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Fragment excitation energies at freeze-out in84Kr ¿93Nb collisions at 45 MeVÕnucleon
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The emission of light charged particles and intermediate-mass fragments~IMF’s! from central collisions of
45 MeV/nucleon 84Kr with 93Nb has been studied. Violent collisions have been selected using the total
collected charge condition. The analysis of the primary IMF excitation energies has been performed for four
bins of the detected IMF charge (2,ZIMF,20). We find evidence that~a! the mean excitation energy per
nucleon for these fragments is independent of fragment charge and approximately equal to 2.5 MeV,~b! the
primary fragments at freeze-out preserve the entrance channel~combined system! N/Z ratio, and ~c! the
freeze-out volume itself is far from spherical.
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I. INTRODUCTION

One of the primary motivations for studying collision
between heavy nuclei far above the Coulomb barrier is
learn about the properties of nuclear matter at densities
temperatures far different from those encountered in nucle
or near their ground states. This is related to the phy
contained in the equation of state for infinite nuclear mat
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However, the relationship between experimental data
bulk properties of strongly interacting matter is far fro
simple. The predominant decay mode of highly excited n
clei is the disassembly into several fragments@1#. The under-
standing of this multifragmentation phenomenon is diffic
because the detected fragments are the cold remnants o
initially hot system.

A few studies have claimed that bulk volume expansion
needed in order to explain the production of intermedia
mass fragments in heavy-ion collisions@2,3#. If this is so, the
collisions would be providing a means of studying the dec
of subsaturation density nuclear systems. However, in o
to have confidence that this scenario is correct, the dynam
must be well understood as well as how these dynamics
reflected in the few selected observables that are use
comparison with theory.
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The importance of dynamics has been made clear in
vestigations of observables that might be related to the t
perature of the system. These observables include the sl
of light-particle kinetic energy spectra@4#, relative popula-
tion of excited states@5#, and double yield ratios of neigh
boring isotopes@6–11#. The striking disagreement@12–14#
of the extracted temperatures measured by these techn
suggests that these thermometers are sensitive to the the
ized energy at different epochs in the evolution of t
nuclear system.

In the framework of the currently accepted scenario
the multifragmentation process, the compressed equilibr
hot system~created in the violent heavy-ion collision! first
expands and emits mainly light particles. When the sys
reaches a sufficiently low density, the remainder disin
grates. The time at which this latter process occurs is ca
‘‘freeze-out.’’ In this paper we use correlation techniques
extract information on the excitation energy per nucleon
intermediate mass fragments at or near freeze-out in ce
collisions between84Kr193Nb at 45 MeV/nucleon.

II. EXPERIMENT

A. Experimental setup

This experiment was performed at the GANIL facility u
ing the Washington University Dwarf Ball/Wall multidetec
tor system. A beam of 45 MeV/nucleon84Kr was used to
bombard targets of12C, 27Al, 45Sc, 93Nb, and 159Tb. This
work focuses on the nearly symmetric system84Kr193Nb.
The center of mass~c.m.! energy for this system is 2.0 GeV
The Dwarf Ball/Wall detector system is described in detail
the literature@15# so only a few points will be made here
This 104-element, fast plastic-CsI~Tl! phoswich array covers
laboratory angles from 6° to 35° with the Dwarf Wall~DW!
and from 35° to 168° with the Dwarf Ball~DB!. Light
charged particles~LCP’s5p, d, t, 3He, anda particles! are
identified using the pulse shape characteristics of the CsI~Tl!
light output. The atomic numbers of intermediate-mass fr
ments~IMF’s! (2,ZIMF,20) are determined by comparin
the integrated fast light output from the plastic foils to t
much slower light output produced by the CsI~Tl!. The plas-
tic foils vary in thickness from 200 to 20mm for forward to
backward angles, respectively. The IMF masses that are
essary in our analysis were assigned forb-stable nuclei. In
this experiment, the energy calibration of the LCP was
tained from the punch-through points of the light ions.
other experiments, it has been verified that these points a
with those determined from inelastic scattering. The ene
calibration for the heavy ions was done by the proced
described in Ref.@15#. This procedure makes use of a me
sured average response~of Dwarf Ball/Wall detectors! for
heavy ions relative to that for LCP’s. The detector syst
subtends approximately 88% of 4p with energy thresholds
that vary with angle and ion charge. The thresholds for p
tons anda particles are 4 and 2 MeV/nucleon, respective
for a large angular region~from '167° to near 35°). The
energy thresholds increase at more forward angles. For
tons, which is the worst case, the threshold increases b
factor of 2 at the most forward angles. The laboratory an
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lar granularities are614° for DB and65° for DW in both
polar and azimuthal directions. Some of the details of t
experimental, including the overall multiplicity distribution
have been presented previously@16#.

B. Selection of the violent collisions events

In Ref. @16#, some results for the 45 MeV/nucleon84Kr
1159Tb reaction were presented. It was determined that
condition imposed by the total detected charge,Zdet.75% of
Ztot , selects events that are characterized by high LCP m
tiplicity. Ztot is a sum of the projectile and target nucle
charges. The impact parameter and the energy dependen
observables in intermediate-energy heavy-ion reactions w
also studied by Tsanget al. in Refs.@17,18#.

For the present study of the reaction84Kr193Nb at 45
MeV/nucleon, the violent collisions have been selected i
fashion similar to that used in Ref.@16#. Our procedure is
guided by the results of the computer codeCHIMERA @19#,
which provides a more quantitative estimate of the imp
parameter distribution for gates on the total detected cha
This code is based upon the molecular dynamics conc
@20,21#. The output of the CHIMERA code at time t
5150 fm/c has been taken as input for the statistical co
GEMINI @22#. Coulomb trajectories are following during th
deexcitation process. The results of theCHIMERA-GEMINI cal-
culation have been filtered through the experimental con
tions using software that simulates the main physical featu
of the detection system~e.g., the geometry and the energ
thresholds of each detector!. The solid line histogram in Fig
1 shows the overall event distribution as a function of imp

FIG. 1. Impact parameter distributions for aCHIMERA1GEMINI

calculation when the total charge detected is greater than 60%
Ztot ~dashed-line histogram! and when the total charge detected
the DB is greater than 25% ofZtot ~dotted-line histogram!. The
solid-line histogram shows the results without any restriction giv
on the filtered events.
0-2
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FRAGMENT EXCITATION ENERGIES AT FREEZE-OUT . . . PHYSICAL REVIEW C 63 064610
parameter generated by this simulation. This figure also
plays the event distributions for~i! the condition that the
total collected charge~detected in DW and DB! was larger
than 60% ofZtot ~dashed line! and~ii ! the condition that 25%
of Ztot is detected in the DB only~dotted line!. One can see
that the condition that requires substantial emission in
backward hemisphere~dotted line! significantly rejects pe-
ripheral collisions. Due to the improved rejection of perip
eral collisions and our desire to focus on central collisions
the present work, condition~ii ! has been used in this study

Using this condition, the number of experimental eve
as a function of the LCP and IMF multiplicities is plotted
Fig. 2. This presentation of the charged particle multiplic
correlation is similar to that obtained in Ref.@16# @see Figs.
2~b! and 3~a! therein#. The average LCP and IMF multiplici
ties are about 14.5 and 4, respectively. Figure 2 shows
distinct correlation between theMLCP and theM IMF , which
reflects the finite size of the disintegrating system, a point
made in our previous publication@16#.

III. PROCEDURE OF THE PRIMARY FRAGMENT
EXCITATION ENERGY RECONSTRUCTION

A. Overview

The primary fragment excitation energies can be de
mined from the multiplicities of associated LCP’s evapora
from the IMF. However, the LCP’s detected in coinciden
with an IMF can originate from several sources, namely,

~1! the colliding system at the early phase of the react
before thermal equilibrium is achieved,

~2! the composite excited system at freeze-out stage,
~3! the primary IMF of interest,
~4! all other primary IMF’s.

FIG. 2. Number of events~proportional to the area of the rec
angle square’s surface! as a function of the LCP multiplicity and
IMF multiplicity when the collected charge in the DB detector w
larger than 25% ofZtot .
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s-

e

-
n

s

he

e

r-
d

n

The first and second of these sources produce LCP’s
cannot be associated with any parent IMF, while the l
produces LCP’s not correlated to the IMF selected for stu
Due to these background contributions, the LCP’s from
second source cannot be associated with the selected res
IMF on an event by event basis. Nevertheless, some of
detected LCP’s and IMF’s are correlated via their comm
primary parent. If we calculate the relative velocities b
tween the selected IMF and LCP’s on an event by ev
basis, then the correlation should be seen as an exces
counts around the IMF position in av i versusv' represen-
tation. The velocitiesv i and v' are the projections of the
relative velocity into the IMF direction in the c.m. syste
and into a plane perpendicular to that axis, respectively
this work, we assume that the average velocity of the
tected fragment after statistical emission is equal to the
locity of the primary fragment.

Figure 3~a! displays the proton-invariant velocity plot i
the reference frame described above and constructed fo
largest fragment~IMF! detected in each event. One cann
see a substantial excess of protons around the pointv i5v'

50 cm/ns. This indicates that the correlated component r
resents a relatively small contribution to the total prot
emission. In order to isolate uncorrelated emission, ba
ground plots have been constructed by replacing the rela
velocity of LCP’s that coincide with the given IMF by th
relative velocity of the uncorrelated LCP’s produced in

FIG. 3. Proton invariant velocity plot. The largest fragment
each event has been selected.~a! Raw coincidence,~b! background,
and ~c! difference@~a!2~b!#.
0-3
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P. STASZELet al. PHYSICAL REVIEW C 63 064610
different event. An example of the distribution for the unco
related component~from mixed events! is shown in Fig.
3~b!. The result of the subtraction of this background fro
the total LCP emission is presented in Fig. 3~c!. One can
now clearly see correlated counts surrounding the IMF’s
sition in velocity space. Similar pictures have been obtain
for other combinations of the IMF’s and LCP’s. Such corr
lations have been exploited in previous work@23# to estimate
the E* /A for IMF’s produced the 129Xe1natSn at E/A
550 MeV reaction. Here, we have introduced a Monte Ca
simulation procedure to evaluate the freeze-out charact
tics. This procedure that is described in the next section
lows for the extraction of the excitation energies of the p
mary fragments.

B. Monte Carlo simulations

The simulations begin at the freeze-out time, at which i
assumed that the total excitation energy of the system
partitioned into three modes:~i! thermal motion of the point-
like objects,~ii ! radial expansion, and~iii ! internal excitation
of the fragments. At freeze-out, the relative distances
tween all fragments are such that mass exchange has ce
The subsequent evolution of the system proceeds with
statistical decay of the excited IMF’s with only the Coulom
repulsion operating between the fragments. The fragmen
cay times are drawn from the exponential distribution

P~ t !;expS 2t

t D , ~1!

wheret is a free parameter characterizing the mean lifeti
of the excited primary IMF’s~see Sec. V and Fig. 17!. Cal-
culations are performed until the fragments become cold
the Coulomb accelerations become negligible. Finally,
generated events are presented to a software detector
that simulates the experimental conditions.

C. Freeze-out stage characteristics

The freeze-out stage is characterized by the following
~1! The freeze-out fragment partition,$Zi ,Ai%; i

51, . . . ,M tot , whereM tot is the total LCP and IMF multi-
plicity and Z( i ) andA( i ) are the charge and mass of thei th
fragment, respectively.

~2! The freeze-out volume,Vfo , its shape, and the frag
ment distribution within that volume. Each fragment positi
is denoted byr i , with i 51, . . .M tot .

~3! The initial fragment velocities,vi , i 51, . . . ,M tot .
Due to the limited detector acceptance the ‘‘true

asymptotic distributions are different from the experimen
distributions. The ‘‘true’’ asymptotic distributions of th
fragment charge, kinetic energy, and multiplicity, all
which have been obtained using an iterative tuning pro
dure, are presented in the next section.

For each event the desired asymptotic LCP multiplic
MLCP and the IMF multiplicityM IMF are chosen randomly
from the two-dimensional asymptoticMLCP versusM IMF dis-
tribution. Such a selection ensures the correlation betw
the LCP and IMF multiplicities and the total multiplicit
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seen in the data; see Fig. 2. The charge and mass partitio
the asymptotic fragments is obtained from the normaliz
experimental charge versus mass distribution,P(Z,A),
whereP(Z,A) is the probability that the fragment has char
Z and massA. This asymptotic fragment partition will be
used to obtain the~earlier time! freeze-out primary fragmen
partition by removing a few light particles (p, d, t, 3He, and
4He) from the asymptotic fragment partition and absorb
them in to what then become the primary IMF’s. The fu
procedure is described in Appendix B. The freeze-out v
umeVfo is calculated, as is done by Bondorfet al. @24#, by
including sufficient volume for each fragment to ensure n
ligible nuclear interaction. The LCP’s are uniformly distrib
uted within a prolate spheroidal shape with the unique a
directed along the beam direction. The IMF’s are random
distributed according to two three-dimensional Gaussian
tributions. As we shall see, such a selection of the LCP
IMF distributions is consistent with experimental obser
ables~see Fig. 8! as well as dynamical simulations of th
early stage of the reaction~for example theCHIMERA calcu-
lations!.

Figure 4 presents the algorithm used for determining
fragment velocities at freeze-out. The fragment asympto
kinetic energy in the c.m. system is chosen from the ‘‘tru
asymptotic distribution, and the modulus of velocity is ca
culated according touvi u5A2Ei

asym/Ai . The procedure is it-
erative, starting withEi

asym5Ei
expt. One procedure~a! has

been developed in order to assign a direction to the fragm
velocity, based on the assumption that the fragment energ
a sum of the radial and the thermal energies. This proced
is described in Appendix A. Another procedure~b! has been
introduced in order to convert the set of ‘‘true’’ asymptot
fragment velocities$v i% into the set of the primary fragmen
velocities$vi

fo%. This backtracking procedure corrects the e
fects of Coulomb acceleration and collective rotation and
makes use of the relations and algorithms described by R
drup @25#. Needless to say, these quantities, and thus th
procedures, are of central importance to this work.

D. Tuning of the model input

In order to obtain the freeze-out configuration, tr
asymptotic distributions~unmodified by the detection sys
tem! have been generated using the self-consistent itera
procedure presented in Fig. 4 and the following experimen
observables:~i! the LCP multiplicity distributions,~ii ! the
IMF multiplicity distribution, ~iii ! the charge distribution,
and ~iv! the energy spectra~in c.m. system! for each frag-
ment species. Due to limited acceptance of our detec
system in the most forward and backward directions,

FIG. 4. Technique for determining the fragment velocities
freeze-out.
0-4
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FRAGMENT EXCITATION ENERGIES AT FREEZE-OUT . . . PHYSICAL REVIEW C 63 064610
experimental observables used in this analysis are o
slightly contaminated by preequilibrium particles. This co
tention is supported by theCHIMERA simulations@19#.

The experimental LCP and IMF multiplicity distributions
the fragment charge distribution, and the energy spectr
the c.m. system are represented by solid dots in Figs. 5 a
for selected fragment species. The desired true asymp
distributions are shown in these figures by the dashed-
histograms. When the detector filter is applied to these
distributions, the experimental observables are well rep
duced by the model calculation as indicated by the solid-
histograms in Figs. 5 and 6.

The second set of adjusted parameters includes both
shape of the freeze-out volume and the ratio of the aver
values of the radial proton energy to the total proton kine
energy, pp ~see Appendix A for details!. The spheroidal
shape of the freeze-out volume has been parametrized b
ratio c/a, werec anda are the major and minor semiaxes
the spheroid, respectively. We found that the angular dis
butions in the c.m. system are very sensitive to both thepp
and c/a parameters. Figure 7 presents calculated prim
angular distributions for selected species. These histogr
represent calculations assuming either a spherical shap
the freeze-out volume (c/a51) and pp50.4 ~dotted!, or a
nonspherical freeze-out shapec/a54 with no radial energy
pp50 ~dashed! and with a substantial radial energypp
50.4 ~solid!. The results shown in Fig. 7 were generat
without the detector filter while those shown in Fig. 8 we
generated using this filter. The latter can be directly co
pared to the experimental distributions that are represe

FIG. 5. ~a! The LCP and IMF multiplicity distributions and~b!
the fragment charge distribution. The solid points show the exp
mental data, solid-line and dashed-line histograms show filtered
unfiltered~‘‘true’’ ! asymptotic model distributions.
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by solid dots. One can see that the experimental ang
distributions for the heavier fragments are reproduced by
model calculation only when the elongated shape of
freeze-out volume is assumed. The LCP angular distributi
in particular are sensitive to thepp parameter, and the bes
agreement between calculation and the experimental da
for pp'0.4.

It should be noted that our selection criterion is differe
from that employed in Ref.@26#. The most conspicuous dif
ference is that our criterion does not directly bias agai
nonspherical event shapes while the selection criteria in R
@26# does. Our choice of filters is in fact motivated by th
difference in that reaction simulations of central collisions
produce elongated event shapes.

IV. RESULTS

A. Secondary evaporated LCP multiplicities

The reconstruction procedure described above is app
to those events that pass our selection for violent collisi
~see Sec. II B!. Due to rather modest statistics, the analysis
the primary IMF excitation energy has been done for fo
element groups, as indicated in Table I, rather than for in
vidual elements.

Similar analyses to those represented in Fig. 3 have b
done for each bin of the detected IMF and for each type
the LCP. The results of the background subtraction from
detected total LCP emission@see Fig. 3~c!# have been used to
obtain the experimental correlation functions presented

i-
nd

FIG. 6. The experimental energy spectra in the c.m. sys
~dots!. The dashed lines and solid lines represent the ‘‘tru
asymptotic distributions and the distributions when the detector
ter has been included, respectively.
0-5
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FIG. 7. The angular distributions in the c.m
system for the model calculation~the detection
filter has not been included!. Dotted histogram,
c/a51, pp50.4; dashed histogram,c/a54, pp

50; and solid histogram,c/a54, pp50.4 ~see
text for explanation!.
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Fig. 9 as solid lines. These correlation functions display
relative energy distributions between the LCP and the dau
ter IMF defined as

Erel5
m~v'

2 1v i
2!

2
,

wherem is the reduced mass of the IMF-LCP system andv'

andv i were defined in Sec. III A. The IMF masses are tho
06461
e
h-

e

for b-stable nuclei. By performing the additional calcul
tions we found that a variation on the cold fragment mas
by 61 mass unit has a negligible effect on our final resu

The correlated LCP multiplicities,Mexpt(k, j ) have been
varied to reproduce~simultaneously! the experimental corre
lation functions for five types of LCP’s (j modes! and four
IMF bins (k bins!; see Table I. While a fitting procedure wa
not done, the variational procedure mentioned above in
cates that the multiplicities are well determined. This cru
.
e

into
ed,
re-

wn
FIG. 8. The angular distributions in the c.m
system for the model calculation. The influenc
of the detector acceptance has been taken
account. The parameters for the dotted, dash
and solid histograms are the same as those p
sented in Fig 7. The experimental data are sho
as solid points.
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FIG. 9. Net experimental cor-
relation functions ~solid lines!.
The dotted lines are the results o
the model calculation assumin
a/c54, pp50.4, andt550 fm/
c ~see text!.
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optimization procedure leads to the multiplicities given
Table I. We estimate the uncertainties in these multiplicit
to be less than625% ~see below!. The calculated correlation
functions are displayed in Fig. 9 as dashed lines. The ag
ment between the experimental correlation functions
those generated using the multiplicities presented in Tab
is very good for both protons anda particles and quite sat
isfactory for the other LCP isotopes for which the statist
are much more limited. Table I shows that the LCP mu
plicities increase with increasing charge of the detected IM
Such an observation suggests that the total excitation en
increases with the charge of the parent nuclei. The mu
plicities for protons are higher than those fora particles. The
very low 3He multiplicities agree with experimental da
@27# and statistical model calculations@22#.

Figure 10 shows the multiplicities of LCP’s evaporat
from the fragments (Mevap) and the total LCP production
(M tot) as well as the ratio of these values. One can see
about 20% of the LCP’s come from the secondary statist
decay of the primary fragments and that this contribut
strongly depends on the type of evaporated species.

TABLE I. Extracted evaporated multiplicitiesMexpt for the four
bins in ZIMF .

Species 1H 2H 3H 3He 4He
j mode

ZIMF k bin 1 2 3 4 5

3–5 1 0.01 0.0 0.01 0.0 0.06
6–8 2 0.13 0.06 0.05 0.0 0.13
9–12 3 0.39 0.12 0.07 0.0 0.11
>13 4 0.91 0.36 0.26 0.09 0.31
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The sensitivity of the calculated correlation functions
the LCP multiplicities is shown in Fig. 11. Here we displa
the correlation functions calculated for the best set of mu
plicities ~solid line! and those calculated for multiplicitie
varied by 625%. Our results show that these correlatio

FIG. 10. The total average multiplicities of the LCP~upper
panel!. The multiplicities of the LCP evaporated by the prima
fragments~middle panel! and the ratios of the multiplicities of the
LCP evaporated by the primary fragments to the total average m
tiplicity of the LCP ~lower panel!.
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functions do strongly depend on the multiplicity of evap
rated LCP’s, and therefore these multiplicities can be u
for the quantitative extraction of the excitation energies
the primary fragments. The experimental correlation fu
tions always fit within the625% corridor, setting the uppe
limit on the multiplicity uncertainties.

B. Fragment excitation energies and temperatures

In order to convert the LCP multiplicities into the frag
ment excitation energies, the statistical codeGEMINI @22# has
been used. The LCP decay from the primary IMF’s is trea
with the Hauser-Feshbach formalism@28#. The most impor-
tant parameter of this statistical approach is the level den
parameter. In our calculations, three parametrizations h
been used:

~I! a5(A/14.61)(114/A1/3) @29#,
~II ! a5(A/13.7)(111.3/A1/3) @30#,
~III ! a5(A/13) @31,32#,

whereA is the mass number. These parametrizations an
low-excitation-energy formula (a5A/8) are shown in Fig.
12 ~upper!. Using the relation between the excitation ener
and the temperature@33#,

E* 5aT2, ~2!

one can conclude, for constant temperature, that the ex
tion energy per mass unit is proportional to the ratioa/A. In
Fig. 12 ~lower! the ratiosa/A versusA have been plotted

FIG. 11. The correlation functions calculated for the multiplic
ties, Mexpt(4,j ) given in Table I~solid lines!. Dashed and dotted
lines are the calculated correlation functions for 125% and 75%
Mexpt(4,j ), respectively.
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One can see that, at a given temperature, parametrization~I!
and ~II ! predict higher excitation energies per mass unit
lighter fragments than for heavier fragments. We treat
decaying system at the freeze-out stage as an ensemble
given temperature where the fragment excitation energies
related to the system temperature by Eq.~2!.

As neutrinos have not been detected in the experim
nor are the masses of the detected IMF’s known, an opti
zation procedure like that used for the charge distribut
cannot be employed. Therefore we have investigated
assumptions for theN/Z ratio of the primary fragments
These two assumptions are that theN/Z ratio of the primary
fragments is equal to that forb-stable nuclei and that of the
combined target-projectile system (N/Z51.3).

The GEMINI calculations supply the average LCP mul
plicities @MT(k, j )# for each LCP type (j mode! in each of
the four IMF remnant~k! bins at a given temperature (T).
The calculated values of theMT(k, j ) can be directly com-
pared to the values given in Table I. In order to obtain
quantitative comparison between the calculated multiplicit
and those derived from the experimental data, the follow
measure has been used:

x25(
j 51

5 S MT~k, j !2Mexpt~k, j !

Mexpt~k, j ! D 2

3weight~ j !, ~3!

where weight (j ) are proportional to the total yields of th
selected LCP normalized to the proton yield@weight (j 51)
51#. The upper panels in Fig. 13 show thex2 parameter as
a function of the fragment temperatures calculated for

f
FIG. 12. Level density parametera ~upper panel! and the ratio

a/a ~lower panel! as the function of the nucleus massA.
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FIG. 13. x2 ~upper panels! and the fragment
excitation energy per nucleon~lower panels! as a
function of the temperature. The values of th
fragment excitation energies and temperatures
the minimum of thex2 are indicated by the hori-
zontal and vertical lines, respectively.
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fourth bin (k54) and taking into account the1H, 2H, 3H,
and 4He particle emissions~the 3He has been excluded du
to the very low multiplicity of this fragment!. The solid,
dotted, and dashed lines have been obtained for the l
density parametrizations I, II, and III, respectively. The plo
presented in the left column were obtained using fragme
with b-stableN/Z ratios while the plots in the right colum
were obtained using fragments with theN/Z ratio of the
combined target-projectile system.

The lower panels in Fig. 13 present the average fragm
excitation energies per mass unit versus the primary fr
ment temperature calculated for the three level density
rametrizations. The values of the fragment excitation en
gies and temperatures at the minimum of thex2 distribution,
marked by dots in the lower panels of Fig. 13, are listed
Table II. The errors included in Table II have been calcula
assuming that the LCP multiplicities have been extrac
from the experimental data with uncertainties of625% ~see
Fig. 11!.

The assumption that the fragmentN/Z ratio is the same as
in the combined target-projectile system leads to higher fr
ment excitation energies than does the assumption tha
fragmentN/Z ratio is the same as forb-stable nuclei. Lower

TABLE II. Extracted values for bothE* /A andT for the three
different prescriptions for the level density parameter and the
assumptions for theN/Z ratio.

Valley of stability N/Z51.3
a E* /A ~MeV! T ~MeV! E* /A ~MeV! T ~MeV!

~I! 1.820.32
10.45 3.520.3

10.4 2.5720.42
10.38 4.220.4

10.3

~II ! 1.9520.35
10.45 4.420.4

10.45 2.520.4
10.4 5.020.4

10.04

~III ! 2.120.45
10.35 5.220.6

10.4 2.4320.42
10.37 5.620.5

10.4
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values of thex2 ~see Fig. 13! arise from the former assump
tion, indicating that the primary fragments likely reflect th
entrance channelN/Z ratio. A similar conclusion was
reached in Ref.@23#. This conclusion derives some add
tional support from the results presented in Fig. 14. Here,
fragment excitation energies per nucleon have been obta
from separatex2 minimizations for each evaporated LC
type. In this case also, the assumption that the fragme
N/Z ratio is the same as in the combined target-projec
system leads to more consistent values of the derived e
tation energy per nucleon.

Subtracting the evaporated LCP multiplicities from t
total LCP multiplicities~see Fig. 12!, the primary LCP popu-
lation at the freeze-out phase is obtained. Using this inf
mation the system temperature,Tapp58.85 MeV, was calcu-
lated from the Albergo formula@6#. On the other hand, using
the total LCP multiplicities in the Albergo formula one ge
Tapp8 58.3 MeV. Clearly the correction for the IMF seque
tial decay increases of the apparent temperature, in ag
ment with Refs.@12,9#. Another observation is that the sys
tem temperatureTapp is much higher than those presented
Table II. A similar observation was made in Ref.@14# and
explained by differences in the emission environments
3He as compared to the emission environment of thea par-

o

FIG. 14. Fragment excitation energies obtained independe
for 1H, 2H, 3H, and 4He particles. Solid, dashed, and dotted lin
refer to the level density parametrizations I, II, and III, respective
0-9
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ticles due to a hierarchy or ordering of mean emission tim
However, as our3He multiplicities might be slightly inflated
by contamination due to an incomplete rejection of4He, the
Tapp values are subject to a systematic overestimation.

C. Decay time scale

The temperatures of the primary IMF’s, which have be
presented in the previous section, depend on the level de
parametrization used~Table II!. The calculated mean lifetime
of the excited IMF also depends upon the level density
rametrization as seen in Fig. 15. The Hauser-Feshbach
malism has been used@22,28# to calculate the total deca
width of a 46Ca nucleus as a function of the excitation e
ergy. The solid, dashed, and dotted lines in Fig. 15 refe
the level density parametrizations I, II, and III, respective
and the squares represent the low-energy formula (a5A/8)
~see Sec. IV B!. The 46Ca nucleus has been chosen as
example of an IMF with the sameN/Z ratio ~1.3! as the
combined target-projectile system. One can see that the
culated decay time of the excited nucleus is strongly dep
dent on the level density parametrization. In Fig. 15,
dashed vertical line indicates 115 MeV of excitation ener
which corresponds to the experimentally deduced prim
IMF excitation of 2.5 MeV/nucleon. The mean lifetime o
the 46Ca nucleus at this excitation energy is 90, 38, and
fm/c for the level density parametrizations I, II, and III, re
spectively.

If the decay of the excited IMF is very fast, the seconda
decay can occur in the close proximity to the other fra
ments. When this happens the emitted LCP interacts w

FIG. 15. Total decay width of the46Ca nucleus as a function o
the excitation energy. Indicated values 90, 38, and 21 fm/c refer to
the mean lifetime of the46Ca nucleus at excitation energy 115 Me
for the level density parametrizations I, II, and III, respectively.
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other fragments, via the long-range Coulomb force, wh
potentially can decorrelate the relative velocity between
primary IMF and its LCP’s. The influence of such an effe
would yield IMF excitation energies that are systematica
low. Figure 16 presents a comparison of the correlation fu
tions calculated for t520 fm/c ~solid lines! and t
5200 fm/c ~dashed lines!. The t520 fm/c corresponds to
very fast deexcitation of the primary IMF’s and thus th
expanding nuclear system is still close to the freeze-
stage. Even with such a short characteristic decay ti
which is that for the largest level density constant~III !, the
correlations are only slightly different from the correlatio
functions calculated using the much slower decay. This co
parison indicates that the potential decorrelation proc
mentioned above is negligible and therefore the derived
formation on the IMF excitation energies and temperat
can be related to the freeze-out condition.

V. CONCLUSIONS

The conclusions of this work are the following.~a! For
central collisions ofE/A545 MeV 84Kr with 93Nb, the ex-
citation energy of primary fragments at freeze-out has b
determined to be;2.5 MeV/nucleon.~b! The assumption
that the fragmentN/Z ratio is the same as that for the com
bined target-projectile system leads to higher fragment e
tation energies than does the assumption that the fragm
N/Z ratio is the same as forb-stable nuclei. The experimen
tal data are better reproduced with a reaction simulation w
the former assumption, indicating that the primary IMF
likely reflect the entrance channelN/Z ratio. ~c! About 80%
of the detected LCP’s do not originate from the second

FIG. 16. Correlation functions calculated fort520 and 200
fm/c for 1,2,3H anda particles.
0-10
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FRAGMENT EXCITATION ENERGIES AT FREEZE-OUT . . . PHYSICAL REVIEW C 63 064610
statistical decay of the primary fragments. However, t
analysis does not allow us to differentiate those particles
have been produced in the preequilibrium phase of the r
tion from those that coexist with the primary IMF’s at freez
out. ~d! The temperatures extracted in this work depend
the level density parametrization used in the statistical ca
lation and thus independent information on the level den
parameter is required for an unambiguous fragment temp
ture determination.~e! The comparisons of the model rea
tion simulations to the experimental data suggest that
freeze-out volume is extended along the beam direc
~nonspherical!.

This analysis also enables us to extract information on
partition of energy between the thermalized and collect
radial modes. This, and related issues, will be dealt with i
separate paper.
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APPENDIX A: KINETIC ENERGY COMPONENTS
AND RELATED VELOCITIES

The total velocity,v(A), of the detected fragment of
type A (A5p, d, t, 3He, 4He, 6Li, 7Li, . . . ) is a result of
both a collective motionvR and a thermal motionvT ~see Fig.
17!. Now we introduce the assumption that the collect
velocity vR is proportional to the fragment’s position vect
r ,

vR5br , ~A1!

whereb is a scaling factor. Consider the particles position
at r[ur u. An average value of the square of the total velo
ity, v(A)5vR(A)1vT(A), at the positionr , is given by

^v2&5~br !21^vT
2&12br ^vT cos~a!&, ~A2!

wherea denotes the angle betweenvR andvT ~see Fig. 17!.
Due to our assumption that thevT has an isotropic distribu

FIG. 17. Fragment velocity decomposition. Dashed arrows r
resent the thermal fragment velocity distribution. Thick arro
show an example of the total observed velocity construction.
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tion the third term on the right-hand side of Eq.~A2! is equal
to zero. Multiplying both sides of Eq.~A2! by mA /2, where
mA is the mass of the fragment typeA, we obtain

^E~A,r !&T5ER~A,r !1^ET~A,r !& t . ~A3!

^E(A,r )& t and^ET(A,r )& t refer to the average values of th
total and the thermal energies, respectively, andER(A,r ) re-
fers to the collective energy of the particle at positionr.
Subscriptt indicates the averaging over the thermal parti
distribution at positionr. Introducing an average over th
particle position distribution in the freeze-out volume, w
obtain

^E~A!& t,r5^ER~A!& r1^ET~A!& t . ~A4!

The subscriptr has been omitted in the last term in Eq.~A4!
because the thermal energy is position independent for a
tem in global thermal equilibrium. Denoting the ratio of th
average value of the collective energy to the average valu
the total kinetic energy byp and using Eq.~A4!, one can
obtain

^ET~A!& t5@12p~A!#^E~A!& t,r . ~A5!

The global thermalization assumption requires that the th
mal energy,̂ ET& t , is equal for all fragments and, e.g.,

^ET& t5~12pp!^E~p!& t,r , ~A6!

wherepp[p (A5proton ). Using Eqs.~A5! and ~A6!, one
can get

p~A!512
~12pprot!^E~p!& t,r

^E~A!& t,r
. ~A7!

From Eq.~A4! one can calculate the scaling factor

b5A2~^E~A!& t,r2^ET& t!

mA^r 2& r

5A2p~A!^E~A!& t,r

mA^r 2& r

.

~A8!

This equation shows that the scaling factor in Eq.~A1! is
determined by the asymptotically observed fragment en
gies and by the mean-square radius of the fragment distr
tion within the freeze-out volume.

Now, we are prepared to follow procedure~a! in Fig. 4.
At first, we calculate the freeze-out fragment partition, t
fragment positions in the freeze-out volume, and the mo
lus of each fragment asymptotic velocity~see Sec. III C and
Appendix B!. Using Eqs.~A8! and~A1! we calculatevR,i for
the i th fragment in the partition, wherei 51, . . . ,M tot

fo .
Then, for thei th fragment a set ofN thermal components
vT,i

l , are generated, wherel 51, . . . ,N ~see Fig. 17!. The
components of thevT,i

l in the x,y, andz directions are inde-
pendently chosen from the Gaussian distribution centere
zero withs5ATi /mi , where

Ti5
1
3 mib

2~A!r i
21 2

3 Ei . ~A9!

-
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Ei andmi are the total energy and mass of thei th fragment,
respectively. The total velocity of thei th fragment is con-
structed from the radial and thermal components:

vi
l5vR,i1vT,i

l , l 51, . . . ,N. ~A10!

Equation~A10! defines a set ofN different velocities,vi
l , for

the i th fragment, and the average value of the totali th frag-
ment kinetic energy overl is equal to

^Ei
l~A!& l5

1
2 mi@b~A!r i #

21 1
2 mi^~vT,i

l !2& l . ~A11!

The last term in the above equation is equal3
2 Ti for largeN.

Using Eq.~A9! we get

Ei5^Ei
l& l . ~A12!

This procedure generatesN events with the same fragmen
partition, initial fragment positions and initial radial veloc
ties. Such events differ in the thermal velocity componen

It is simple to prove that the average kinetic energy of
detected fragments of the typeA, ^^E(A)& f&e , is equal to the
average energy of all generated fragments of the same t
^^^El(A)& l& f&e , where the indexf indicates the averaging
over all fragments of typeA in the event and the indexe
indicates the averaging over all events. Performing the s
averaging over all generated events, we obtain from Eq.~A9!

^^ 3
2 Ti~A!& f&e5^ET~A!& t , ~A13!

where^ET(A)& t is the average thermal energy derived in E
~A5!.

APPENDIX B: PRIMARY FRAGMENT PARTITION

In order to generate the primary fragment partition fro
the asymptotic fragment partition, the decay history of
primary fragments has been traced back. Here, we introd
the following assumptions:
ci

. K
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~1! The primary IMF’s deexcite by the five-particle mode
listed in Table I.

~2! The average multiplicity of thej th deexcitation mode
and associated with the IMF remnants of thekth bin are
M (k, j ) ~the bin number definition is given in Table I!.

Having M (k, j ) one can guess the number of correlat
LCP’s for each IMF remnant according to the following pr
scription:

Meva~ i , j !

5H int„M ~k, j !…11 when y,M ~k, j !2 int„M ~k, j !…

int„M ~k, j !… when y.M ~k, j !2 int„M ~k, j !…,

~B1!

wherey is a random number between 0 and 1,i is the num-
ber of the IMF in the fragment partition, and the functio
int(x) is defined as the target integer less thanx. Now, we
can obtain the number of secondary evaporated LCP’s,

Neva~ j !5 (
i 51

M IMF

Meva~ i , j !, ~B2!

where M IMF is the number of IMF’s in the partition. The
freeze-out fragment partition is constructed by remov
Neva( j ) LCP’s of the j th mode and by replacing th
asymptotic IMF’s charges and masses@Z( i ), A( i )# with the
freeze-out charges and masses@(Zfo( i ), Afo( i )], using the
following equations:

Zfo~ i !5Z~ i !1(
j 51

5

Meva~ i , j !ZLCP~ j !, ~B3!

Afo~ i !5A~ i !1(
j 51

5

Meva~ i , j !ALCP~ j !, ~B4!

whereZLCP( j ) and ALCP( j ) are the charge and mass of th
j th mode of the LCP’s~see Table I!.
.
g,

vo

-

V.
i,

c-
S.
.
.

@1# L. G. Moretto and G. J. Wozniak, Annu. Rev. Nucl. Part. S
43, 379 ~1993!.

@2# D. R. Bowman, G. F. Peaslee, R. T. de Souza, N. Carlin, C
Gelbke, W. G. Gong, Y. D. Kim, M. A. Lisa, W. G. Lynch, L
Phair, M. B. Tsang, C. Williams, N. Colonna, K. Hanold, M
A. McMahan, G. J. Wozniak, L. G. Moretto, and W. A. Fried
man, Phys. Rev. Lett.67, 1527~1991!.

@3# K. Hagel, M. Gonin, R. Wada, J. B. Natowitz, B. H. Sa, Y
Lou, M. Gui, D. Utley, G. Nebbia, D. Fabris, G. Prete, J. Ru
D. Drain, B. Chambon, B. Cheynis, D. Guinet, X. C. Hu, A
Demeyer, C. Pastor, A. Giorni, A. Lleres, P. Stassi, J. B.
ano, and P. Gonthier, Phys. Rev. Lett.68, 2141~1992!.

@4# R. Wada, D. Fabris, K. Hagel, G. Nebbia, Y. Lou, M. Gonin,
B. Natowitz, R. Billery, B. Cheynis, A. Demeyer, D. Drain, D
Guinet, C. Pastor, L. Vagneron, K. Zaid, J. Alarja, A. Giorn
D. Heuer, C. Morand, B. Viano, C. Mazur, C. Ngo, S. Lera
R. Lucas, M. Ribrag, and E. Tomasi, Phys. Rev. C39, 497
~1989!.
.

.

-

@5# T. K. Nayak, T. Murakami, W. G. Lynch, K. Swartz, D. J
Fields, C. K. Gelbke, Y. D. Kim, J. Pochodzalla, M. B. Tsan
H. M. Xu, F. Zhu, and K. Kwiatkowski, Phys. Rev. C45, 132
~1992!.

@6# K. Albergo, S. Costa, E. Costanzo, and A. Rubbino, Nuo
Cimento A89, 1 ~1985!.

@7# J. Pochodzalla, T. Mo¨hlenkamp, T. Rubehn, A. Schu¨ttauf, A.
Wörner, E. Zunde, M. Begemann-Blaich, Th. Blaich, H. Em
ling, A. Ferrero, C. Gross, G. Imme´, I. Iori, G. J. Kunde, W. D.
Kunze, V. Lindenstruth, U. Lynen, A. Moroni, W. F. J. Mu¨ller,
B. Ocker, G. Raciti, H. Sann, C. Schwarz, W. Seidel,
Serfling, J. Stroth, W. Trautmann, A. Trzcinski, A. Tucholsk
G. Verde, and Z. Zwieglinski, Phys. Rev. Lett.75, 1040
~1995!.

@8# M. L. Tincknell, S. Albergo, F. Bieser, F. P. Brandy, Z. Ca
cia, D. A. Cebra, A. D. Chacon, J. L. Chance, Y. Choi,
Costa, J. B. Elliot, M. L. Gilkes, J. A. Hauger, A. S. Hirsch, E
L. Hjort, A. Insolia, M. Justice, D. Keane, J. C. Kintner, V
0-12



-

G
R
M
.

Li,

w
.

.

n,
C

S

T.

G
u
.

.

n,
B
d-
no
A

,
s-

G
, J
r
as
,

.
.
.
H

a

h-

d,
A.
l.

J.
O.
P.
as,
nd,
D.
F.
.
,
.
M.

nt,

d

u-
er,
A.
e-
et,
n,
,
.

, B.
. B

.
a,
P.

.
t-
R.
P.

FRAGMENT EXCITATION ENERGIES AT FREEZE-OUT . . . PHYSICAL REVIEW C 63 064610
Lindenstruth, M. A. Lisa, U. Lynen, H. S. Matis, M. McMa
han, C. McParland, W. F. J. Mu¨ller, D. L. Olson, M. D. Part-
lan, N. T. Porile, R. Potenza, G. Rai, J. Rasmussen, H.
Ritter, J. Romanski, J. L. Romero, G. V. Russo, H. Sann,
Scharenberg, A. Scott, Y. Shao, B. K. Srivastava, T. J.
Symons, C. Tuve´, S. Wang, P. Warren, H. H. Wieman, T
Wienold, and K. Wolf, Purdue University report, 1996.

@9# Z. Majka, P. Staszel , J. Cibor, J. B. Natowitz, K. Hagel, J.
N. Mdeiwayeh, R. Wada, and Y. Zhao, Phys. Rev. C55, 2991
~1997!.

@10# K. Kwiatkowski, A. S. Botvina, D. S. Bracken, E. Rensha
Foxford, W. A. Friedman, R. G. Korteling, K. B. Morley, E. C
Pollacco, V. E. Viola, and C. Volant, Phys. Lett. B423, 21
~1998!.

@11# H. Xi, W. G. Lynch, M. B. Tsang, W. A. Friedman, and D
Durand, Phys. Rev. C59, 1567~1999!.

@12# M. B. Tsang, F. Zhu, W. G. Lynch, A. Aranda, D. R. Bowma
R. T. de Souza, C. K. Gelbke, Y. D. Kim, L. Phair, S. Pratt,
Williams, and H. M. Xu, Phys. Rev. C53, R1057~1996!.

@13# V. Serfling, C. Schwarz, R. Bassini, M. Begemann-Blaich,
Fritz, S. J. Gaff, C. Gross, G. Imme´, I. Iori, U. Kleinevoss, G.
J. Kunde, W. D. Kunze, U. Lynen, V. Maddalena, M. Mahi,
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@29# J. Tõke and W. J. S´wia̧tecki, Nucl. Phys.A372, 141 ~1981!.
@30# A. V. Ignatyuket al., Yad. Fiz.21, 1185~1975! @Sov. J. Nucl.

Phys.21, 612 ~1975!#.
@31# M. Gonin, L. Cooke, K. Hagel, Y. Lou, J. B. Natowitz, R. P

Schmitt, B. Srivastava, W. Turmel, H. Utsunomiya, R. Wad
G. Nardelli, G. Nebbia, G. Viesti, R. Zanon, G. Prete,
Gonthier, and B. Wilkins, Phys. Lett. B217, 406 ~1989!.

@32# M. Gonin, L. Cooke, K. Hagel, Y. Lou, J. B. Natowitz, R. P
Schmitt, S. Schlomo, B. Srivastava, W. Turmel, H. U
sunomiya, R. Wada, G. Nardelli, G. Nebbia, G. Viesti,
Zanon, B. Fornal, G. Prete, K. Niita, S. Hannuschke,
Gonthier, and B. Wilkins, Phys. Rev. C42, 2125~1988!.

@33# A. Bohr and B. Mottelson,Nuclear Structure~Benjamin, New
York, 1969!, Vol. 1, pp. 183–190.
0-13


