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Experimental determination of fragment excitation energies in multifragmentation events
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For 50 MeV/nucleon*?®Xe+ "3gn multifragmentation events, we deduced, by means of correlation tech-
nigues, 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 thesemint model, we concluded that the source breaks into primary fragments which are char-
acterized by the samBl/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 {@0%686-28188)02607-7

PACS numbdis): 25.70.Pq

[. INTRODUCTION decay by normal statistical processes. A direct observation of

this secondary statistical component and extraction of the

In several recent publications, analyses of many featuregxcitation energies and sizes of the primary fragments can
of multifragmentation events occurring in the central colli- Provide a very significant test of the models and of the as-
sions of 12%¢e+ "Sn at 50 MeV/nucleon have been pre- sumption of thermodynamical equilibrium at the time of dis-

sented 1-4]. Analyses of both light charged partidE<2) assembly.

- S In this paper, we present the results of an experimental
and fragmentZ= 3) data indicate that the mechanism is On?analysis of the 50 MeV/nucleo?®Xe-+ ™Sn multifragmen-

of dlsassgmbly of a smgle equilibrated source formed Nation events in which light charged particle-IMF correla-
thos_e_coII|S|on_s. Comparl_sons of the experimental data t@,ns have been employed to determine the average multi-
statistical multifragmentation mod€SMM) [5-7], expand-  pjicities of particles emitted from de-exciting primary
ing emitting source(EES [8], and Boltzmann-Nordheim- fragments. From these data, both the average excitation en-
Vlasov (BNV) [9] calculations have shown that the kinetic ergies and the masses of the primary fragments have been
energies of light charged particles and fragments can esseferived. These results indicate that the fragments are formed
tially be understood as reflecting the multiple emission stepgith the sameN/Z ratio as the initial systent?®Xe+ "¥'Sn
occurring during different phases of the disintegration of theand that their excitation energies per nucleon are all the
system. In the framework of these models, the scenario fogame. This provides strong evidence that, on the average,
the multifragmentation process which emerges is one ifthermodynamical equilibrium is achieved when the primary
which the compressed equilibrated hot source first expandgsagments are produced.

emitting mainly light particles. When the system reaches a

sufficiently low density, intermediate mass fragmeihitsFs) Il. EXPERIMENTAL PROCEDURES

may be abundantly produced, either through a freezing out
procesg5] or through rapid sequential emissif8]. Lighter
charged species may also be emitted in this phase. The pri- The 50 MeV/nucleon*®Xe+"¥Sn events analyzed in this
mary fragments may be excited and if so, are expected tpaper were obtained during an experiment performed at the

A. Event selection
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TABLE |I. Average multiplicities of light charged particles, in- TABLE Il. Average kinetic energies &t=1 andZ=2 isotopes,
termediate mass fragments, and fragments of various atomic nunti, Ne, and S fragments associated to the isotropic source, for 45°
bers accounted for the isotropic source, for events characterized by 6;<60° (left column), and for6;=60° (right column. The num-
45°< 69;<60° (left column, and for events characterized by bers in brackets represent the statistical errors.
6;=60° (right column. The numbers in brackets represent the sta-

tistical errors. E (MeV) E (MeV)
Isotope 45°< 0;<60° 60°= 6
Miso Miso 1
Isotope 45°< 9, <60° 60°< 0, H 25.9(0.08 26.0(0.08
2H 32.5(0.12 33.0(0.13
H 6.81(0.01) 6.94(0.00) 3H 31.9(0.15 32.2(0.15
’H 3.90(0.01) 3.94(0.01 “He 32.7(0.09 32.9(0.09
°H 2.74(0.00 2.76(0.01 3He 49.5(0.33 49.4(0.34
“He 7.15(0.00) 7.30(0.00) Li 56.4 (0.31) 58.9(0.32)
*He 0.88(0.01) 0.91(0.01 Ne 84.2(1.02 91.9(1.02
IMF 7.10(0.01 7.10(0.0D S 99.7(2.42 105.2(2.36
Li 1.58 (0.01) 1.58(0.02)
Ne 0.30(0.01) 0.30(0.01)
S 0.097(0.002 0.094(0.009 umn). Table Il shows the average kinetic energiesZef 1

andZ=2 isotopes, Li, Ne, and S fragments associated to the

GANIL facility. The charged products of these events werelsotropic source, for .the two different selections ?n .flow
detected with the multidetector INDRALO—12. In Refs. angle. The numbers in brackets represent the statistical er-
[1-3], the multifragmentation events originating from very ors, i.e.,o/\/N, whereN is the number of particles consid-
central collisions of 50 MeV/nucleof?®Xe+ "3Sn were iso-  ered. We have made no special requirement for the angular
lated by requiring events for which the total detected chargelomain at which the light charged particles are detected as
exceeds 80% of the total charge of X8n system and for the correlation functions have equivalent forms whether or
which the flow angled;=60°. The flow angled; is the angle not we limit the angular domain for the light charged particle
between the beam axis and the principal axis associated wittmission.

the ellipsoid which approximates the kinetic energy event

shapg[13]. From the analysis made on this event sample, it B. Particle emission sources

was concluded that in such collisions, an isotropically disin- , , , ,

tegrating equilibrated source is formd. Its initial charge !N dealing with complex multifragmentation events, the
represents 86% of the total charge available. The remaininfif'St duestion to be addressed is whether a distinct secondary
charge is accounted for a small number of light charged parStatistical component can be observed in the presence of the
ticles which are strongly forward or backward focused in theother particles emitted. To answer this question, we first cal-
center of masg1]. The total mean multiplicity of light culated event by event, for each detected IMFs, the relative

charged particles per event is 27.5 and the mean multiplicityelocities between that IMF and all light charged particles in
of IMF per event is 7.1. The domain of the IMF atomic an event. We then determined the projections of these rela-
number ranges frord,y: =3 to Z,y==30. Application of the tive velocities onto the axis representing the IMF direction in
calorimetric method on the isotropically emitted speciesthe center of mass frame and into a plane perpendicular to
gives a mean excitation energy of the source of-0%5 that axis. The components of these projections are designated
MeV/nucleon. The kinetic energies of the fragments are inby V;"" andV{"" . This treatment allows us to define a com-
terpreted as reflecting expansion effects which lead to a me&non system of reference for an ensemble of fragments that
sured collective energy of about 2 MeV/nucleon at the freezhave different directions in the center of mass. In Fig. 1, we
eout time. Calculations using the EES model suggest that theresent examples of"F-VM" diagrams obtained for alpha
light charged particle kinetic energies may be reproduced byparticles detected in coincidence with B, Ne, P, and Ca frag-
taking into account the time evolution of the systEh For  ments. The overall pattern observed is one of near isotropic
more details, see Reffl—3]. emission centered a\"" values in the—3 to —4 cm/ns

For this work, the event selection criteria are very similarrange. The mean IMF velocities in the center of mass are in
to those used in the earlier work. However, since applicationhe 2—4 cm/ns range. Thus the dominant emission observed
of the decorrelation technique requires good statistics, wés essentially isotropic in the center of mass frame. However,
have chosen to treat experimental events characterized lye also clearly observe circles which are centered at the IMF
0;=45°. The widening of the selection might lead to a slightvelocities and with radii which increase with the detected
pollution from binary events but it has been verified that thisfragment atomic number. Such circles are observed for all
new event sample has the same global features as the pretiydrogen and helium isotopes, and with IMFs of other
ous one, selected with &=60°. This fact is illustrated in atomic numbers. By the means of simulations and a decor-
Tables | and Il. Table | shows the average multiplicities ofrelation techniqugdescribed beloyy we verified that this
light charged particles, intermediate mass fragments andffect is not related to the INDRA geometry and we conclude
fragments of various atomic numbers accounted for the isathat these circles clearly reflect the Coulomb repulsion be-
tropic source, for events characterized by 4%%;<60° (left  tween light charged particles and intermediate mass frag-
column), and for events characterized By=60° (right col-  ments.
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FIG. 1. V"F-vMF diagrams obtained for alpha particles detected in coincidence with B, Ne, P, and Ca fragments in experimental events
(see text

In order to further explore whether some of these lightresponding to emission at near Coulomb barrier energies.
charged particles originate from the deexcitation of the pri-The fact that an excess of particles which might be expected
mary fragments, which are the parents of the detected IMFst such low relative velocities is not clearly visible in Fig. 2,
we then constructed relative velocity spectra between lighindicates that the evaporated component represents a rela-
charged particles and IMFs. In Fig. 2, the resultant spectréively small contribution to the whole spectrum. These sec-
are presented for particles detected in coincidence with ondary particles are difficult to observe given the apparently
Neon and for protons detected in coincidence with sulphurlarge amount of light charged particles produced in other
respectively. The experimental data are represented by cophases of the source disintegration. Therefore, to observe and
tinuous histograms. If the detected fragments are residuesxtract them, it is necessary to have a reference spectrum
from primary fragments, their average velocities are ex-in which such secondary particles do not make a large con-
pected to be the same as the average velocities of the inititédibution or in which their correlation with the IMFs is neg-
parents. Therefore, particles evaporated from the IMF parerigible. This suggests use of a decorrelation technique such
would be expected to appear at small relative velocities coras that used in particle-particle correlation measurements.
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FIG. 2. Relative velocity spectra between neon angarticles(left plot) and sulphur and proton particlésght plot) for correlated

(continuous histogramsand uncorrelateddashed histogram®xperimental events.
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Such a method has already revealed itself as very powerfllhe dot-dashed histogram represents the spectrum of protons
[14]. emitted during the first step of the system deexcitation, be-
fore disassembly into fragments. We call this spectrum the

Ill. DECORRELATION TECHNIQUE primary emission spectrum. The dashed and hatched histo-

gram represents the spectrum of protons evaporated by the

For two particle correlations, the basic idea of decorrelaprimary excited fragments which produce the detected Ne

tion techniques is to compare an observable constructed witisotopes. This spectrum is hereafter designated as the sec-
couples of particles, detected in coincidence in the same copndary evaporated spectrum. This is the component analo-
related event, to the same observable built with couplegous to that which we wish to extract from the experimental

formed by replacing one of the two particles by a like par-data. The dotted histogram corresponds to the secondary
ticle, produced in a different event, and therefore totally in-€vaporation of protons from all the other primary fragments,
dependent of the first one. Ideally, in these uncorrelated€:, those which do not decay into Ne. To decorrelate events,
events, the correlations that existed in the correlated event¥e tried a number of different procedures based on two par-
should be destroyed. The spectra of the observables obtainégle decorrelation techniques. While each of these allowed

with the two different samples of couples may then be com!S 0 See the effect we were attempting to explore, most were

pared to isolate differences reflecting real physical effects. "_Qothsatisfactory as residual porrelations among oth(_er partiples
general, the spectra are compared by dividing the correlate'&ht. (re]sameideverllt led to shifts in the bar(]:kgroun_d d!stnbutﬁn
distribution by the uncorrelated one. The resulting spectrun’f" ich would only be removed by rather subjective tech-

is then designated as the correlation function which is Symniquefs. For this reason, we f_in_aIIy settled on a decorrelation
bolized by the expression technique based on Li containing events.

In using the simulations to construct relative velocity
= spectra for particles in coincidence with each detected IMF,
R=N A Bi 1 we noted that the calculation predicts that the relative con-

Pa, 'Bj’ tribution of the secondary evaporated spectrum associated
with Li is very weak as compared to that for heavier frag-

whereP,; g; is the number of correlated pairs of partickes ~Ments. This effect is shown Fig(t§ where the spectrum of
andB detected in the same eventP,; g; is the number of particles em!tted by Li parents is symboh_zed by the hatched
uncorrelated pairs formed by particles produced in two dif-2réa. The primary componetiot-dashed histogranand the
ferent events andj, andN is a normalization factor. This S&condary contribution from the other primary fragments
factor is often defined by making the distributions superim-(dotted histogramare also presented for these Li containing
posable in a region where the sought after physical effect i§vents. The explanation for the low multiplicity of the sec-
not expected. onda_ry component is that, in the simulated events, 20% of
Decorrelating fragments and particles in multiparticlethe Li are primary fragments which decay only through neu-
events presents some particular difficulties which must b&fon emission and 72% of the Li are the residues from the
overcome. For such complex events, with many fragmentsdisintegration of small primary fragments, lighter than sili-
the interactions between all particles and not just those beon fragments. We have taken advantage of the fact that very
tween a particle pair can be important. Decorrelating a parfew light charged particles are emitted by the parents of Li in
ticular pair may then result in the loss of other pairwise cor-OUr attempts to construct the decorrelated spectra which we

relations which should in fact be preserved in order to definéise in this work. Specifically, we follow a procedure in
a correct background spectrum. 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
In order to test various decorrelation procedures for mulfragment. We have checked that events containing at least
tiple fragment events, we have used simulations which werene Li represent 80% of the event sample. Since Li isotopes
performed with a modified version of the phenomenologicalare correlated with very few light charged particles, this tech-
event generatosIMON [15]. Simulated events were calcu- nique allows us to mimic an event where the parent of the
lated with input parameters which reasonably reproduce thehosen IMF would have emitted almost no light charged
experimental observed kinematical characteristics of thearticles and the secondary emission is from other primary
fragments and light charged particlgd. In this generator, fragments in the event. We then construct the relative veloc-
the calculation of the trajectories of all the reaction productdty spectrum between this virtual fragment and the light
is performed by taking into account the Coulomb interac-charged particles. We then normalize the decorrelated spec-
tions at each step of the source disintegration. An importartrum to the correlated spectrum using the ratio between the
feature of the modified generator is its ability to treat theproduction rate of the chosen IMF and the production rate of
light charged particle emission occurring before the forma-i. In this way, both the correlated and uncorrelated spectra
tion of the primary fragments, separately from the secondargorrespond to the same total number of fragments.
evaporation resulting from the deexcitation of the primary For simulated events, the decorrelated spectrum con-
fragments. Indeed, these two different emission phases mastructed for Ne with the technique described above is pre-
contribute to the total relative velocity spectrum. In Figel3  sented in Fig. @) (continuous histograjn The spectral
the solid histogram represents the total spectrum of relativehapes are quite similar. In order to compare the two relative
velocities for protons emitted in coincidence with Ne. Thevelocity spectra in detail, we have calculated both the ratio of
distinct contributions from each phase are also illustratedthe two, the correlation function designated Ryand their

A. Development of decorrelation procedures
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FIG. 3. For simulations{Top) Relative velocity spectra for protons emitted in coincidence with Ne or Li correlated events. The total
spectra(continuous histogramsand the spectra for the three separate components are shown. The dot-dashed histograms show the contri-
bution from primary emissiolsee text The hatched-dashed and dotted histograms show, respectively, the contributions from deexcitation
of the primary fragments which produce and do not produce the considered fragtagRi. correlated events and Ne fragmertbs. For
uncorrelated events, but for protons detected in coincidence with Li whose velocities are replaced by Ne vé&leeitiest (c) The
correlation function(continuous histograinfor Ne-*H. The associated real backgroufahshed histograjnand the contribution from
secondary emission from the parents of the Ne fragmiatshed argaare also shownd) The difference functioricontinuous histograms
for Ne-'H. The associated real backgroufathshed histograjrand the contribution from secondary emission from the parents of the Ne
fragmentghatched argeare also shown(e) and(f) Same agc) and(d) except that the dashed histograms represent the backgrounds derived
according to the method described in the text.

difference, the difference function symbolized By as a multifragmentation events. They also indicate that, in order
function of relative velocity. For the simulated events, thesdo extract the spectrum of evaporated particles, we need to
are shown in Fig. @ and 3d), respectively. Since in the determine the shape of the background in the correlation
calculations we know the origin of each particle, we havefunction. Once again, the simulations have proved to be a
hatched the area on each plot corresponding to the secondargry useful guide for this task.

emission from the parents of the Ne fragments. We note in In the generated events, we can determine the background
this treatment that the background of the difference functiorby omitting from the correlated spectrum the secondary
is negative and therefore its equivalent is located below thevaporated contribution from the parents of the IMF being
R=1 line in the correlation function. This feature can be considered, and, applying the subtraction and division opera-
understood by looking at the differences between the correions to the residual correlated and uncorrelated spectra. The
lated and uncorrelated contributions, for example in Figsbackgrounds determined with this method are shown in Figs.
3(a) and 3b). The amplitude of the primary component is the 3(c) and 3d) as dashed histograms. For the correlation and
same for both correlated and uncorrelated events, but thdifference functions, they are, respectively, very similar to a
intensity of the secondary emission from the other primaryhyperbola or to a Gaussian.

fragments is higher for Li containing events than for events By fitting the backgrounds obtained for correlation func-
selected by requiring heavier fragments. For backgroundions such as those in Fig(@, we found that the back-
events, alone this difference in amplitude therefore wouldyround shape is well fitted by the equation

result in a difference function which is negatiff€ig. 3(d)]

and in a correlation function which is less thafFig. 3(c)].

The results of the simulation suggest a procedure to deco-
rrelate events that can enable us to observe, in the experi-
mental relative velocity spectra, the component originatingvhereV, designates the relative velocity, and a and b are
from the secondary decay of primary fragments formed inwo parameters which differ for each IMF. Since in the ex-

R(Vie)=1.2- @

aV,e|+ b’
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perimental data we do not have a means of directly observsomponent that we are interested in. The resulting secondary
ing the background, we assume in the following analysis thatvaporated spectra are presented Figs)44(r) and Fi)—
the experimental background has the same general shagsf|). If we consider the detected fragments as residues, those
and attempt to define the parametarsandb from the ex- spectra are those of the evaporated light charged particles
perimentally determined correlation and difference func-emitted during the decay of the primary parent fragments. In
tions. These parameters can be calculated by solvindZq. some spectra, we observe negative dips which correspond to
for two different points at which the secondary evaporatedhe region in the correlation and difference functions where
spectrum leading to the selected IMFs can be neglected. Wite background goes through fluctuations at large relative
use both function®R and A to select those points. In the Vvelocities. This results from the fact that the background has
simulations, we have observed that the secondary evaporieen optimized for the region of the evaporation peak.
tion disappears at the first minimum in the difference func-Therefore, for the following analysis, we will consider only
tion, atV,,e, and again after the second minimumVat,,, the positive part of the secondary evaporated spectra in the
the first point at whichA =0. Having found the relative ve- Vvelocity range between the first minimum of the difference
locities associated with these two points,e and V,,, we  function and the velocities designated by the arrows drawn in
can determine in the correlation function their associ&®ed Figs. 4 and 5.
and R, ordinates. With the point§V,,, R;) and Vo, In summary, with the aid of an event simulator, we have
R,), thea andb parameters in Eq2) are deduced and then, developed a technique to approximate the background shape
the function reflecting the background is determined. Fronin our experimental light charged particle-IMF correlation
this background defined for the correlation function, we carfunctions. By applying this procedure to the 50 MeV/nucleon
derive the corresponding background in the difference func->"Xe+ "Sn multifragmentation events, we can extract the
tion. velocity spectra of secondary particles emitted by the hot
In Figs. 3e) and 3f), we present the backgrounds de- fragments produced during the disassembly of the excited
duced from the procedure describ@hshed histogramsA ~ Source.
comparison with the real backgrounds, presented in Figs. Itis interesting to ask whether some light IMFs also result
3(c) and 3d), shows they are generally well reproduced.from secondary emission processes. In order to answer this
Subtracting the backgrounds in FiggeBand 3f) from the  question, we constructed the correlation functions between
respective functions, we recover 91% of the actual seconday and larger fragments. For this case, in a manner similar to
emission spectra associated with the Ne parents, and for tfiat used for Li events in the previous section, the Be veloci-
ensemble of produced prefragments, we recover on averad€s were replaced by those of heavier IMFs and, correlation
84% of the protons they evaporated. This gives us somand difference functions analogous to those for lighter par-
confidence that the same techniques may be applied to tHi€les were constructed. We did not observe peaks in either

experimental data. We note that the same background shagiee difference or in the decorrelation functions. Therefore, in
has been used for all particles. the framework of the decorrelation procedure we have devel-

oped, we conclude that the deexcitation of primary excited
fragments which leads to a Li and a larger IMF is a rare
We applied the procedure described above to the experprocess in the events under study.
mental data for each IMF and for each hydrogen and helium
isotope. The correlated spectra which are obtained®in IV. RECONSTRUCTION OF THE PRIMARY FRAGMENT
coincidence with neon fragments and protons in coincidence CHARACTERISTICS
with sulphur fragments are compared to the corresponding
uncorrelated spectra in Fig. @ashed histogramsin Figs.
4(a)-4(f), 5(@-5(d), and Figs. 4g)—4(), 5(e)-5h) we From the secondary emission spectra, it is possible to ex-
present examples of the difference functions and the correlaract physical quantities that will enable us to reconstruct the
tion functions associated with hydrogen and helium isotopeaverage characteristics of the primary fragments, i.e., their
correlated with fragments of various sizes. In the casétbf sizes and excitation energies. If each fragment is considered
and 3He, multiplicities are low. Therefore, it was necessaryas a residue of the deexcitation of a primary fragment, the
to add spectra for severa|y in order to be able to observe number of particles in the secondary evaporated spectra
distinctly the evaporated peak. We have derived the backgives directly the average number of helium and hydrogen
grounds of the correlation and difference functions for isotopes emitted in the decay of the primary excited frag-
=1 andZ=2 isotopes and each detectg,- . Examples of ment. From these, knowing the production rate for IMF of
the derived backgrounds are presented in Figa)—4Kf), each atomic number, we can deduce the average evaporated
5(a)-5(d) and Figs. 49)—5(1), 5(e)—5(h) as dashed lines. For light charged particle multiplicities per IMF. These multi-
the experimental data, there are larger fluctuations in the difplicities are shown Fig. 6 as a function of the IMF atomic
ference functions than observed for the simulations. Thessumber, forZ=1 andZ=2 isotopes detected in coincidence
fluctuations in some cases appear larger than statistical. Wgith fragments of atomic number in the range 6£2,yr
have considered the possibility of well defined resonance=20. AboveZ-=20, the statistics were insufficient to ex-
states but have not been able to definitely identify these fluctract reliable quantities. The error bars represent the esti-
tuations as resulting from such states. This introduces sommated uncertainty in the mean value, resulting from the un-
uncertainty in the definition of the background. certainties in the background reconstruction due to the
The difference between the difference function and itspresence of fluctuationgefer to Sec. Il B. They are the
associated background gives directly the IMF associatethrgest deviations seen using three different techniques for

B. Application to experimental events

A. Secondary light charged particle multiplicities
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FIG. 4. Difference functions and correlation functions for hydrogen isotopes detected in experimental events and correlated with various
fragments:(a)—(f) Difference functiongcontinuous histogramsand their associated calculated backgrou¢dished histograms(g)—(l)
Correlation functiongcontinuous histogramsand their associated calculated backgrouftt#shed histograms(m)—(r) Secondary evapo-
rated spectra.

determining the two points at which the backgrounds in thenave deduced the average secondary multiplicity per event
correlation and difference functions are normalized. Mg for theZ=1 andZ=2 isotopes. These are shown in the
In Fig. 6, we see that the light charged particle multiplici- second column of Table Ill. The superscript and subscript
ties increase with increasingjy,e . Such an increase suggests numbers represent the absolute uncertainties and the corre-
increasing total excitation energy of the parent fragmentssponding percentage uncertainties. The average multiplicities
Multiplicities of protons, deuterons ands are comparable. per event of light charged particles emitted by the isotropic
Triton and 3He multiplicities are significantly lower and sourceM s, are presented in the third column. The percent-
show less variation witlZ e . agesP of the secondary evaporated particles with respect to
From these data, it is possible to determine the fraction othe isotropic component, and their associated absolute uncer-
the light charged particle multiplicity associated to the iso-tainties are given in the last column. The comparison be-
tropic source, which can be accounted for by secondary patweenM , andM,,; shows that, on average 27%% of the
ticle evaporation from the primary fragments. For this pur-particles emitted isotropically by the excited source originate
pose, we have first made a linear extrapolation of therom the cooling of the primary fragments. Since the heavi-
secondary multiplicities per IMF in order to estimate thoseest fragments have the smallest production rate, without the
corresponding to fragments with atomic numbers greateextrapolation for fragments with atomic numbers greater
than 20. Then, from the known production rate of IMFs, wethan 20, this percentage is very similar and equal to 26.2
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FIG. 5. Same as Fig. 4 for helium isotopes detected in experimental events and correlated with various fragments.

*=5%. This may be slightly underestimated as it was shownnto fragmentg8]. The percentage of secondatile is very

in Sec. Il A that only 84% of protons emitted from frag- high in comparison with the percentages observed for the
ments in the simulation were recovered by the method useather light particles. We will discuss this point in Sec. IV C.
The other particles must then be emitted earlier, either while

the source expands or during the disassembly of the source g Secondary light charged particle kinetic energies

From the relative velocity spectra, we can also determine

1h . - . the kinetic energy distributions of the evaporated light
C e H r = ‘H charged particles. The relative kinetic energies are calculated
e il F using the formulaE,,=0.5A V2,, whereA designates the
A 06l 4 r mass of thez=1 or Z=2 isotope which is considered. The
s ; ol r resulting mean relative kinetic energies of the hydrogen and
04 b H - helium isotopes are presented Fig. 7 as a function of the
c 3 55 - detected fragment atomic number. We note that for each iso-
0.2 H; ! n tope, the relative kinetic energies vary only slightly over the
0 _ll MR BT NS i
1L r TABLE IIl. Multiplicities per event of the secondary particles
L A H L evaporated by the primary fragmentds and multiplicities per
03 - event of light charged particles emitted by the isotropic source
r r Miso- P is the percentage d¥l; in comparison withM g, .
A 06 —
E L L
v oI C H i} Isotope Mg Miso P=M /M, (%)
04 n O v
: Bao Pl H LaREse 687 204%]
[ FAd [
P m & Y — ’H 1270350 3.92 30.6'5;
0'T11....|....|....|‘ﬁ;ﬁ..l....m...l 3 +0.14(17.5% 451
s 10 15 2 H 0.8_0.11(13.8%) 2.75 29.17;,
Zyyp “He 2.2°3534535 7.2 30.5%%
3 +0.13(38.2%) +14.8
FIG. 6. For experimental events, average secondary multiplici- He 0.34005(14.79 0.88 38.6.57
ties per IMF(M) of the evaporated hydrogen and helium isotopes,total 6.03" 1 0eli 700 21.62 27.9°53

as a function of the detected IMF atomic numZgy .
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FIG. 7. Average relative kinetic energies between the primary FIG. 8. Values of the parameteEs obtained for the fit of the
fragments and the evaporated hydrogen and helium isotopes, asrelative kinetic energy spectra of the hydrogen and helium isotopes,
function of the detected IMF atomic numb&r . as a function of the detected IMF atomic numEey: (see texk

fragment atomic number range frody=4 to Z;y==20.
We have fitted the relative kinetic energy spectra by a Max-
wellian distribution for surface emission:

C. Multiplicity determinations for 3He

The total multiplicity for 3He emission is very low, as
seen in Table Ill. In contrast, we note that the secondary
multiplicity (Table lll, Sec. IV A and apparent temperature
of the kinetic energy spectf#&ig. 9, Sec. IV B obtained for

Ee— E
P(Er)a—"—e (e o) €

In this formula, T designates the apparent temperature of the
source andeg 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 result-<

oo

olH

ing parameter€Eg and T are presented in Figs. 8 and 9, =
respectively, as a function of the IMF atomic number. We
observed that the Coulomb barrieg increases slightly with

s ’H

P SRR HEY S N B A1

the atomic number of the fragment. The mean value of the
apparent temperatures calculated for the fragments whosi
atomic number is in the ranges4,,,-<20, is symbolized

by the dotted lines. For each particle type, the apparent tem
peratures fluctuate about a constant value over the whole
range of detected fragment atomic number but the mean ap
parent temperatures differ significantly 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 effect:s

in the deexcitation of the primary fragments and they do not&
appear in thesemiNi calculations(refer to Sec. V B. How-
ever, it appears most likely that the differences reflect uncer-
tainties in the background shape approximation. Indeed, this
background shape has been derived from the backgrounu
predicted for protons in the simulations. Alternatively, Cou- i, 9. values of the parameteTs obtained for the fit of the
lomb effects from other species produced in these compleje|ative kinetic energy spectra of the hydrogen and helium isotopes,
events might also explain the differences in the mean temas a function of the detected IMF atomic numiZg: (see text
peratures observetbee Sec. VB The mean temperature For each light particle, the dotted line represents the mean value of

obtained forHe is very high relative to the others. We will the temperatures, calculated over the fragment atomic number range
discuss about this in Sec. IV C. considered.
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®He are significantly larger than the ones observed for the 2 F Y R -

other hydrogen and helium isotopes. 20 E o’ 8 _:: .
A possible reason is that, foiHe, the procedure that we 175 ¢ .o g O e

developed in order to construct the correlation functions and™ 1“E .-’ < Wb s

approximate the background shapes may be inadequate. Ir 1213: ..' E _.:‘

deed the experimentatHe spectra are strongly different 15E o° » ;__::“

from those of“He, exhibiting a larger average enerph. Sge 10F

The very low ®He multiplicity makes the absolute determi- 2‘3 Ll 05. [ N PR

nation very sensitive to background uncertainties. Therefore, 5 1o 1520 o2 30 40

for this species, using this technique, we may extract not Zoww Aumer

only particles emitted by the excited primary fragments, but £ 10. (3 Average atomic number of the primary fragments

we may pick up also soméHe which were produced before Z, as a function of the detected IMF atomic numikge. (b)

the disassembly of the source into fragments, or during disaverage masses of the primary fragmeAts, as a function of the

assembly. detected IMF mas#\,=. The triangles correspond to the case
However, we see in Fig. 5, well defined peaks which ar-where the primary fragments are in the valley of stability. The

gue strongly for®He emission and note that these appearsquares represent the case where the primary fragments have the

significantly broader than th&He secondary emission peaks. sameN/Z ratio as the combined systeti®e+"3Sn.

This suggest that part of the seconddre multiplicity that

we extracted might originate from the decay of particle un- Ap=1.867,+ 0.0162;— 1.07104z§r. (5)

stable states of complex nuclei. Likely candidates for such

emission are th&* =16.66 MeV state ofLi which decays This expression approximates the valley of stability]. It

into 3He-d, the E*=21.0 MeV state ofSLi which decays has been used to assign average ma&ggsto the detected

into 3He-t, the E*=17.0 MeV state of ‘Be which decay IMFs in order to calculate their velocities. Alternatively, we

into 3He-“*He, or theE* =19.29 MeVstate of!%Be which  have assumed that the final fragments are in the valley of

decay in ®He-*He-n [16]. For the events under study, the stability but that the primary fragments have the saxi#

existence of such states would explain also the large width ofatio as the disassembling system which, in turn, is expected

the relative velocity spectra observed for thee (Fig. 5, to be essentially that of th&%Xe+"¥Sn combined system,

Sec. Il B). We attempted to verify this hypothesis by the i.e., N/Z=1.38. In this casd\, is given by

study of the®He-*He, *He-d, and ®*He-t correlations for the

multifragmentation event sample we use for this analysis. Apr=Zprt 1.3 (6)

Neither in the difference functions nor in the correlatlon.l_he values ofZ,, and the two different estimates 4, are

functions were we able to observe peaks which would indi- . i
cate significant contributions from such states, although w hown in F|gs..1()a) and 14b) as a function of the detected
ragment atomic number and mass.

6y : . _4
could observe théBe and®Li resonances in théHe-*He For the two different assumptions regarding pamsiz

and “He-d correlation functions. Therefore, we believe that .. - . :
ratio, the excitation energies of the primary fragments can be

the most likely reason for the largéHe secondary multi- . . S -
S . L estimated by summing the total kinetic energies of all par-
plicities and apparent temperatures is the uncertainty in th . . )
icles emitted and th& value for the emission process:

definition of the background which leads to particularly large
uncertainties for very low multiplicity particles.
E*=> ME+M.E,+Q. @)
D. Atomic numbers and masses of the primary fragments '

From the average secondary multiplicities presented FigHere M; are the average multiplicities of the hydrogen and
6, it is possible to estimate the average atomic numggss helium isotopes emitted by the hot fragments. They are those
of the primary fragments. This average primary fragmentpresented in Fig. 6E; are the average relative kinetic ener-
atomic number is determined by adding to the detected fraggies of theZ=1andZ=2 isotopes shown in Fig. ™M, is
ment atomic numbeiZ:, the evaporated light particle the number of neutrons produced in the course of the disin-
atomic numbers weighted by their associated multiplicitiedegration cascadeM,, is deduced from the difference be-

(M): tween the mas4\,, of the primary fragment and the total
detected mas8 4. Which is the sum of the detected charged
(Zpn =(Zinp) + (M) +(M2y) +(Mayy) particle masses, including the residue:
F2((Mene) +(Mang). @ (Aged = (Aimr) T (M) +2(Ma2y) +3(May) +3(Maye)
For this purpose, we estimated the averdgeand *He sec- +4(Maye). (8)

ondary multiplicities corresponding to each detected frag-

ment from the values obtained by adding spectra for severdt, is the kinetic energy of a neutron in the system of refer-

IMFs (refer above ence of the emitter nucleus. It is estimated from the relative
In order to estimate the primary fragment masses, weinetic energyEx, of the proton, from which we deduct the

have initially made two assumptions. In the first, we assume€oulomb barrier energy. This last energy was calculated

that the prefragments were in the valley of stability with with the formula of Ref[18]. Q is the mass difference be-

massed,, which are calculated with the following formula: tween the primary fragment and the final products. The
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FIG. 11. Average total excitation energies of the primary fragments, as a function of their atomic ymibEne experimental results
are represented with black circles and #dmini calculations performed for different compound nucleus excitation energies are symbolized
by open symbols(a) The initial fragments have the sar#Z as the combined systerth) The masse#, of the initial fragments were
estimated assuming they are in the valley of stability.

values were calculated using the liquid drop formula pro-nario of multifragmentation on which our analysis relies.
posed by Seeger and Prisfig]. At this point, it is reasonable to ask whether the mean
Figure 11 shows the average excitation energies estimateskcitation energy derived from the experimental data is very
with the above method, as a function of the primary fragmengentitive to the procedures we use to evaluate it. In order to
atomic numberZ,,. Figure 11b) corresponds to the case explore the sensitivity, we performed simulations in which
where the masses;, of the initial fragments are assumed to the prefragments have a much higher excitation energy of
be in the valley of stability, and Fig. 14) corresponds to the 7.5 MeV/nucleon. We find that the fraction of protons recov-
case where the parent fragments are assumed to have tleed is rather insensitive to the assumed excitation, i.e., 84%
sameN/Z ratio as the combined system. The values deducedt 4.3 MeV/nucleon excitation and 81% at 7.5 MeV/nucleon
from the two distinct assumptions differ significantly. This excitation. Given this result, it does not appear that the ex-
difference is due to the fact that the number of neutrons thgperimentally reconstructed excitation energy is limited by the
we estimate for this reconstruction is very different for thereconstruction techniques.
two different assumptions regardifdyZ ratio in the parent.
In both cases the excitation energies of the initial fragments
increase almost linearly with the fragment atomic number.
When we assume that the fragments belong to the valley of In an attempt to distinguish between the two different
stability, the linear increase indicates a mean excitation enrassumptions regarding primary fragm&hZ ratio, we have
ergy per nucleon of 1.6 MeV/nucleon. On the contrary, whercompared the experimental results to the predictions of the
we suppose that they conserve tR¢Z ratio of the initial  statistical model codesEmINI [20]. For this purpose, we
system, their mean excitation energy per nucleon is 3.8imulated separately the deexcitation of a set of excited com-
MeV/nucleon. Moreover, the excitation energy per nucleorpound nuclei having atomic numbefs, equal to those de-
deduced for each prefragment varies very little around thisermined experimentally for the primary fragments, and
mean value. This result indicates that, on the average, themasses equal either to those deduced from the valley of sta-
modynamical equilibrium was achieved at the moment of thebility assumption, or those corresponding to the values esti-
breakup of the source into excited fragments, and it reinmated assuming conservation of the entrance chaNrgl
forces the similar conclusion of equilibration that was de-ratio. In the valley of stability case, we performed two cal-
rived earlier from the comparison of the experimental mul-culations for which the excitation energies were fixed at 1.5
tiple fragment production events with the predictions of theand 2 MeV/nucleon. For th&l/Z ratio conservation case,
statistical multifragmentation modg2]. It should be noted excitation energies of 2.5 or 3. MeV/nucleon were used.
that the excitation energy of the multifragmenting source atrhese choices are based on the estimates obtained from the
the moment of the prefragment formation is larger than thenethod described Sec. IV D. In Fig. 11 we compare, for the
prefragment excitation energies. In order to evaluate it, wewo different assumptions on reconstruction/gf, the total
should add to the excitation energies and kinetic energies afxcitation energies of the primary fragments obtained from
the hot primary fragments, the kinetic energies of the lightthe experimental datélack circle$ to those calculated for
charged particles which are also produced at this disassembilie simulationgopen symbols
stage. Moreover, we would need to know their multiplicities
and the size of the source at this time in order to calculate the
Q value of the reaction which enters also in the source exci-
tation energy calculation. All these quantities are unknown In Fig. 12, we compare the multiplicities of neutrons and
and can not be extracted from the information that we poslight particles predicted bgeMiINI to the experimentally ob-
sess without the use of models which describe well the sceserved multiplicities of hydrogen and helium isotogkkck

V. COMPARISON WITH THE GEMINI CALCULATION

A. Secondary light charged particle multiplicities
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FIG. 12. Comparison between the multiplicities of neutrons and light particles predictedgnoy to the experimentally observed
multiplicities of hydrogen and helium isotopéslack circleg and to the neutron multiplicities estimated when we assume that the primary
fragments conserve tHé/Z ratio of the entrance chann@lack triangle§ 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.

circles and to the neutron multiplicities estimated when wenucleon (lines), we observe a much poorer general agree-
assume that the primary fragments conserveNthé ratio of  ment between the calculated and observed multiplicities. In
the entrance channéblack triangles For this purpose, the particular, the'H multiplicities are seriously overestimated
Zyr from the calculation corresponds to the mean value ofyhile the 2H and ®H multiplicities are seriously underesti-
the atomic number distribution, resulting from an event bymated.

event selection, of the biggest fragment left after the deexci- | this assumption, th&l/Z ratios of the residues in the
tation of the assumed primary fragment. For the data, thegjmylated events follow the valley of stability line in agree-

are the de_tected fragment atomic numbers. When we assumgsnt with the supposition made on the detected fragment
that the primary fragments are neutron rieintrance channel | -<ces for the experimental events.

N/Z ratio) and that they have excitation energies of 2.5 10 3 g55ed on the comparisons presented in Fig. 12, the hy-
MeV/nucleon(open symbols the results of the calculation yhesis that appears to be the most reasonable is that which
are in gengerally good agreement with the experimental datgssmes that the source breaks into fragments which are
for all but *He, although the calc_ulatejd-l multiplicities are characterized by th&l/Z ratio of the initial system. This
somewnhat larger than the experimental values for the heaviyg it reinforces the observation made with the EES calcula-
est fragments. As noted, th%-lel experimental multiplicities  ions which predict that during the expansion phase frgm

are much larger than the predicted ones, for the whole rangg 1,3 po, the N/Z ratio of the expanding source remains

of primary fragment atomic ”‘%mbef- equal to that of the entrance chanp2).
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 neu-
tron rich parents in the model calculation, we noted that the In Fig. 13, we compare the experimentally derived rela-
averageN/Z ratios of the biggest fragments remaining aftertive kinetic energies to the predictions of temini calcu-

the cooling of the compound nuclei, and which we considefation when the primary fragments have the saWi& ratio

as residues, are in the range of 1.1 to 1.2 for fragmentss the initial system. For neutrons and charged particles,
lighter thanZ= 15, and for heavier fragments, the ratios cor-these kinetic energies were calculated the same way as for
respond to the valley of stability line. the charged particles in the experimental data, i.e., relative to

For the simulations obtained with the assumption that thehe residuesE=0.5 A VZ). For 'H, and neutrons the

primary fragment masses belong to the valley of stability andnean kinetic energies deduced from the experiment are well
that the initial excitation energies are equal to 1.5 or 2 MeV/reproduced by the calculation. For other emitted particles,

B. Mean kinetic energies
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A E’=2.5 A MeV o E'=3 A MeV the extraction of the light charged particle multiplicities, the
most important parameter is the depth of the background.
® veu o o For these reasons, the kinetic energies are much more af-
N W e fected by the uncertainty in the background shape than are
o 00,008,090 98844 the light charged particle multiplicities.
o 49,050, VX aTA . . .
. , _In_ order to estlmate_the effect of the km_etu_: energy uncer-
H tainties on the extraction of the total excitation energies of
the primary fragments, we calculated this last quantity by
- %o replacing the experimental light charged patrticle kinetic en-

- * o e® o4° L)

- ;—&..... . s ogdia ergies. by the kinet?c energies given h}EMI_NI., .vyithout _
0 %0 o MAQAQMAOMXAOA:_AM)WAQMMA%A changing the expenmemal .seconda.lry multlphcm_es. As in
a BaTats £ Sec. IV D, the neutron kinetic energies were again deduced
“He from the proton kinetic energies. With the simulated kinetic
P ISR AP R energies, we obtained an average value of 2.85 MeV/nucleon
for the primary fragment excitation energy. This quantity is
2g0n very close to the value deduced from the experimental ob-
o ogA%"A" s servableg3.0 MeV/nucleon This reflects the fact that th@
value, which accounts for 55% of the total excitation energy,
is unchanged because the secondary multiplicities remain the
N E same for both calculations. Further, since g@vINI calcu-
5 10 15 0 s 10 15 20 lations reproduce well the experimental proton kinetic ener-
Zpp Zr gies, the neutron kinetic energies deduced from the simula-
S _ ) _ tions are very similar to the values deduced from the
FIG. 13. Relative kinetic energies of the light charged pa”'desexperiment. Since the secondary neutron multiplicities are
and neutrons, asa function of the residue atomic ngmber, resultingery high in comparison to the secondary light charged par-
from the ‘“:jxrie”rr]nemsl da‘.ta)laCk symbols and predicted by ,the ticle multiplicities, the neutron kinetic energies are the domi-
2??&! m%; SWSteerr]’lﬁto eezr!nar:z;r;gments have the sA¥fié ratio nant factor for the calculation of the total kinetic energy in
Y P y formula (7). Therefore the differences observed in Fig. 13
between the calculated and experimentally observed kinetic

the calculated energies are lower than the experimental onegnergies do not lead to a significant change in the derived
Maxwellian fits to the spectra calculated with a level densityexcitation energies.

parameter ofA/10, lead to apparent temperatures near 4
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MeV regardless of the identity of the particle. The apparent VI. CONCLUSION
temperatures derived from the experiment show a wider
variation (Fig. 9, Sec. IV B. The larger energies and tem-  In conclusion, for the 50 MeV/nucleot*Xe+ "¥'Sn cen-

peratures that we observed experimentally might be extral collisions, with the help of light charged particle-
plained by the fact that in the experimental events, the parfragments correlations, we have extracted the multiplicities
ticles are subject to the Coulomb interaction with a largeof particles resulting from evaporation decay of the primary
number of other fragments or light species which are alsdot fragments. We have also extracted the relative kinetic
produced during the source disintegration. This complex enenergy distributions between the primary fragments and the
vironment is not taken into account in tleEMINI simula-  light charged particles that they evaporate. We then recon-
tions. In order to verify whether this scenario can explain thestructed the average atomic numbers, masses, and excitation
discrepancies between the simulations wittmiNI and the  energies of those primary fragments. From the comparison
experimental data, we performed calculations withgiheon  between the predictions of tteEmMINI model with the experi-
event generator. In this generator, the interactions betweementally observed secondary multiplicities of the evaporated
the reaction products are taken into account in order to calght charged particles, we concluded that the primary ex-
culate the trajectory and kinetic energy of each particle. Forited fragments have the sarNéZ ratio as the initial system
the simulations wittsiMON, the average excitation energy of ?*Xe+"¥Sn. We reconstructed their initial excitation ener-
the primary fragments was set to 2.8 MeV/nucleon. The ki-gies per nucleon and we noted that those last are very similar
netic energy spectra of the secondary light charged particleisom one fragment to another and correspond to a mean
obtained withsiMmoN were slightly harder than the spectra value of 3.0 MeV/nucleon. It is interesting to note that this
calculated withcEMINI, but this difference was not sufficient excitation energy per nucleon suggests primary fragment
to reproduce the experimental values. Therefore, we believeemperatures near 4.9 MeV, assuming a fermi gas level den-
that the discrepancies between the data and the simulatiosfty parametea=A/8. Such values are very close to those
should be attributed to the uncertainty in the backgroundlerived from the state ratio measuremefi24—25. This
definition whose shape has been extracted from the protowork proves that the primary fragments produced in the mul-
emission simulations. This background shape might not aptifragmentation process are excited. The estimation of this
proximate the background shapes of the other light particlesnternal fragment excitation energy, which corresponds to a 5
as well as for protons. This uncertainty has a noticeable efMeV temperature, seems to be consistent with a limiting
fect on the kinetic energies because this quantity dependemperature below which primary fragments deexcite only
strongly on the shape of the background. On the contrary, fothrough evaporation.
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