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1. Introduction

Nuclear multifragmentation is a new decay mode of highly excited nuclei in
which several intermediate mass fragments (IMF, 3 < Z < 20) are emitted. A
recent review can be found in Ref. [1]. This process is actively investigated now
by means of different 4m—setups. There are two ways of creating the very excited
nuclei: heavy ion collisions at intermediate energies and reactions with light rela-
tivistic projectiles. In the last case the decay process is hardly influenced by the
compression, fast rotation or shape distortion of the fragmenting system, which
occurs with heavy ion collisions. The excitation energy is expected to be almost
thermal. So, that provides a unique chance to study thermal multifragmentation,
for which the decay properties of a target spectator are governed in the main by the
nuclear heating. It has been already proved in a number of papers (see for example
Ref. [2-11]), that thermal multifragmentation indeed takes place in collisions of
relativistic protons, ‘He, *He, antiprotons and pions with heavy targets.

The time scale of fragment emission is a key point for understanding this decay
mode. Is it a sequential process of independent evaporation of IMF’s, or a new
multi-body decay mode with ”simultaneous” emission of fragments governed by
the total accessible phase space? As it was suggested in Ref. [12], ”simultane-
ous” means that the primary fragments are liberated at freeze-out during a time
interval that is smaller than the Coulomb interaction time 7, ~ 10~% s (300-400
fm/c). In that case fragment emissions are not independent as they interact via
Coulomb forces while accelerating in the common electric field. So, measuring the
IMF emission time 7., (i.e. the mean time interval between sequential fragment
emissions), or the mean life time 7 of fragmenting system is a direct way to answer
the question about the nature of the multifragmentation phenomenon. There is a
simple relation between these two quantities via the mean IMF multiplicity [13,14].

Two procedures are used to determine the time scale of the process: analysis of
the IMF-IMF correlation function in respect to the relative angle or the relative
velocity. The correlation function exhibits a minimum at ©,¢ = 0 (v = 0) arising
from the Coulomb repulsion between the coincident fragments. The magnitude of
this effect depends drastically on the mean emission time, since the longer the time
separation of the fragments, the larger their space separation and the weaker the
Coulomb repulsion. The time scale for IMF emission is estimated by comparing
the measured correlation function to that obtained by the multibody Coulomb tra-
jectory calculations with 7 (or 7.,,) as a parameter. A short review of the data



on the IMF emission times is given in [15] for the collisions induced by different
projectiles [16-22]. It is shown that for beam energies higher than 1.5 GeV the
measured 7 are less than 7. and that is in a favor of a true multifragmentation
mechanism. Systematics of the fragment emission times as a function of the exci-
tation energy is given in [23]. It indicates that 7 falls down very fast in the range
2-4 MeV /nucleon reaching the values 7 < 75 fm/ c.

The first time scale measurements for the thermal multifragmentation have
been done in [13,14] for *He + Au collisions at 14.6 GeV by analyzing the IMF-
IMF relative angle correlation. It was found that 7 is less than 75 fm/c. Later
on a breakup time of order (20-50) fm/c was estimated via small-angle IMF-IMF
relative velocity correlations for *He + Au interactions at 4.8 GeV [22].

In this paper the data on the time scale measurements for the multi-fragment
emission in p + Au collisions at 8.1 GeV are presented in addition to the detailed
analysis of that process given in Ref. [5,11]. Emphasis is put on the question of
the model dependence of the results obtained.

2. Data sampling

The experiment has been performed with the 4m—setup FASA [24] installed at
the beam of the Dubna synchrophasotron. The device consists of two main parts:

1) Five dE — E-telescopes (at © = 24°, 68°, 87°, 112° and 156° to the beam
direction), which serve as triggers for the read-out of the system allowing the
measurement of the fragment charge and energy distributions. The ionization
chambers and Si(Au)-detectors are used respectively as dE and E counters.

2) The fragment multiplicity detector (FMD) including 64 CsI(Tl) counters
(with a scintillator thickness averaging 35 mg - cm™2), which cover 89% of
47. The FMD gives the number of IMF’s in the event and their angular
distribution.

A self-supporting Au target 1.0 mg/cm? thick is located in the center of the FASA
vacuum chamber. The beam intensity was around 7-10® p/spill (spill length — 300
ms, spill period — 10 s).

The response function of the CsI(T1) was calculated from empirical data [24].
The pulse-height thresholds were set off-line for each counter individually, depend-
ing on the scintillator thickness, to get the admixture of lighter particles (Z=1and
2) of about 5% to the counting rate of IMF’s. As a result the detection threshold of
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Fig.1. Upper panel: Relative angle correlation function for IMF produced in
p + Au collisions at 8.1 GeV. The lines are calculated for prompt IMF emission
with RC+a+SMM (solid and dashed) and RC+ap+SMM (dotted) models un-
der two assumptions about the mean time of secondary disintegration: 7,4 < 7,
(dashed line) and 7,4 > 7. . Lower panel: The evolution of the calculated C(©,¢)
while the different ingredients of the ”experimental filter” are applied: dotted line
—energy threshold (2 MeV /nucleon) is introduced, dashed line — normalization to
the angular distribution with respéct to the beam direction, solid line — smoothing
to take into account the angular acceptance of the scintillators.



CsI(T1) for IMF’s was chosen to be around 2 MeV/nucleon. Under this condition,
detection of Li with an energy higher than 12 MeV /nucleon is excluded, while there
is no high energy cut—off for the detection of heavier fragments. The mean charge
of IMF’s detected by the FMD is estimated to be ~ 6.5.

To study the IMF-IMF correlation as a function of their relative angle, the
coincidence yields have been measured for the trigger telescopes 4 and scintillator
counters k: dY;(Ou)/d% = Yix. The correlation function Cf(©,¢) is defined as
the ratio of Yj; to the counting rate in the same scintillator k, but triggered by the
"remote” telescope j, for which ©;, > 90°. Both counting rates are reduced by
the number of triggering counts and the contributions of different telescopes 4 are

summed: N
J
NiY @

where i =1—5, k =1—64 and C is a constant. In fact the number of significantly

Cf(@rel) = CZYik(@ik) :

different relative angles ©; is remarkably smaller than the total number of pairs.
The data for the close values of the relative angles are summed and reduced to
the unique solid angle. Note that the normalization in that formula eliminates the
deviations in the efficiency of the telescopes and scintillators and compensates the
influence of the angular anisotropy with respect to the beam direction.

The experimental correlation function for the intermediate mass fragments from
p + Au collisions at 8.1 GeV is shown in Fig. 1 (upper panel). Those events have
been separated for which IMF’s with Z > 6 are detected by the telescopes. This
condition was imposed to minimize the influence of the preequilibrium emission
(which probably takes place for Li and Be) and to enlarge the suppression of the
small relative angle yield. This suppression is apparent in the data. The statistical
multifragmentation model (SMM) [25] is used in the analysis of the correlation
functions. Together with data, Fig.1 presents also some examples of calculated
Cf(©ra) (for prompt fragment emission) folded with the experimental filter illus-
trated in lower panel (see later for details).

3. Thermal multifragmentation and SMM

The reaction induced by a light relativistic projectile is usually divided into
two steps. The first is a fast energy—deposition stage, during which energetic light
particles are emitted leaving an excited nuclear remnant (target spectator). The
second is the statistical decay of this remnant. We used a refined version of the
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Fig.2. The calculated distributions of hot primary prefragments which give the
cold fragments with Z = 4, 6 and 10 after deexcitation.

intranuclear cascade model (RC) [26,27] to get the distributions of the target spec-
tators over A, Z and the excitation energy. The second stage is described by SMM.
Within the statistical multifragmentation model the probability of the equilibrium
decay into a given channel is proportional to its statistical weight. The break-up
volume determining the Coulomb energy of the system is a key parameter of the
model. It is taken as V, = (1 4+ k)A/p,, where A is the mass number of the frag-
menting nucleus, p, is the normal nuclear density and & is a free parameter. It was
demonstrated already in a number of papers that the break—up of the hot system
occurs after its expansion to a density p, < 1/3p, driven by the thermal pressure.
In this paper k = 3 is used (i.e. Vj = 4V;), which is more adequate for simultaneous
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description of the fragrﬁent multiplicity, charg'eﬁ and kinetic energy distributions.

The primary fragments are hot and their deexcitation is considered by SMM to
get the final distributions of cold IMF’s. It is usually assumed that this secondary
decay occurs just after the acceleration of the hot fragments in the Coulomb field
of the source. Fig.2 illustrates the significance of this process. It presents the
calculated charge distributions of the hot precursors for the final cold fragments
with Z = 4, 6, 10. Each distribution has a prominent peak close to these Z values
followed by a long tail due to the IMF evaporation from the excited residuals of the
spallation process. Later we shall analyze how the correlation function is sensitive
to the assumptions on the mean time for the secondary decay.

The model calculations (RC+SMM) fail to describe the data for the IMF mul-
tiplicities [5,11]. One concludes that the cascade calculation overestimates the high
energy tail of the residue excitation energy distribution f(Egc), which results in
the overprediction of the mean IMF- mulitiplicitiy < M >: the calculated value is
equal to 3.58, while the measured one is 2.1 £ 0.2 (for the events with at least one
IMF). In order to overcome this difficulty two empirical modifications of f(Egrc)
are suggested in [5]. The first is the simple reduction of Egc by a factor a < 1 on
an event by event basis. It is motivated by the idea that the ”frozen mean field”
approximation in the cascade calculation may lead to an overestimation of the high
energy part of the energy distribution which plays a crucial role in fragment for-
mation. This modified model is denoted as RC+ap+SMM (« for short). Another
recipe for ”improving” the model is the simultaneous modification of the excitation
energies and masses of the residual nuclei: Eg¢ is reduced by the factor o, while
the remnant mass number (as well as its Z value) is decreased by a value that is
proportional to the mass loss in the cascade: AA = 3. AAgc. It is motivated
that 8 =~ (1 — a) [5]. This change takes into account effectively the possible mass
and energy loss due to the préequilibrium emission and particle evaporation du.ring
the expansion stage (in the spirit of the EES model [28]). In both approaches, the
parameter « is adjusted to get the mean multiplicity close to the measured one.
The second approach is denoted as RC+a+SMM (a for short) and it seems to be
more motivated physically. Table 1 gives the calculated properties of the residual
nuclei from p + Au collisions at 8.1 GeV. The parameter « is equal to 0.60 in first
model and 0.53 in the second one.

The experimental data on the fragment multiplicity and charge distributions
as well as the fragment kinetic energy spectra are described almost equally well by
RC+ap+SMM and RC+a+SMM codes, therefore the both combined model should



be used in the calculation of the correlation function. Note that the mean excitation
energies for both systems (for M > 2) are estimated to be ~ 4.0 MeV /nucleon.

An important part of the SMM is a calculation of the multibody Coulomb
trajectories, which starts with placing all of the charged particles of a given parti-
tion inside the break—up volume. Each particle is assigned a thermal momentum
corresponding to the system temperature. To avoid the overlapping of fragments
Vy = 8V, is used in this part of the calculation. The resulting values of the kinetic
energies are finally corrected (by factor 7, according to the emergy conservation
law) to the right Coulomb energy of the system with V; = 4V, [25].

Table 1. The calculated properties of fragmenting nuclei produced in p + Au colli-
sions at 8.1 GeV: M is the IMF multiplicity, Zyr>1, Am>1, and Ap>2 are the mean
charge and mass numbers of the fragmenting source, Ep>1 and Epso are the mean
excitation energies (in MeV) corresponding to fragment emission with M > 1 and

M > 2 respectively.

<M> Zy>1 Au»1 Au>2 Eus1 Eus2 Model

3.9 73 175 173 806 901 RC+SMM
2.16 67 157 1583 524 608 RCH+a+SMM
2.05 72 172 168 582 690 RCHao+SMM

One should note that this normalization does not chwange the directions of IMF-
momentum and fragment trajectories are left unchanged in fact, giving reduced
effect of the small angle suppression. The importance of this point for the time
scale estimation will be considered later.

The Coulomb trajectory calculations are followed for 3000 fm/c. After this
amount of time the fragment kinetic energy is close to its asymptotic value. This
is demonstrated in Fig.3 where the mean energies of Be, C and Mg are shown
as a function of t,.. — the time interval after the start of the acceleration. The
characteristic Coulomb time 7, is marked corresponding to the moment when the
fragments reach 90% of their final energy. It is seen from Fig.3 that the largest
part of the IMF kinetic energy is Coulomb in origin. The thermal part is about 10

MeV.
The mean fragment energy pé;—nuclebn [5] is shown in Fig.4 as a function of
fragment charge. The solid line is calculated by the combined model RC+a-+SMM.
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Fig.3. The calculated mean kinetic energies of Be, C and Mg as a function of the
time interval after the start of acceleration t,.

The data are close to the calculated values for Z = 4—9. The deviation for heavier
fragments is interpreted in [5] as an indication on the preferential location of the
heavier fragments in the interior of the freeze out volume. The lower line (dot—
dashed) is obtained by the calculation of the Coulomb trajectories for a break up
volume of 8V, (without the correction mention above) and that in fact is used
for composing the correlation function. One can imagine that the actual starting
configuration for the Coulomb expansion from the break-up volume V, = 4V,
is composed by closely packed and properly deformed fragments. To model this
situation the following procedure is used: fragments are placed in Vj = 8V, without
overlapping, then their centers are rescaled according to real break—up volume 4V,
and the Coulomb trajectory calculations are performed for the point like particles
(note, that zero distance between fragments centers is excluded). The dotted line
above the data is obtained for that case by the RC+a+SMM, approach. Note that
correcting the results by factor n reduces the energies to be very close to the solid
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line. The dashed line is calculated with I;{C—}-ag-l—SMM. It is slightly above the
solid line as the mean charge of fragmenting nucleus is larger than in the previous
case.

4. Comparison between experimental data and model

For the model calculation of the correlation function those generated events have
been selected for which the IMF multiplicity is M > 2 and at least one fragment has
Z > 6. The ”experimental filter” was applied to be in the line with the experimental
definition of the correlation function (1). This is illustrated by Fig.1 (lower panel)
for the case of the prompt fragment emission (7 = 0). First of all, only fragments
with the energy £ > 2 MeV /nucleon were used in the calculations (dotted line). To
eliminate the fragment momentum bunching by the source velocity, the coincidence
yield Yix(©;) was normalized on W (©;) on an event by event basis, where W (0©)
is the IMF angular distribution with respect to the beam direction. The result is
shown by dashed line. Finally, the correlation function has been smoothed properly
to take lnto account the angular acceptance of the scmtlllators Wthh is equal to

-

§ = £12°. This was done by numerical integration (solid line) : o
erel'HS
Y(©u)=B [ Y(Ou)en 2)
Oper—0

Now let us return to upper panel of Fig.1 where three model correlation func-
tions (for prompt emission) are compared. First of all the calculations have been
performed with RC+a+SMM model under two assumptions about the mean sec-
ondary disintegration time 7,4 for the fragments: very short, 7,4 < 7., and larger
than the time of acceleration (7,4 > 7). In the first case (dashed line) the cold
fragments are accelerated, - interacting with each other via Coulomb forces. In
the second variant (solid line) the primary excited fragments (with higher charges)
propagate through the Coulomb field. One might expect very different correlation
patterns. But the resulting curves deviate not so much from each other.The cal-
culation with the RC+ao+SMM approach and 7,4 > 7, (dotted line) gives similar
results. This indicates that some ambiguity (within 10%, see Table 1) in the knowl-
edge of charges (masses) and excitation energies of the fragmenting nuclei is not so
important.

Composing the correlation function for the different mean decay times of the
system has been performed for all the models and assumptions mentioned above.
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Fig.4. Mean ffagment energies per nucleon as a function of the fragm_ent chdl'-g;:-. .
Full circles are the experimental data. The lines are calculated with RC+a+SMM
and RC+ap+SMM under different assumptions. The first number in the brackets
is V3/Vb used in the partition calculations, the second one is the system volume
(relative to Vp) at the beginning of the Coulomb expansion; i symbolizes the energy
correction to the right Coulomb energy of the system. .

" For each fragment in a given event the starting time to move aloﬁg a Coulomb
trajectory has been randomly chosen according to the decay probability of the
system: P(t) ~ exp(—t/7). The calculations were done for 7 = 0, 50, 100, and
200 fm/c. The upper panel of Fig.5 shows the results obtained with RC+a+SMM,
assuming k = 3 and 7,4 > 7.. Both the data and the model correlation function
are fitted to unity by the least-squares method in the range ©,¢ > 90°.
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Fig.5. Comparison of the measured correlation functions (full circles) with the
calculated ones for different mean decay times of the fragmenting system: solid,
dashed, dotted and dash — dotted lines for 7 = 0, 50, 100 and 200 fm/c. The upper
panel is for the RC+a+SMM model with the parameters (4,8,7) (see notation in
Fig.4) , the lower panel is for the same model, but with the parameters (4,4,7m)
allowing the fragments to overlap '(see text).
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As it mentioned é,bo{fe; the trajectory calculations in that case are made for the
break up volume 8V, , i.e. under conditions of reduced Coulomb field in comparison
to that for the claimed value of the model parameter k. How are results changed
with a decrease of the system volume at the beginning of Coulomb expansion?
To estimate this change the correlation function was calculated using the Coulomb
trajectories for Vj = 4V, assuming point like fragments (see the end of the previous
chapter). The result is shown in the lower panel of Fig.5 : suppression of the small
angle yield becomes only slightly weaker because of some compensating effects.

As the measure of the IMF-IMF repulsion effect, the ratio of the correlation
function values at ©,¢ > 90° (the mean value) and at ©,q = 26° is used. This
quantity is shown in Fig.6 as a function of 7, the mean life time of the system. The
calculations have been donegy the models discussed above: By RC—{—a—l—SIVIM under
two assumption for the probability of the secondary decay, with RC+ap+SMM,
and for point like fragments. The crossing of the obtained lines with the band
corresponding to the measured ratio and its error bar (+20) defines the mean life
time of fragmenting nuclei produced in p + Au collisions at 8.1 GeV. The results
obtained with different model assumptions are presented in Table 2 and they are in
agreement with the systematic set of the data for the reactions of energetic hadrons
with Au given in [29)].

Table 2. The mean decay time of the fragrﬁéntz’ng systemiobtained by analysis of
the measured IMF-IMF correlation function. Notation is the same as in Figs.4
and 5.

Model «(4,8,7) «a(4,4,m) «(4,8,n) cold an(4,8,7)

7,fm/c 50£18 37%13 27+ 17 < 45

CTtis crilcially impoftant in this a.naJysis to have confidence in the code for the
multibody Coulomb trajectory calculations. To control that point we performed
also the calculations using the very different approach developed in the paper [30]
by Dubna mathematicians: no significant deviations from the results presented
above were found.

As it already mentioned, the SMM overpredicts the mean kinetic energies of
the heavier IMF’s. How does this influence on the time scale estimation? It was
found that a softening of the energy spectra of fragments with Z > 9 produces a
decrease in the depth of the Coulomb well. It means that using the more correct
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Fig.6. Ratio of the correlation function at ©,, > 90° to that at O = 26°
versus the mean decay time of the system. The experimental value is given by

the horizontal band, the lines are calculated using different models as discussed in
the text. Notation is the same as in Fig.4. Only calculations given by the dotted
line are made assuming very fast secondary disintegration of fragments (”cold”

acceleration).

kinetic energies for the heavier IMPTS-.IBéht result in slightly smaller values for 7.
We come to a similar conclusion considering the influence of the admixture (~ 5%)
of helium to the counting rate of IMF’s: this admixture gives rise a slight increase
of the measured fragment emission time.

5. Conclusion

The distribution of relative angles between the intermediate mass fragments has
been measured and analyzed for the first time for thermal multifragmentation in
p+ Au collisions at 8.1 GeV. The analysis has been done on an event by event ba-
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sis. The mﬁlti-body Coulomb tirajAéctory calculations of all cﬁarged particlés have
been performed starting with the initial break—up conditions given by the com-
bined model with the revised intranuclear cascade (RC) followed by the statistical
multifragmentation model. The distributions of the excitation energy and residual
masses after RC has been empirically modified to take into account the expansion
stage and to reach agreement with the data for the mean IMF multiplicity. The
correlation function was calculated for different values of 7, the mean life time of
the system, and compared with the measured one to find the actual time scale
of the IMF emission. Emphasis was put on the model dependence of the results
obtained: a) two variants of the combined model have been used for which the
properties of the fragmenting nuclei are different; b) dependence of the results on
the instant of the secondary decay of the hot primary fragment was controlled;
c) the sensitivity of the shape of correlation function on the size of the break—up
volume was checked. It was found that the measured mean life time of the system
is always 7 < 70 fm/c, which is in accordance with the scenario of a ”simultaneous”
multi-body decay of a hot and expanded nuclear system.
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Ponuonos B.K. u ap. E1-2001-157
BpemeHHas LiKana TEIUIOBOH MynbTH(parMeHTaluMu
B cOyAapeHusx p +Au npu sHepruu 8,1 I'sB

H3ydyeHa Koppensius 10 OTHOCHTEIBHOMY YIITy JUIsl )parMEHTOB IPOMEXYTOY-
Hoit Maccel (PIIM), Bo3HMKAOIIUX B cOyAapeHusx p +Au npu aHeprum 8,1 I'sB.
Hab6mionaercs cuipHOe nmoaasiieHue Bbixoza cosmagamomux OMII npu maneix or-
HOCHMTEJIbHBIX yIIaX, 0OyCJIOBJICHHOE X KYJTOHOBCKHM OTTJIKHBaHHEM. DKCIIEpH-
MEHTaJbHA KOppPEeNSLMOHHasA (DYHKIMS COIOCTABIAETCd C TEOPETHUYECKUMH
3HaYEHUSIMH, [TOTyYEHHBIMHU IIyTEM PacyeTOB MHOTOTEIBHBIX KYJOHOBCKHMX TpacK-
TOPMIA I Pa3IMYHBIX 3HAUYEHUH T — CPEAHEro BpeMEHH XU3HHU (pparMeHTHpPYIO-
meit cucreMsl. HavanpHele yclnoBus Ul pacyeTa (3apsabl, Macchl (hparMeHToB, UX
KOOPAMHATHI U TEIUIOBbIE CKOPOCTH) HAXOHATCS C IMOMOLIbI0 KOMOMHMPOBaHHOM
MOJIeTH, BKJTIOYaloLed Moau(UIMpOBaHHBINH BHYTPUAAEPHBIH KacKajl C IOCHIexyI0-
IIUM MPUMEHEHHEM CTAaTUCTHYECKOH MOAEeNH MyabTH¢parMeHTauuu. TiareabHo
UcclieoBaHa MOJENbHAS 3aBUCHMOCTb PE3y/IbTaTOB. YCTaHOBIIEHO, YTO CpEIHee
BpeMs pacrnana gpparmeHTupyouero supa t <70 ¢m/c.

Pa6ora BemonHeHa B Jlaboparopuu saoepHsix nmpobiaem uM. B.I1.Ixenenosa
OHKAHN.

Ipenpunt OGbeIMHEHHOTO HHCTHTYTA SAEPHBIX MccienoBaHuii. Jy6Ha, 2001

Rodionov V.K. et al. E1-2001-157
Time Scale of the Thermal Multifragmentation
in p +Au Collisions at 8.1 GeV

The relative angle correlation of intermediate mass fragments has been studied
for p + Aucollisions at 8.1 GeV. Strong suppression at the small angles is observed
caused by IMF-IMF Coulomb repulsion. Experimental correlation function is
compared to that obtained by the multi-body Coulomb trajectory calculations
with the various decay times T of fragmenting system. The combined model in-
cluding the empirically modified intranuclear cascade followed by statistical mul-
tifragmentation was used to generate starting conditions for these calculations.
The model dependence of the results obtained has been carefully checked.
The mean decay time of fragmenting system is found to be T <70 fm/c.

The investigation has been performed at the Dzhelepov Laboratory of Nuclear
Problems, JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 2001
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