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The average multiplicities of intermediate mass fragments (IMFs) for central heavy-ion collisions
in the (nearly) symmetric entrance channels Ne+ Al, Ar+ Sc, Kr+ Nb, and Xe+ La,
are systematically studied over a wide range of intermediate beam energies. Cuts on experimental
variables commonly assumed to be correlated with the impact parameter are used to select the most
central collisions. The results for six different centrality variables are compared, and the extent to
which measurements of the multiplicities of IMFs in small impact parameter collisions are affected
by the variable used to select the central events is discussed. General methods for locating such
"autocorrelations" are described. The two centrality observables that are the least autocorrelated
with the number of intermediate mass fragments are identified, and these variables are used to
select the most central collisions. The entrance channel mass and beam energy dependence of the
experimental IMF multiplicities are presented and compared to a variety of model predictions. The
models picturing the disassembly as a sequential binary process always underpredict the experimental
IMF multiplicities. A generally more accurate reproduction of these multiplicities is provided by
several similar chemical equilibrium models commonly assumed to be the theoretical description of
multifragmentation.

PACS number(s): 25.70.Pq

I. INTRODUCTION

Perhaps the most direct study of multi&agment Anal
states following intermediate energy heavy-ion collisions
involves the experimental measurement of the average
number of intermediate mass fragments (IMF's, for which
3 ( Z ( 20) emitted in such reactions. A number of
physical processes governing the disassembly of excited
nuclei can result in the emission of such fragments [1,
2], and many software event generators embodying these
processes are available. Most of these model codes fall
into two general classes. One general class includes fun-
damentally "sequential binary" models, which describe
the disassembly as a series of two-body decay steps, each
involving (a)symmetric fission or statistical evaporation.
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Another class is provided by a number of similar "multi-
&agmentation" models, which assume chemical and ther-
mal equilibrium has been obtained in an expanded spher-
ical &eeze-out volume of prescribed size. Generally, com-
parisons of the results obtained &om models in these
two classes imply that larger multiplicities of IMF's are
obtained &om the multi&agmentation models, as com-
pared to consistently run sequential binary calculations.
Systematic experimental measurements of IMF emission
&om nuclear systems covering a wide range of mass and
excitation energy are required, allowing the systematic
con&ontation of the various theoretical predictions with
experimental results. Many experimental studies of IMF
emission &om systems formed over limited ranges of mass
or excitation energy have already been published [3—27].

In this paper, the IMF emission &om 27 different cen-
tral heavy-ion reactions will be presented, including the
entrance channels Ne+ Al, Ar+ Sc, Kr+ Nb,
and Xe+ La. Each entrance channel was measured
using the MSU 4m Array [28] at many beam energies
ranging from 15 to 135 MeV/nucleon. The generation
of the software events was done in both hybrid and dy-
namic approaches, and the events were filtered through a
detailed software replica of the experimental apparatus.
Comparisons of the average IMF multiplicities obtained
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&om the different models will be described. Also dis-
cussed is the extent to which the different model calcula-
tions reproduce the IMF multiplicities that were experi-
mentally observed for the present systems of total mass
from 47 to 268 and excitation energies &om 2 to 25
MeV/nucleon.

Six experimental observables ("centrality variables" )
are assumed to be correlated with the impact parameter,
and maximal values of each centrality variable are ex-
pected from the most central events. Cuts will be placed
on these variables, allowing the experimental selection of
the central nucleus-nucleus collisions in these data. It is
noted, however, that the particular choice of the variable
upon which a selection of central collisions is performed
may affect the measurement of the average multiplicities
of IMF's, due to constraints imposed on the reactions by
charge or mass conservation laws.

The degree of "autocorrelation" between each of the
six centrality variables and the average multiplicities of
IMF's in these data must therefore be inferred. Such
autocorrelations are an important source of bias for the
study of any experimental observable following the selec-
tion of some impact parameter region. We assume that
autocorrelations are reflected in the variances of the ob-
servable in different samples of events selected by cuts on
many different centrality variables. The centrality cuts
that artificially enhance or suppress the average multi-
plicities of IMF s in the most central events will be iden-
tified. Two-dimensional cuts will be placed on the two
centrality variables that are the least autocorrelated with
the multiplicities of IMF s for an internally unbiased mea-
surement of this observable in the most central collisions.
This will allow the comparison of the average IMF multi-
plicities obtained &om the experimental and model gen-
erated events, and inferences concerning the validity of
each model for the description of these multiplicities.

This paper is organized as follows. Section II de-
scribes the investigation of the autocorrelations between
six different centrality variables and the observed mul-
tiplicities of IMF's. The centrality variables that are
the least autocorrelated with the average multiplicities
of IMF's, (NiMF), in small impact parameter collisions
are defined. The entrance channel mass and beam en-
ergy dependence of (NiMF) in the central events selected
using these nonautocorrelating variables are presented.
The comparison of these experimental IMF multiplici-
ties with those obtained &om a number of filtered model
codes is described in Sec. III. The summary and conclu-
sions are presented in Sec. IV.

II. AUTOCORRELATIONS AND THE
SELECTION OF CENTRAL COLLISIONS

In central heavy-ion reactions, highly excited nuclear
systems can be formed that contain most of the nucle-
ons in the entrance channel. The excitation energies in
these systems are monotonic functions of the beam en-
ergy. Such events can be selected off line via software
cuts on experimental variables that are correlated with
the impact parameter. The variable upon which a cen-
trality cut is made should be tightly correlated with the

impact parameter, and negligibly correlated with the ex-
perimental observable in all ways except that via the im-
pact parameter.

A significant correlation between an experimental ob-
servable and the centrality variable (beyond that due to
the impact parameter) can be caused by charge, mass, or
momentum conservation laws. Such "autocorrelations"
may artificially enhance or suppress the values of the ex-
perimental observable in the events selected by perfunc-
tory centrality cuts. In this section, the degree of auto-
correlation between six different centrality variables and
the average multiplicities of IMF s in a comprehensive set
of small impact parameter reactions will be investigated.

The experimental data were collected with the Michi-
gan State University 4x Array [28] at the National Super-
conducting Cyclotron Laboratory (NSCL) using beams
extracted &om the K1200 cyclotron. Four symmetric en-
trance channels were systematically studied over a wide
range of beam energies. The reactions include Ne+ Al
at 55, 75, 95, 105, 115, 125, and 135 MeV/nucleon,

Ar+ Sc at 15, 25, 35, 45, 65, 75, 85, 105, and 115
MeV/nucleon, Kr+ Nb at 35, 45, 55, 65, and 75
MeV/nucleon, and Xe+ La at 25, 35, 45, 50, 55,
and 60 MeV/nucleon. Detailed descriptions of the appa-
ratus and the data collection can be found in Refs. [28,
29].

There is an intrinsic width to experimental observ-
ables in perfectly central collisions that is caused by the
stochastic nature of the evolution of the excited nuclear
systems formed in these collisions. Additional experi-
mental contributions to this width result from any de-
pendence of the experimental acceptance on the orien-
tation of these excited systems in the laboratory, and
&om any ineKciencies in the selection of the most cen-
tral collisions. These experimental contributions can be
understood via the study of the effect that a software
replica of the experimental apparatus has on events gen-
erated by model codes at specific impact parameters (see
Sec. III). In principle, the intrinsic width carries impor-
tant physical information concerning fluctuations during
the reactions. The measured width can, after the treat-
ment of the experimental contributions, be defined as the
intrinsic width, unless there are non-negligible autocor-
relations between the observable 0 and the experimental
variable used to select the central events.

It is assumed that the variance o& —— (0 ) —(0)
of an observable 0 in a sample of selected events is sup-
pressed if a significant autocorrelation exists, and is equal
to the intrinsic variance or width (modified by exper-
imental considerations) otherwise. The importance of
such autocorrelations during the use of a particular cen-
trality variable can thus be inferred by the comparison of
the variance of the observable following the selection of
central events using many different centrality variables.
The cut(s) leading to the largest variances o& in the se-
lected events are assumed to be the least autocorrelated
with O. Two classes of autocorrelations between a cen-
trality cut and an experimental observable can be defined
based on the effects that such autocorrelations have on
the normalized variance 0&/(0) in the selected events.
Centrality cuts which result in a suppressed variance and
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entrance channel, the variances following the ZMR and
Zg q cuts exceed those following the N, hg~ and ET cuts.
In the two heavier systems (Fig. 2), the variances &om
the NH and Zgcp cuts are similar to those from the N, hgg
and ET cuts (and relatively large). However, for all of the
reactions, the normalized variances are always ordered in
the same way.

The formation of these groups is generally indepen-
dent of the beam energy and the entrance channel mass,
which implies that the grouping is the consequence of an
internal effect rather than a physical one. The formation
of these groups is a reflection of autocorrelations between
some of these centrality variables and NyMF. The central-
ity variables NH and Zr, cp apparently suppress (NiMF)
(and 0' ) and are thus defined to be negative autocorre-
lators, while the variables ZM~ and Zd, q artificially en-
hance (NiMF) and are labeled positive autocorrelators.
Given the dramatic distortions to IMF multiplicity ob-
servables seen in Figs. 1 and 2 that result &om central-
ity cuts on variables that autocorrelate with N~MF, the
only study of these observables in the central collisions
in these data that is &ee &om such distortions must in-
volve centrality cuts on N, ps' and/or E~. Figures 1 and
2 imply that the negative autocorrelation between the
light-particle multiplicity variables and NpMF is some-
what stronger than the positive autocorrelation between
NyMF and the variables ZMR and Zdeq.

To limit the selection of larger impact parameter
events with significant topological fluctuations, a two-
dimensional cut [30] is placed on the centrality variables
N, hg& and E& for all of the systems and beam energies.
Only the events that fall above the thresholds located
as described above (each allowing +10% of the events)
for both of these variables are selected. This results in
the selection of 4—7% of the events, which have average
impact parameters (b) 0.206 „—0.26b „geometrically.

Simulations were performed using the event genera-
'tol' FREEsco [31] and a complete description of the ac-
ceptance, as described in Sec. III, to test the assump-
tion that 6 „= [RJ + R~] in the present experimen-
tal data. The dependence of (¹iMF) on the impact pa-
raineter, 0(b.; ([R~ + RT], was extracted &oin the fil-
tered events generated for a number of representative
reactions. A "reduced" impact parameter 6 for each
experimental event was constructed using the geomet-
rical prescription described in Ref. [32]. These impact
parameter scales were constructed using the minimum
bias spectra of N, hgd and ET, separately. The N~MF

versus 6 distributions obtained &om these two central-
ity variables are similar. We then compared the ex-
perimental dependence of (NrMF) on b with the depen-
dence of (¹&MF)on b„obtained .&om the filtered simu-
lations. These two dependences agree if one assumes that
6 „(0.65+0.10)[R~+RT ] for the Ne+ Al reactions,
and b „(0.91+0.06) [RJ + RT ] for the Xe+ La re-
actions. This implies that the present selection of 4—
7'%%uo of the minimum bias events is somewhat more cen-
tral than predicted simply &om the geometrical prescrip-
tion ((b) 0.206 „—0.26b „) and the assumption that
b „=[R~+ RT ].

The mean multiplicities of IMF's in the selected events

are shown for all of the entrance channels and beam
energies in Fig. 3 as the solid squares. The aver-
age IMF multiplicities in the events selected by the
two one-dimensional cuts on N, hsg (open circles) and
ET (open triangles) are also shown. The events se-
lected by the two-dimensional cut exhibit larger values
of (NrMF) as compared to those following either of the
one-dimensional cuts. For increasing beam energies, the
values of (NiMF) decrease in the central Ne+ Al reac-
tions (Ep, ~

& 55 MeV/nucleon), rise and then fall in the
central Ar+ Sc reactions, and increase in the central

Kr+ Nb (Ez, &
( 75 MeV/nucleon) and Xe+ La

reactions (Ep, ~
( 60 MeV/nucleon). The average

IMF multiplicities range &om 0.4 for the highest en-

ergy Ne+ Al reactions to 5.5 for the highest energy
Xe+ La reactions
The variances o (NiMF) in these same samples of small

impact parameter events are shown in Fig. 4. The
variances &om the two-dimensional 10'%%uo cuts (solid
squares) are larger than the variances &om the two
one-dimensional cuts (open circles and triangles) in the

Ne+ Al and Ar+ Sc reactions, and they are similar
to or between the values &om the two one-dimensional
cuts in the Kr+ Nb and Xe+ La reactions. Also
shown in this figure are the NyMF variances from stricter
two-dimensional 2% cuts on N, hsa and ET (solid tri-
angles). It is important to note that the NiMF variances
&om these stricter two-dimensional 2%%uo cuts are always
larger than those &om the two-dimensional 10'%%uo cuts
(solid squares). This corroborates the statement that
the variables N, hgd and ET do not autocorrelate with
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NIMF in these data, as stricter cuts must magnify the
importance of the conservation law that d.rives the auto-
correlation.

The average multiplicities of IMFs are depicted ver-
sus the total charged particle multiplicity in Fig. 5. For
all of the available entrance channels and beam energies,
the largest average multiplicities of IMFs are found in the

events with the largest total charged particle multiplici-
ties. In this figure, the solid. points for each system and
beam energy are those above the 10'%%ue cuts on N, hsd
alone described above. A roughly universal dependence
of (K~MF) on K,hsd is noted for the more peripheral col-
lisions (open paints). A similar observation was made in,
e.g. , Ref. [25].

A number of different model calculations were used to
predict the values of (1VIMF) that would occur in a se-
quential binary or multifragmentation scenario for the
disassembly. These calculations were also used to evalu-
ate the accuracy by which models attempting to describe
these scenarios can reproduce the experimentally mea-
sured values of (KIMF). All of the inefficiencies in the
apparatus were included. in the software. These simula-
tions and comparisons to the data are described in the
next section.

III. MODEI PR,EDICTIONS

Many d.ifferent physical mechanisms that may govern
the disassembly of excited nuclei can lead to the emission
of intermediate mass fragments [1,2]. In this section, we
describe the results obtained from models that embody
assumptions from a variety of theoretical approaches for
describing central intermediate energy heavy-ion colli-
sions. The purpose of these calculations is twofold. First,
the different calculations are performed as consistently as
possible, so that the average IMF multiplicities from the
different mod, els can be directly compared. . Second, un-
der the assumption that the chosen input parameters to
the different calculations are realistic, the average IMF
multiplicities from the models can be directly compared
to the experimentally measured values described in the
previous section.
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FIG. 5. The average number of IMF's versus the to-
tal charged particle multiplicity for Ne+ Al (stars),

Ar+ Sc (circles), Kr+ Nb (triangles), and Xe+ La
(squares) reactions at four representative beam energies. The
values for events above the ~10'70 most central thresholds on
N hgg are depicted as the solid points.

A. The event generation

The event generation was performed in both dynamic
and hybrid approaches. The "afterburners" used in the
hybrid event generation were the BERLIN [33] and COPEN-

HAGEN [34] multifragmentation codes, as well as the
sequential binary code GEMINI [35]. The BERLIN and
COPENHAGEN codes are similar in philosophy, and. as-
sume that the system comes to thermal and chemical
equilibrium within an expanded volume that is spheri-
cal and of prescribed radius. The various fragmentation
channels occur with probabilities obtained from the chan-
nels' entropy, which is obtained using a Rnite tempera-
ture liquid-drop model. The code GEMINI pictures the
disassembly as a sequence of binary fissions, using Bohr-
Wheeler 6ssion widths and conditional barriers from a
shape adjusted. two-spheroid finite range calculation, fol-
lowed by evaporation according to a Hauser-Feshbach de-
scription.

All of these calculations were run with the default pa-
rameters with the exception of the charge, mass, and
excitation energy in the composite system, which was ex-
tracted from Boltzmann-Uehling-Uehlenbeck (BUU) cal-
culations [36] in the same manner as described in Ref.
[25]. These calculations describe the evolution of the one-
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body phase space distribution following the Boltzmann
equation, including approximately Pauli-blocked scatter-
ing, via ensemble averaging. A soft equation of state
was assumed, and the calculations were terminated when
the radial density profile of the composite system most
closely resembled that of a ground state nucleus [37]. The
excitation energy of the excited system at rest in the cen-
ter of inomentum (CM) frame is then calculated as the
total energy of this system minus a liquid-drop energy for
a ground state nucleus with the same charge and mass.
The calculations were performed at an impact parameter
of 6 = 0.2[Rp+AT].

The excitation energies predicted by the BUU calcula-
tions for the selected events in each reaction are shown in
Fig. 6. A recent analysis [38] has noted differences in the
IMF multiplicities obtained when an afterburner code is
supplied with a single average excitation energy or excita-
tion energies separately calculated for each event. How-
ever, given the large number of diferent reactions and
afterburner model codes studied here, a dynamic calcu-
lation of the afterburner input parameters for each gen-
erated event is computationally prohibitive. The mass
and charge of the composite predicted by the BUU cal-
culations is generally 90% of the total entrance channel
mass and charge. In the present BUU hybrid event gen-
eration, the remaining particles are thermally emitted
&om projectile and targetlike sources, using reasonable
assumptions for the velocities, temperatures, and emitted
charge distributions of these sources for each reaction.

The BERLIN and GEMINI codes also require a cutoK
angular momentum. For the BUU + BERLIN calcu-
lations, the values used were 36h, , 62h, 80h, and 70h,
for the central Ne+ Al, Ar+ Sc, Kr+ Nb, and

Xe+ La reactions, respectively. The angular mo-
menta of the excited systems in the selected experimental
events may very well exceed the values assumed above,
presumably leading to decays involving a fast fission.

o&30
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FIG. 6. The excitation energies extracted from the BUU
calculations for the Ne+ AI (stars), Ar+ Sc (circles),

Kr+ Nb (triangles), and Xe+ La (squares) reactions,
assuming an average impact parameter geometrically consis-
tent arith the present central event selection and a soft equa-
tion of state.

The BUU + GEMINI calculations were therefore also per-
formed using cutofF angular momenta both well above
and below the values listed above.

Complete events &om a hybrid model involving a
quantum molecular dynamics (QMD) [39] initial stage
and COPENHAGEN disassembly were also produced for

Ar+ Sc reactions for impact parameters b & 4 fm. The
QMD calculations describe the evolution of a system of
Gaussian wave packets (nucleons) that move under the
inBuence of mutual two- and three-body forces and scat-
ter in approximate respect of the Pauli principle. Al-
though hybrid in the sense that the reaction is described
in two steps, the QMD + COPENHAGEN calculations are
dynamic in the sense that the impact parameter for each
calculated event is known. Another model with this fea-
ture is the code FREESCO [31], which does not require a
separate BUU or QMD description of the initial stage of
the reaction. This model divides the colliding nuclei into
two spectator sources and a participant source, which
share energy and angular momenta, according to the im-
pact parameter. The decay of these sources is described
by a microcanonical calculation similar in philosophy to
those in the BERLIN and COPENHAGEN models, including
a simplified description of the evaporation.

A software reproduction of the experimental appara-
tus is used to filter the events obtained in all of the
approaches listed above. This code contains a detailed
treatment of the geometry of the device including all in-
active regions, the run-dependent particle kinetic energy
thresholds for all measurable particles, the particle ki-
netic energy loss in the target and associated support as-
sembly, and multiple particle hits in individual detector
elements. The calculation of the result of a multiple hit
involves the same particle charge and energy templates
used to calibrate all of the raw experimental data. Fol-
lowing the passage through the filter code, the generated
events appear as they would experimentally, up to a con-
servatively assumed systematic uncertainty of 30% in
the values of (KIMF) from the filtered simulations.

The multiplicities of IMF's can also be calculated using
model codes which do not generate samples of complete
events. Examples of these are the statistical evapora-
tion code sTAT, described in Ref. [40], and the quantum
statistical model [41]. The model of Ref. [40] follows
the ensemble averaged evolution of a system that statis-
tically emits particles in a sequence of two-body decay
steps. This model thus provides a description of sequen-
tial binary disassembly that is alternative to the (fission-
evaporation) GEMINI code. The Fermi energy used as in-
put in this model was 25 MeV for the central Ne+ Al
and Ar+ Sc reactions, and 30 MeV for the central
s4Kr+ssNb and i2sXe+issLa reactions [42]. However,
as complete events are not provided by this code, the
experimental ineKciencies for the measurement of KIMF
can only be imposed approximately. This is done by ex-
tracting the average eKciency for detecting IMFs &om
each of the filtered event-generating models listed above
for all entrance channels and beam energies. These ef-
ficiencies are generally between 50% and 80%, depend-
ing on the reaction and the approach used to generate
the complete events. For each reaction separately, the
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minimum and maximum IMF measurement eKciencies
obtained from the different model calculations are mul-
tiplied by the IMF multiplicities obtained &om the sta-
tistical evaporation code. This defines a range of IMF
multiplicities for each reaction presumed to contain the
predictions of the statistical evaporation code including
the eÃects of the experimental ineKciencies.

B. Cernparisans to the d.ata

zM 1
V

0.5—

A

z
V

Ne + Al
~ Data (E +N,„d)

Data (N,„d)
Data (ET)

BUU+Berlin
——— BUU+ Copenhagen

Freesco
"MAX ( P+ T)=

MAX/( P+R )=0

Many previously published studies of IMF production
included comparisons of experimental results to those
obtained &om model calculations. These employed dy-
namical codes alone (using the models BUU [16], BNV
[24], QMD [21, 27], and QPD [14,27]), afterburner codes
alone (using the models BERLIN [19, 20], COPENHAGEN

[19, 26], GEMINI [8, 17, 19, 20, 26], STAT [17], and EES
[14, 17]), as well as hybrid calculations (using the mod-
els BNV+GEMINI [24], BUU+GEMINI [25], BUU+STAT
[25], QMD+COPENHAGEN [21, 27], BUU+EES [25], and
QPD+EES [27]). Systematic experimental measure-
ments versus the beam energy [4, 8, 13, 14, 21, 27], the
target nucleus [3, 4, 6, 8, 9, 15, 16, 19, 24, 25], and/or the
impact parameter [15,16,19,23, 26] have been used to ex-
plore the excitation energy and system mass dependence
of IMF emission. In this section, we describe compar-
isons of all of the models described in Sec. IIIA with a
data set that is systematic in both the entrance channel
mass and beam energy for central heavy-ion collisions in
symmetric entrance channels.

The average IMF multiplicities in the central
Ne+ Al Ar+ Sc, Kr+ Nb, and Xe+ La

reactions are shown in Figs. 7—10, respectively. The ex-
perirnental values &om the two-dimensional 10%%uo cen-
tral cut (on N, hsg and ET) are shown by the solid points,
while the values from the two one-dimensional 10%%uo cuts
(on N, ps' and ET, separately) are given by the open
points.

The lines in Figs. 7—10 depict the results ft. om the var-
ious model calculations. The lines in the upper frames
are the values of (NIMp) predicted by the filtered BUU+
BERLIN (solid) and BUU+ COPENHAGEN (dashed) calcu-
lations. In Fig. 8 only, the upper frame also includes the
predictions of the filtered QMD+COPENHAGEN calcula-
tions, which were run under the same assumptions used
to generate the BUU+BERLIN and BUU+COPENHAGEN
events. The lines in the middle ft. ames depict the pre-
dictions of the filtered FREESCO code, which was run for
maximum impact parameters of 0.01(Rp +. RT ) (solid),
0.20(Rp + RT) (dashed), and 0.40(Rp + RT) (dot-
dashed). The lower frames include the predictions of
the filtered BUU+GEMINI calculations, which were per-
formed for maximum angular momenta of 10h (solid),
70h (dashed), and 200h (dot-dashed).

The experimental IMF multiplicities in the cen-

0.5—
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V

h+ %0so ~o%tSeg
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LMAX 10h

—.—.—
LMAx ——200h

I. L I I I

tral Ne+ Al reactions (Fig. 7) at beam energies
near and above 100 MeV/nucleon agree with the
BUU+BERLIN, BUU+COPENHAGEN, and FREESCO cal-
culations. For lower beam energies in this system, how-
ever, the BUU+BERLIN and BUU+COPENHAGEN calcu-
lations overestimate the experimental values. The cal-
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FIG. 7. The average IMF multiplicities versus the beam
energy in the central Ne+ Al reactions. The points are
the experimental results for the events selected by the two-
dimensional 10% cuts on N, ps' and ET (solid squares), the
one-dimensional 10% N t,sq cuts (open circles), and the one-
dimensional 10% ET cuts (open triangles). The lines depict
the results from the various filtered model calculations (see
text).

BNV corresponds to Boltzmann-Nordhiem-Vlasov calcula-
tions [24], EES is the expanding evaporating source model
[43], and QPD is the quasiparticle dynamics model [44].

20 40 60 80 100 120
Beam Energy (MeV/nucleon)

FIG. 8. The same as Fig. 7, except for the central
Ar+ Sc reactions.
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FIG. 9. The same as Fig. 7, except for the central
Kr+ Nb reactions.

culated IMF multiplicities increase slowly with decreas-
ing maximum impact parameters in the filtered FREESCO
calculations. The IMF multiplicities obtained from the
filtered BUU+GEMINI events increase with increases in
the maximum angular momentum allowed in the calcula-
tion. However, even for maximum angular momenta well
in excess of that which can be supported by the systems
expected to be formed in the central Ne+ Al colli-
sions, the BUU+GEMINI IMF multiplicities underpredict
the experimental values.

The filtered BUU+BERLIN and BUU+COPENHAGEN

129X 139L

~ Data (E„+N,„d)
Data (N h d)

~ Data(E )—8UU+Berlin
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v
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FIG. 10. The same as I ig. 7, except for the central
'"Xe+'"I,a reactions.

calculations predict (Fig. 8) a sharp rise in the IMF mul-
tiplicities for the central Ar+ Sc reactions near beam
energies of 40 MeV/nucleon. The experimental IMF mul-
tiplicities for these reactions exhibit such a rise for beam
energies somewhere between 25 and 35 MeV/nucleon.
These two approaches significantly underestimate the ex-
perimental IMF multiplicities below 35 MeV/nucleon,
and reasonably reproduce the experimental values for
larger beam energies.

The QMD+CoPENHAGEN calculations predict about a
factor of 2 fewer IMF's than observed experimentally for
all beam energies. These @MD+COPENHAGEN predic-
tions are quite insensitive to the stiIH'ness of the equa-
tion of state used in the @MD phase, or the radius of
the critical &eeze-out volume assumed in the subsequent
COPENHAGEN calculation, for all of the central Ar+ Sc
reactions. One possible cause of the diferent IMF multi-
plicities obtained &om the BUU+COPENHAGEN and the
QMD+CDPENHAGEN calculations involves the differences
in the treatment of Pauli blocking in the two dynamical
codes. Indeed, Donangelo et a/. recently questioned the
validity of this treatment in molecular dynamics codes
[45]. These authors claim an overprediction of the nu-
clear heat capacity in molecular dynamics codes binders
the production of IMF s in such calculations, which is
consistent with the results shown in Fig. 8.

The filtered FREESCO calculations predict a sharp
rise in the IMF multiplicities near 35—45 MeV/nucleon,
depending on the impact parameter region allowed in
the calculation. These calculations generally reproduce
the experimental results at beam energies above 45
MeV/nucleon if 6 „+0.2(RP + BT), and again lead
to significant underestimates at lower beam energies.
The BUU+GEMINI calculations significantly underesti-
mate the experimental IMF multiplicities for all three
values of the maximum angular momenta allowed in these
calculations and for all beam energies.

The conclusions drawn for the central Kr+ Nb
(Fig. g) and ~ Xe+ I a (Fig. 10) reactions are gen-
erally similar to those drawn &om the central Ar+ Sc
reactions. The BUU+BERLIN and BUU+COPENHAGEN
calculations underestimate the experimental IMF multi-
plicities at the lowest available beam energies, and pro-
vide a better reproduction of the experimental values at
larger beam energies. The filtered FREESCO calculations
give a reasonable description of the IMF multiplicities
for all of the available beam energies in these entrance
channels. The BUU+GEMINI calculations again lead to
underestimates for all beam energies and maximum an-
gular momenta allowed in the calculation.

The comparison of the experimental IMF multiplici-
ties and those &om the statistical evaporation code of
Ref. [40], following the approximate treatment of the ex-
perimental ineKciencies, is shown in Fig. 11. For all of
the reactions studied in this analysis, these calculations
significantly underpredict the observed IMF multiplici-
ties. This underprediction is similar to that &om the
filtered BUU+GEMINI calculations. A similar inability of
this statistical evaporation code to reproduce experimen-
tal IMF multiplicities was described in Ref. [25].

It is interesting to note that the code FREESCO is ap-
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FIG. 11. The average IMF multiplicities versus the beam
energy for the small impact parameter events selected by the
two-dimensional 10'%%uo cuts on N, zss and ET (solid squares)
for all four entrance channels. The shaded regions depict the
average IMF multiplicities obtained from the statistical evap-
oration model of Ref. [40], after an approximate treatment of
the experimental acceptance (see text).

parently as capable of reproducing the experimental IMF
multiplicities as the more complicated and CPU-intensive
BUU+BERLIN and BUU+COPENHAGEN hybrid calcula-
tions. This reproduction of the experimental IMF multi-
plicities by the filtered FREEsCO calculations is, however,
somewhat accidental, as this code generally overpredicts
the IMF kinetic temperatures by about 20—30'%%up. This
leads to underestimates of IMF losses due to experimen-
tal kinetic energy thresholds, and hence overestimates of
the average IMF multiplicities by approximately 0.2—0.4
IMFs.

IV. SUMMARY AND CONCLUSIONS

This analysis has investigated the average multiplic-
ities of intermediate mass fragments emitted following
central heavy-ion reactions in four near symmetric en-
trance channels, each at many intermediate beam en-
ergies. The average IMF multiplicities were shown to
be significantly afFected by possible autocorrelations with
the variables upon which the impact parameter of each
event was inferred. Six difFerent centrality variables were
compared, and those variables that are not autocorre-
lated with the IMF multiplicities for small impact param-
eter collisions were identified. These variables were the
total charged particle multiplicity and the total trans-
verse kinetic energy. Experimental observables other
than the IMF multiplicities were not studied in this pa-
per, but general methods allowing the identification of
autocorrelating centrality cuts for any experimental ob-
servable were described.

Predictions for the average multiplicities of IMFs in
small impact parameter collisions were obtained &om a
variety of theoretical model codes. These predictions
were filtered through a detailed software replica of the
experimental apparatus. The average IMF multiplicities
obtained &om the two sequential binary models were al-
ways less than those obtained &om the multi&agmen-
tation models. The experimental results were gener-
ally more accurately described by the multi&agmentation
models, with notable exceptions &om some of these mod-
els for beam energies near and below 35 MeV/nucleon.
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