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Breakup conditions of projectile spectators from dynamical observables
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Momenta and masses of heavy projectile fragmenits §), produced in collisions of*’Au with C, Al, Cu,
and Pb targets &/A=600 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 schematisosmodel. 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 caderAG was therefore used to investigate the
potential role of angular momentum at the breakup stage. If a mean angular momentumAéhOct&on 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 da{&0556-28138)01009-1

PACS numbeps): 25.70.Mn, 25.70.Pq, 25.75.Ld

[. INTRODUCTION energies, where large radial flow effects are observed, the
quantitative interpretation of kinematic observables is there-
In several experiments with the ALADIN spectrometer, fore simplified. o o
the decay of excited projectile spectator matter at beam en- More important, these characteristics are an indication
ergies between 400 and 1000 MeV per nucleon was studieffiat chemical equilibrium is attained prior to the fragmenta-
[1-3]. In these collisions, energy depositions are reache«?on stages of '_[he reaction. In fact, S.ta.t'St'Cal model_s were
which cover the range from particle evaporation to multi- ound to be quite successful in describing the experimental

- . ragment yields and charge correlations if the breakup of an
fragment emission and furthef‘tp the total d|sassembly of th xpanded system was assunfe-7,9—12. In addition, the
nuclear matter, the so-called “rise and fall of multifragment

e . 2 temperature of the excited matter, extracted from double ra-
emission”[4]. The most prominent feature of the multifrag- P

! ) . . tios of isotope yields, is reproduced. On the other hand, the
ment decay is the universality that is obeyed by the fragmenfiatic energy ‘spectra of particles and fragments are not

multiplicities and the fragment charge correlations. Thesgqually well described within the statistical picture. The en-
observables are invariant with respect to the entrance chaug_x—rgy spectra of light charged particleA<4) can be ex-

nel, i.e., independent of the beam energy and the target, fjained by a thermal emission of the fragments, but their
plotted as a function aZ,oyng, WhereZyo,ngis the sum of the  sjopes correspond to temperatures approximately three times
atomic numbersZ; of all projectile fragments withiZ;=2.  larger than those extracted from isotope rafid8]. While

For different projectiles, the dependence of the fragmenthis may be an indication for prebreakup emission it remains
multiplicity on Z,.q follows a linear scaling law. These to be investigated whether the kinetic energies of intermedi-
observations indicate that compressional effects are only aite mass fragments €3Z<30) are consistent with the sta-
minor importance. In contrast to central collisions at lowertistical approach.
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7 > placed at angles between 7° and 40° with a solid angle cov-
// : erage of approximately 30% in this angular rari§6% be-
_/‘[ tween 7° and 25°, 15% between 25° and 40°). Fragments
e from the decay of the projectile spectator, emitted into a cone
of approximately 5° around the direction of the incident
beam, entered the magnetic field of the magnet. The magnet
was operated at a bending power of 1.4 Tm which corre-
sponded to a deflection of 7.2° for fragments with beam
rigidity. The particles were detected in the time-of-flight
(TOF) wall, which was positiong 6 m behind the target. The
time-of-flight with respect to the beam counter was measured

with a resolution of 300 ps FWHM for light particles and

FIG. 1. Schematic view of the experimental setup in the bending . . . .
plane of the magnet. The beam enters from the left and hits thqév'th a resolution of 140 ps FWHM for particles with a

beam counters before reaching the target. Midrapidity particles aréh@rge of 15 and above. The TOF wall provided the charge
detected in the Si-Csl array. Projectile fragments are tracked an@f all detected particles with single element resolution for
identified in the TP-MUSIC Il detector and in the time-of-flight charges up to 8. Charged particles with charges of 8 and
wall. above were simultaneously identified and tracked by a time-
projecting multiple-sampling ionization chamber TP-MUSIC
The dynamics of the multifragmentation process therefordl (see Sec. Il B which was positioned outside the magnetic
has to be studied. It is well known that kinematic correla-field between the magnet and the TOF wall. To minimize the
tions, which are governed by the long-range Coulomb repulinfluence of scattering, energy loss, and secondary nuclear
sion, are sensitive to the disintegration process. Previougactions of the fragments after their production in the target,
studies concentrated mostly on the two-fragment velocitythe spectrometer up to an entrance window in front of the
correlation functiong(14-22. Only a few attempts were jonization chamber was operated in vacuum. The compo-
made to analyze higher-order correlations. However, thesgents of the apparatus with the exception of the MUSIC de-
studies were done either for heavy fragments at much lowegctor have already been described in R&f.
beam energie$23—-27 or for light charged particles only
[28]. In this paper, the results of a kinematic analysis of the
fragmentation process of the projectile spectator are pre-
sented. Heavy projectile fragments produced in peripheral The TP-MUSIC detector is a time-projection multiple-
Au-induced collisions aE/A=600 MeV are studied with- sampling ionization chamber. If a charged particle passes
out the influence of energy thresholds of the detectors. Morethrough its active volume, an ionization track containing
over, the analysis is performed in the center of mass frame gjositive ions, which will drift to the cathode, and free elec-
the fragments, thus reducing the influence of directed collectrons, which will move in the direction of the anodes, is
tive motion of the emitting source. On the other hand, a limitproduced. Due to the homogeneous electric field, the drift
of Z=8 is imposed for kinematic observables by the lowervelocity of the electrons towards the anodes is independent
detection threshold of the TP-MUSIC Il tracking detector. of the position within the gas volume. Therefore, the distance
The analysis is therefore restricted to the excitation energyf the primary particle track from the anode is proportional
range characterized by increasing fragment multiplicities.  to the time the center of the electron cloud needs to reach the
anode. The version TP-MUSIC [29] which was used in
this experiment is shown in Fig. 2t consists of three active
volumes with the drift fields in adjacent sections perpendicu-
A. Experimental setup lar to each other, two for the measurement of the horizontal

The experiment was performed with the ALADIN for- and_one for that of _the vertical position_and angle of the
ward spectrometer at the heavy-ion synchrotron SIS of th@artl_cle tracl_<. Each field cage has an active area of 100 cm
GSI Darmstadt, using a gold beam with an energy of 6oghorizonta) times 60 cm(vertica) and a length of 50 cm.
MeV per nucleon and a typical intensity of 2000 beam par_The honzo_ntal field cages are both Q|V|ded into two halves
ticles during a 500 ms spill. A schematic view of the experi-W'th a vertical cathode plane in the middle Qf the detector to
mental setup in the bending plane of the ALADIN magnet isréduce the maximum drift length and the high voltages nec-
shown in Fig. 1. The incoming beam entered the apparatu€SSaTy to provide the drift fleld._The chambers were (_)perated
from the left and first hit the beam counters, where for eaclft & high voltage of 150 Vicm, i.e., 7.5 kV for the horizontal
beam particle the position in a plane perpendicular to th@nd 9 KV for the vertical field cages, P180% argon, 10%
beam direction and the arrival time were measured with resgnéthang at a pressure of 800 mbar served as the counting
lutions 8~ 38,~0.5 mm full width at half maximum gas. To_ allow mgltlple_ sampling _of the partlcle _s,lgnals, each
(FWHM) and 6,=100 ps FWHM, respectively. The reac- anode is subdivided into 16 stripes with a width of 3 cm
tion target was positionel m downstream. Targets of C, Al, €ach.

Cu, and Pb with a thickness between 200 and 700 nfg/cm

were used, corresponding to an interaction probability of up

to 3%. Light charged particles from the midrapidity zone of !The data published if8,30,34 were taken with the version Il of
the reaction were detected by a Si-Csl array which washe TP-MUSIC and a larger TOF wall.

TARGET

—.

BEAM COUNTERS

SI-CSI ARRAY

1 METER

B. The MUSIC detector

II. THE EXPERIMENT
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Y FIG. 3. Charge spectrum for particles detected by the MUSIC
/\ detector in the reaction AuCu. Single charge resolution is ob-

tained for the whole range of fragments from the lower detection
thresholdZ=8 up to beam particles. Fragments with charge 70 and
| above are suppressed by the trigger conditions.

o \Z The amplitude of the primary signal produced by a par-
3 _/Js ticular fragment is proportional tq282, whereg is the ve-
é TN locity of the particle andg is its charge state. Fragments
H _/’/& from the decay of the projectile spectator are moving ap-
TN proximately with beam velocity. In this case, all fragments
_/J& with nuclear charges up to 50 are fully stripped after passing
e through the target matter. They remain fully stripped in the

detector gas, the primary signal is therefore proportional to
FIG. 2. Schematic illustration of the design and the operation ofthe square of the nuclear charge of the particle. For particles
the MUSIC Il detector. In the first and last cages, the electric fieldwith nuclear charges between 50 and 79, the mean charge
is orientated horizontally, in the second field cage it is orientatedexchange length in the MUSIC g#8 cm and 30 cm foZ
vertically, providing the horizontal, the vertical, and again the hori- =50 and 79, respectivelyis small compared to the path
zpntal track information. After amplification and .pulse shaping thelength of the particle within the MUSIC detector. They reach
signals are recorded by a sampling ADC. The insert shows a raheijr equilibrium charge state within the detector volume and

time spectrum as delivered by the 16 anodes of each field cage f%e primary signal is proportional to the square of the effec-
a track with a finite angle with respect to the anode plane. tive charge

) _ The amplitude of the primary signal decreases due to dif-
_The anode signals were recorded using flash analog-tqysjon broadeningproportional to the drift distang@nd due
digital converterADCs) with a sampling rate of 16 MHz. g impurities of the counting ga@roportional to the square
Together with a drift velocity of the electrons of approxi- of the drift distance The amplitude measured at the anode is
mately 5.3 cmis this corresponds to amplitude measure-therefore dependent on the drift distance of the electron
ments at a step size of 3 mm in the direction of the drift.cloud. To determine the position correction the incident
Since the drift time of the electron cloud is measured by eaclpegm, j.e., particles with know# and 3, is swept across the
of the 16 anodes of a field cage, i.e., at 16 points along thge|q cages by varying the field of the magnet. In addition,
beam direction £ direction), the complete track information  the signals are corrected for the deviations from the beam
both inx (field cage 1 and Bandy directions(field cage 2 velocity. This is essential for the charge resolution of binary
of the primary charged particle inside the MUSIC volume isfission fragments which have the widest distribution of labo-
available. The detector is operated outside the magnetic ﬁe'ﬁbtory velocities of all heavy fragmentZ£ 8) from the de-
volume of the ALADIN magnet, therefore the ionization cay of the projectile spectator. A charge resolution of 0.5
track through the MUSIC gas is a straight line which is ob-charge units FWHM is reached. This is demonstrated in Fig.
tained by fitting the 16 track positions by three straight3 where a charge spectrum of the MUSIC detector is shown.
lines—one in each field cage. _ . Since both the differences in pulse height for two neighbor-
The position resolution has been estimated using the faghg charges and their fluctuations are proportionaZ fthe
that the horizontal component of a track is determined Wlthcharge resolution is independent of the charge of the frag-

two separate field cages. The intersections of the measurgfent. The lower threshold for particle identification reached
track segments from the first and the third field cage with gy, this experiment iz =8.

virtual reference plane, positioned in the center of the verti-
cal field cage and perpendicular to théirection, are calcu-
lated. The distance between these two points of intersection
is a measure of the overall position and angle resolution of From the tracks of the charged particles measured behind
the detector. Its distribution is a Gaussian with a width of 2.4the ALADIN magnet, the rigidity vector can be determined
mm FWHM for particles with a charge of 20 and above if the magnetic field is known. The particle properties were
which increases to approximately 12 mm at the detectioditted as a function of the measured track parameters rather
threshold ofZ=8. These values are of the same order ofthan using a backtracing method because the latter is more
magnitude as the effect of small angle scattering of the fragime consuming at the analysis stage. For particles with a
ments in the counting gas of the MUSIC. rigidity vector R, trajectories starting at the target position

C. Momentum and mass reconstruction
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Ziarg @nd coordinatesXg, Yiarg Within the beam spot are —~ 3.15 ,
calculated using the routines provided by the program pack- <

age GEANT [32]. The starting conditions are chosen from a E ST 1
five-dimensional grid with equidistant spacing for the vari- ¥ 3.05

ablesXg, Yarg: VR, Ry/R, andR,/R. For a given mag-

netic field strength of the ALADIN magnet, the intersection 3

(Xmusic: Ymusid Of each track with the reference plane of the 2.95

MUSIC detector and its angler(,, m,) relative to this plane

as well as the path length to this point are determined. The 29.% 120 120
bending plane of the magnet is the horizontal plane, i.e., Xmesic (MM)

the main component of the magnetic field points to the di-
rection of they axis, although the fringe fields cannot be  FIG. 4. Rigidity R of gold projectiles at 600 MeV/nucleon ver-
neglected, especially if the full geometric acceptance is use@us the horizontal position in the reference plane of the MUSIC
Since a large range iN/Z ratios(0.7—1.5 and emission detector. Only events where the gold nuclei passed through the
angles has to be covered, only 40% of the grid points correcarbon target without any nuclear interaction were sel_et_:t(_e(_:l. The
spond to trajectories which reach the reference plane behirfflée charge states 7978", and 77 correspond to the rigidities
the magnet, all others end at the wall of the magnet chambér 290. 3.028, and 3.068 Get/fespectively, which are different by
where they are lost. For the successful tracks, the three com:3% (dashed lines
ponents of the rigidity vector together with the path length
are fitted as the product of one-dimensional functions of fiveof these deviations is on the one hand dependent on the mesh
variables: the positionX, sic, Ymusid» the anglem,, and the  size of the grid of start values and on the other hand on the
target position Xy, Yiarg- The fit is done by means of an choice of the highest order taken into account for the expan-
expansion in series of Chebychev polynomials for each varision in Chebychev polynomials. Both quantities were opti-
able. For a magnet which has virtually a dipole field, themized until the internal accuracy for all variables was better
most relevant terms are linear s and m, for 1/R,  than 0.1% FWHM within the chosen range of rigidities be-
R«/R, and the path length, and linearyg,si.for R,/R, but  tween 1.2 and 3.6 Ge¥! The final set of coefficients was
for an accuracy of the momentum reconstruction on the perobtained by fitting~12 000 tracks with a maximum order of
cent level, higher-order terms cannot be ignored. Under thé for each polynomial and a maximum of 6 for the sum of
assumption of an expansion up to third order, approximatelghe orders within a term.
1000 individual contributions have to be calculated, which is A very similar procedure as described above can be used
not feasible. However, a particular term can be estimated bio estimate the expected errors due to the experimental reso-
the size of the related expansion coefficient, since Chebylution of the two position detectors in front and behind the
chev polynomials are orthogonal within the interval freld ~ magnet. A random offset of the order of the experimental
to 1, and at the same time all their minima and maximauncertainties is added to the positions and slopes prior to the
within this interval have the values1 and 1, respectively. evaluation of the polynomials. Afterwards, the difference be-
(In a strict mathematical sense, this is not correct. Amongween the reconstructed values with and without random off-
other conditions, the orthogonality relations can only be usegets is calculated. The mean value of these deviations is the
if the full parameter space is covered. This is not the casggsolution expected due to the experimental uncertainties. It
since not all of the tracks reach the reference planea  was found that both an uncertainty of 0.7 mrad and of 3 mm
second step, small terms are gradually suppressed until thigoduce an error in the rigidity of 1%. With the time and
x? of the fit has increased by 10%, thus reducing the totaposition resolutions given in the previous section, rigidity
number from between 400 to 1000 in the first stdppend-  resolutions of approximately 1.2 and 3 % can be expected for
ing on the highest order taken into accoutd 25 to 40 beam particles and medium heavy fragments with charge
(depending on the variableThe fitting procedure is then ~12, respectively. The quality of the rigidity reconstruction
repeated using only the remaining relevant terms which leadean be demonstrated by the rigidity distribution of beam par-
to slightly different expansion coefficients in the final result. ticles passing through the apparatus without any nuclear in-
Once this fitting procedure has been performed for eackeraction. Within all targets used in this experiment, gold
setting of the magnetic field used during the experiment, th@rojectiles reach their equilibrium charge state, providing
reconstruction of the rigidity vector and of the path length isparticles with identical momenta and charge state’s 78",
reduced to the evaluation of a set of polynomials. If a rea79", i.e., with rigidities which differ by 1.3% per charge
sonable quality of the reconstruction can be achieved, this istate. With the carbon target, the influence of angular strag-
a justification for the somewhat heuristic method for select-gling within the target is small and negligible compared to
ing the relevant contributions. The accuracy can easily béhe experimental errors due to the position resolution. In Fig.
determined by calculating tracks with random start values4, the rigidity distribution of beam particles after passing
i.e., with starting coordinates at the target and for the rigidithrough the carbon target is plotted versus tlgposition in
ties not identical with the starting parameters used for théhe MUSIC reference plane. In this representation of the
fitting procedure. The reconstruction is done for these trackdata, the three charge statesgjuilibrium charge state distri-
by evaluating the fit functions and the input values are combution of 600 MeV/nucleon gold in carbon: 59% of the pro-
pared to the reconstructed ones. The mean deviations fgectiles are fully stripped, 35% have a charge state of,78
rigidity and path length are a measure of the uncertaintyand 6% of 77 [33]) are clearly visible, i.e., the rigidity
caused by the reconstruction method itself. Clearly, the sizeesolution for heavy nuclei is approximately 1.3% FWHM
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FIG. 5. Mass spectrum of particles detected in the MUSIC de- 0 20 40 60 O 20 40 60 80
tector for the systems AbAl and Au+Cu. Single mass resolution Zbound Zyouns

Is obtained for charges up to 12. FIG. 6. (Top) Differential cross sectiondo/d Zy,,,ngb0th for the
hich is i t with val ted f h | inclusive datahistogramg and for events with two and three frag-
which 1S in agreement with vaiues expected from the resolun, o i of charge=8 in the exit channel. For the system AC the
tions of the individual detectors.

. o cross section for binary fission is also shogolid crosses (Bot-
Using the reconstructed values for the rigidity and pathtom) Fraction ofZy,,,qContained in the sum of the charges of the

length, the charge_ of the Partid_e measured by the MUSIGyq or three heavy fragments versfig, .. The symbols represent
detector and the time of flight given by the TOF wall, the 5 ¢ross section weighted mean value for all four targets.

velocity, and the momentum vector can be calculated for

each charged particle detected both in the MUSIC and thgent of the target used, if they were investigated as a function

TOF wall, i.e., for particles with a charge of 8 and above.of the quantityZpoung- ZoungiS therefore used as a sorting

The knowledge of velocity and momentum allows the calcuparameter describing the violence of the reaction.

lation of the particle’s mass. As was discussed earlier, momenta and masses could only
In Fig. 5, the mass spectra for the reactionstAd and  pe reconstructed for particles with a cha#yef 8 and above.

Au+Cu are shown. Single mass resolution for charges up t& will be shown in the next section that events with two and

12 is obtained, corresponding to a mass resoluidtA of  more large fragments witd=8 cover theZ,,,qrange from

approximately 4.0% FWHM for light fragments. The domi- 30 to 70. The maximum mean number of intermediate mass

nant contribution to the uncertainty of the mass measuremeftagments—defined as fragments with charges between 3
-/ y (1) The dataset available covers therefore the range from periph-
R TOF eral collisions up to the region of maximum fragment pro-

is caused by the mass-dependent error of the time measure-

ment which is amplified by the factoy? (y?=2.6 for 600

5 > and 30—is observed for &,,,,qvalue of approximately 40.
AA \/ AR)* [ ,ATOF
A
duction.
MeV/nucleon). From this, a rigidity resolution of 2.4%

A. Characterization of two- and three-particle events

FWHM can be deduced for light fragments. To show the characteristics of the event classes with two
and three heavy particles with charge=8, their reaction
Il DATA cross sectionslo/dZ,,,,q are plotted in the upper panel of

Fig. 6 for the four different targets as a function&y,,,q. In

The breakup dynamics of multifragmenting spectator matthe following, events with twdthree fragments with charge
ter will be reflected in the momenta of the fragments pro-Z=8 are called binaryternary. Binary events attributed to
duced. Especially, observables combining the kinematic inbinary fission were excluded by the condition that either the
formation of two or more particles, e.g., relative velocities, lighter fragment is of charge below 20 or the sum of the two
are governed by the long-range Coulomb repulsion and areharges is smaller than 60. In tHgZ, plane, this region is
therefore sensitive to time scales of the decay and spatialell separated from the region of binary fissif®4]. For
properties of the decaying source. Clearly, the breakup patomparison, the inclusive reaction cross sections, i.e., with-
tern will change with increasing excitation energy transferrecbut conditions on fragment multiplicity and charge, are also
to the spectator matter. From the analysis of reactions of goldhown: The binary and ternary events represent approxi-
projectiles with different targets and beam energies betweemately 10 and 1 % of the nuclear reaction cross section, re-
400 and 1000 MeV/nucleon it is well establishEd3,30  spectively. In order to demonstrate that binary fission events
that the quantity,,,.e—defined as the sum of the charges of as defined above populate an impact parameter region differ-
all particles with charge two and above, which are emittedent from that of binary events without fission, the cross sec-
from the projectile spectator and detected in the TOF wall—tion for binary fission in the reaction AtC is included.
reflects directly the size of the spectator as well as the exciThese events are obviously produced in very peripheral re-
tation energy transferred to the spectator nucleus. It was fulactions. It had been shown earlif2] that multifragment
thermore shown that the mean number of fragments proevents evolve, with decreasiy,, g, from events with one
duced in a reaction as well as other observableheavy residue in the exit channel of the reaction and not from
characterizing the populated partition space were indeperbinary fission events.



1644 M. BEGEMANN-BLAICH et al. PRC 58

/\a, /\w I I binorly
= £0.047 R é@ 1
% N @ADL
A\ aal
| g
ﬂﬁgg
/\,, 0 ‘ : terna=ry
A, Q)_e: 0.04 . .
= v
2 A A §§E
002t o ¢ g .
o %R
OO ZIO 4IO 6IO 80
Zbound

FIG. 8. Mean transversal veloCif & \/,8X2+,8y2 of the center
of mass relative to the velocity of the beam for events with two
upper pangland threglower panel heavy particles wittZ;=8 in
Re exit channel. The bounce decreases with decreasing centrality of
the reaction. The nonzero value for the largégt,,qbins is due to

FIG. 7. Mean multiplicity(M,,) of light particles from the in-
teraction zone of the reaction detected in the hodoscope versq
Zpound- The histograms show the inclusive distributions for the four

targets.(Top) Binary events where binary fission, as defined in thethe trigger condition which requests the detection of at least one

Fext, was ext_:ludeo(.Bottom_) Tgrnary events4M_,p>_ decreases \.N'th ight particle in the hodosope. The dashed lines in both panels show
increasing size of the projectile spectator. Within the experimenta, . ) . .
he same linear fit to the binary data, to demonstrate that for a given

errors, the multiplicity for a given value &fy,,.4iS independent of o L
the number of the projectile fragments. This holds for the wholeﬁzgjveyogifﬁgg?e distributions do not depend on the multiplicity of

range ofZ,,,nqWith the exception of very peripheral reactions with

Zpoung= 65 where the inclusive distributions are dominated by spal- . . .
lation reactions. represented by the mean number of light particles, increases

with decreasing size of the projectile spectator. The distribu-

The sum of the charges of the two and three fragments ions are independent of the multiplicity of heavy projectile
plotted in the lower panels. In ternary events, typically 80%fragments with the exception of the most peripheral reactions
of ZyoungiS contained in the charges of the three heavy frag{Zpoun¢™65). In this range of largest impact parameters the
ments with average charges and masse&Zgf=22, 13, 10  inclusive data are dominated by spallation and not by multi-
and(A;)=48, 29, 20,i=1,2,3. In binary events, the sum of fragmentation events. T_here,_ the restriction to events with
the charges of the heavy fragments accounts on average fBF0 or three heavy particles in the exit channel is synony-
75% 0f ZyoungWith a clear minimum at g, 40, where the ~ Mous with the selection o.f events with hlgher mean energy.
maximum mean number of intermediate mass fragments is The transversal deflection of the decaying projectile spec-
observed. The average charges and masses for this evd@for is another quantity which is not influenced by autocor-
class argZ;)=26, 13 andA;)=57, 27,i=1,2. relations with regard to the decay pattern. Since in events

It will now be demonstrated that these two event classe¥ith two or three heavy particles in the exit channel the
are representative subsets of the experimental data, i.e., tHagavy particles contain typically 75-80 %Dfona. the cen-
for a givenZ,,,qvalue no evidence for a strong dependence®r of mass of these partlcle_zs is in good approximation the
on the number of heavy fragments is found. This means thatenter of mass of the decaying system. Thus, the transversal
other quantities defining an event do not show a close corre€locity
lation between their mean values and the multiplicity of the —~—s
heavy fragments if analyzed according4g,,q- Evidently, Buans= '8>2<+'8>2/
only observables can be used for this investigation which are
not dominated by autocorrelations. The multiplicity of inter- of the center of mass of the two or three particles with re-
mediate mass fragment$MFs) for instance contains the spect to the beam frame was calculated. In Fig. 8, the mean
number of all heavy fragments with a charge smaller than 30values of this velocity as a function &, ,qare compared
The mean multiplicity of IMFs is therefore influenced by the for events with two and three heavy fragments in the exit
selection criterion and will be significantly different for channel. In agreement with inclusive measurements at 400
events with different numbers of heavy fragments in the exitMeV/nucleon[35], Byans inCreases monotonously with de-
channel. creasingZ,,,ng @and establishes the transversal deflection of

The mean numbeiM ) of light particles from the midra-  the projectile spectator and therefore the transversal momen-
pidity zone of the reaction which were detected in the hodotum transfer(bounce as a measure of the deposition of ex-
scope is a quantity which is certainly dependent on the vio<¢itation energy into the spectator matter. Pure Coulomb in-
lence of the reaction but independent of the specific decateraction during a grazing collision would lead to very small
channels of the excited projectile spectator. In Fig. 7, thevalues for the bounce betweerx30 “c and 4x 10 3c for
inclusive distributions ok M,,) versusZy,nq for the four ~ C and Pb, respectively. But due to the trigger condition de-
targets are shown together with the distributions for eventsnanding at least one light particle detected in the hodoscope
with two and three heavy particles. In agreement with theand therefore a nuclear reaction, the bounce does not vanish
participant-spectator model, the size of the interaction zondpr Z,,~80. The increasing Coulomb repulsion with in-

@
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200 T T T T T

creasing charge of the target nucleus is nevertheless reflected < A
in the small target dependence. Within the experimental er- = B '5V”
rors, the transversal velocity at a givép,,,qiS independent ~ ﬁg@ |z
of the two decay patterns studied. uVJ” 100 | _g—a aC T EE’ 12
The two quantitieM,,) and Byans describe properties S8, @u’“
related to the initial reaction phase—the size of the fireball uPo
and the excitation energy transferred to the spectator matter. < 0 l I l H o
The fact that these quantities are independent of a specific \%/ z
choice of the multiplicity of heavy fragments demonstrates & 40r $g$% T 12
that a restriction to the subset of events, defined by the de- % gggg -------
tection threshold of the MUSIC detector, does not select a 201 T $ .
nontypical sample of the produced projectile spectators.

% 100 200 100 200
B. Two- and three-particle observables
FIG. 9. (Left panel$ Mean value(E3) (top) and the standard

From the measured momenta of the heavy fragments thgyiatione (bottom of the total kinetic energy as a function of the
intrinsic momentap, (i) and velocitiesv. (i) in the  nominal Coulomb energ§, for events with three large fragments
center-of-masgc.m) frame of the binary or ternary heavy in the exit channel of the reactio(Right panel$(E,) (top) and the
fragment system were determined. In this way, the energgtandard deviationr, (bottom), the equivalent quantities for events
distributions of the IMFs are not influenced by the precedingwith two large fragments where binary fission is excluded. The
emission of light charged particles which can carry a signifi-results are shown for the systems-AG, Al, Cu, and Pb aE/A
cant amount of radial collective motidB6]. In addition, the =600 MeV. Both the mean kinetic energy and the width of the
velocity of the decaying spectator is eliminated from theenergy distribution are within the experimental errors independent
analysis. Furthermore, the influence of directed collectiveof the target. The straight lines are least square fits to the combined
motion on the momenta of the particles is reduced. This i§lata of all targets.
especially important if the data are to be compared to calcu-
lations with models which do not include linear collective
motion. By construction, these momenta are collinear in the
case of two and coplanar in the case of three particle events.
For the further analysis, a new coordinate system has beeThis is a generalization of the well-known Viola formula
chosen such that for each event the momentum vectors lie {i81]. For events with only two heavy fragments the kinetic
the same plane, they plane, and that the direction of the energy and the Coulomb repulsion are calculated accord-
heaviest particle coincides with theaxis. This eliminates ingly. The experimental results are plotted in Fig. 9 for the
the three Euler angles which describe the spatial orientatiofour targets used. Within the statistical uncertainties, no tar-
of the momenta relative to the beam axis. The kinematics ofiet dependence is apparent. In all further plots, mean values
the two and three heavy fragments is thus reduced to onef the kinetic energy and of the width of the energy distri-
[px(1)] and three[p,(1), py(2), px(2)—px(3)] param-  bution for the combined data of all four targets will therefore
eters, respectively. The relative kinematics of the fragmentse shown(E,), (E3) ando,, o3 depend linearly orfE. and
can thus uniquely be expressed in terms of one and thresre parametrized in terms of straight line fitg=(mx+ b)
independent quantities which, for the analysis presented inbommon to the data of all four targets. The slopes and inter-
this paper, are chosen as follow#: the total kinetic energy cepts of these fits are listed in Table |I.
E; of the fragments in the c.m. framgi) the reduced rela- The parametersg andb,, describe the mean energies and
tive velocity ve(2,3), and(iii) a quantityQ), which de- their variations in the limit of£E.=0, i.e., without Coulomb
scribes the event shape in velocity space. In the case of onlyteraction, both for binary and ternary events. Under the
two heavy particles, the kinetic ener&y alone is sufficient assumption of a purely thermal source with a temperafure

2.z,

E,=e?> — 1
© TS LAARHAR)

4

to describe the decay dynamics. and without Coulomb interaction, the mean valgEs) and
The sumE; of the kinetic energies of the three particles is (E3) of the kinetic energy distributions and the correspond-
calculated in their c.m. frame ing widths o, and o3 can easily be calculated. In case of

3 . surface emission of the fragments, the values afe- 22T

£~ Pem(i) (3 @nd 4T=2T, in case of volume emission J2- {3/2T and

=1 2moA; 3T+ /3T. For both breakup scenarios, the temperatures de-
TABLE I. Slopes and intercepts of straight line fits to the data

wheremy=931.5 MeVk? is the atomic mass unit and; ——
shown in Fig. 9.

the mass number of the fragmentThe kinetic energy of the
particles is dominated by the Coulomb interaction which it-

self is strongly dependent on the charges involved. The mean binary ternary
value (E3) is therefore studied together with the standardmg 0.43+0.05 0.370.04
deviationo; of the E3 distribution as a function of the nomi- p. (Mev) 39.0+4.0 76.055.0
nal Coulomb repulsioik of the fragments at the time of the m 0.0+0.05 —0.07+0.01
breakup, i.e., as a function of the Coulomb potential of threebg (MeV) 28.0+3.0 44.0- 4.0

touching spheres with radi; = 1.4A°:
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duced from these relations are within the experimental errors & T
identical for binary and ternary events. The assumption of Q o % g
volume emission leads to a temperature of 25 MeV whereas o gﬁr ]
the value for surface emission is 20 MeV. Results obtained © I g«\(
in the reaction Ad-Au at 1000 MeV/nucleon where kinetic 3 E
temperatures were extracted from the energy spectra of light E{
charged particles up tbHe emitted from the target spectator I Y %(
[13] and temperatures extracted from transverse momentum ’ 0-1 | ﬁ( ZF\( o C ]
distributions at 600 MeV/nucleoh3] are of similar size :
(15-20 MeVJ. s %% A A
In line with previous studie§17], the reduced relative | o Cu
velocity is defined as 1072 ! % all ]
Vyedi,j)= M (5) 0 0.2 0.4 0.6 0.8 1
z+z; 0,
wherev ¢(i,]j) is the relative velocity of particleisandj and FIG. 10. Experimental probability distributions fd2,. The

Z; and Z; are the corresponding charges of the fragment§ymb°|_3 for_ the combined data of gll targets are shifted by 0.02 in
With this definition, the mutual Coulomb repulsion within a the x direction. The event shape in velocity space for large and
fragment pair is charge independent. For ternary events, thgnall values of(}, is indicated schematically in the upper left and
reduced relative velocity of the second and third largest fragHdht corners.
ment is calculated. Its mean experimental value, averaged C. Sensitivity of the three-particl bl
over all targets, is 0.02@6-0.000%. This value will be - Sensitivity ot the three-parficie vanavles
used later on to adjust the input parameters of model calcu- In order to illustrate the potential sensitivity of the chosen
lations. observables, calculations with the schemaskixs code[37]
The third quantityQ), characterizes the configuration of were performed. This code was especially developed to
the three velocity vectors study the influence of two extreme breakup mechanisms on
experimentally observable kinetic quantities, using in both
Alps cases a nuclear system of a given size and excitation energy
Q=7 (6)  and identical multifragment channels. It produces multifrag-
0 ment events with two sets of momentum distributions, simu-
. N lating for each event on the one hand a sequence of binar
V\{herEA_lZf* denotes the area of the trlangle_ _W'}h its threedeczgys and on the other hand a simultaneo%s breakup usir?/g
sides given by the three relative velocitiase(1,2),  the final partition of the sequential decay chain and placing
vel(2,3), andv,(1,3). The normalizatiod represents the the fragments randomly but without overlap in a sphere.
area of an equilateral triangle with a circumference of

u=[0,e(1,2)|+|vel( 2,3+ vrel(1,3)], 7

which is the largest area possible for a given circumference.
Thus,Q, varies between 0 and 1, whetk, =0 corresponds

to a stretched configuration with the three relative velocities
being collinear and), =1 to a situation where the three c.m.
velocities point to the corners of an equilateral triangle. The
normalized experimental distributions of the reduced area
Q, are shown in Fig. 10 for the four targets: The probability
to find an equilateral velocity configuration is two orders of
magnitude larger than that for a stretched one. Within the
statistical errors, the distributions are independent of the tar-
get, therefore the mean value averaged over all four targets 0 0 ' 0.2 ' 0.4 0.6 ' 0.8
was determined to increase the statistics especially for small

values ofQ), . In order to address the question of possible A
correlations between the event shape and the charges of the ;s 11 mean values @, (i=1,2,3) as a function of}, for

fragments, the average charg@) (i=1,2,3) of the three 0 combined data of all targetsymbols. Also included are the
fragments ordered accordlng_ to their sizes are studied as@sits of calculations with theos model assuming a sequential
function of (2, for the combined data of all targets. The (solid histogramsand a simultaneouglashed histogramslecay of
results are shown in Fig. 11. Within the statistics, the averagghe projectile spectatdsee Sec. Il ¢ For all three fragments, the
charges are independent@f, , indicating that the probabil- mean charges are independentbf, showing that the probability
ity distribution of 1, is not a trivial consequence of the distribution for(, is not a trivial consequence of the charge dis-
charge distribution or the spectator size. tributions.

<Z,>

1
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FIG. 13. Probability distribution of the reduced relative velocity

FIG. 12. Probability distribution of the observab{e,. The .
" o ved 2,3) between the second and third largest fragments. The sym-
stars refer to the combined data of all targets. Predictions ke bols refer to the combined data of all targets. Predictions o6

code assuming a sequential or prompt breakup are shown by thed . tial t break h by th
solid and dashed histograms, respectively. Also included are thg20€ assuming a sequential or prompt breakup are shown by the

values for a thermal system without Coulomb interacti@iled solid and dashed histograms, respectively.
circles.

s the relatively small radius used in this simulation, which is
Iready an indication that smaller densities will lead to a
etter description of the experimental data. Only due to this
epulsion, the velocity configuration is an image of the
%’reakup configuration in the coordinate space. Any thermal
motion, i.e., any motion which is independent of the relative
positions of the fragments, reduces this correlation. For real-

For this investigation, masses and excitation energies
the decaying spectator nuclei were chosen according to Re
[5] where the authors adjusted the input parameters of a st
tistical fragmentation modéBerlin mode) until the relation
betweern{M ;) andZ,ngWas well reproduced for the sys-

tem Au + Cu at 600 MeV/nucleon. Since the main motiva- istic input parameters of the decaying systésee Sec. IV,

tion of the_ calculations using thg&os code was to illustrate the correlation coefficient (Q,,X,) between, and the
the potential usefulness of the presented observables and cﬁuivalent quantity in the coordinate space

to describe the dynamical aspects of the data, no further at-
tempt was done to optimize the input parameters of the code. (QaXy) = (Qa)(Xa)
The standard built in parametd@7] were used, especially a r(Qa,Xy)= 000Xy (8
density for the simultaneous breakup scenario of one half of TL35a) T4
normal nuclear density which is much larger than the values
extracted from statistical multifragmentation modelgd,  has values of approximately 0.Mote that even in the case
=0.3 in thecoPENHAGENand themoscow code and 0.135 of T=0 and three identical charges this coefficient does not
in the MCFRAG code. reach the value 1.0 since the relation between the distance of
If the sensitivity of the chosen observables is to be testedwo charged particles and their relative momentum is not
it is, however, important that the simulations provide alinear due to the Coulomb repulsigif, on the other hand, a
sample of Monte Carlo data which matches, with respect t@elf-similar radial flow dominates the momentum distribu-
the fragment composition, the experimental data. This igion, r({2,,X,) can reach values around 0.3.
demonstrated in Fig. 11, where for both breakup scenarios In Fig. 13, the probability distribution of the reduced rela-
the mean charge;) in ternary events, ordered according to tive velocity v,.(2,3) between the second and third largest
their sizes, are compared to the experimental data. The largemgments is shown, again both for the data and sbs
fluctuations for the simultaneous breakup scenario are due walculations. The two scenarios predict significantly different
the fact that only very few events with smé#ll, values are relative velocity distributions which in both cases differ
produced(see next figure clearly from the data. In particular, the sequential calcula-
In Fig. 12, the probability distribution of the quantity, tions (solid histogram show a pronounced peak at
is shown for both breakup scenarios and the experimental,.{2,3)=0.01Z. This structure originates from the direct
data. As a reference, tl§&, distribution for a thermal system splitting of an intermediate state into the observed fragments
containing three noninteracting fragments is included. Fo2 and 3 at a rather late stage of the decay sequence. The
the simultaneous breakup, the probability of stretched velocabsence of this structure in the data may therefore signal
ity configurations, i.e., smalf),, is significantly smaller either a smearing of the relative velocity between the final
than for a purely sequential decay process and for the limit ofragments 2 and 3 by decays following the splitting into the
a thermal system. This difference was to be expected, singarimordial second and third largest fragments, or proximity
the repulsive mutual Coulomb interaction shifts initially effects caused by the presence of other particles, or a differ-
stretched velocity configurations to larger value€)lgf. The  ent decay mechanism which does not produce fragments 2
influence of the Coulomb interaction is especially strong forand 3 via a binary splitting.
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The results presented in Figs. 12 and 13 suggest that the £200 . .

guantities chosen to describe the dynamics of the multifrag-

ment events are sensitive to important characteristics of the 1501 |

decay process. In the following section, the experimental re- 100 L ]

sults will be compared to calculations with statistical multi-
fragmentation models and classical three-body calculations 50 -
in order to limit the parameter space of the breakup scenario.

IV. COMPARISON TO MODEL CALCULATIONS

A. Statistical multifragmentation models

e* (MeV/nucl)

Since statistical multifragmentation models have been
shown to describe the observables in the partition space of
the multifragmentation proce$8,5-8,13, it is the obvious
next step to compare their predictions to the kinetic energy 0 5 10
distribution obtained in the present experiméiitshould be b (fm)
emphasized that the description of the partition space com- FIG. 14
pris_es the cross sections for binary and ternary events qﬁultifrégmén
defined in Sec. Il A. Results are shown for treERLIN code versus the impact parameter (Bottom) Excitation energyE* per
(MCFRAG) as well as theCOPENHAGEN and theMOSCOW  cleon versus the impact parameter. The short-dashed, long-
code. A detailed description of the differences between th@ashed, and solid lines show the values used for the three codes
three models can be found in R¢88]. An extensive and  copennaceEN MOSCOW, andBERLIN, respectively.
detailed investigation of all dynamical observables as defined

in Secs. lll A and 11l B was only performed using the statis- . .
tical multifragmentation codBICFRAG [5]. widths of these distributions, ando3 are plotted versus the

All three models assume an equilibrated source with e{wmlnal Co_ulomb_ energy. In the case of meFRAG code,
given number of nucleons at a densityp with an excitation the results including the experimental resolution are shown,

energyE* per nucleon. This source is nonhomogeneous, i{or the two other sets of simulations, the uncertainties due to

; . PR ; he experimental errors were added quadratically to the in-
consists of regions of liquid with normal nuclear density and_ .~ ~""* AR S
g g y trinsic widths of the energy distributions. The mean kinetic

regions of gas. To compare the calculations to the experi . .
mentally observed decay of the projectile spectator, the glognergy<E3> is reasonably well described by all models, al-

bal parameter# andE* have to be provided as a function though small differences arise: For the whole rangé of

of the impact parametdr. To do so, the number of nucleons me C?ACUIat'Ons usTg: ;[jheto_EE?HAG';:\' m(;del ?hre steeper i
of the projectile spectator was calculated within a geometri- an the experimental distribution, theretore the agreemen

cal abrasion picture for the collision AtAu using a radius is, compared to the two other models, worse. The overall
parameter of 1.3 fm. The excitation energy for a given spec-
tator size within the three codes was then chosen according
to Refs.[5—7]. For the nuclear density at freeze out the stan-
dard values of the models were taken, igdp,= 0.3 for the
COPENHAGENand themoscow code and 0.135 for th&ic-
FRAG code. In Fig. 14, the size of the projectile spectator and
its excitation energy are shown versus the impact parameter.
It should be noted that for all three models the excitation 0 ; ; ; ;
energy necessary to describe the partition space of the mul-
tifragmentation is significantly smaller than the experimental
results obtained for the reaction AWu at 600 MeV/
nucleon using a total energy balank®0]. The number of sok
events to be produced for each interval bnwas chosen {
according to the geometrical cross section for the interval 0 L o .
dP(b)~bdb. The impact parameter was varied between 0.5 0 100 200 100 200

and 12.0 fm in steps of 0.5 fm. For thecFRAG code, the E. (MeV) E. (MeV)
calculation of the observables was done twice: First, the out- FIG. 15. Mean kinetic energieE;) and (E,) (top) and the

put of the simulations Was_, used directly, 'ghe_n randqm €10l 3tandard deviations; anda, (bottom as a function of the nominal
on the order of the experimental uncertainties for light par--,,iomb energyE. . The symbols denote the experimental data
ticles were added to the masses and momenta of the fragyeraged over the reactions A, Al, Cu, and Pb. The short-
ments before the same analysis was performed. In this wayiashed, long-dashed, and solid histograms present predictions of the
an upper limit for the uncertainties produced by the experitopennacen Moscow, andmcFrAG fragmentation models, respec-
mental resolution was achieved. tively. The dashed-dotted line shows the result of a classical trajec-
In Fig. 15 the mean kinetic energi€&,) and(Ez) for  tory calculation as described in Sec. IV C. All calculations under-
binary and ternary event@s defined in Sec. lll Ain the  predict significantly the width of the energy distribution while the
center of mass frame of the two or three particles and thenean value of the kinetic energy is well described.

o N oo 0 O
T

Input parameters for the simulations with statistical
tation codegTop) Size of the decaying spectatay,

(nsn) <F3>

(nen) “o

Tk fofe X
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B. The influence of angular momentum

The simulations presented in the previous section showed
that the experimental energy distributions cannot be ex-
plained in a purely thermal description of the nuclear matter,
if the temperature is adjusted to reproduce the charge distri-
butions. It was shown earlier that the coupling of random and
collective motion increases the fluctuations of the kinetic en-
ergy [39]. As an additional degree of freedom angular mo-
mentum was therefore taken into account. It is well known
from the study of fission and compound nuclei at lower en-
ergies that in heavy-ion reactions very large angular mo-
menta can be transferred, causing a collective rotation of the
excited matter. INC calculations at 100 and 200 MeV/
nucleon show that the mean angular momentum per nucleon
transferred can be as large as @&.7®%Hut even more impor-

A tant than the mean values are the huge angular momentum
fluctuations which may reach Gi5er nucleon FWHM40].

he influence of angular momentum on the decay pattern of
nuclear matter within the framework of statistical fragmen-

0 0.2 0.4 0.6 0.8 1

FIG. 16. Probability distribution fof}, . The symbols denote
the experimental data, the histograms model calculations. The soli
line represents the calculation with tkieFRAG code using the stan-

dard input parameters of the model. The dashed-dotted line showgtion modgls has_ only barely been studied so far. .
the result of a classical trajectory calculation as described in Sec. Calculations with theuCrFrAG model were done using a
IV C, where the same input parameters were used. version of the code where the treatment of angular momen-

tum was implemented in a fully microcanonical wW#y}. The
agreement of data and the three sets of calculations, indepeimpact parameter was again varied between 3.0 and 12.0 fm
dent of internal details in the theoretical treatment of thein steps of 0.5 fm(below 5 fm, no events with three heavy
fragmentation process, and the simultaneous description dfagments are producgdand a total number of 570 000
(E,) and(Ej3) by theMCFRAG code are nevertheless a con- events for each set of simulations was produced. In this
firmation for the expansion of the nuclear matter prior to itsimplementation, the rotational degrees of freedom are as-
decay. The width of the energy distributions, on the othersumed to be completely thermalized and the contribution of
hand, is underestimated by almost a factor of 2 both fotthe intrinsic rotation of the produced fragments to the total
events with two and three heavy fragments in the exit chanangular momentum is neglected. This is supposed to be a
nel. In spite of deviations between the three sets of calculagood approximation for expanded systems at the time of
tions, the inadequate description @f is a generic problem freeze-out, since the main part of the angular momentum is
of all three statistical multifragmentation models. Using thecontained in the orbital motion of the fragments around the
MCFRAG code, it was verified that this underpredictioncgf =~ common center of mass.
cannot be compensated by reasonable fluctuations of the ini- Calculations were performed for three nuclear densities
tial excitation energy of a given spectator: Combining the0.055,, 0.08%,, 0.135%,, using the relations between im-
events from three sets of calculations with 0.9, 1.0, and 1.pact parameter, system size, and excitation energy which
timesE* (Ay) does not change the width of the energy dis-were already shown in Fig. 14, and a mean angular momen-
tribution. This variation of the excitation energy correspondstum (L) of 0.75:A. The angular momentum transfer was
within the relevant range of spectator sizes approximately talistributed according to
the width of the energy distribution used in RE8] to de-
scribe the experimental charge distributions. P(L)= L exp( -L ) ©

In Fig. 16 the probability distribution for the quanti€y 0.5L) 0.5L))"

is plotted both for the data and the calculations with the
MCFRAG code. The calculated distribution is significantly In Ref.[9], it was already shown that simulations with this
steeper than the experimental one. On the other hand, it ®gular momentum distribution together with a nuclear den-
less steep than the result of thescalculation for a simul-  sity of 0.0§, describe simultaneously the quantiti€s;)
taneous breakup presented in Fig. 12. Since in both cases thad o3. The results, again including the influence of the
excitation energy transferred to the spectator matter of a&xperimental uncertainties, are shown in Fig. 17 for the three
given size is identical and the breakup pattern is on averagdensities listed above. As expected, the mean kinetic energy
very similar, any differences in the velocity distributions areas well as the width of the energy distribution increases with
caused by the different radii of the breakup volume. This willincreasing nuclear density. Due to the fact that the mean
result in different contributions from the Coulomb interac- rotational energy is not very large, the incorporation of an-
tion and, more importantly, in different spatial breakup con-gular momentum does not chang@e;) very much, as a com-
figurations. On average, an elongated structure will result ipparison to Fig. 15 demonstrates, but the large variation of
a smaller value of), than a more compact one. If, however, angular momenta produces nonthermal fluctuations which
the volume is very small as in the case of #@scalcula- increase the value of3 significantly, resulting in a good
tions, elongated configurations are less likely. The probabildescription of both(E;) and o5 for densities between
ity distribution of (), is therefore expected to be steeper than0.05%, and 0.08@,. At the same time, the quantif, is
for the more dilute system used for tReFRAG calculations. much better described, as is shown in Fig. 18 where the
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FIG. 17. Mean kinetic energyE;) and the standard deviation
o3 as a function of the nominal Coulomb ener§y under the FIG. 19. Mean charge asymmetry between the two largest frag-
assumption of a mean angular momentum transfer to the spectatafents(a,,) (top lef)) and between the second and third largest
of 0.7%i/nucleon. The dotted, dashed, and solid histograms presefitagments(a,s) (top righ, mean number of intermediate mass

MCFRAG calculations with freeze-out densities of 0.9550.08%,, fragments M) (bottom lef), and mean charge of the largest frag-
and 0.13p,, respectively. The symbols represent the experimentament(Z,,,,y (bottom righ} versusZ,..qunder the assumption of a
data. mean angular momentum transfer to the spectator of

0.7%:i/nucleon. The stars denote the experimental data. The dotted,
probability distribution of(), is plotted for the three densi- dashed, and solid histograms present calculations with freeze out
ties. Independent of the nuclear density chosen the probabitiensities of 0.054,, 0.08(), and 0.13p,, respectively. For com-
ity for the occurrence of stretched configurations of the thregarison, the results of calculations without angular momentum
velocity vectors is enhanced. transfer and a freeze-out density of 0.p3%re included as open
To check whether the decay pattern is changed by théircles.

angular momentum, observables which were used in earlier . .
g Sted as a function o oung- IN Fig. 19, the results are shown

papers[2,3] to describe the charge partition space of thefor simulations with and without angular momentum to-

reaction were investigated: The mean values of the as’ymm%]'ether with the experimental data. Whereas the mean number

tries of intermediate mass fragmen(s!;,;) does not change very
much under the influence of angular momentum, this is not
a :Zl_ZZ and a :ZZ_Z3 (10) true for the details of the decay pattern of the spectator: The
277,42, B7,425 mean asymmetrya,,y between the charges of the largest
and the second largest fragment decreases dramatically for
the mean number of intermediate mass fragméhts, and ~ values ofZy,,,q above 50, which means that the two frag-

the average charge of the largest fragmepj, are calcu- Mments become more comparable in size. As a consequence,
the mean charge of the largest fragmeat,,,) within an

event also decreases. At the same time, the mean asymmetry
between the charges of the second and the third largest frag-
ment(a,y increases, which means that in the presence of
angular momentum the charge of the spectator is more
evenly divided between the two largest fragments. The
changes in the breakup pattern are more pronounced for a
small freeze-out density. These results are in qualitative
agreement with the investigations presented by Botvina and
Gross[9], where the size of the largest fragment and the
relative size of the two largest fragments were studied under
the influence of different amounts of angular momentum.
From the calculations presented above it is obvious that
large angular momenta per nucleon destroy the agreement
between the results of the statistical multifragmentation code

']O = 1 1 1 L | 1 = .
0 0.2 0.4 0.6 0.8 1 and the data as far as the partition pattern of the spectator

0 matter is concerned. This is especially true for large values
s of Zyoung, 1-€-, for peripheral collisions. On the other hand, it
FIG. 18. Probability distribution fof), under the assumption of Was shown that the additional degree of freedom increased
a mean angular momentum transfer to the spectator othe fluctuations of the kinetic energy by a substantial
0.7%/nucleon. The dotted, dashed, and solid histograms prese@mount. The question therefore arises of whether a better
MCFRAG calculations with freeze out densities of 0.9550.08(, overall agreement can be achieved if the transfer of angular
and 0.13p,, respectively. The symbols denote the experimentaimomentum per nucleon to the system is reduced for large
data. impact parameters.
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If the peripheral reactions are treated in the abrasionstrained by momentum conservation, these velocities were
ablation picture applying the formalism described in Ref.selected according to a probability distribution for the rela-
[41], values for the angular momentum transfer are obtainetive kinetic energy
which are smaller than the value of O#fBucleon by a fac-
tor of 5 to 10. These numbers together with a density of
0.13%, result in a reasonable description of the partition but
the energy fluctuations are again underestimated. The mean
values of the asymmetriesg , anda,; might suggest that this Wherea equals 0.5 or 1.0, corresponding to a volume or a
can be Compensa‘[ed by an increase of the nuclear density %ﬂface emission of the fragmentS. In addition to this random
breakup. Unfortunately, this is in contradiction to the de-motion, an initial radial flow velocity
scription of the quantityM;.;). The probability to find large .
values of (M) for the Zy,,,q range between 40 and 70 > ﬁ ﬂ (12)
decreases with increasing density. As the mean multiplicity %~ N'm, R
of IMFs is already too small, a further increase of the density
would make the deviations even worse. was added to the random velocities of the thermal motion.

This leaves no room for a parametrization of angular moHere, 6i is the position of the center of fragmentwith
mentum transfer and density which fits both aspects of theespect to the center of mass; is the flow energy per
experimental data. The charge partition space and the dyyucleon for fragments located d=R. The charges and
namics of multifragmentation events cannot be described simasses of the fragments were obtained by a Monte Carlo
multaneously by the statistical multifragmentation modelsampling of the experimental events, thus reducing signifi-
even if angular momentum as an additional degree of freecantly the uncertainties associated with the fragment distri-
dom and therefore as a potential source for fluctuations igution. In order to account for the recoil from light particles
taken into account. o _ _ emitted sequentially from the initial fragmentg/(,A), the

The conclusions drawn in this section are valid only for ameasured charge® and masse#; were multiplied by a
nuclear system where all degrees of freedom are completebyctor[1—T2/(aA)] 2. For this correction, a level density
thermalized. If this is not true, i.e., if the time scale for the harameter o=10 MeV was used. The quantity repre-

equilibration of the rotational degrees of freedom is largesents the average energy removed by the emission of a
compared to that of the thermalization of the excitation eny,ycleon. For simplicity, A=2T+E.+E, was assumed

ergy, the process of fragmentatic_)n is decoupled from thghere E.=8 MeV andE,=4 MeV are the typical separa-
angular momentum transfer. In this case, the amount of anjon energy and barrier height, respectively. After the inter-
gular momentum transferred to the spectator does not influsction of the primordial fragmentsZ( ,A!) has ceased, the
ence the partition space of the reaction, it only contributes Qg ,ential emission of light particles leading to the observed
the final momentum distribution of the fragments. Therefore, < as and charge& (A) was assumed to take place. For

1 1 .

density and excitation energy on the one hano_l and angul ach event, the temperature parameétevas chosen accord-
momentum on the other hand can be adjusted mdependeng rP to the experimental value a4 from the relation

and a reasonable agreement with the experimental data ca
bg a}chleved. This approach has been adopted by thg Mul'tlcs/ T= fT\/m' (13)
Miniball group[42]. It has to be stated, though, that with this
modificat_ion the fr_agme_ntation process is not treated in vheref; is a free parameter. Fdk=1, and within the rel-
purely microcanonical picture any longer. evant range oF g the relation describes the temperatures
of the initial projectile spectators as predicted by micro-
scopic transport calculations reasonably wdlv,46,3. A
value of 0.75 is in agreement with experimental results ob-
A collective radial motion of all constituents of the spec- tained by the He-Li isotope thermome{&0,13. The paths
tator is another conceivable source of fluctuations of the kiof the fragments were calculated under the influence of their
netic energy. If the nuclear matter is compressed in the initiamutual Coulomb field and two-fragment proximity forces ac-
stage of the reaction, an additional nonequilibrated collectiveeording to Ref[48]. Since for the further analysis those tra-
contribution to the motion of the nuclear matter will be jectories were rejected for which the fragments overlapped
present[43,44). Even though this effect is expected to be during the propagation, the influence of the proximity force
small in the peripheral collisions discussed in this paper, valturned out to be rather small.
ues for the radial flow energy up to 1.5 MeV cannot be ruled In a first step, these schematic trajectory calculations were
out [3]. First attempts have been made to include collectiveperformed with input parameters corresponding on average
radial flow in statistical modelg45], but a consistent imple- to those of the statistical modelCFRAG, i.e., «=0.5, f1
mention is not yet available. Therefore, classical three-body=0.6—0.8, R~7—9 fm, ande;=0. The results fofEz)
calculations were performed to get a quantitative estimate foand o3 are comparable to those of the statistical model cal-
the influence of collective flow. culations, especially the widthr; is again significantly un-
The simultaneous emission out of a given volume is mod-derpredicted in this case. In order to demonstrate this, the
eled in the following way: The centers of three nonoverlap-schematic calculations fdir=0.7,R=8 fm, ande;=0 are
ping fragments with a radius of 143® are distributed ran- included in Fig. 15. The agreement of the classical calcula-
domly within a sphere of radiuR. To each fragment, an tions and the statistical model calculations for a similar set of
isotropically distributed initial velocity is assigned. Con- external parameters is a consistency check and shows in ad-

P(E)~ E“exp< — %) , (11

C. Classical three-body calculations
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FIG. 20. Parameter adjustment for the classical three-body cal- £ 11 2
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culations. The solid lines correspond to surface emissian ( > 40+ . 214 —1
=1.0), whereas the dashed lines show the results for volume emis- o 3 e 110
sion (@=0.5). (Left) Contour lines fory?=2 in a plane defined by 201 ] ' _n
the volume radiuR and the scaling factdr; of the temperature for oL£L ‘ : 3 J 110
flow parameterg;=0.0, 0.5, and 1.0 MeV(Right) Minima of the 0 0.02 0.04 0 0.5 1
X2 distribution as a function oé; . Values ofe; larger than 1 MeV Ves(2,3) () 0

are ruled out whereas values between 0 and 1 MeV show no sig-

nificant differences inc2,,. FIG. 21. Mean kinetic energyEs) and its standard deviation

o3, Ued2,3), andQ, for classical three-body calculatiofisisto-

dition that the neglect of the influence of the lighter particlesd'aM$: The parameter s&®=22 fm, &=0.5, andf;=1.2, corre-
sponding to the minimum iry“ in the case of surface emission of

produce_d In t_he _reactlon, .e., the restrlctlon_of the eXpe”'the three fragmentsa(=1.0), was chosen. The symbols represent
mental investigation to the two or three heaviest fragment e experimental data
does not change the results significantly. The probability dis- '

tribution of the quantit is also compared to the resultsof = =~ ,
d " P tribution is nevertheless not directly comparable to those

the statistical model calculatiaisee Fig. 1& e ! ;
shown in Figs. 12 and 16: They were achieved assuming a

In a next step, the quantitié®, €;, andf; were variedto 2 i .
fit the experimental data. In order to quantify the agreemen@é(ed breakup density for all decaying systems, whereas the

between the simulations and the experimental observations,\4rée-body calculations assume a fixed breakup volume.
reducedy? was calculated for each parameter set: This set of simulations suggests the disintegration of a
' highly excited and rather extended nuclear system and very

low values of the flow parameter. Fdy,,,;.= 55, the mean

5 — )2 . ; . .
Xzzl (@i~ pi) _ (14) value for events with three heavy patrticles in the exit channel
5(=1 5i2 of the reaction, the fit values correspond to a temperature

parameter of approximately 10 MeV and a density below
Here,w; are the four coefficients characterizing the fits to the0.0%¢ Which is much smaller than the values used for the
three-particle data in Fig. 9 and, in addition, the mean reMCFRAG calculations in order to reproduce the partition
duced velocity between the two lighter fragments as showspace of the reaction.
in Fig. 13.5; and u; denote the experimental uncertainties of  In the framework of these schematic calculations the large
these quantities and the corresponding model predictions, réeeze-out radius is due to the balance between Coulomb
spectively. The result is shown in Fig. 20. A clear minimumenergy and temperature: If a higher nuclear density is as-
of x? can be determined for each given flow parametdsy ~ sumed, the Coulomb repulsion is much stronger and requires
varying independently the other two model paramefeasd  therefore a compensation by a lower temperature parameter

f1. The left part of Fig. 20 shows in R-f; plane the con- and a vanishing flow to describe the energy spectra. The
tour lines with y2=2 for =0 (R~15 fm), 0.5 R fluctuationsos of the kinetic energy, on the other hand, re-

~22 fm) and 1 MeV R~26 fm) and for the two values of flect in addition to thermal fluctuations also fluctuations due
the exponenu. The Corresponding minima of th‘z} distri- to the pOSition Sampling within the breakup volume. ThUS,
bution are displayed in the right panel of Fig. 20 as a funcJower temperatures and especially smaller radii lead to a sig-
tion of ¢;. Both for volume emission and surface emission,nificant reduction ofrs which cannot be compensated by the
values for the flow parametes larger than 1 MeV are ruled small values of radial flow consistent with the energy spec-
out whereas the results obtained by values between 0 andf-

MeV show no significant difference ig2,,. To demonstrate

the quality of the parameter _adjgstment, the quantitieg, V. CONCLUSIONS
o3, andv(2,3) are shown in Fig. 21 for the parameter set
R=22 fm, ¢=0.5 MeV, andf{=1.2. In the lower right Kinematic correlations between two and three heavy pro-

part of Fig. 21,Q,, which was not used in the fitting pro- jectile fragments produced in Au-induced reactionEEd4
cedure, is compared to the experimental values. As expected 600 MeV have been studied. A comparison of the observ-
from the results shown in Figs. 12 and 16, the probability forables to the results of the schema@smodel confirms their
the existence of stretched velocity configurations increasesensitivity to the disassembly configuration. Classical trajec-
with increasing radius of the decaying system. The dis-  tory calculations sampling the experimental charge distribu-
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tion limit significantly the possible parameter space of thegies up to approximately 10 MeV/nucle¢sl]. At the same
breakup scenario. Taken at their face values these simuldime, large fluctuations, similar to dissipative phenomena and
tions require highly excited and rather extended nuclear sysshape fluctuations known to be important in binary fission
tems at the time of the breakup. These source parametefS2], may arise.
differ significantly from breakup parameters needed by sta- A quantitative understanding of fluctuations and their de-
tistical multifragmentation models in order to describe thevelopment during the disassembly phase clearly requires dy-
observed fragment distributions and mean values of the kinamical transport models which include a realistic treatment
netic energy distributions. On the other hand, these modelsf fluctuations on a microscopic level. Significant progress in
are not able to reproduce the fluctuations of the energy dighe development of microscopic transport models has been
tribution. Binary events not attributed to binary fission alsoachieved over the last decads3], but only recently have the
show fluctuations of the relative kinetic energy which canfirst microscopic calculations been published which repro-
only be described by the same rather high, and probablguce for the ALADIN data both the multiplicity of the frag-
unrealistic, thermal contribution. The introduction of angularments and the slopes of their kinetic energy spe&#. In
momentum into the statistical model improves the descripthe framework of this model, and in line with previous stud-
tion of the energy fluctuations, but does not reproduce simulies [55-57, it is found that the decaying system is not in
taneously the charge partition anymore. thermal equilibrium and that the breakup is dominated by
For any further attempt to reconcile the kinetic observ-dynamical processes. However, the fragment composition
ables and the partition pattern of the spectator matter twagrees with the experimental one only for a short time inter-
possible approaches seem conceivable: Either the assumyal after the collision (60 fnd) and is drastically altered
tion of a global equilibrium established prior to the fragmen-during the further time evolution. Thus, a consistent descrip-
tation process is oversimplified and has to be given up or th&on of the time evolution from the first stages of the collision
statistical models have to be refined. The nuclear interactiomia the formation of primordial excited fragments to their
during the breakup process, for example, is so far ignoredgventual deexcitation and formation of individual quantum
i.e., the interaction between the fragments is limited to thestates within one microscopic model is still not available.
Coulomb repulsion(In the classical three-body trajectory First attempts to take into account the quantal nature of the
calculations present in this work, a nuclear proximity poten-nuclear system are being pursuggB—6Q for which the
tial is included, but its influence is strongly suppressed by thg@resent data may serve as a valuable testing ground.
requirement that the fragments do not oveplapne might
speculate that in the case of a stronger overlap of the frag- ACKNOWLEDGMENTS
ments in an earlier stage of the breakup, the nuclear attrac-
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sarily lead to an overestimation of the kinetic energies. Firsand for helpful discussions. This work was partly supported
steps to add the nuclear interaction between the fragments tiy the Bundesministerium fuForschung und Technologie.
statistical decay models in a consistent manner have alreadyP. and M.B. acknowledge the financial support of the Deut-
been undertakef9,50. A recent publication suggests that sche Forschungsgemeinschaft under Contract Nos. Po 256/
the nuclear interaction is indeed relevant for excitation ener2-1 and Be 1634/1-1.

[1] J. Hubele, P. Kreutz, J.C. Adloff, M. Begemann-Blaich, P. Rubehn, H. Sann, C. Schwarz, W. Seidel, V. Serfling, L.G.

Bouissou, G. Imme, I. lori, G.J. Kunde, S. Leray, V. Linden- Sobotka, J. Stroth, L. Stuttgs. Tomasevic, W. Trautmann, A.

struth, Z. Liu, U. Lynen, R.J. Meijer, U. Milkau, A. Moroni, Trzcinski, M.B. Tsang, A. Tucholski, G. Verde, C.W. Will-

W.F.J. Miller, C. Nga C.A. Ogilvie, J. Pochodzalla, G. Raciti, iams, E. Zude, and B. Zwieglinski, Nucl. Phya607, 457

G. Rudolf, H. Sann, A. Schtauf, W. Seidel, L. Stuttge, W. (1996.

Trautmann, and A. Tucholski, Z. Phys. 340, 263 (199J). [4] C.A. Ogilvie, J.C. Adloff, M. Begemann-Blaich, P. Bouissou,
[2] P. Kreutz, J.C. Adloff, M. Begemann-Blaich, P. Bouissou, J. J. Hubele, G. Imme, I. lori, P. Kreutz, G.J. Kunde, S. Leray, V.

Hubele, G. Imme, I. lori, G.J. Kunde, S. Leray, V. Linden- Lindenstruth, Z. Liu, U. Lynen, R.J. Meijer, U. Milkau, W.F.J.

struth, Z. Liu, U. Lynen, R.J. Meijer, U. Milkau, A. Moroni, Mudiller, C. Ngq J. Pochodzalla, G. Raciti, G. Rudolf, H. Sann,

W.F.J. Miler, C. Nga C.A. Ogilvie, J. Pochodzalla, G. Raciti, A. Schiutauf, W. Seidel, L. Stuttge, W. Trautmann, and A.

G. Rudolf, H. Sann, A. Schtauf, W. Seidel, L. Stuttge, W. Tucholski, Phys. Rev. Let67, 1214(199J).

Trautmann, and A. Tucholski, Nucl. Phy&556, 672 (1993. [5] Bao-An Li, A.R. DeAngelis, and D.H.E. Gross, Phys. Lett. B
[3] A. Schittauf, W.D. Kunze, A. Wener, M. Begemann-Blaich, 303 225(1993.

Th. Blaich, D.R. Bowman, R.J. Charity, A. Cosmo, A. Ferrero, [6] H.W. Barz, W. Bauer, J.P. Bondorf, A.S. Botvina, R. Donan-

C.K. Gelbke, C. GroR, W.C. Hsi, J. Hubele, G. Imrhdori, J. gelo, H. Schulz, and K. Sneppen, Nucl. Phys561, 466

Kempter, P. Kreutz, G.J. Kunde, V. Lindenstruth, M.A. Lisa, (1993.

W.G. Lynch, U. Lynen, M. Mang, T. Malenkamp, A. Mo- [7] A.S. Botvina and I.N. Mishustin, Phys. Lett. 294, 23(1992.
roni, W.F.J. Miler, M. Neumann, B. Ocker, C.A. Ogilvie, [8] A.S. Botvina, I.N. Mishustin, M. Begemann-Blaich, J. Hubele,
G.F. Peaslee, J. Pochodzalla, G. Raciti, F. Rosenberger, Th. G. Imme, I. lori, P. Kreutz, G.J. Kunde, W.D. Kunze, V. Lin-



1654 M. BEGEMANN-BLAICH et al.

denstruth, U. Lynen, A. Moroni, W.F.J. Mar, C.A. Ogilvie,
J. Pochodzalla, G. Raciti, Th. Rubehn, H. Sann, A. &elo,
W. Seidel, W. Trautmann, and A. Weer, Nucl. PhysA584,
737(1995.
[9] A.S. Botvina and D.H.E. Gross, Nucl. Phys592, 257(1995.
[10] A.S. Botvina, A.S. Il'inov, and I.N. Mishustin, Yad. FizZ2,
1127(1985 [Sov. J. Nucl. Phys42, 712(1985].

PRC 58

[23] P. Glassel, D.V. Harrach, H.J. Specht, and L. Grodzins, Z.

Phys. A310, 189(1983.

[24] D. Pelte, U. Winkler, M. Baler, B. Weissmann, A. Gobbi,

K.D. Hildenbrand, H. Stelzer, and R. Novotny, Phys. Rev. C
34, 1673(1986.

[25] R. Bougault, J. Colin, F. Delaunay, A. Genoux-Lubain, A.

Hajfani, C. Le Brun, J.F. Lecolley, M. Louvel, and J.C. Steck-

[11] J. Bondorf, R. Donangelo, I.N. Mishustin, C.J. Pethick, H. meyer, Phys. Lett. 232 291(1989.
Schulz, and K. Sneppen, Nucl. Phys143, 321(1985. [26] G. Bizard, D. Durand, A. Genoux-Lubain, M. Louvel, R. Bou-
[12] D.H.E. Gross, Zhang Xiao-ze, and Xu Shu-yan, Phys. Rev. gault, R. Brou, H. Doubre, Y. ElI-Masri, H. Fugiwara, K. Ha-
Lett. 56, 1544(1986. gel, A. Hajfani, F. Hanappe, S. Jeong, G.M. Jin, S. Kato, J.L.
[13] Hongfei Xi, T. Odeh, R. Bassini, M. Begemann-Blaich, A.S. Laville, C. Le Brun, J.F. Lecolley, S. Lee, T. Matsuse, T.

Botvina, S. Fritz, S.J. Gaff, C. GroR, G. Imme lori, U.
Kleinevol3, G.J. Kunde, W.D. Kunze, U. Lynen, V. Madd-
alena, M. Mahi, T. Mblenkamp, A. Moroni, W.F.J. Mier, C.

Motobayashi, J.P. Patry, A. Beaire, J. Per, N. Prot, R.
Regimbart, F. Saint-Laurent, J.C. Steckmeyer, and B. Tamain,
Phys. Lett. B276, 413(1992.

Nociforo, B. Ocker, F. Petruzzelli, J. Pochodzalla, G. Raciti,[27] M. Bruno, M. D’Agostino, M.L. Fiandri, E. Fuschini, L.

G. Riccobene, F.P. Romano, Th. Rubehn, A. Saija, M. Schnit-

tker, A. Schitauf, C. Schwarz, W. Seidel, V. Serfling, C. Sfi-
enti, W. Trautmann, A. Trzcinski, G. Verde, A. Wher, and
B. Zwieglinski, Z. Phys. A359 397 (1997).

Manduci, P.F. Mastinu, P.M. Milazzo, F. Gramegna, A.M.J.
Ferrero, F. Gulminelli, I. lori, A. Moroni, R. Scardaoni, P.
Buttazzo, G.V. Margagliotti, G. Vannini, G. Auger, and E.
Plagnol, Nucl. PhysA576, 138 (1994.

[14] R. Trockel, U. Lynen, J. Pochodzalla, W. Trautmann, N.[28]J. Lauret and R.A. Lacey, Phys. Lett. 37, 195(1994.

Brummund, E. Eckert, R. Glasow, K.D. Hildenbrand, K.H. [29] G. Bauer, F. Bieser, F.P. Brady, J.C. Chance, W.F. Christie,

Kampert, W.F.J. Mler, D. Pelte, H.J. Rabe, H. Sann, R.
Santo, H. Stelzer, and R. Wada, Phys. Rev. L&%&. 2844
(1987.

B 224, 29 (1989.

[16] Y.D. Kim, R.T. de Souza, D.R. Bowmann, N. Carlin, C.K.

Gelbke, W.G. Gong, W.G. Lynch, L. Phair, M.B. Tsang, F.
Zhu, and S. Pratt, Phys. Rev. Lef7, 14 (199)).

[17] Y.D. Kim, R.T. de Souza, D.R. Bowmann, N. Carlin, C.K.

Gelbke, W.G. Gong, W.G. Lynch, L. Phair, M.B. Tsang, and
F. Zhu, Phys. Rev. @5, 338(1992.

Gelbke, W.G. Gong, Y.D. Kim, M.A. Lisa, W.G. Lynch, L.
Phair, M.B. Tsang, C. Williams, N. Colonna, K. Hanold, M.A.

M. Gilkes, V. Lindenstruth, U. Lynen, W.F.J. Mer, J.L.
Romero, H. Sann, C.E. Tull, and P. Warren, Nucl. Instrum.
Methods Phys. Res. 886, 249(1997).

[15] D.H.E. Gross, G. Klotz-Engmann, and H. Oeschler, Phys. Lett[30] J. Pochodzalla, T. Mdenkamp, T. Rubehn, A. Schauf, A.

Worner, E. Zude, M. Begemann-Blaich, Th. Blaich, H. Em-
ling, A. Ferrero, C. Grol3, G. Imme, I. lori, G.J. Kunde, W.D.
Kunze, V. Lindenstruth, U. Lynen, A. Moroni, W.F.J. Mer,

B. Ocker, G. Raciti, H. Sann, C. Schwarz, W. Seidel, V.
Serfling, J. Stroth, W. Trautmann, A. Trzcinski, A. Tucholski,
G. Verde, and B. Zwieglinski, Phys. Rev. Leff5 1040
(1995.

[18] D.R. Bowman, G.F. Peaslee, N. Carlin, R.T. de Souza, C.K[31] V.E. Viola and T. Sikkeland, Phys. Re%30, 2044(1963.
[32] R. Brun, F. Bruyant, M. Maire, A.C. McPherson, and P. Za-

narini, GEANT3, Report No. CERN/DD/ec/84-1, 1986.

McMahan, G.J. Wozniak, and L.G. Moretto, Phys. Rev. Lett.[33] Th. Stdlker, H. Geissel, H. Folger, C. Kozhuharov, P.H.

70, 3534(1993.

[19] E. Bauge, A. Elmaani, R.A. Lacey, J. Lauret, N.N. Ajitanand,

D. Craig, M. Cronqvist, E. Gualtieri, S. Hannuschke, T. Li, B.

Mokler, G. Minzenberg, D. Schardt, Th. Schwab, M. Steiner,
H. Stelzer, and K. Sumerer, Nucl. Instrum. Methods Phys.
Res. B61, 408 (199).

Llope, T. Reposeur, A. Vander Molen, G.D. Westfall, J.S.[34] T. Rubehn, R. Bassini, M. Begemann-Blaich, Th. Blaich, A.

Winfield, J. Yee, S. Yennello, A. Nadasen, R.S. Tickle, and E.
Norbeck, Phys. Rev. Let%0, 3705(1993.

[20] B. Kampfer, R. Kotte, J. Mener, W. Neubert, D. Wohlfarth,

J.P. Alard, Z. Basrak, N. Bastid, .M. Belayev, Th. Blaich, A.
Buta, R. Caplar, C. Cerruti, N. Cindro, J.P. Coffin, P. Dupieux,
J. Erq Z.G. Fan, P. Fintz, Z. Fodor, R. Freifelder, L. Fraysse,

Ferrero, C. GroB3, G. Imme, I. lori, G.J. Kunde, W.D. Kunze,
V. Lindenstruth, U. Lynen, T. Molenkamp, L.G. Moretto,
W.F.J. Muler, B. Ocker, J. Pochodzalla, G. Raciti, S. Reito, H.
Sann, A. Schitauf, W. Seidel, V. Serfling, W. Trautmann, A.
Trzcinski, G. Verde, A. Wmer, E. Zude, and B. Zwieglinski,
Phys. Rev. (63, 3143(1996.

S. Frolov, A. Gobbi, Y. Grigorian, G. Guillaume, N. Her- [35] G.J. Kunde, Ph.D. thesis, University Frankfurt, 1994.

rmann, K.D. Hildenbrand, S. Higling, A. Houari, S.C. Jeong,
M. Jorio, F. Jundt, J. Kecskemeti, P. Koncz, Y. Korchagin, M.
Kramer, C. Kuhn, I. Legrand, A. Lebedev, C. Maguire, V.
Manko, T. Matulewicz, G. Mgebrishvili, D. Moisa, G. Mon-
taru, I. Montbel, P. Morel, D. Pelte, M. Petrovici, F. Rami, W.
Reisdorf, A. Sadchikov, D. ScHu Z. Seres, B. Sikora, V.
Simion, S. Smolyankin, U. Sodan, K. Teh, R. Tezkratt, M.
Trzaska, M.A. Vasileiv, P. Wagner, J.P. Wessels, T. Wienold,
Z. Wilhelmi, and A.L. Zhilin, Phys. Rev. @8, R955(1993.

[21] Bao-An Li, D.H.E. Gross, V. Lips, and H. Oeschler, Phys.

Lett. B 335, 1 (1994

[22] O. Schapiro and D.H.E. Gross, Nucl. Php&73, 143(1994).

[36] J. Lauret, S. Albergo, F. Bieser, N.N. Ajitanand, J.M. Alex-

ander, F.P. Brady, Z. Caccia, D. Cebra, A.D. Chacon, J.L.
Chance, Y. Choi, P. Chung, S. Costa, P. Danielewicz, J.B.
Elliot, M. Gilkes, J.A. Hauger, A.S. Hirsch, E.L. Hjort, A.
Insolia, M. Justice, D. Keane, J. Kintner, R.A. Lacey, V. Lin-
denstruth, M.A. Lisa, H.S. Matis, R. McGrath, M. McMahan,
C. McParland, W.F.J. Mler, D.L. Olson, M.D. Partlan, N.T.
Porile, R. Potenza, G. Rai, J. Rasmussen, H.G. Ritter, J. Ro-
manski, J.L. Romero, G.V. Russo, H. Sann, R. Scharenberg,
A. Scott, Y. Shao, B.K. Srivastava, T.J.M. Symons, M. Tinck-
nell, C. Tuve, S. Wang, P. Warren, T. Wienold, H.H. Wieman,
and K. Wolf, Phys. Rev. G7, R1051(1998.



PRC 58 BREAKUP CONDITIONS OF PROJECTILE SPECTATORS ... 1655

[37] J.A. Lopez and J. Randrup, Comput. Phys. Commit@).92 W.F.J. Miller, C. Nga C.A. Ogilvie, J. Pochodzalla, G. Raciti,
(1992. G. Rudolf, H. Sann, A. Schtauf, W. Seidel, L. Stuttge, W.

[38] D.H.E. Gross and K. Sneppen, Nucl. Ph#&67, 317 (1994). Trautmann, A. Tucholski, R. Heck, A.R. DeAngelis, D.H.E.

[39] U. Milkau, M. Begemann-Blaich, E.-M. Eckert, G. Imme, P. Gross, H.R. Jagaman, H.W. Barz, H. Schulz, W.A. Friedman,
Kreutz, A. Kthmichel, M. Lattuada, U. Lynen, C. Mazur, and R.J. Charity, Phys. Rev. 45, R1577(1992.

W.F.J. Miller, J.B. Natowitz, C. Ngp J. Pochodzalla, G. [47] W. Bauer, Phys. Rev. G8, 1297(1988.
Raciti, M. Ribrag, H. Sann, W. Trautmann, and R. Trockel, Z.[48] J.A. Lopez and J. Randrup, Nucl. Phys503, 183(1989.

Phys. A346, 227 (1993. [49] L. Satpathy, M. Mishra, A. Das, and M. Satpathy, Phys. Lett.

[40] Th. Blaich, M. Begemann-Blaich, M.M. Fowler, J.B. Wil- B 237, 181(1990.
helmy, H.C. Britt, D.J. Fields, L.F. Hansen, M.N. Namboodiri, [50] A. Das, M. Mishra, M. Satpathy, and L. Satpathy, J. Phys. G
T.C. Sangster, and Z. Fraenkel, Phys. Rev52689(1992. 19, 319(1993.

[41] J.-J. Gaimard and K.-H. Schmidt, Nucl. Phy&531, 709  [51] C.B. Das, A. Das, M. Satpathy, and L. Satpathy, Phys. Rev. C
(1992. 56, 1444(1997).

[42] M. D’'Agostino, M. Bruno, N. Colonna, A. Ferrero, M.L. Fi- [52] For a recent review see F. @oenwein,The Nuclear Fission
andri, E. Fuschini, F. Gramegna, I. lori, L. Manduci, G.V. Process edited by C. Wageman§CRC, Boca Raton, FL,
Margagliotti, P.F. Mastinu, P.M. Milazzo, A. Moroni, F. Petru- 1991, p. 287.

zelli, R. Rui, G. Vannini, J.D. Dinius, C.K. Gelbke, T. Glas- [53] See, e.g.The Nuclear Equation of Statedited by W. Greiner
macher, D.O. Handzy, W. Hsi, M. Huang, G.J. Kunde, M.A. and H. Stcker (Plenum, New York, 1989 Pts. A and B.
Lisa, W.G. Lynch, C.P. Montoya, G.F. Peaslee, L. Phair, C.[54] P.B. Gossiaux, R. Puri, Ch. Hartnack, and J. Aichelin, Nucl.

Schwarz, M.B. Tsang, C. Wiliams, A.S. Botvina, P. Phys.A619, 379(1997).
Desesquelles, and I. MishustiRroceedings of the XXXV In- [55] D.H. Boal, J.N. Gosli, and C. Wicentowich, Phys. Rev. Lett.
ternational Winter Meeting on Nuclear Physidormio, ed- 62, 737(1989.
ited by I. lori (Ricerca Scientifica ed Educatione Permanente[56] D.H. Boal, J.N. Gosli, and C. Wicentowich, Phys. Rev4@
Milano, 1997, p. 276. 601 (1989.
[43] J. Hofmann, W. Scheid, and W. Greiner, Nuovo Cimento A[57] G.J. Kunde, J. Pochodzalla, J. Aichelin, E. Berdermann, B.
33, 343(1976. Bethier, C. Cerruti, C.K. Gelbke, J. Hubele, P. Kreutz, S.
[44] G. Poggi for the FOPI Collaboration, Nucl. Phy&586, 755 Leray, R. Lucas, U. Lynen, U. Milkau, W.F.J. Mer, C. Ngg
(1995. C.H. Pinkenburg, G. Raciti, H. Sann, and W. Trautmann, Phys.
[45] Subrata Pal, S.K. Samaddar, and J.N. De, Nucl. PAgSS, Lett. B 272 202 (1991)).
49 (1996. [58] A. Ohnishi and J. Randrup, Phys. Lett.34, 260 (1997.

[46] J. Hubele, P. Kreutz, V. Lindenstruth, J.C. Adloff, M. [59] J. Schnack and H. Feldmeier, Prog. Part. Nucl. PB$s393
Begemann-Blaich, P. Bouissou, G. Imme, I. lori, G.J. Kunde, (1997.
S. Leray, Z. Liu, U. Lynen, R.J. Meijer, U. Milkau, A. Moroni, [60] J. Schnack and H. Feldmeier, Phys. Lett4®0, 6 (1997).



