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Breakup conditions of projectile spectators from dynamical observables

M. Begemann-Blaich,1 V. Lindenstruth,1,9 J. Pochodzalla,1,2 J. C. Adloff,3 P. Bouissou,4 J. Hubele,1 G. Imme,5 I. Iori,6

P. Kreutz,7 G. J. Kunde,1,10 S. Leray,4 Z. Liu,1,11 U. Lynen,1 R. J. Meijer,1 U. Milkau,1 A. Moroni,6 W. F. J. Müller,1 C. Ngô,4
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Momenta and masses of heavy projectile fragments (Z>8), produced in collisions of197Au with C, Al, Cu,
and Pb targets atE/A5600 MeV, were determined with the ALADIN magnetic spectrometer at SIS. Using
this information, an analysis of kinematic correlations between the two and three heaviest projectile fragments
in their rest frame was performed. The sensitivity of these correlations to the conditions at breakup was verified
within the schematicSOSmodel. For a quantitative investigation, the data were compared to calculations with
statistical multifragmentation models and to classical three-body calculations. With classical trajectory calcu-
lations, where the charges and masses of the fragments are taken from a Monte Carlo sampling of the
experimental events, the dynamical observables can be reproduced. The deduced breakup parameters, however,
differ considerably from those assumed in the statistical multifragmentation models which describe the charge
correlations. If, on the other hand, the analysis of kinematic and charge correlations is performed for events
with two and three heavy fragments produced by statistical multifragmentation codes, good agreement with the
data is found with the exception that the fluctuation widths of the intrinsic fragment energies are significantly
underestimated. A new version of the multifragmentation codeMCFRAG was therefore used to investigate the
potential role of angular momentum at the breakup stage. If a mean angular momentum of 0.75\/nucleon is
added to the system, the energy fluctuations can be reproduced, but at the same time the charge partitions are
modified and deviate from the data.@S0556-2813~98!01009-7#

PACS number~s!: 25.70.Mn, 25.70.Pq, 25.75.Ld
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I. INTRODUCTION

In several experiments with the ALADIN spectromete
the decay of excited projectile spectator matter at beam
ergies between 400 and 1000 MeV per nucleon was stu
@1–3#. In these collisions, energy depositions are reac
which cover the range from particle evaporation to mu
fragment emission and further to the total disassembly of
nuclear matter, the so-called ‘‘rise and fall of multifragme
emission’’ @4#. The most prominent feature of the multifrag
ment decay is the universality that is obeyed by the fragm
multiplicities and the fragment charge correlations. The
observables are invariant with respect to the entrance c
nel, i.e., independent of the beam energy and the targe
plotted as a function ofZbound, whereZboundis the sum of the
atomic numbersZi of all projectile fragments withZi>2.
For different projectiles, the dependence of the fragm
multiplicity on Zbound follows a linear scaling law. Thes
observations indicate that compressional effects are onl
minor importance. In contrast to central collisions at low
PRC 580556-2813/98/58~3!/1639~17!/$15.00
,
n-
ed
d

-
e

t

nt
e
n-
if

t

of
r

energies, where large radial flow effects are observed,
quantitative interpretation of kinematic observables is the
fore simplified.

More important, these characteristics are an indicat
that chemical equilibrium is attained prior to the fragmen
tion stages of the reaction. In fact, statistical models w
found to be quite successful in describing the experime
fragment yields and charge correlations if the breakup of
expanded system was assumed@5–7,9–12#. In addition, the
temperature of the excited matter, extracted from double
tios of isotope yields, is reproduced. On the other hand,
kinetic energy spectra of particles and fragments are
equally well described within the statistical picture. The e
ergy spectra of light charged particles (A<4) can be ex-
plained by a thermal emission of the fragments, but th
slopes correspond to temperatures approximately three t
larger than those extracted from isotope ratios@13#. While
this may be an indication for prebreakup emission it rema
to be investigated whether the kinetic energies of interme
ate mass fragments (3<Z<30) are consistent with the sta
tistical approach.
1639 © 1998 The American Physical Society
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1640 PRC 58M. BEGEMANN-BLAICH et al.
The dynamics of the multifragmentation process theref
has to be studied. It is well known that kinematic corre
tions, which are governed by the long-range Coulomb rep
sion, are sensitive to the disintegration process. Prev
studies concentrated mostly on the two-fragment velo
correlation functions@14–22#. Only a few attempts were
made to analyze higher-order correlations. However, th
studies were done either for heavy fragments at much lo
beam energies@23–27# or for light charged particles only
@28#. In this paper, the results of a kinematic analysis of
fragmentation process of the projectile spectator are
sented. Heavy projectile fragments produced in periph
Au-induced collisions atE/A5600 MeV are studied with-
out the influence of energy thresholds of the detectors. Mo
over, the analysis is performed in the center of mass fram
the fragments, thus reducing the influence of directed col
tive motion of the emitting source. On the other hand, a lim
of Z>8 is imposed for kinematic observables by the low
detection threshold of the TP-MUSIC II tracking detecto
The analysis is therefore restricted to the excitation ene
range characterized by increasing fragment multiplicities

II. THE EXPERIMENT

A. Experimental setup

The experiment was performed with the ALADIN fo
ward spectrometer at the heavy-ion synchrotron SIS of
GSI Darmstadt, using a gold beam with an energy of 6
MeV per nucleon and a typical intensity of 2000 beam p
ticles during a 500 ms spill. A schematic view of the expe
mental setup in the bending plane of the ALADIN magne
shown in Fig. 1. The incoming beam entered the appar
from the left and first hit the beam counters, where for ea
beam particle the position in a plane perpendicular to
beam direction and the arrival time were measured with re
lutions dx'dy'0.5 mm full width at half maximum
~FWHM! and d t5100 ps FWHM, respectively. The reac
tion target was positioned 1 m downstream. Targets of C, A
Cu, and Pb with a thickness between 200 and 700 mg/2

were used, corresponding to an interaction probability of
to 3%. Light charged particles from the midrapidity zone
the reaction were detected by a Si-CsI array which w

FIG. 1. Schematic view of the experimental setup in the bend
plane of the magnet. The beam enters from the left and hits
beam counters before reaching the target. Midrapidity particles
detected in the Si-CsI array. Projectile fragments are tracked
identified in the TP-MUSIC II detector and in the time-of-fligh
wall.
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placed at angles between 7° and 40° with a solid angle c
erage of approximately 30% in this angular range~50% be-
tween 7° and 25°, 15% between 25° and 40°). Fragme
from the decay of the projectile spectator, emitted into a co
of approximately 5° around the direction of the incide
beam, entered the magnetic field of the magnet. The ma
was operated at a bending power of 1.4 Tm which cor
sponded to a deflection of 7.2° for fragments with bea
rigidity. The particles were detected in the time-of-flig
~TOF! wall, which was positioned 6 m behind the target. The
time-of-flight with respect to the beam counter was measu
with a resolution of 300 ps FWHM for light particles an
with a resolution of 140 ps FWHM for particles with
charge of 15 and above. The TOF wall provided the cha
of all detected particles with single element resolution
charges up to 8. Charged particles with charges of 8
above were simultaneously identified and tracked by a tim
projecting multiple-sampling ionization chamber TP-MUS
II ~see Sec. II B!, which was positioned outside the magne
field between the magnet and the TOF wall. To minimize
influence of scattering, energy loss, and secondary nuc
reactions of the fragments after their production in the targ
the spectrometer up to an entrance window in front of
ionization chamber was operated in vacuum. The com
nents of the apparatus with the exception of the MUSIC
tector have already been described in Ref.@1#.

B. The MUSIC detector

The TP-MUSIC detector is a time-projection multiple
sampling ionization chamber. If a charged particle pas
through its active volume, an ionization track containi
positive ions, which will drift to the cathode, and free ele
trons, which will move in the direction of the anodes,
produced. Due to the homogeneous electric field, the d
velocity of the electrons towards the anodes is independ
of the position within the gas volume. Therefore, the distan
of the primary particle track from the anode is proportion
to the time the center of the electron cloud needs to reach
anode. The version TP-MUSIC II@29# which was used in
this experiment is shown in Fig. 2.1 It consists of three active
volumes with the drift fields in adjacent sections perpendi
lar to each other, two for the measurement of the horizon
and one for that of the vertical position and angle of t
particle track. Each field cage has an active area of 100
~horizontal! times 60 cm~vertical! and a length of 50 cm.
The horizontal field cages are both divided into two halv
with a vertical cathode plane in the middle of the detector
reduce the maximum drift length and the high voltages n
essary to provide the drift field. The chambers were opera
at a high voltage of 150 V/cm, i.e., 7.5 kV for the horizont
and 9 kV for the vertical field cages, P10~90% argon, 10%
methane! at a pressure of 800 mbar served as the coun
gas. To allow multiple sampling of the particle signals, ea
anode is subdivided into 16 stripes with a width of 3 c
each.

1The data published in@3,30,34# were taken with the version III of
the TP-MUSIC and a larger TOF wall.
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PRC 58 1641BREAKUP CONDITIONS OF PROJECTILE SPECTATORS . . .
The anode signals were recorded using flash analog
digital converters~ADCs! with a sampling rate of 16 MHz
Together with a drift velocity of the electrons of approx
mately 5.3 cm/ms this corresponds to amplitude measu
ments at a step size of 3 mm in the direction of the dr
Since the drift time of the electron cloud is measured by e
of the 16 anodes of a field cage, i.e., at 16 points along
beam direction (z direction!, the complete track information
both in x ~field cage 1 and 3! andy directions~field cage 2!
of the primary charged particle inside the MUSIC volume
available. The detector is operated outside the magnetic
volume of the ALADIN magnet, therefore the ionizatio
track through the MUSIC gas is a straight line which is o
tained by fitting the 16 track positions by three straig
lines—one in each field cage.

The position resolution has been estimated using the
that the horizontal component of a track is determined w
two separate field cages. The intersections of the meas
track segments from the first and the third field cage wit
virtual reference plane, positioned in the center of the ve
cal field cage and perpendicular to thez direction, are calcu-
lated. The distance between these two points of intersec
is a measure of the overall position and angle resolution
the detector. Its distribution is a Gaussian with a width of
mm FWHM for particles with a charge of 20 and abo
which increases to approximately 12 mm at the detec
threshold ofZ58. These values are of the same order
magnitude as the effect of small angle scattering of the fr
ments in the counting gas of the MUSIC.

FIG. 2. Schematic illustration of the design and the operation
the MUSIC II detector. In the first and last cages, the electric fi
is orientated horizontally, in the second field cage it is orienta
vertically, providing the horizontal, the vertical, and again the ho
zontal track information. After amplification and pulse shaping
signals are recorded by a sampling ADC. The insert shows a
time spectrum as delivered by the 16 anodes of each field cag
a track with a finite angle with respect to the anode plane.
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The amplitude of the primary signal produced by a p
ticular fragment is proportional toq2b2, whereb is the ve-
locity of the particle andq is its charge state. Fragmen
from the decay of the projectile spectator are moving
proximately with beam velocity. In this case, all fragmen
with nuclear charges up to 50 are fully stripped after pass
through the target matter. They remain fully stripped in t
detector gas, the primary signal is therefore proportiona
the square of the nuclear charge of the particle. For parti
with nuclear charges between 50 and 79, the mean ch
exchange length in the MUSIC gas~8 cm and 30 cm forZ
550 and 79, respectively! is small compared to the pat
length of the particle within the MUSIC detector. They rea
their equilibrium charge state within the detector volume a
the primary signal is proportional to the square of the eff
tive charge.

The amplitude of the primary signal decreases due to
fusion broadening~proportional to the drift distance! and due
to impurities of the counting gas~proportional to the square
of the drift distance!. The amplitude measured at the anode
therefore dependent on the drift distance of the elect
cloud. To determine the position correction the incide
beam, i.e., particles with knownZ andb, is swept across the
field cages by varying the field of the magnet. In additio
the signals are corrected for the deviations from the be
velocity. This is essential for the charge resolution of bina
fission fragments which have the widest distribution of lab
ratory velocities of all heavy fragments (Z>8) from the de-
cay of the projectile spectator. A charge resolution of 0
charge units FWHM is reached. This is demonstrated in F
3 where a charge spectrum of the MUSIC detector is sho
Since both the differences in pulse height for two neighb
ing charges and their fluctuations are proportional toZ, the
charge resolution is independent of the charge of the fr
ment. The lower threshold for particle identification reach
in this experiment isZ58.

C. Momentum and mass reconstruction

From the tracks of the charged particles measured be
the ALADIN magnet, the rigidity vector can be determine
if the magnetic field is known. The particle properties we
fitted as a function of the measured track parameters ra
than using a backtracing method because the latter is m
time consuming at the analysis stage. For particles wit
rigidity vector RW , trajectories starting at the target positio

f
d
d
-

w
for

FIG. 3. Charge spectrum for particles detected by the MUS
detector in the reaction Au1Cu. Single charge resolution is ob
tained for the whole range of fragments from the lower detect
thresholdZ58 up to beam particles. Fragments with charge 70 a
above are suppressed by the trigger conditions.
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ztarg and coordinates (xtarg, ytarg) within the beam spot are
calculated using the routines provided by the program pa
ageGEANT @32#. The starting conditions are chosen from
five-dimensional grid with equidistant spacing for the va
ablesxtarg, ytarg, 1/R, Rx /R, andRy /R. For a given mag-
netic field strength of the ALADIN magnet, the intersectio
(xmusic, ymusic) of each track with the reference plane of t
MUSIC detector and its angle (mx , my) relative to this plane
as well as the path length to this point are determined.
bending plane of the magnet is the horizontalx-z plane, i.e.,
the main component of the magnetic field points to the
rection of they axis, although the fringe fields cannot b
neglected, especially if the full geometric acceptance is u

Since a large range inN/Z ratios ~0.7–1.5! and emission
angles has to be covered, only 40% of the grid points co
spond to trajectories which reach the reference plane be
the magnet, all others end at the wall of the magnet cham
where they are lost. For the successful tracks, the three c
ponents of the rigidity vector together with the path leng
are fitted as the product of one-dimensional functions of fi
variables: the position (xmusic, ymusic), the anglemx , and the
target position (xtarg, ytarg). The fit is done by means of a
expansion in series of Chebychev polynomials for each v
able. For a magnet which has virtually a dipole field, t
most relevant terms are linear inxmusic and mx for 1/R,
Rx /R, and the path length, and linear inymusic for Ry /R, but
for an accuracy of the momentum reconstruction on the p
cent level, higher-order terms cannot be ignored. Under
assumption of an expansion up to third order, approxima
1000 individual contributions have to be calculated, which
not feasible. However, a particular term can be estimated
the size of the related expansion coefficient, since Che
chev polynomials are orthogonal within the interval from21
to 1, and at the same time all their minima and maxi
within this interval have the values21 and 1, respectively
~In a strict mathematical sense, this is not correct. Amo
other conditions, the orthogonality relations can only be u
if the full parameter space is covered. This is not the ca
since not all of the tracks reach the reference plane.! In a
second step, small terms are gradually suppressed unti
x2 of the fit has increased by 10%, thus reducing the to
number from between 400 to 1000 in the first step~depend-
ing on the highest order taken into account! to 25 to 40
~depending on the variable!. The fitting procedure is then
repeated using only the remaining relevant terms which le
to slightly different expansion coefficients in the final resu

Once this fitting procedure has been performed for e
setting of the magnetic field used during the experiment,
reconstruction of the rigidity vector and of the path length
reduced to the evaluation of a set of polynomials. If a r
sonable quality of the reconstruction can be achieved, th
a justification for the somewhat heuristic method for sele
ing the relevant contributions. The accuracy can easily
determined by calculating tracks with random start valu
i.e., with starting coordinates at the target and for the rig
ties not identical with the starting parameters used for
fitting procedure. The reconstruction is done for these tra
by evaluating the fit functions and the input values are co
pared to the reconstructed ones. The mean deviations
rigidity and path length are a measure of the uncerta
caused by the reconstruction method itself. Clearly, the
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of these deviations is on the one hand dependent on the m
size of the grid of start values and on the other hand on
choice of the highest order taken into account for the exp
sion in Chebychev polynomials. Both quantities were op
mized until the internal accuracy for all variables was bet
than 0.1% FWHM within the chosen range of rigidities b
tween 1.2 and 3.6 GeV/c. The final set of coefficients wa
obtained by fitting'12 000 tracks with a maximum order o
4 for each polynomial and a maximum of 6 for the sum
the orders within a term.

A very similar procedure as described above can be u
to estimate the expected errors due to the experimental r
lution of the two position detectors in front and behind t
magnet. A random offset of the order of the experimen
uncertainties is added to the positions and slopes prior to
evaluation of the polynomials. Afterwards, the difference b
tween the reconstructed values with and without random
sets is calculated. The mean value of these deviations is
resolution expected due to the experimental uncertaintie
was found that both an uncertainty of 0.7 mrad and of 3 m
produce an error in the rigidity of 1%. With the time an
position resolutions given in the previous section, rigid
resolutions of approximately 1.2 and 3 % can be expected
beam particles and medium heavy fragments with cha
'12, respectively. The quality of the rigidity reconstructio
can be demonstrated by the rigidity distribution of beam p
ticles passing through the apparatus without any nuclear
teraction. Within all targets used in this experiment, go
projectiles reach their equilibrium charge state, providi
particles with identical momenta and charge states 771, 781,
791, i.e., with rigidities which differ by 1.3% per charg
state. With the carbon target, the influence of angular str
gling within the target is small and negligible compared
the experimental errors due to the position resolution. In F
4, the rigidity distribution of beam particles after passi
through the carbon target is plotted versus theirx position in
the MUSIC reference plane. In this representation of
data, the three charge states~equilibrium charge state distri
bution of 600 MeV/nucleon gold in carbon: 59% of the pr
jectiles are fully stripped, 35% have a charge state of 71,
and 6% of 771 @33#! are clearly visible, i.e., the rigidity
resolution for heavy nuclei is approximately 1.3% FWH

FIG. 4. Rigidity R of gold projectiles at 600 MeV/nucleon ver
sus the horizontal position in the reference plane of the MUS
detector. Only events where the gold nuclei passed through
carbon target without any nuclear interaction were selected.
three charge states 791, 781, and 771 correspond to the rigidities
2.990, 3.028, and 3.068 GeV/c, respectively, which are different by
1.3% ~dashed lines!.
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PRC 58 1643BREAKUP CONDITIONS OF PROJECTILE SPECTATORS . . .
which is in agreement with values expected from the reso
tions of the individual detectors.

Using the reconstructed values for the rigidity and p
length, the charge of the particle measured by the MUS
detector and the time of flight given by the TOF wall, th
velocity, and the momentum vector can be calculated
each charged particle detected both in the MUSIC and
TOF wall, i.e., for particles with a charge of 8 and abov
The knowledge of velocity and momentum allows the cal
lation of the particle’s mass.

In Fig. 5, the mass spectra for the reactions Au1Al and
Au1Cu are shown. Single mass resolution for charges u
12 is obtained, corresponding to a mass resolutionDA/A of
approximately 4.0% FWHM for light fragments. The dom
nant contribution to the uncertainty of the mass measurem

DA

A
5AS DR

R D 2

1S g2
DTOF

TOF D 2

~1!

is caused by the mass-dependent error of the time mea
ment which is amplified by the factorg2 (g252.6 for 600
MeV/nucleon!. From this, a rigidity resolution of 2.4%
FWHM can be deduced for light fragments.

III. DATA

The breakup dynamics of multifragmenting spectator m
ter will be reflected in the momenta of the fragments p
duced. Especially, observables combining the kinematic
formation of two or more particles, e.g., relative velocitie
are governed by the long-range Coulomb repulsion and
therefore sensitive to time scales of the decay and sp
properties of the decaying source. Clearly, the breakup
tern will change with increasing excitation energy transfer
to the spectator matter. From the analysis of reactions of g
projectiles with different targets and beam energies betw
400 and 1000 MeV/nucleon it is well established@1,3,30#
that the quantityZbound—defined as the sum of the charges
all particles with charge two and above, which are emit
from the projectile spectator and detected in the TOF wa
reflects directly the size of the spectator as well as the e
tation energy transferred to the spectator nucleus. It was
thermore shown that the mean number of fragments p
duced in a reaction as well as other observab
characterizing the populated partition space were indep

FIG. 5. Mass spectrum of particles detected in the MUSIC
tector for the systems Au1Al and Au1Cu. Single mass resolution
is obtained for charges up to 12.
-
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dent of the target used, if they were investigated as a func
of the quantityZbound. Zbound is therefore used as a sortin
parameter describing the violence of the reaction.

As was discussed earlier, momenta and masses could
be reconstructed for particles with a chargeZ of 8 and above.
It will be shown in the next section that events with two a
more large fragments withZ>8 cover theZboundrange from
30 to 70. The maximum mean number of intermediate m
fragments—defined as fragments with charges betwee
and 30—is observed for aZbound value of approximately 40.
The dataset available covers therefore the range from per
eral collisions up to the region of maximum fragment pr
duction.

A. Characterization of two- and three-particle events

To show the characteristics of the event classes with
and three heavy particles with chargeZ>8, their reaction
cross sectionsds/dZbound are plotted in the upper panel o
Fig. 6 for the four different targets as a function ofZbound. In
the following, events with two~three! fragments with charge
Z>8 are called binary~ternary!. Binary events attributed to
binary fission were excluded by the condition that either
lighter fragment is of charge below 20 or the sum of the t
charges is smaller than 60. In theZ1Z2 plane, this region is
well separated from the region of binary fission@34#. For
comparison, the inclusive reaction cross sections, i.e., w
out conditions on fragment multiplicity and charge, are a
shown: The binary and ternary events represent appr
mately 10 and 1 % of the nuclear reaction cross section,
spectively. In order to demonstrate that binary fission eve
as defined above populate an impact parameter region di
ent from that of binary events without fission, the cross s
tion for binary fission in the reaction Au1C is included.
These events are obviously produced in very peripheral
actions. It had been shown earlier@2# that multifragment
events evolve, with decreasingZbound, from events with one
heavy residue in the exit channel of the reaction and not fr
binary fission events.

-

FIG. 6. ~Top! Differential cross sectionsds/dZboundboth for the
inclusive data~histograms! and for events with two and three frag
ments of charge>8 in the exit channel. For the system Au1C the
cross section for binary fission is also shown~solid crosses!. ~Bot-
tom! Fraction ofZbound contained in the sum of the charges of th
two or three heavy fragments versusZbound. The symbols represen
a cross section weighted mean value for all four targets.
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The sum of the charges of the two and three fragment
plotted in the lower panels. In ternary events, typically 80
of Zbound is contained in the charges of the three heavy fr
ments with average charges and masses of^Zi&522, 13, 10
and^Ai&548, 29, 20,i 51,2,3. In binary events, the sum o
the charges of the heavy fragments accounts on averag
75% of Zboundwith a clear minimum at Zbound540, where the
maximum mean number of intermediate mass fragment
observed. The average charges and masses for this e
class arê Zi&526, 13 and̂ Ai&557, 27,i 51,2.

It will now be demonstrated that these two event clas
are representative subsets of the experimental data, i.e.
for a givenZboundvalue no evidence for a strong dependen
on the number of heavy fragments is found. This means
other quantities defining an event do not show a close co
lation between their mean values and the multiplicity of t
heavy fragments if analyzed according toZbound. Evidently,
only observables can be used for this investigation which
not dominated by autocorrelations. The multiplicity of inte
mediate mass fragments~IMFs! for instance contains the
number of all heavy fragments with a charge smaller than
The mean multiplicity of IMFs is therefore influenced by th
selection criterion and will be significantly different fo
events with different numbers of heavy fragments in the e
channel.

The mean number̂Mlp& of light particles from the midra-
pidity zone of the reaction which were detected in the ho
scope is a quantity which is certainly dependent on the v
lence of the reaction but independent of the specific de
channels of the excited projectile spectator. In Fig. 7,
inclusive distributions of̂ Mlp& versusZbound for the four
targets are shown together with the distributions for eve
with two and three heavy particles. In agreement with
participant-spectator model, the size of the interaction zo

FIG. 7. Mean multiplicity^Mlp& of light particles from the in-
teraction zone of the reaction detected in the hodoscope ve
Zbound. The histograms show the inclusive distributions for the fo
targets.~Top! Binary events where binary fission, as defined in t
text, was excluded.~Bottom! Ternary events.̂Mlp& decreases with
increasing size of the projectile spectator. Within the experime
errors, the multiplicity for a given value ofZbound is independent of
the number of the projectile fragments. This holds for the wh
range ofZboundwith the exception of very peripheral reactions wi
Zbound<65 where the inclusive distributions are dominated by sp
lation reactions.
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represented by the mean number of light particles, increa
with decreasing size of the projectile spectator. The distri
tions are independent of the multiplicity of heavy project
fragments with the exception of the most peripheral reacti
(Zbound>65). In this range of largest impact parameters
inclusive data are dominated by spallation and not by mu
fragmentation events. There, the restriction to events w
two or three heavy particles in the exit channel is syno
mous with the selection of events with higher mean ener

The transversal deflection of the decaying projectile sp
tator is another quantity which is not influenced by autoc
relations with regard to the decay pattern. Since in eve
with two or three heavy particles in the exit channel t
heavy particles contain typically 75–80 % ofZbound, the cen-
ter of mass of these particles is in good approximation
center of mass of the decaying system. Thus, the transve
velocity

b trans5Abx
21by

2 ~2!

of the center of mass of the two or three particles with
spect to the beam frame was calculated. In Fig. 8, the m
values of this velocity as a function ofZbound are compared
for events with two and three heavy fragments in the e
channel. In agreement with inclusive measurements at
MeV/nucleon @35#, b trans increases monotonously with de
creasingZbound and establishes the transversal deflection
the projectile spectator and therefore the transversal mom
tum transfer~bounce! as a measure of the deposition of e
citation energy into the spectator matter. Pure Coulomb
teraction during a grazing collision would lead to very sm
values for the bounce between 531024c and 431023c for
C and Pb, respectively. But due to the trigger condition
manding at least one light particle detected in the hodosc
and therefore a nuclear reaction, the bounce does not va
for Zbound580. The increasing Coulomb repulsion with in
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FIG. 8. Mean transversal velocityb trans5Abx
21by

2 of the center
of mass relative to the velocity of the beam for events with t
~upper panel! and three~lower panel! heavy particles withZi>8 in
the exit channel. The bounce decreases with decreasing central
the reaction. The nonzero value for the largestZboundbins is due to
the trigger condition which requests the detection of at least
light particle in the hodosope. The dashed lines in both panels s
the same linear fit to the binary data, to demonstrate that for a g
value ofZboundthe distributions do not depend on the multiplicity o
heavy particles.
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PRC 58 1645BREAKUP CONDITIONS OF PROJECTILE SPECTATORS . . .
creasing charge of the target nucleus is nevertheless refle
in the small target dependence. Within the experimental
rors, the transversal velocity at a givenZbound is independent
of the two decay patterns studied.

The two quantitieŝ Mlp& and b trans describe properties
related to the initial reaction phase—the size of the fireb
and the excitation energy transferred to the spectator ma
The fact that these quantities are independent of a spe
choice of the multiplicity of heavy fragments demonstra
that a restriction to the subset of events, defined by the
tection threshold of the MUSIC detector, does not selec
nontypical sample of the produced projectile spectators.

B. Two- and three-particle observables

From the measured momenta of the heavy fragments
intrinsic momentapW c.m.( i ) and velocitiesvW c.m.( i ) in the
center-of-mass~c.m.! frame of the binary or ternary heav
fragment system were determined. In this way, the ene
distributions of the IMFs are not influenced by the preced
emission of light charged particles which can carry a sign
cant amount of radial collective motion@36#. In addition, the
velocity of the decaying spectator is eliminated from t
analysis. Furthermore, the influence of directed collect
motion on the momenta of the particles is reduced. This
especially important if the data are to be compared to ca
lations with models which do not include linear collectiv
motion. By construction, these momenta are collinear in
case of two and coplanar in the case of three particle eve
For the further analysis, a new coordinate system has b
chosen such that for each event the momentum vectors l
the same plane, thexy plane, and that the direction of th
heaviest particle coincides with thex axis. This eliminates
the three Euler angles which describe the spatial orienta
of the momenta relative to the beam axis. The kinematic
the two and three heavy fragments is thus reduced to
@px(1)# and three@px(1), py(2), px(2)2px(3)] param-
eters, respectively. The relative kinematics of the fragme
can thus uniquely be expressed in terms of one and t
independent quantities which, for the analysis presente
this paper, are chosen as follows:~i! the total kinetic energy
E3 of the fragments in the c.m. frame,~ii ! the reduced rela-
tive velocity v red(2,3), and~iii ! a quantityVD which de-
scribes the event shape in velocity space. In the case of
two heavy particles, the kinetic energyE2 alone is sufficient
to describe the decay dynamics.

The sumE3 of the kinetic energies of the three particles
calculated in their c.m. frame

E35(
i 51

3 pc.m.
2 ~ i !

2m0Ai
, ~3!

wherem05931.5 MeV/c2 is the atomic mass unit andAi
the mass number of the fragmenti . The kinetic energy of the
particles is dominated by the Coulomb interaction which
self is strongly dependent on the charges involved. The m
value ^E3& is therefore studied together with the standa
deviations3 of theE3 distribution as a function of the nomi
nal Coulomb repulsionEc of the fragments at the time of th
breakup, i.e., as a function of the Coulomb potential of th
touching spheres with radiiRi51.4Ai
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Ec5e2(
i , j

ZiZj

1.4~Ai
1/31Aj

1/3!
. ~4!

This is a generalization of the well-known Viola formu
@31#. For events with only two heavy fragments the kine
energy and the Coulomb repulsion are calculated acc
ingly. The experimental results are plotted in Fig. 9 for t
four targets used. Within the statistical uncertainties, no
get dependence is apparent. In all further plots, mean va
of the kinetic energy and of the width of the energy dist
bution for the combined data of all four targets will therefo
be shown.̂ E2&, ^E3& ands2 , s3 depend linearly onEc and
are parametrized in terms of straight line fits (y5mx1b)
common to the data of all four targets. The slopes and in
cepts of these fits are listed in Table I.

The parametersbE andbs describe the mean energies a
their variations in the limit ofEc50, i.e., without Coulomb
interaction, both for binary and ternary events. Under
assumption of a purely thermal source with a temperaturT
and without Coulomb interaction, the mean values^E2& and
^E3& of the kinetic energy distributions and the correspon
ing widths s2 and s3 can easily be calculated. In case
surface emission of the fragments, the values are 2T6A2T
and 4T62T, in case of volume emission 3/2T6A3/2T and
3T6A3T. For both breakup scenarios, the temperatures

FIG. 9. ~Left panels! Mean value^E3& ~top! and the standard
deviations3 ~bottom! of the total kinetic energy as a function of th
nominal Coulomb energyEc for events with three large fragment
in the exit channel of the reaction.~Right panels! ^E2& ~top! and the
standard deviations2 ~bottom!, the equivalent quantities for event
with two large fragments where binary fission is excluded. T
results are shown for the systems Au1C, Al, Cu, and Pb atE/A
5600 MeV. Both the mean kinetic energy and the width of t
energy distribution are within the experimental errors independ
of the target. The straight lines are least square fits to the comb
data of all targets.

TABLE I. Slopes and intercepts of straight line fits to the da
shown in Fig. 9.

binary ternary

mE 0.4360.05 0.3760.04
bE ~MeV! 39.064.0 76.065.0
ms 0.060.05 20.0760.01
bs ~MeV! 28.063.0 44.064.0
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1646 PRC 58M. BEGEMANN-BLAICH et al.
duced from these relations are within the experimental er
identical for binary and ternary events. The assumption
volume emission leads to a temperature of 25 MeV wher
the value for surface emission is 20 MeV. Results obtain
in the reaction Au1Au at 1000 MeV/nucleon where kineti
temperatures were extracted from the energy spectra of
charged particles up to4He emitted from the target spectat
@13# and temperatures extracted from transverse momen
distributions at 600 MeV/nucleon@3# are of similar size
~15–20 MeV!.

In line with previous studies@17#, the reduced relative
velocity is defined as

v red~ i , j !5
v rel~ i , j !

AZi1Zj

, ~5!

wherev rel( i , j ) is the relative velocity of particlesi and j and
Zi and Zj are the corresponding charges of the fragme
With this definition, the mutual Coulomb repulsion within
fragment pair is charge independent. For ternary events
reduced relative velocity of the second and third largest fr
ment is calculated. Its mean experimental value, avera
over all targets, is 0.0206c60.0005c. This value will be
used later on to adjust the input parameters of model ca
lations.

The third quantityVD characterizes the configuration o
the three velocity vectors

VD5
D123

D0
, ~6!

where D123 denotes the area of the triangle with its thr
sides given by the three relative velocitiesvW rel(1,2),

vW rel(2,3), andvW rel(1,3). The normalizationD0 represents the
area of an equilateral triangle with a circumference of

u5uvW rel~1,2!u1uvW rel~2,3!u1uvW rel~1,3!u, ~7!

which is the largest area possible for a given circumferen
Thus,VD varies between 0 and 1, whereVD50 corresponds
to a stretched configuration with the three relative velocit
being collinear andVD51 to a situation where the three c.m
velocities point to the corners of an equilateral triangle. T
normalized experimental distributions of the reduced a
VD are shown in Fig. 10 for the four targets: The probabil
to find an equilateral velocity configuration is two orders
magnitude larger than that for a stretched one. Within
statistical errors, the distributions are independent of the
get, therefore the mean value averaged over all four tar
was determined to increase the statistics especially for s
values ofVD . In order to address the question of possib
correlations between the event shape and the charges o
fragments, the average charges^Zi& ( i 51,2,3) of the three
fragments ordered according to their sizes are studied
function of VD for the combined data of all targets. Th
results are shown in Fig. 11. Within the statistics, the aver
charges are independent ofVD , indicating that the probabil-
ity distribution of VD is not a trivial consequence of th
charge distribution or the spectator size.
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C. Sensitivity of the three-particle variables

In order to illustrate the potential sensitivity of the chos
observables, calculations with the schematicSOS code @37#
were performed. This code was especially developed
study the influence of two extreme breakup mechanisms
experimentally observable kinetic quantities, using in bo
cases a nuclear system of a given size and excitation en
and identical multifragment channels. It produces multifra
ment events with two sets of momentum distributions, sim
lating for each event on the one hand a sequence of bin
decays and on the other hand a simultaneous breakup u
the final partition of the sequential decay chain and plac
the fragments randomly but without overlap in a sphere.

FIG. 10. Experimental probability distributions forVD . The
symbols for the combined data of all targets are shifted by 0.02
the x direction. The event shape in velocity space for large a
small values ofVD is indicated schematically in the upper left an
right corners.

FIG. 11. Mean values ofZi ( i 51,2,3) as a function ofVD for
the combined data of all targets~symbols!. Also included are the
results of calculations with theSOS model assuming a sequentia
~solid histograms! and a simultaneous~dashed histograms! decay of
the projectile spectator~see Sec. III C!. For all three fragments, the
mean charges are independent ofVD , showing that the probability
distribution for VD is not a trivial consequence of the charge d
tributions.
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For this investigation, masses and excitation energie
the decaying spectator nuclei were chosen according to
@5# where the authors adjusted the input parameters of a
tistical fragmentation model~Berlin model! until the relation
between̂ M imf& andZbound was well reproduced for the sys
tem Au 1 Cu at 600 MeV/nucleon. Since the main motiv
tion of the calculations using theSOS code was to illustrate
the potential usefulness of the presented observables an
to describe the dynamical aspects of the data, no furthe
tempt was done to optimize the input parameters of the co
The standard built in parameters@37# were used, especially
density for the simultaneous breakup scenario of one ha
normal nuclear density which is much larger than the val
extracted from statistical multifragmentation models (r/r0
50.3 in theCOPENHAGENand theMOSCOW code and 0.135
in the MCFRAG code!.

If the sensitivity of the chosen observables is to be tes
it is, however, important that the simulations provide
sample of Monte Carlo data which matches, with respec
the fragment composition, the experimental data. This
demonstrated in Fig. 11, where for both breakup scena
the mean chargeŝZi& in ternary events, ordered according
their sizes, are compared to the experimental data. The l
fluctuations for the simultaneous breakup scenario are du
the fact that only very few events with smallVD values are
produced~see next figure!.

In Fig. 12, the probability distribution of the quantityVD

is shown for both breakup scenarios and the experime
data. As a reference, theVD distribution for a thermal system
containing three noninteracting fragments is included.
the simultaneous breakup, the probability of stretched ve
ity configurations, i.e., smallVD , is significantly smaller
than for a purely sequential decay process and for the lim
a thermal system. This difference was to be expected, s
the repulsive mutual Coulomb interaction shifts initial
stretched velocity configurations to larger values ofVD . The
influence of the Coulomb interaction is especially strong

FIG. 12. Probability distribution of the observableVD . The
stars refer to the combined data of all targets. Predictions of theSOS

code assuming a sequential or prompt breakup are shown by
solid and dashed histograms, respectively. Also included are
values for a thermal system without Coulomb interaction~filled
circles!.
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the relatively small radius used in this simulation, which
already an indication that smaller densities will lead to
better description of the experimental data. Only due to t
repulsion, the velocity configuration is an image of t
breakup configuration in the coordinate space. Any therm
motion, i.e., any motion which is independent of the relat
positions of the fragments, reduces this correlation. For r
istic input parameters of the decaying system~see Sec. IV!,
the correlation coefficientr (VD ,XD) betweenVD and the
equivalent quantity in the coordinate spaceXD

r ~VD ,XD!5
^VDXD&2^VD&^XD&

s~VD!s~XD!
~8!

has values of approximately 0.1.~Note that even in the cas
of T50 and three identical charges this coefficient does
reach the value 1.0 since the relation between the distanc
two charged particles and their relative momentum is
linear due to the Coulomb repulsion.! If, on the other hand, a
self-similar radial flow dominates the momentum distrib
tion, r (VD ,XD) can reach values around 0.3.

In Fig. 13, the probability distribution of the reduced rel
tive velocity v red(2,3) between the second and third large
fragments is shown, again both for the data and theSOS

calculations. The two scenarios predict significantly differe
relative velocity distributions which in both cases diff
clearly from the data. In particular, the sequential calcu
tions ~solid histogram! show a pronounced peak a
v red(2,3)50.012c. This structure originates from the direc
splitting of an intermediate state into the observed fragme
2 and 3 at a rather late stage of the decay sequence.
absence of this structure in the data may therefore sig
either a smearing of the relative velocity between the fi
fragments 2 and 3 by decays following the splitting into t
primordial second and third largest fragments, or proxim
effects caused by the presence of other particles, or a di
ent decay mechanism which does not produce fragmen
and 3 via a binary splitting.

he
he

FIG. 13. Probability distribution of the reduced relative veloc
v red(2,3) between the second and third largest fragments. The s
bols refer to the combined data of all targets. Predictions of theSOS

code assuming a sequential or prompt breakup are shown by
solid and dashed histograms, respectively.
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The results presented in Figs. 12 and 13 suggest tha
quantities chosen to describe the dynamics of the multifr
ment events are sensitive to important characteristics of
decay process. In the following section, the experimental
sults will be compared to calculations with statistical mu
fragmentation models and classical three-body calculat
in order to limit the parameter space of the breakup scena

IV. COMPARISON TO MODEL CALCULATIONS

A. Statistical multifragmentation models

Since statistical multifragmentation models have be
shown to describe the observables in the partition spac
the multifragmentation process@2,5–8,13#, it is the obvious
next step to compare their predictions to the kinetic ene
distribution obtained in the present experiment.~It should be
emphasized that the description of the partition space c
prises the cross sections for binary and ternary event
defined in Sec. III A.! Results are shown for theBERLIN code
~MCFRAG! as well as theCOPENHAGEN and the MOSCOW

code. A detailed description of the differences between
three models can be found in Ref.@38#. An extensive and
detailed investigation of all dynamical observables as defi
in Secs. III A and III B was only performed using the stat
tical multifragmentation codeMCFRAG @5#.

All three models assume an equilibrated source with
given number of nucleonsA at a densityr with an excitation
energyE* per nucleon. This source is nonhomogeneous
consists of regions of liquid with normal nuclear density a
regions of gas. To compare the calculations to the exp
mentally observed decay of the projectile spectator, the
bal parametersA andE* have to be provided as a functio
of the impact parameterb. To do so, the number of nucleon
of the projectile spectator was calculated within a geome
cal abrasion picture for the collision Au1Au using a radius
parameter of 1.3 fm. The excitation energy for a given sp
tator size within the three codes was then chosen accor
to Refs.@5–7#. For the nuclear density at freeze out the sta
dard values of the models were taken, i.e.,r/r050.3 for the
COPENHAGENand theMOSCOW code and 0.135 for theMC-

FRAG code. In Fig. 14, the size of the projectile spectator a
its excitation energy are shown versus the impact param
It should be noted that for all three models the excitat
energy necessary to describe the partition space of the
tifragmentation is significantly smaller than the experimen
results obtained for the reaction Au1Au at 600 MeV/
nucleon using a total energy balance@30#. The number of
events to be produced for each interval inb was chosen
according to the geometrical cross section for the inter
dP(b);bdb. The impact parameter was varied between
and 12.0 fm in steps of 0.5 fm. For theMCFRAG code, the
calculation of the observables was done twice: First, the o
put of the simulations was used directly, then random err
on the order of the experimental uncertainties for light p
ticles were added to the masses and momenta of the
ments before the same analysis was performed. In this w
an upper limit for the uncertainties produced by the exp
mental resolution was achieved.

In Fig. 15 the mean kinetic energies^E2& and ^E3& for
binary and ternary events~as defined in Sec. III A! in the
center of mass frame of the two or three particles and
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widths of these distributionss2 ands3 are plotted versus the
nominal Coulomb energy. In the case of theMCFRAG code,
the results including the experimental resolution are sho
for the two other sets of simulations, the uncertainties due
the experimental errors were added quadratically to the
trinsic widths of the energy distributions. The mean kine
energy^E3& is reasonably well described by all models, a
though small differences arise: For the whole range ofEc ,
the calculations using theCOPENHAGEN model are steepe
than the experimental distribution, therefore the agreem
is, compared to the two other models, worse. The ove

FIG. 14. Input parameters for the simulations with statisti
multifragmentation codes.~Top! Size of the decaying spectatorA0

versus the impact parameterb. ~Bottom! Excitation energyE* per
nucleon versus the impact parameter. The short-dashed, l
dashed, and solid lines show the values used for the three c
COPENHAGEN, MOSCOW, andBERLIN, respectively.

FIG. 15. Mean kinetic energieŝE3& and ^E2& ~top! and the
standard deviationss3 ands2 ~bottom! as a function of the nomina
Coulomb energyEc . The symbols denote the experimental da
averaged over the reactions Au1C, Al, Cu, and Pb. The short
dashed, long-dashed, and solid histograms present predictions o
COPENHAGEN, MOSCOW, andMCFRAG fragmentation models, respec
tively. The dashed-dotted line shows the result of a classical tra
tory calculation as described in Sec. IV C. All calculations und
predict significantly the width of the energy distribution while th
mean value of the kinetic energy is well described.
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PRC 58 1649BREAKUP CONDITIONS OF PROJECTILE SPECTATORS . . .
agreement of data and the three sets of calculations, inde
dent of internal details in the theoretical treatment of
fragmentation process, and the simultaneous descriptio
^E2& and ^E3& by theMCFRAG code are nevertheless a co
firmation for the expansion of the nuclear matter prior to
decay. The width of the energy distributions, on the ot
hand, is underestimated by almost a factor of 2 both
events with two and three heavy fragments in the exit ch
nel. In spite of deviations between the three sets of calc
tions, the inadequate description ofs3 is a generic problem
of all three statistical multifragmentation models. Using t
MCFRAG code, it was verified that this underprediction ofs3
cannot be compensated by reasonable fluctuations of the
tial excitation energy of a given spectator: Combining t
events from three sets of calculations with 0.9, 1.0, and
timesE* (A0) does not change the width of the energy d
tribution. This variation of the excitation energy correspon
within the relevant range of spectator sizes approximatel
the width of the energy distribution used in Ref.@8# to de-
scribe the experimental charge distributions.

In Fig. 16 the probability distribution for the quantityVD

is plotted both for the data and the calculations with
MCFRAG code. The calculated distribution is significant
steeper than the experimental one. On the other hand,
less steep than the result of theSOScalculation for a simul-
taneous breakup presented in Fig. 12. Since in both case
excitation energy transferred to the spectator matter o
given size is identical and the breakup pattern is on aver
very similar, any differences in the velocity distributions a
caused by the different radii of the breakup volume. This w
result in different contributions from the Coulomb intera
tion and, more importantly, in different spatial breakup co
figurations. On average, an elongated structure will resu
a smaller value ofVD than a more compact one. If, howeve
the volume is very small as in the case of theSOS calcula-
tions, elongated configurations are less likely. The proba
ity distribution ofVD is therefore expected to be steeper th
for the more dilute system used for theMCFRAG calculations.

FIG. 16. Probability distribution forVD . The symbols denote
the experimental data, the histograms model calculations. The
line represents the calculation with theMCFRAG code using the stan
dard input parameters of the model. The dashed-dotted line sh
the result of a classical trajectory calculation as described in
IV C, where the same input parameters were used.
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B. The influence of angular momentum

The simulations presented in the previous section sho
that the experimental energy distributions cannot be
plained in a purely thermal description of the nuclear mat
if the temperature is adjusted to reproduce the charge di
butions. It was shown earlier that the coupling of random a
collective motion increases the fluctuations of the kinetic
ergy @39#. As an additional degree of freedom angular m
mentum was therefore taken into account. It is well kno
from the study of fission and compound nuclei at lower e
ergies that in heavy-ion reactions very large angular m
menta can be transferred, causing a collective rotation of
excited matter. INC calculations at 100 and 200 Me
nucleon show that the mean angular momentum per nuc
transferred can be as large as 0.75\, but even more impor-
tant than the mean values are the huge angular momen
fluctuations which may reach 0.5\ per nucleon FWHM@40#.
The influence of angular momentum on the decay pattern
nuclear matter within the framework of statistical fragme
tation models has only barely been studied so far.

Calculations with theMCFRAG model were done using a
version of the code where the treatment of angular mom
tum was implemented in a fully microcanonical way@9#. The
impact parameter was again varied between 3.0 and 12.0
in steps of 0.5 fm~below 5 fm, no events with three heav
fragments are produced! and a total number of 570 00
events for each set of simulations was produced. In
implementation, the rotational degrees of freedom are
sumed to be completely thermalized and the contribution
the intrinsic rotation of the produced fragments to the to
angular momentum is neglected. This is supposed to b
good approximation for expanded systems at the time
freeze-out, since the main part of the angular momentum
contained in the orbital motion of the fragments around
common center of mass.

Calculations were performed for three nuclear densi
0.055r0 , 0.080r0 , 0.135r0 , using the relations between im
pact parameter, system size, and excitation energy w
were already shown in Fig. 14, and a mean angular mom
tum ^L& of 0.75\A. The angular momentum transfer wa
distributed according to

P~L !5
L

0.5̂ L&
exp S 2L

0.5̂ L& D . ~9!

In Ref. @9#, it was already shown that simulations with th
angular momentum distribution together with a nuclear d
sity of 0.08r0 describe simultaneously the quantities^E3&
and s3 . The results, again including the influence of t
experimental uncertainties, are shown in Fig. 17 for the th
densities listed above. As expected, the mean kinetic en
as well as the width of the energy distribution increases w
increasing nuclear density. Due to the fact that the m
rotational energy is not very large, the incorporation of a
gular momentum does not change^E3& very much, as a com-
parison to Fig. 15 demonstrates, but the large variation
angular momenta produces nonthermal fluctuations wh
increase the value ofs3 significantly, resulting in a good
description of both^E3& and s3 for densities between
0.055r0 and 0.080r0 . At the same time, the quantityVD is
much better described, as is shown in Fig. 18 where

lid

ws
c.
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probability distribution ofVD is plotted for the three densi
ties. Independent of the nuclear density chosen the prob
ity for the occurrence of stretched configurations of the th
velocity vectors is enhanced.

To check whether the decay pattern is changed by
angular momentum, observables which were used in ea
papers@2,3# to describe the charge partition space of t
reaction were investigated: The mean values of the asym
tries

a125
Z12Z2

Z11Z2
and a235

Z22Z3

Z21Z3
, ~10!

the mean number of intermediate mass fragmentsM imf , and
the average charge of the largest fragmentZmax are calcu-

FIG. 17. Mean kinetic energŷE3& and the standard deviatio
s3 as a function of the nominal Coulomb energyEc under the
assumption of a mean angular momentum transfer to the spec
of 0.75\/nucleon. The dotted, dashed, and solid histograms pre
MCFRAG calculations with freeze-out densities of 0.055r0 , 0.080r0 ,
and 0.135r0 , respectively. The symbols represent the experime
data.

FIG. 18. Probability distribution forVD under the assumption o
a mean angular momentum transfer to the spectator
0.75\/nucleon. The dotted, dashed, and solid histograms pre
MCFRAG calculations with freeze out densities of 0.055r0 , 0.080r0 ,
and 0.135r0 , respectively. The symbols denote the experimen
data.
il-
e

e
er

e-

lated as a function ofZbound. In Fig. 19, the results are show
for simulations with and without angular momentum t
gether with the experimental data. Whereas the mean num
of intermediate mass fragments^M imf& does not change very
much under the influence of angular momentum, this is
true for the details of the decay pattern of the spectator:
mean asymmetrŷa12& between the charges of the large
and the second largest fragment decreases dramatically
values ofZbound above 50, which means that the two fra
ments become more comparable in size. As a conseque
the mean charge of the largest fragment^Zmax& within an
event also decreases. At the same time, the mean asymm
between the charges of the second and the third largest
ment ^a23& increases, which means that in the presence
angular momentum the charge of the spectator is m
evenly divided between the two largest fragments. T
changes in the breakup pattern are more pronounced f
small freeze-out density. These results are in qualita
agreement with the investigations presented by Botvina
Gross @9#, where the size of the largest fragment and t
relative size of the two largest fragments were studied un
the influence of different amounts of angular momentum

From the calculations presented above it is obvious t
large angular momenta per nucleon destroy the agreem
between the results of the statistical multifragmentation c
and the data as far as the partition pattern of the spect
matter is concerned. This is especially true for large val
of Zbound, i.e., for peripheral collisions. On the other hand,
was shown that the additional degree of freedom increa
the fluctuations of the kinetic energy by a substan
amount. The question therefore arises of whether a be
overall agreement can be achieved if the transfer of ang
momentum per nucleon to the system is reduced for la
impact parameters.

tor
nt

al

of
nt

l

FIG. 19. Mean charge asymmetry between the two largest f
ments ^a12& ~top left! and between the second and third large
fragments^a23& ~top right!, mean number of intermediate mas
fragmentŝ M imf& ~bottom left!, and mean charge of the largest fra
ment^Zmax& ~bottom right! versusZboundunder the assumption of a
mean angular momentum transfer to the spectator
0.75\/nucleon. The stars denote the experimental data. The do
dashed, and solid histograms present calculations with freeze
densities of 0.055r0 , 0.080r0 , and 0.135r0 , respectively. For com-
parison, the results of calculations without angular moment
transfer and a freeze-out density of 0.135r0 are included as open
circles.
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If the peripheral reactions are treated in the abrasi
ablation picture applying the formalism described in R
@41#, values for the angular momentum transfer are obtai
which are smaller than the value of 0.75\/nucleon by a fac-
tor of 5 to 10. These numbers together with a density
0.135r0 result in a reasonable description of the partition b
the energy fluctuations are again underestimated. The m
values of the asymmetriesa12 anda23 might suggest that this
can be compensated by an increase of the nuclear dens
breakup. Unfortunately, this is in contradiction to the d
scription of the quantitŷM imf&. The probability to find large
values of ^M imf& for the Zbound range between 40 and 7
decreases with increasing density. As the mean multipli
of IMFs is already too small, a further increase of the dens
would make the deviations even worse.

This leaves no room for a parametrization of angular m
mentum transfer and density which fits both aspects of
experimental data. The charge partition space and the
namics of multifragmentation events cannot be described
multaneously by the statistical multifragmentation mod
even if angular momentum as an additional degree of fr
dom and therefore as a potential source for fluctuation
taken into account.

The conclusions drawn in this section are valid only fo
nuclear system where all degrees of freedom are comple
thermalized. If this is not true, i.e., if the time scale for t
equilibration of the rotational degrees of freedom is lar
compared to that of the thermalization of the excitation
ergy, the process of fragmentation is decoupled from
angular momentum transfer. In this case, the amount of
gular momentum transferred to the spectator does not in
ence the partition space of the reaction, it only contribute
the final momentum distribution of the fragments. Therefo
density and excitation energy on the one hand and ang
momentum on the other hand can be adjusted independ
and a reasonable agreement with the experimental data
be achieved. This approach has been adopted by the Mu
Miniball group@42#. It has to be stated, though, that with th
modification the fragmentation process is not treated i
purely microcanonical picture any longer.

C. Classical three-body calculations

A collective radial motion of all constituents of the spe
tator is another conceivable source of fluctuations of the
netic energy. If the nuclear matter is compressed in the in
stage of the reaction, an additional nonequilibrated collec
contribution to the motion of the nuclear matter will b
present@43,44#. Even though this effect is expected to b
small in the peripheral collisions discussed in this paper, v
ues for the radial flow energy up to 1.5 MeV cannot be ru
out @3#. First attempts have been made to include collect
radial flow in statistical models@45#, but a consistent imple
mention is not yet available. Therefore, classical three-b
calculations were performed to get a quantitative estimate
the influence of collective flow.

The simultaneous emission out of a given volume is m
eled in the following way: The centers of three nonoverla
ping fragments with a radius of 1.2A1/3 are distributed ran-
domly within a sphere of radiusR. To each fragment, an
isotropically distributed initial velocity is assigned. Co
-
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strained by momentum conservation, these velocities w
selected according to a probability distribution for the re
tive kinetic energy

P~E!;EaexpS 2
E

TD , ~11!

wherea equals 0.5 or 1.0, corresponding to a volume o
surface emission of the fragments. In addition to this rand
motion, an initial radial flow velocity

vW f ,i5A2e f

m0

dW i

R
~12!

was added to the random velocities of the thermal moti
Here, dW i is the position of the center of fragmenti with
respect to the center of mass,e f is the flow energy per
nucleon for fragments located atdi5R. The charges and
masses of the fragments were obtained by a Monte C
sampling of the experimental events, thus reducing sign
cantly the uncertainties associated with the fragment dis
bution. In order to account for the recoil from light particle
emitted sequentially from the initial fragments (Zi8 ,Ai8), the
measured chargesZi and massesAi were multiplied by a
factor @12T2/(aD)#21. For this correction, a level densit
parameter ofa510 MeV was used. The quantityD repre-
sents the average energy removed by the emission
nucleon. For simplicity,D52T1Es1Eb was assumed
whereEs58 MeV andEb54 MeV are the typical separa
tion energy and barrier height, respectively. After the int
action of the primordial fragments (Zi8 ,Ai8) has ceased, the
sequential emission of light particles leading to the obser
masses and charges (Zi ,Ai) was assumed to take place. F
each event, the temperature parameterT was chosen accord
ing to the experimental value ofZbound from the relation

T5 f TA2~792Zbound!, ~13!

where f T is a free parameter. Forf T51, and within the rel-
evant range ofZbound, the relation describes the temperatur
of the initial projectile spectators as predicted by micr
scopic transport calculations reasonably well@47,46,2#. A
value of 0.75 is in agreement with experimental results
tained by the He-Li isotope thermometer@30,13#. The paths
of the fragments were calculated under the influence of th
mutual Coulomb field and two-fragment proximity forces a
cording to Ref.@48#. Since for the further analysis those tr
jectories were rejected for which the fragments overlapp
during the propagation, the influence of the proximity for
turned out to be rather small.

In a first step, these schematic trajectory calculations w
performed with input parameters corresponding on aver
to those of the statistical modelMCFRAG, i.e., a50.5, f T
'0.620.8, R'729 fm, and e f50. The results for̂ E3&
ands3 are comparable to those of the statistical model c
culations, especially the widths3 is again significantly un-
derpredicted in this case. In order to demonstrate this,
schematic calculations forf T50.7, R58 fm, ande f50 are
included in Fig. 15. The agreement of the classical calcu
tions and the statistical model calculations for a similar se
external parameters is a consistency check and shows in
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dition that the neglect of the influence of the lighter partic
produced in the reaction, i.e., the restriction of the exp
mental investigation to the two or three heaviest fragme
does not change the results significantly. The probability d
tribution of the quantityVD is also compared to the results
the statistical model calculation~see Fig. 16!.

In a next step, the quantitiesR, e f , and f T were varied to
fit the experimental data. In order to quantify the agreem
between the simulations and the experimental observatio
reducedx2 was calculated for each parameter set:

x25
1

5(i 51

5
~v i2m i !

2

d i
2

. ~14!

Here,v i are the four coefficients characterizing the fits to t
three-particle data in Fig. 9 and, in addition, the mean
duced velocity between the two lighter fragments as sho
in Fig. 13.d i andm i denote the experimental uncertainties
these quantities and the corresponding model predictions
spectively. The result is shown in Fig. 20. A clear minimu
of x2 can be determined for each given flow parametere f by
varying independently the other two model parametersR and
f T . The left part of Fig. 20 shows in aR-f T plane the con-
tour lines with x252 for e f50 (R'15 fm), 0.5 (R
'22 fm) and 1 MeV (R'26 fm) and for the two values o
the exponenta. The corresponding minima of thex2 distri-
bution are displayed in the right panel of Fig. 20 as a fu
tion of e f . Both for volume emission and surface emissio
values for the flow parametere f larger than 1 MeV are ruled
out whereas the results obtained by values between 0 a
MeV show no significant difference inxmin

2 . To demonstrate
the quality of the parameter adjustment, the quantities^E3&,
s3 , andv red(2,3) are shown in Fig. 21 for the parameter s
R522 fm, e f50.5 MeV, and f T51.2. In the lower right
part of Fig. 21,VD , which was not used in the fitting pro
cedure, is compared to the experimental values. As expe
from the results shown in Figs. 12 and 16, the probability
the existence of stretched velocity configurations increa
with increasing radius of the decaying system. TheVD dis-

FIG. 20. Parameter adjustment for the classical three-body
culations. The solid lines correspond to surface emissiona
51.0), whereas the dashed lines show the results for volume e
sion (a50.5). ~Left! Contour lines forx252 in a plane defined by
the volume radiusR and the scaling factorf T of the temperature for
flow parameterse f50.0, 0.5, and 1.0 MeV.~Right! Minima of the
x2 distribution as a function ofe f . Values ofe f larger than 1 MeV
are ruled out whereas values between 0 and 1 MeV show no
nificant differences inxmin

2 .
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tribution is nevertheless not directly comparable to tho
shown in Figs. 12 and 16: They were achieved assumin
fixed breakup density for all decaying systems, whereas
three-body calculations assume a fixed breakup volume.

This set of simulations suggests the disintegration o
highly excited and rather extended nuclear system and v
low values of the flow parameter. ForZbound555, the mean
value for events with three heavy particles in the exit chan
of the reaction, the fit values correspond to a tempera
parameter of approximately 10 MeV and a density bel
0.05r0 which is much smaller than the values used for t
MCFRAG calculations in order to reproduce the partitio
space of the reaction.

In the framework of these schematic calculations the la
freeze-out radius is due to the balance between Coulo
energy and temperature: If a higher nuclear density is
sumed, the Coulomb repulsion is much stronger and requ
therefore a compensation by a lower temperature param
and a vanishing flow to describe the energy spectra.
fluctuationss3 of the kinetic energy, on the other hand, r
flect in addition to thermal fluctuations also fluctuations d
to the position sampling within the breakup volume. Thu
lower temperatures and especially smaller radii lead to a
nificant reduction ofs3 which cannot be compensated by th
small values of radial flow consistent with the energy sp
tra.

V. CONCLUSIONS

Kinematic correlations between two and three heavy p
jectile fragments produced in Au-induced reactions atE/A
5600 MeV have been studied. A comparison of the obse
ables to the results of the schematicSOSmodel confirms their
sensitivity to the disassembly configuration. Classical traj
tory calculations sampling the experimental charge distri

l-

is-

ig-
FIG. 21. Mean kinetic energŷE3& and its standard deviation

s3 , v red(2,3), andVD for classical three-body calculations~histo-
grams!. The parameter setR522 fm, e f50.5, andf T51.2, corre-
sponding to the minimum inx2 in the case of surface emission o
the three fragments (a51.0), was chosen. The symbols represe
the experimental data.
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tion limit significantly the possible parameter space of
breakup scenario. Taken at their face values these sim
tions require highly excited and rather extended nuclear
tems at the time of the breakup. These source parame
differ significantly from breakup parameters needed by s
tistical multifragmentation models in order to describe t
observed fragment distributions and mean values of the
netic energy distributions. On the other hand, these mo
are not able to reproduce the fluctuations of the energy
tribution. Binary events not attributed to binary fission al
show fluctuations of the relative kinetic energy which c
only be described by the same rather high, and proba
unrealistic, thermal contribution. The introduction of angu
momentum into the statistical model improves the desc
tion of the energy fluctuations, but does not reproduce sim
taneously the charge partition anymore.

For any further attempt to reconcile the kinetic obse
ables and the partition pattern of the spectator matter
possible approaches seem conceivable: Either the ass
tion of a global equilibrium established prior to the fragme
tation process is oversimplified and has to be given up or
statistical models have to be refined. The nuclear interac
during the breakup process, for example, is so far igno
i.e., the interaction between the fragments is limited to
Coulomb repulsion.~In the classical three-body trajector
calculations present in this work, a nuclear proximity pote
tial is included, but its influence is strongly suppressed by
requirement that the fragments do not overlap.! One might
speculate that in the case of a stronger overlap of the f
ments in an earlier stage of the breakup, the nuclear att
tive force between the fragments may partially compens
the Coulomb repulsion. Thus, smaller radii would not nec
sarily lead to an overestimation of the kinetic energies. F
steps to add the nuclear interaction between the fragmen
statistical decay models in a consistent manner have alre
been undertaken@49,50#. A recent publication suggests th
the nuclear interaction is indeed relevant for excitation en
P
n-
,
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.

J
n-
,
i,
.

,
ro

a,

,
T

e
la-
s-
ers
-

i-
ls
s-

ly
r
-
l-

-
o
p-

-
e
n

d,
e

-
e

g-
c-
te
-
t
to
dy

r-

gies up to approximately 10 MeV/nucleon@51#. At the same
time, large fluctuations, similar to dissipative phenomena
shape fluctuations known to be important in binary fiss
@52#, may arise.

A quantitative understanding of fluctuations and their d
velopment during the disassembly phase clearly requires
namical transport models which include a realistic treatm
of fluctuations on a microscopic level. Significant progress
the development of microscopic transport models has b
achieved over the last decade@53#, but only recently have the
first microscopic calculations been published which rep
duce for the ALADIN data both the multiplicity of the frag
ments and the slopes of their kinetic energy spectra@54#. In
the framework of this model, and in line with previous stu
ies @55–57#, it is found that the decaying system is not
thermal equilibrium and that the breakup is dominated
dynamical processes. However, the fragment composi
agrees with the experimental one only for a short time int
val after the collision (60 fm/c) and is drastically altered
during the further time evolution. Thus, a consistent desc
tion of the time evolution from the first stages of the collisio
via the formation of primordial excited fragments to the
eventual deexcitation and formation of individual quantu
states within one microscopic model is still not availab
First attempts to take into account the quantal nature of
nuclear system are being pursued@58–60# for which the
present data may serve as a valuable testing ground.
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