


1 Introduction c N
The nuclear . multnfragmentat.non has been of great, eXperunenta.l a.nd theoretlca,l 1ntex~
“est in the last years. There are two reasons for that. First, multlfragment emission -
is the main decay mode of highly excited nucleus. Secondly, the brea.kup mecha.msm
is not clear yet. A still’ open question is whether the emission of the mtermedlate
mass fragments (IMF, 3 < Z < 20) can be understood by evaporation like process

[I], [2], or it is a new phenomenon of hot and diluted nucleu matter, where the
~ emission occurs within very short time. This “simultaneous breakup” mechanism has .

béen associated with volume instabilities [3], {4], which'are related to a hqmd-—gas
phase transition in nuclear matter [5]; or with surface instabilities whlch can arise if
a system attains some unusual shapes {6}, (7). ‘
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The expmnwntal studies of multifragment. emission have been conducted in the “ B

last years. by means of 4r-setups on heavy ion beams at both mteqnedxate 8], [9]
‘and high energies [10] [11]. Two questions should be answered by experimentalists i in
this field: (1) What is the best projectile-target-beam energy combination to prepare
the hot.nuclesg,
lmporta.nt phyﬂ'ical parameters of the process, like tlme scale and breakup density?
‘In_ this pape‘r we present the first results of our mv-t]ga.tlons using the extreme:

case of 'the very ‘asymmetric system ‘He + ¥ Au at mcxdent energies up to 3. 6‘ :

GeV/nucleon, This selection is favoured by various reasons: (i) All detected IMF’s-
are ernitted fm,m the target spectator. and there is no mi of dlﬂ'enent sources Ilke

in heavy-ion reactions, (ii} The low center-of-mass velocity allows one to determine }, ,'

with high precision the relative velocities and the relative angular cor:elatlons from
which the geometry and the time scale of the decay process can be deduced as done
in earlier experiments [12], [13]." (iii) Further, with *He projectiles dynamxca.l effects
are small and the compression of the target nucleus is negligible, Therefore, com-
plemé:ntary information to heavy—lon collisions, where these eﬁ'ects are important, is
obtained.
In the firat pa.rt of this paper a short description of a new 41r aetup “FASA” is

given. Then the data on the fragment mass-spectra wxll be presented. Further we

i system" (ii) Which are the key observables that give an access to the

v

" concentrate on the question whether sufficient exc:tatlon energles are reached in our -

collmon system in order to produce a high IMF multiplicity. Then the experimental
data on the fragment-fragment correlation at large and small relative angles are

dlscussed to extra.ct mfonna.tlon on the breakup density a.nd the tnme—sca.le of the L

\ process

2 41r—-setup FASA ' \ SEREE

The experiments were performed at the synchrophasotron of the J INR (Dubna) usmg
the new 4x—device FASA [14].
The gpnera.l view of FASA is shown in Fig. 1. The mun idea of this setup is t.o'
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'détégniine with high bfecisi'on, the energy, velocity and mass of some fragments of the’

‘ 3 Massyleld of -fragménts'

Figure 1: General view of the 47 setup FASA.
e
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" .collision, while for the other fragments only multiplicity information and space distri-
. 'bution are obtained. The main parts of the device are: (i) The fragment multiplicity "
-t - detector (FMD), consisting:of 55 thin (50 pm) CsI{T1) detectors, which covers the
", 'main part of 47. The stintillators give via their AE information the multiplicity of . -
light charged particles (LCP) or of IMF’s. (ii) Five time-of-flight telescopes (TOF)

which measure the energy, velocity and mass of fragments at selected laboratory an-

- gles (117°,103°,.94°, 63“; 50°), and serve as a trigger for the readout of the system. )

(iii) A position-sensitive parallel-plate avalanche counter (PPAC), which allows one |,
to determine angular and velocity distributions of fragments detected in compcidence
with the time-of-flight telescope. Details of the detectors and their calibration are

., given in Ref, {14]. Self-supporting %" Au targets 1.0 mg/cm? thick and *He-beam -
5 . enetgies of 1.0-and 3.6 GeV /nucleon at intensities of 5 x 10® particles/spill were used.
i+ "The beam with a typical hall width of 3 x 1 cm® was accompanied by a halo of
., fast particles, producing background pulses in the CsI(T1) scintillators and the light
' -guides of the PMD. Using a pulse-shape analysis this background was reduced to the
i . level less than 10% for all scintillators of the FMD, except three ones at the lower

inéiden@ energy."“These three were substracted in the off-line analysis.

\
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By méa(mrs\uring,“f}xé mﬁltiplicity of IMF’s and LCP’s the Ar setup FASA gives the possi-

" bility of examining various observables as a function of the excitation energy reached. B

in the collision system mnder study. In figure 2 the mass distributions-measured in"

“all five TOT (added since they are very similar) are given as a function of the,mea-

;ﬁilred LCP multiplicity (Z < 2), detected in the FMD array and not correctdt for
efficiency. LCP multiplicity is directly related to the excitation energy of a target
spectator [15]. For low LCP multiplicities the mass distributions show two contribu-

tions. One'is from heavy {ragments in the mass region around A = 80, most likely

ﬁésion fr@grﬂqg}s. This contribution rapidly disappears with increasing LCP multi-

B pﬁcity, mﬂe(‘:"t&hg an increasing excitation energy. The second component.represents
. light masses seen at all the chosen LCP multiplicities. The mass yield in this region
;" is well described by A™" dependence for masses between 10'< A < 40. The exponent .

7.is shown at the bottom of figure 2 as a function of the LCP multiplicity, and a

‘minimum is observed at measured multiplicities of 2-4 light charged particles. The

minimum.in dependence of the T—parameter on the excitation energy is expected at -

-the critical point for a liquid~gas phase transition [5]. But such a “critical behaviour”

may be aléo simulated by the effect of the secondary decay of the excited fragments,
which both enhances the yield of the lighter IMF’s and decreases the mean multiplic-
ity of the fragments. This topic needs further investigation. Such a minimum of the

- 7 parameter has also been reported by the, ALADIN collaboration [6]. There the 7

parameter was deduced as a function of the quantity Zy,,,4. Both observables, Mycp
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Figure 2: Mass specira measured in TOF telescopes as a function of the LCP’s
multiplicity, measured in the fragment multlphcxty detector The bottom part gwes
‘the T-parametgp& deduced from the mass spectra in the region 10 £ A < 40
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and Zyound, reflect a measure of the excitation energy. In the ALADIN experiment
the minimum in 7 is observed at values of Zj,yna where also the largest mean IMF
multiplicity is seen. So the observation of the minimum of the 7 parameter in our
experiment gives evidence that the region of maximum IMF multiplicity can be also
reached with relativistic 4 He-projectiles.

The total cross-section for the fragmentation process for higher incident energy
was estimated to be equal to opr ~ 400 mb. It is significant part of the total
inelastic cross-section (15-20%). In fact all the “central” collisions are followed by
a multifragment decay of the target spectator. The value of our is related to oyur
(the production cross-section for IMF) through a simple equation: omr = oiMF/ <
Miyr >. Our data on the mean intermediate mass fragment mult1phc1ty < Miyr >
are presented in the next section. '

4 IMF mul_tiplicity and excitation energy.

Fig. 3 shows the multiplicity distributions measured by the multiplicity detector.
Two distributions are shown: one of them for the events selected: by requiring one
IMF in a TOF telescope (open circles) and second one for the events selected by
fission fragment coincidences in the TOF-telescope and PPAC (open boxes).

To deduce primary multiplicities one has to take into account the fact that the
readout is triggered by the TOF telescopes, covering only a small solid angle. There-
fore, the trigger probability is proportional to the multiplicity in the event. The
experimental distributions are further influenced by the efficiencies of the counters of
FMD, the solid angle coverage and the probability of double hits in the counters. All
these effects have been combined in a response matrix, representing the experimental
filter. The primary distributions were assumed to be Poisson-distributed fotthigher
mean multiplicities and exponential-shaped for the lower ones. Their mean values
were deduced by fitting the primary distributions, folded by the experimental filter,
to the experimental ones. The result is shown in Fig. 3: folded Poisson distribution
describes very well the experimental multiplicity distribution for the process of the
multifragment decay, a folded exponential distribution fits well the measured multi-
plicities of IMF accompanying the fission of the target spectator. The mean values of
the primary multiplicities are summarized in table 1 for the two classes of the events
at both incident energies.

For the fission events the mean IMF multiplicities are around 1. It means that
ternary fission, being a very rare process at low excitation energies, became the main
fission mode. The reason for that is evidently very high excitation emergy of the
fissioning nucleus. Fig. 4 presents the mean IMF multiplicities for the fission class

"events as a function of the excitation energy. The excitation energies E, were deduced

from the measured fission fragment'mass spectra according to the procedure described
in ref. [12]. Two values of E; (from 500 MeV to 700 MeV) for each incident energy
correspond to two opening angles between fission fragment detected.
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*Figure 3: Multiplicity distributions measured in the FMD when selecting fission frag-
ment, coincidences (open boxes) and when requiring one IMF in a TOF . (open circle).
They are fitted with exponential (dashed line) and Poisson (dotted line) distribu-
tions, folded with the experimental filter. The insert gives the corresponding primary
distributions. ' o - D -
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“Table 1: The mean primary IMF multiplicities observed in coincidence with ﬁhg fission

"or for events with one IMF in obe of the TOF-telescopes

[Event class 1 GeV/nucl. | 3.65 GeV /nucl.
| Fission- 1.1£0.2. 1.140.2
v [ IMF 36+£06 | 5308

_ 3.65 GeV/nucl. (dotted line) incident enrgics.
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Figure 4: The mean IMF-multiplicities for the fission class events as a function of
the excitation energy.
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Theoretlcal curvesin Flg 4 are obtamed by the model of ref. [15] The ma.ases a.nd'
. the excitation energies of the residual nuclei are calculated: within an mtranuclea.r

- cascade approach. The disassembly of the residual nucleus is then described by a.
- statistical multifragmentation model. In‘Fig.” 5 the mean IMF multiplicities cal
culated by this model are given as a function of the excitation energy of a target-
spectator for the *He + Au interaction. Very fast increase of the multlphclty 1s pre-"

. dicted with increasing of the excitation energy up to ~'1.5 GeV. But after'that th

multiplicity goes down, the behaviour known as “rise and fall of the mulmfragment&'.'
_tion" [16]. This behaviour is a result of the effect of a secondary decay of the very hot
" fragmients: the overhea.ted system starts to disassembly mamly into llght fragment:

. “w1th A <4,

For the IMF> trigger the mean primary multnphcnty is much hlgher than for the'
fission tngger and it increases by 50%; when the beam energy is cha.nged from -

"1 GeéV/nucleon to 3.65 GeV/nucleon (see table 1). The calculated IMF—multlphcny

- distribution looks' like a step-function. But it becomes to be a Poisson-like, taking .
- into account ‘the trigger condition of at least one IMF being in a laboratory angle"
range, covered by the TOF—vtelescopes The mean value for IMF multiplicity, cal-
culated by this model is consistent w1th the expenment within error bars at higher -

. 'beam energy.-

For higher incident energy the model predlcts the excxtatlon energies up to 2. 5 GeV :

‘with the mean value arouns 1 3 GeV

5 Breakup densnty and tlme scale

 The densxty of the nuclear system at the moment of the beakup is a questlon o’f"

-great iifterest when studymg multnfragmentatlon Due to the Coulomb repulsion the

relative velocities of IMF’s detected at large relative angles are determined by the.
- geometry of the nuclear system at the instant of theiremission. Studying the system
‘He + ' Ay at 800 MeV/nucleon incident energy the relative velocities deduced -
for IMF coincidences with large relative angles were consistent with simultaneous -
 breakup of a dilute system and in contradiction to sequential emission from a residual

nucleus with usual nuclear density [17]. In ref. [18]'it was argued that the IMF’s

might be emitted at a very late stage of the de—excitation process, as predicted by

a sequential model. Then, the lighter recoiling nucleus reduces the relative velocities’
leading to a possible description of the measured relative velocity distribution with

.. sequential emission as well. Taking into account the large multlphcmes observed in

the present experiments, the picture of late and sequential emission of the IMF seemns
very unllkely, thus supporting disagreement with the sequentla.l scenano, pomted out’

in Ref.[17]. "

In the present, experiment the relative velocntles of IMF at large correiatlon a.ngles ‘

: *-— 130° ~180°) measured at 1 GeV/nucIeon incident energy are in agreement
wit

‘the findings at 800 MeV /nuclon. Going to the 3.65 GeV/nucleon incident energy
the mean value of the relative velocity decreases by 0.2 cm/ns, as demonstrated in

Flg. ﬁ Th&s reduchon of the Coulomb repulsnon is exther due to a larger breakup
i volume 6t to a lighter breakup system or to both effects. . -

Uppor part of Fig. 7 shows the mean values for the rela.tlve veIocntres of coincndent

v-\-.fragments measmed at large correlation’ a.ngles, in a function of a mean associated’ .
“IMF multxphcxty < M 544,. The last one is obtained from the multiplicity measured e
~ by FMD, taking into account its eﬁclency and multxpllcnty dlstrlbutnon for IMF*—IMF S

trigger at the respective beam energy. ‘
“Lower part of Fig. 7 presents the mean relatWe velocnty at the same correlatiom ;

angles, calculated by the casca.de—statzstlca.l multtfragmentatlon model. One of the -
parameters of this model is a breakup density p;. The results in F:g 7 were obtained - -
“fot ps/ps = 1/3. The calculated-values of the mean relative velocities are srgmﬁca.ntly -

latger than the éxperimental one for amalt multlpllcxtm and slightly above for higher
< M >4 So one can conclude from th1s companson, that the /freeze~out denslty

"p, is less than 1/3p,.

The expenmental values of < V,y > are slxghtly decreamng with the mcrwe of L
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. ‘the fmgment mu!hp"hcrty “This could be re]at.ed toa blgger freeze——out volume for the .
: »‘hlgh multiplicity events. A more definite conclusion needs further calculatlons ;
s “Information ori the time scale of the multifragmentation process can be obtained""' )
. ffom the study of the-anigular correlation between coincident fragments at the small -
* correlation angles When' the time interyal between the emission of the fragments ,
- in.the samé.event is shott, the small relative angles are supressed due to Coulomb. o
repulsnon of the coincident IMF’s. This effect is evident from Fig. 8, which presents -
_the two-fragment correlation functions Riz(f,a1), defined as Ryy = CVi(0y3)/Yiez, -
- where Y2 is the yleld of comc1dences between.trigger 1 and fragment 2. The denom-

inator ¥j<2 gives a’ coincidence rate for the same counter of FMD, but for a.nother“}

yrigger 1* for which 6.2 > 90°. This normalization reduces a systematical ermr:‘“'

due to uncertamhes in the detector efficiency. These djstributions show a significant

'dgpletlon of the coincidences at the small relative angles. The Z—dependence of thxs_
‘effect is evident from comparison of the left and right parts of Fig, 8: the supression
of the coincidence rate at the small anglées becomes stronger, when the product of

- Z-values ‘of the fragments detected is increased three times.  The quantitative anal

‘ysis of the datais in progress now. It is expected from the ma;mtude of the eﬂect
‘obsetved that the mean life-time of the system is not larger than 10-% s,

Z(TOF)=3 o R z(rbr»s
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Flgme 8: Two fragment correlation function measured for ‘He + Au colhs:ons at
3.65 GeV/nucl. The Z—values of the detected fragments are shown in the upper pa.rt
of the ﬁgure
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6 Conclusion

— Multifragment emission is a dominant decay mode of the highly excited target
spectator for *He + Au collisions at the energies (1-4) GeV/nucl. ,

— The mean multiplicity for an intermediate mass fragments at higher incident en-
ergy used is' < Mpyr >= 5.3 £ 0.8. From the comparison of the experimental data
and the statistical model calculation we conclude that the excitation energies reached
are higher than 1 GeV.

— The mass spectrum of IMF is ﬁtted well by a power law distribution A~". Pa-"

rameter 7 shows “critical behaviour” (a minimum) as a function of LCP-multiplicity
(excitation energy), which can be related to the effect of a seconda.ry decay of the
excited fragments.

— The breakup density of the system was estimated from the relative velocities of
the coincident fragments at large correlation angles. It was found to be at least three
times smaller than the normal one. ‘

— The small relative angles between fragments are supressed because of the Coulomb
repulsion and a short time scale of the multifragmentation process.

— The use of a light projectile like *He at relativistic energies in the multifrag-

mentation study gives complementary information to that obtained from heavy ion
collisions. In our case the dynamical effects are reduced and decay of the excited
nucleus (target spectator) proceeeds in an apparently statistical manner (“thermal
multifragmentation”).
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