculated energies are lower than the experimental o
Maxwellian fits to the spectra calculated with a level dens
parameter ofA/10, lead to apparent temperatures nea
MeV regardless of the identity of the particle. The appar
temperatures derived from the experiment show a wi
variation ~Fig. 9, Sec. IV B!. The larger energies and tem
peratures that we observed experimentally might be
plained by the fact that in the experimental events, the p
ticles are subject to the Coulomb interaction with a lar
number of other fragments or light species which are a
produced during the source disintegration. This complex
vironment is not taken into account in theGEMINI simula-
tions. In order to verify whether this scenario can explain
discrepancies between the simulations withGEMINI and the
experimental data, we performed calculations with theSIMON

event generator. In this generator, the interactions betw
the reaction products are taken into account in order to
culate the trajectory and kinetic energy of each particle.
the simulations withSIMON, the average excitation energy o
the primary fragments was set to 2.8 MeV/nucleon. The
netic energy spectra of the secondary light charged parti
obtained withSIMON were slightly harder than the spect
calculated withGEMINI, but this difference was not sufficien
to reproduce the experimental values. Therefore, we bel
that the discrepancies between the data and the simula
should be attributed to the uncertainty in the backgrou
definition whose shape has been extracted from the pr
emission simulations. This background shape might not
proximate the background shapes of the other light partic
as well as for protons. This uncertainty has a noticeable
fect on the kinetic energies because this quantity depe
strongly on the shape of the background. On the contrary

FIG. 13. Relative kinetic energies of the light charged partic
and neutrons, as a function of the residue atomic number, resu
from the experimental data~black symbols! and predicted by the
GEMINI model when the primary fragments have the sameN/Z ratio
as the initial system~open symbols!.
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the extraction of the light charged particle multiplicities, th
most important parameter is the depth of the backgrou
For these reasons, the kinetic energies are much more
fected by the uncertainty in the background shape than
the light charged particle multiplicities.

In order to estimate the effect of the kinetic energy unc
tainties on the extraction of the total excitation energies
the primary fragments, we calculated this last quantity
replacing the experimental light charged particle kinetic e
ergies by the kinetic energies given byGEMINI, without
changing the experimental secondary multiplicities. As
Sec. IV D, the neutron kinetic energies were again dedu
from the proton kinetic energies. With the simulated kine
energies, we obtained an average value of 2.85 MeV/nuc
for the primary fragment excitation energy. This quantity
very close to the value deduced from the experimental
servables~3.0 MeV/nucleon!. This reflects the fact that theQ
value, which accounts for 55% of the total excitation ener
is unchanged because the secondary multiplicities remain
same for both calculations. Further, since theGEMINI calcu-
lations reproduce well the experimental proton kinetic en
gies, the neutron kinetic energies deduced from the sim
tions are very similar to the values deduced from t
experiment. Since the secondary neutron multiplicities
very high in comparison to the secondary light charged p
ticle multiplicities, the neutron kinetic energies are the dom
nant factor for the calculation of the total kinetic energy
formula ~7!. Therefore the differences observed in Fig.
between the calculated and experimentally observed kin
energies do not lead to a significant change in the deri
excitation energies.

VI. CONCLUSION

In conclusion, for the 50 MeV/nucleon129Xe1natSn cen-
tral collisions, with the help of light charged particle
fragments correlations, we have extracted the multiplicit
of particles resulting from evaporation decay of the prima
hot fragments. We have also extracted the relative kin
energy distributions between the primary fragments and
light charged particles that they evaporate. We then rec
structed the average atomic numbers, masses, and excit
energies of those primary fragments. From the compari
between the predictions of theGEMINI model with the experi-
mentally observed secondary multiplicities of the evapora
light charged particles, we concluded that the primary
cited fragments have the sameN/Z ratio as the initial system
129Xe1natSn. We reconstructed their initial excitation ene
gies per nucleon and we noted that those last are very sim
from one fragment to another and correspond to a m
value of 3.0 MeV/nucleon. It is interesting to note that th
excitation energy per nucleon suggests primary fragm
temperatures near 4.9 MeV, assuming a fermi gas level d
sity parametera5A/8. Such values are very close to tho
derived from the state ratio measurements@21–25#. This
work proves that the primary fragments produced in the m
tifragmentation process are excited. The estimation of
internal fragment excitation energy, which corresponds to
MeV temperature, seems to be consistent with a limit
temperature below which primary fragments deexcite o
through evaporation.
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The fact that the excitation energy of the hot multifra
menting source is shared between the fragments in the
of their masses, suggests that, on the average, therm
namical equilibrium has been achieved at the disassem
stage of the source.
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