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Generalized isoscaling relationships which may permit one to relate the isotopic distributions of systems that
may not be at the same temperature are proposed. The proposed relationships are applied to multifragmentation
excitation functions for central Kr1Nb and Ar1Sc collisions.
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INTRODUCTION

At incident energies in excess of aboutE/A530 MeV, a
rapid collective expansion of the combined system may
cur during the later stages of a central collision betwe
heavy nuclei@1,2#. At densities less than about1

3 of the satu-
ration density, such systems disassemble into a mixtur
fragments and light particles; the duration of fragment em
sion is of the order of 100 fm/c @3,4#. Even though the emis
sion time is short, statistical models such as bulk multifra
mentation models, which assume equilibrium at a sin
breakup density and temperature, have been used suc
fully to describe many experimental observables such
fragment multiplicities, charge distributions, and ener
spectra of the emitted fragments@2,5–7#. These descriptions
require careful, though not necessarily obvious, choices
the source size, excitation energy, and collective velocity
expansion@2,6–8#. Many of these statistical models displa
a phase transition in nuclear matter with subsaturation d
sity @9,10#; such models have been employed to extract
caloric curve, i.e., the relationship between excitation ene
and temperature for the nuclear liquid-gas phase trans
@5,11–17# and to address whether finite nuclear systems m
display negative heat capacities in analogy to those dedu
for finite metallic clusters@18#.

The success of thermal models raises the fundame
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question of whether local thermal equilibrium is achieved
such collisions. It is important to note that there are proble
with determining both the excitation energy@2,5,7,19# and
the temperature@12–15,20–26# of multifragmenting sys-
tems. After correction for collective expansion, for examp
calculated excitation energies for peripheral collisions
high energies must be further reduced by roughly 30%
reproduce experimental data, and larger corrections are
mated for energetic central collisions@2,7,19,27#. Collective
motion, preequilibrium emission, and Coulomb barrier flu
tuations increase the temperatures deduced from kinetic
ergy spectra significantly@1–3,12,19#, while secondary de-
cay modifies the temperatures deduced from excited s
populations and isotope ratios@20–22#. Resolving these
problems is an important priority.

Regardless of whether thermal equilibrium is actua
achieved in such collisions, thermal models will remain e
tremely useful because they suggest a simple and transp
description of the data. Here, we focus upon the descrip
of isotopic data, where thermal models have suggested
isotopic thermometer obtained from a double ratio of iso
pic yields and an isoscaling relationship obtained from
single ratio of isotopic yields. The isoscaling relationsh
provides a remarkably accurate way to relate data for s
tems of different isotopic composition, but with approx
mately the same excitation energy per nucleon or temp
ture @28–30#.

In this paper, we begin by introducing these basic obse
ables. We then generalize the isoscaling relationship to al
comparisons of systems at different temperatures and ex
ine the accuracy of this generalization. We use the isoto
thermometer to provide the input regarding the tempera
difference required by the generalized isoscaling relati

ry,

n,
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ship. We study the empirical comparison between the iso
pic temperatures and generalized isoscaling parameters
tained for a heavier Kr1Nb system and those obtained for
lighter Ar1Sc system as a function of the incident ener
per nucleon.

ISOTOPIC THERMOMETERS AND ISOSCALING
PARAMETRIZATIONS

Due to the ease of measuring isotope cross sections
most widely used experimental method to measure temp
tures in the caloric curves is to determine the relative iso
pic abundances of two pairs of isotopes with large bind
energy differencesB @11–17,20–26#. Most experimental iso-
tope temperature determinations have used the following
pression@23#:

Tiso5
B

ln~aR!
, ~1!

whereR5@Y(3)/Y(4)#/@Y(1)/Y(2)# is the fragment yield
ratio of the ground states for isotope pairs~3,4! and ~1,2!, a
is a ground-state spin factor. Information on the four th
mometers studied in the present work is listed in Table I

Equation~1! assumes that the excited systems are at
tistical equilibrium and that the systems can be approxima
by grand canonical ensembles, i.e., finite size effects
effects of sequential decays on the isotope yields are ne
gible. However, the sequential decay effects can be sig
cant and, at high temperatures, dependent on the cont
tions of very short-lived unbound resonanc
@16,17,22,25,31–35#. These contributions can be calculat
subject to certain model dependent assumptions about
continuum contributions and determined by direct measu
ments of the decays of these unbound states.

It has been found empirically that isotope ratios from tw
statistical processes, 1 and 2, with the same temperature
hibit isoscaling@28–30,36#, i.e., the isotope ratio depend
exponentially on the neutron numberN and proton numberZ
of the isotope~N, Z!,

R21~N,Z!5Y2~N,Z!/Y1~N,Z!5C exp~aN1bZ!, ~2!

wherea andb can be treated as empirical fitting paramet
andC is the overall normalization factor. Equations~1! and
~2! can be derived from the simple grand canonical mo
expression for the primary fragment yield for thei th fragment
in its j th state before secondary decay:

TABLE I. Four thermometers and their relevant parameters u
in this paper.

Thermometer Isotope ratio a
B

~MeV!
(ln k/B)
~MeV1!

THe
6,7Li ( 6,7Li, 3,4He) 2.18 13.32 20.0051

THe
2,3H (2,3H, 3,4He) 1.59 14.29 0.0097

THe
1,2H (1,2H, 3,4He) 5.60 18.4 0.0496

THe
7,8Li ( 7,8Li, 3,4He) 1.98 18.54 0.0265
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Yi , j
primary'V

Ai
3/2

lT
3 ~2Ji j 11!exp@~Zimp1Nimn1Bi j !/T#,

~3!

wheremp and mn are the proton and neutron chemical p
tentials,lT5h/A2mT, Bi j and Ji j are the binding energy
and spin of the fragment in thej th state, andV is the free
~unoccupied! volume of the system. The insertion of th
ground state yields predicted by Eq.~3! into Eq.~2! results in
the cancellations of binding energy terms, provided the te
peratures of the two reactions are equal. Similarly, the ins
tion of the ground state yields predicted by Eq.~3! into Eq.
~1! results in the cancellation of the chemical potential term
the spin and mass number terms contribute to the factora in
Eq. ~1!.

What is measured in an experiment, however, are the
ondary yields after sequential decay. Calculations of
yields of secondary fragments after sequential decay req
an accurate accounting for feeding from the particle deca
highly excited heavier nuclei@25,32,35#. Such calculations
can be done but are somewhat nontransparent and subje
uncertainties regarding the levels that can be excited and
structure effects that govern their decay@25,26,32–35#. To
construct a simple thermal expression, we adopt instead
thermal expressions in Eqs.~1! and ~2! as rough empirical
guides to the possible relationships between the tempera
and the charge and mass distributions and explore the ex
to which they can be used to describe experimental obse
tions. A similar approach has been taken with Eq.~2! in Refs.
@28, 29# and justified therein by statistical model calculatio
@30#, which suggest that secondary decay corrections larg
cancel when the two systems are at the same tempera
Likewise, this approach has also been taken with the isot
thermometric expression in Eq.~1!; discussions of the modi
fications of Eq.~1! can be found in Refs.@20,25#.

We take this approach in order to see whether the isos
ing relationship can be extended to consider two system
different temperatures. In general, the binding energy fac
in Eq. ~3! are not canceled by the ratio in Eq.~2! if the two
systems have different temperatures. However, one may
to extrapolate the isoscaling behavior to systems with diff
ent temperatures by multiplyingR21(N,Z) by a binding en-
ergy dependent term:

R21~N,Z!exp@k21BE~N,Z!#5C8 exp~a8N1b8Z!, ~4!

where k2151/T121/T2 is a temperature dependent corre
tion factor @37#. Because the two systems are at differe
temperatures, the scaling relationship of Eq.~4! may be more
sensitive than that of Eq.~2! to the temperature depende
secondary decay corrections to the isotopic yields. An ear
observation of the isoscaling law suggests that the seque
decay correction appears to behave as a multiplicative fa
to the primary yield in Eq.~3! @28#. In this case, the tempera
ture dependent secondary decay for two different temp
tures is included in the normalization constantC8 in Eq. ~4!.
In the following, we will use measured isotope ratio tem
peratures in Eq.~1! to test whether empirical isotope tem

d
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GENERALIZED ISOSCALING OF ISOTOPIC DISTRIBUTIONS PHYSICAL REVIEW C66, 044618 ~2002!
peratures and the generalized isoscaling relationship in
~4! can describe the evolution of the isotope distributio
with excitation energy. We note that it might be possible
invert Eq.~4! and obtain a temperature for one system if t
temperature of the other is known.

EXPERIMENTAL ANALYSES

The experiment was performed by bombarding45Sc tar-
gets of 3 mg/cm2 areal density with36Ar beams atE/A
550, 100, and 150 MeV and93Nb targets of 3 mg/cm2 areal
density with86Kr beams atE/A535, 70, 100, and 120 MeV
at the National Superconducting Cyclotron Laboratory
Michigan State University~MSU! @16#. Impact parameters
were selected by assuming that the average multiplicity
identified charged particles detected at polar angles of
157° with a 215 plasticDE-E phoswich detector of the MSU
4p array decreases monotonically with the impact param
@38,39#. Central collisions were defined by the requireme
that the multiplicity N of identified charged particles lie
within the highest 20% of the multiplicity distribution fo
N>3. If bmax denotes the impact parameter corresponding
^N&'3, this centrality requirement corresponds to values
the reduced impact parameterb̂5b/bmax of b̂,0.45. The
same reduced impact parameter criterion is used for all
reactions studied in this paper.

We replaced two hexagonal modules of the MSU 4p ar-
ray, located at 37° and 79° by 96 telescopes that cove
approximate polar and azimuth angular ranges of 43°
40°, respectively, in the laboratory@16#. To provide good
coverage for light charged particles emitted at center-of-m
angles of 90°, where contributions from the decay of proj
tilelike and targetlike fragments are minimal, the cent
angle of the hodoscope was placed at 47.9°, 42.6°, and 4
at incident energies ofE/A550, 100, and 150 MeV, respec
tively. Each of these telescopes subtended a solid angl
1.83 msr and consisted of a 300-mm-thick silicon detector
followed by 6-cm-thick CsI~Tl! scintillation detector. The
centers of neighboring telescopes were separated by rel
angles of 3.3°.

The silicon detectors of these telescopes were calibr
to an accuracy of 2% using a precision pulser anda particles
emitted from a212Po source. The CsI~Tl! scintillators were
calibrated to an accuracy of 3% with recoil protons ela
cally scattered from a CH2 target by 86Kr ions at E/A
535 MeV and4He ions atE/A522 and 40 MeV. The accu
racies~'3%! of the overall calibrations are largely governe
by the accuracy of the CsI~Tl! calibrations. With these tele
scopes, the spectra of isotopically resolved light partic
with Z less than 5 were measured at angles between 20°
70° in the laboratory frame.

The experimental apparatus at each incident ene
samples somewhat different kinematic regions of the re
tion. To compare similar kinematic regions for the vario
incident energies and target-projectile combinations and
minimize contaminations from the projectilelike and targ
like spectators, we have extracted the isotope yields for
mentsZ51 – 4 atuc.m.580° – 100° with the center-of-mas
energy threshold of 5 MeV per nucleon for all isotopes. T
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extracted yields lie within the acceptance of the hodosco
they were obtained by fitting the experimental data and us
the fits to predict the corresponding center-of-mass yie
The uncertainties in the fitted yields were determined
varying the fits. The energy thresholds are necessary bec
the experimental setup does not provide measuremen
very forward angles. The low energy thresholds also m
mize contributions from the evaporation of the residues
the lowest incident energies.

Figure 1 shows the excitation function of the isotop
temperature measurements for the two systems, Kr1Nb ~left
panel! and Ar1Sc reactions~right panel!. Different symbols
represent different thermometers as specified in the
panel. The lines are drawn to guide the eyes. The increas
the ratio temperatures with incident energy seems to be m
systematic for the Kr1Nb system. At the incident energy o
100AMeV, where both systems have measurements, the
tope ratio temperatures obtained in the Ar1Sc are similar to
the temperatures obtained in the Kr1Nb system within the

FIG. 1. Apparent temperatures@Eq. ~1!# extracted from the four
isotope ratio thermometers listed in Table I as a function of incid
energy for the Kr1Nb ~left panel! and Ar1Sc systems~right
panel!. The lines are drawn to guide the eye.

FIG. 2. Corrected temperaturesT0 @Eq. ~5!# for the Kr1Nb ~left
panel! and Ar1Sc ~right panel! systems.
8-3
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M. B. TSANG et al. PHYSICAL REVIEW C 66, 044618 ~2002!
experimental uncertainties. Due to the large uncertainties
cannot determine the dependence of isotopic temperature
the system size@14#.

Earlier studies have attributed the differences between
apparent temperatures for the different isotope pairs to
influence of the secondary decays of the heavier excited f
ments formed in the early stages of the collisions. Ove
moderate temperature range, one can reduce the differe
between the thermometers by using the empirical relat
ship @15,20,21,24#

1/T051/Tapp2 ln k/B, ~5!

where the values of lnk/B depends on specific isotope pai
used. Following this empirical approach, we applied the c
rection factors from Refs.@20,21# as listed in Table I to all
the isotopic temperatures in Fig. 1. The resulting values
T0 , shown in Fig. 2, display an increase with incident e
ergy, but the variations between different thermometers
much smaller than that of the measured temperatureTapp.

FIG. 3. Top panel: Relative isotope yield ratios forZ51 ~open
circles!, Z52 ~closed circles!, Z53 ~open squares!, Z54 ~closed
squares! for the Kr1Nb reactions. The ratios are obtained using t
isotope yields from two different incident energies. The energ
involved are labeled in the top panels asE2 /E1 . See text for de-
tails. Bottom panels: Relative isotope yield ratios corrected for te
perature differences using Eq.~3! are shown as the open and clos
points. The lines are drawn to guide the eye.
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The variations in the corrected temperaturesT0 are larger for
the Ar1Sc system~right panel! than for the Kr1Nb system
~left panel!. Unfortunately, the uncertainties in the extract
values are too large to draw definitive conclusions.

To examine whether a generalized isoscaling can be
plied to these reactions, we construct the isotope ra
R21(N,Z) from measurements on the same system at
different incident energies. The top panels of Fig. 3 show
isotope ratios measured in Kr1Nb collisions and the top
panels in Fig. 4 show the isotope ratios measured in
1Sc collisions for Z51 ~open circles!, Z52 ~closed
circles!, Z53 ~open squares!, andZ54 ~closed squares! iso-
topes and different combinations of incident energies. T
different incident energies involved in each ratio are labe
in each panel; e.g., the notation ‘‘70/35’’ in the upper le
panel in Fig. 3 denotes the ratio of isotopic yields measu
at E/A570 MeV in Kr1Nb collisions to the correspondin
yields measured atE/A535 MeV. For simplicity, we adopt
the convention that isotope yields from the higher ene
collision are placed in the numerator. Clearly, the raw iso
pic ratios in the upper panels of these figures do not sh
any systematic trend. Instead, the ratios fluctuate from
tope to isotope by a factor of 2.

To determine whether these fluctuations are consis
with the binding energy term that results from a differen
between the temperaturesT1 and T2 for the two reactions

s

-

FIG. 4. Same as Fig. 3 for the Ar1Sc reactions. The lines ar
drawn to guide the eye.
e

TABLE II. Generalized scaling parameters. The third and fourth columns list the values for^kapp& ob-
tained from averaging the data in Fig. 1 and from the best fit, respectively. The values fora and b are
weighted averages of the scaling parameters from fits using^kapp& and kfit to describe the temperatur
dependence.

Collision E2 /E1 ^kapp& kfit a8 b8

Kr1Nb 70/35 20.04760.005 20.04060.005 0.3489 0.4034
Kr1Nb 100/70 20.02560.005 20.02460.004 0.0885 0.2073
Kr1Nb 120/70 20.03560.005 20.02860.003 0.1561 0.2340

Ar1Sc 100/50 20.03960.005 20.02860.004 0.2962 0.1461
Ar1Sc 150/100 20.02860.005 20.02560.003 0.2303 20.051
8-4
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GENERALIZED ISOSCALING OF ISOTOPIC DISTRIBUTIONS PHYSICAL REVIEW C66, 044618 ~2002!
measured at incident energies ofE1 and E2 , we compen-
sated approximately for the temperature difference using
~4!. For k21, we used the average value^kapp&, where

^kapp&5^1/T1,app21/T2,app&, ~6!

where T1,app and T2,app are the measured isotopic temper
tures for a specific isotopic thermometer plotted in Fig.
The average is taken over all of the isotopic thermomet
These corresponding mean values^kapp& are given in the
third column of Table II and used as labels for the low
panels of Fig. 3, where the adjusted isotope rat
R21(N,Z)exp@^kapp&BE(N,Z)# are shown as the open an
closed points. The degree to which this procedure remo
the fluctuations in isotopic ratios in Fig. 3 is remarkab
Alternatively, one can extract thek values by fitting theR21
data in the top panels of Fig. 3 with Eq.~4!. These best fit
values, given in the fourth column in Table II labeledkfit , are
statistically consistent with the mean values of^kapp&. The
values fora8 andb8 that describe the dependence in Eq.~4!
upon neutron and proton number are also given in the ta

When one performs the same procedure for Ar1Sc colli-
sions, mean values of^kapp&520.039 and20.028 are ob-
tained for the pairs of incident energies involved in the l
and right panels of Fig. 4. If the values for^kapp& are used to

FIG. 5. Comparison of isotope yields for the Kr1Nb and Ar
1Sc reactions for incident energy of 100 MeV. Left panel: Ra
yield ratios for Z51 ~open circles!, Z52 ~closed circles!, Z53
~open squares!, Z54 ~closed squares!. Right panel: Corrected ratio
using the best fit parameterk21520.019.
ra
r,
ro
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le.

t

adjust the isotope ratios as shown in the lower panels of
4, the adjusted ratios scale to a small range of values
seem to obey Eq.~4!, with the value of parameterb close to
zero. Due to large uncertainties in the fit, we cannot de
mine if the ^kapp& values obtained are consistent with th
corresponding best fit values fork21, see Table II.

Since the temperatures of the Kr1Nb system and Ar
1Sc atE/A5100 MeV are similar, we compare the isotop
yield ratios for the Ar1Sc and Kr1Nb systems at this en
ergy. The raw isotope ratioR21 is shown in the left panel of
Fig. 5. All the ratios seem to lie in a narrow range. If we t
to fit all the isotope ratios using Eq.~4!, the best fit^kapp&
value is20.019. The corrected ratios with the best fit lin
are shown in the right panel of Fig. 5. The best fit value
consistent with the calculated value ofk2151/T0(Ar1Sc)
21/T0(Kr1Nb)520.01060.009 MeV. The slightly higher
temperature obtained for the Ar1Sc system is consisten
with previous studies of limiting temperature on source s
@14#.

Dynamical stochastic mean field calculations suggest
the yields of excited fragments produced by dynamical m
els are not as consistent with isoscaling relations as the
yields after secondary decay@40#. Thus, the consistency o
the Kr1Nb data with the generalized scaling relationsh
could be due to a higher degree of equilibration in t
heavier system, or to a greater abundance of heavier f
ments that sequentially decay to the observed ones. The q
ity of the data in the Ar1Sc reaction is not sufficient to draw
such a conclusion. In any case improved measurement
systems with different sizes and with a larger range of i
topes would be useful to establish the validity of generaliz
isoscaling more clearly.

In summary, evidence for the validity of the generaliz
isoscaling relation that allows one to relate systems of diff
ent isotopic composition and at different excitation energ
is observed. The accuracy of these generalized scaling
tionships indicates that equilibrium concepts may provid
more reasonable approximation to the final state for the
lisions of heavy systems. Even though the generalized is
caling is a necessary but not sufficient condition for the
istence of equilibrium, it may be interesting to use th
observable to investigate whether the equilibrium conditio
are established in the measurements of the caloric cur
especially in the plateau region where temperatures
nearly constant.
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Wilczyńska, V. Smolyankin, N. Taccetti, R. Tezkratt, L. Tiznit
M. Trzaska, M. A. Vasiliev, P. Wagner, K. Wisniewski, D
Wohlfarth, and A. Zhilin, Nucl. Phys.A612, 493 ~1997!.

@20# M. B. Tsang, W. G. Lynch, H. Xi, and W. A. Friedman, Phy
Rev. Lett.78, 3836~1997!.

@21# H. Xi, M. B. Tsang, M. J. Huang, W. G. Lynch, J. D. Dinius, S
G. Gaff, C. K. Gelbke, T. Glasmacher, G. J. Kunde, L. Mart
C. P. Montoya, M. Azzano, G. V. Margagliotti, P. M. Milazzo
R. Rui, G. Vannini, L. Celano, N. Colonna, G. Tagliente, M
D’Agnosino, M. Bruno, M. L. Fiandri, A. Ferrero, I. Iori, A.
Moroni, F. Petruzzelli, and P. F. Mastinu, Phys. Lett. B431, 8
~1998!.

@22# M. J. Huang, H. Xi, W. G. Lynch, M. B. Tsang, J. D. Dinius, S
J. Gaff, C. K. Gelbke, T. Glasmacher, G. J. Kunde, L. Mart
C. P. Montoya, E. Scannapieco, P. M. Milazzo, M. Azzano,
V. Margagliotti, R. Rui, G. Vannini, N. Colonna, L. Celano, G
Tagliente, M. D’Agostino, M. Bruno, M. L. Fiandri, F. Grame
gna, A. Ferrero, I. Iori, A. Moroni, F. Petruzzelli, and P.
Mastinu, Phys. Rev. Lett.78, 1648~1997!.

@23# S. Albergo, S. Costa, E. Costanzo, and A. Rubbino, Nuo
Cimento Soc. Ital. Fis., A89A, 1 ~1985!.

@24# 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!.

@25# H. Xi, W. G. Lynch, M. B. Tsang, W. A. Friedman, and D
8-6



o
T.

,
r-
e
.

.
,

, T
G
, A
-

e-
L

.

,
R

ev.

,
B.
,

.
g,

K.
.

C

.

.
a,

GENERALIZED ISOSCALING OF ISOTOPIC DISTRIBUTIONS PHYSICAL REVIEW C66, 044618 ~2002!
Durand, Phys. Rev. C59, 1567~1999!.
@26# A. Kolomiets, E. Ramakrishnan, H. Johnston, F. Gimen

Nogues, B. Hurst, D. O’Kelly, D. J. Rowland, S. Shlomo,
White, J. Winger, and S. J. Yennello, Phys. Rev. C54, R472
~1996!.

@27# A. Schüttauf, W. D. Kunze, A. Wo¨rner, M. Begemann-Blaich
Th. Blaich, D. R. Bowman, R. J. Charity, A. Cosmo, A. Fe
rero, C. K. Gelbke, C. Gross, W. C. Hsi, J. Hubele, G. Imm
I. Iori, J. Kempter, P. Kreutz, G. J. Kunde, V. Lindenstruth, M
A. Lisa, W. G. Lynch, U. Lynen, M. Mang, T. Mohlenkamp, A
Moroni, W. F. J. Muller, M. Neumann, B. Ocker, C. A. Ogilvie
G. F. Peaslee, J. Pochodzalla, G. Raciti, F. Rosenberger
Rubehn, H. Sann, C. Schwarz, W. Seidel, V. Serfling, L.
Sobotka, J. Stroth, L. Stuttge, S. Tomasevic, W. Trautmann
Trzcinski, M. B. Tsang, A. Tucholski, G. Verde, C. W. Will
iams, E. Zude, and B. Zwieglinski, Nucl. Phys.A607, 457
~1996!.

@28# H. S. Xu, M. B. Tsang, T. X. Liu, X. D. Liu, W. G. Lynch, W.
P. Tan, G. Verde, L. Beaulieu, B. Davin, Y. Larochelle, T. L
fort, R. T. de Souza, R. Yanez, V. E. Viola, R. J. Charity, and
G. Sobotka, Phys. Rev. Lett.85, 716 ~2000!.

@29# M. B. Tsang, W. A. Friedman, C. K. Gelbke, W. G. Lynch, G
Verde, and H. Xu, Phys. Rev. Lett.86, 5023~2001!.

@30# M. B. Tsang, C. K. Gelbke, X. D. Liu, W. G. Lynch, W. P. Tan
G. Verde, H. S. Xu, W. A. Friedman, R. Donangelo, S.
04461
-

,

h.
.
.

.

.

Souza, C. B. Das, S. Das Gupta, and D. Zhabinsky, Phys. R
C 64, 054615~2001!.

@31# C. Schwarz, W. G. Gong, N. Carlin, C. K. Gelbke, Y. D. Kim
W. G. Lynch, T. Murakami, G. Poggi, R. T. de Souza, M.
Tsang, H. M. Xu, D. E. Fields, K. Kwiatkowski, V. E. Viola
Jr., and S. J. Yennello, Phys. Rev. C48, 676 ~1993!.

@32# Z. Chen and C. K. Gelbke, Phys. Rev. C38, 2630~1988!.
@33# 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!.

@34# F. Zhu, W. G. Lynch, D. R. Bowman, R. T. de Souza, C.
Gelbke, Y. D. Kim, L. Phair, M. B. Tsang, C. Williams, H. M
Xu, and J. Dinius, Phys. Lett. B282, 299 ~1992!.

@35# F. Ajzenberg-Selove, Nucl. Phys.A392, 1 ~1983!; A413, 1
~1984!; A433, 1 ~1985!; A449, 1 ~1985!; A460, 1 ~1986!.

@36# A. S. Botvina, O. V. Lozhkin, and W. Trautmann, Phys. Rev.
65, 044610~2002!.

@37# M. B. Tsang, W. A. Friedman, C. K. Gelbke, W. G. Lynch, G
Verde, and H. Xu, Phys. Rev. C64, 041603~R! ~2001!.

@38# C. Cavataet al., Phys. Rev. C42, 1760 ~1990!; Y. D. Kim
et al., ibid. 45, 338 ~1992!.

@39# L. Phair, D. R. Bowman, C. K. Gelbke, W. G. Gong, Y. D
Kim, M. A. Lisa, W. G. Lynch, G. F. Peaslee, R. T. de Souz
M. B. Tsang, and F. Zhu, Nucl. Phys.A548, 489 ~1992!.

@40# T. X. Liu ~unpublished!.
8-7


