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The nuclear ~mltifragmentation has been of great experimental and theoretica;l, inte~· , 
est in the last years. There are two reasons for that. First, multifragtnent emission 
is the main decay mode of highly excited m,rcleus: Secondly, the, breakup roec,ha.nism 
is not cl~ar yet. A still ~pen question ,ja, whether the emi~~Bion of the interme<Hat~ 

1 
mass fragments (IMF1 3 :'5 ,Z :'5 20) ca,n 'be understood by evaporation like pro~s 
[I), [2], or it is a n~w phenomenon of hot and diluted nucle.f matter, where th~ 
emission occurs 'Yithin very short time. 'This "simulta.n~us br.up" mec:h&Aism,h,as, 
been associated widl. volume instabilities (3], (4], which' are relate4 to a liquid-sa,s: , 
ph.,se tra.IU~ition in nuclear matt~ [5], or with surface instabilities which can arise if 
a system attaips some unusual shapes [6), [7). 

The exPerimental studies of multifra.gment, emission have been conducted in the 
last years 'by means of 47r--$etups on heavy ion beams at both inte~ate' [8), [~]' 
and hig9 en~gi~ {10], {11}. Two qaestiOJ18 should be answered by experimentalist~,in 
this field: (i) \f,,bat i, ~ the best projectile-target-beam energy, combination to prepare 
the hotnucletf,,system? (ii) Which are the key observa.bles that give a.n atcess to the 

>',,,,\ . \ . ,. . 

important phyjical parameters of the process, like t~ ~e and breakup density?, · 
•Ip this pap~r.;~ve present the first results of our investig,ftions using the e~reme 
~ of the very asymmetric system 4H e + 191 Au i.t inciCient energies up to 3.6 '' 1 

GeV /ll,ucleoq .. This selection. is favou~ed by various reaso'r .... ; ;,, (i) All detected IM.F's 
are emitted frbfp the target spectator and there is no ntl~ of diff~nt sources like 
in heavy-ion ~tions. (ii) The low tenter-of-mass velocity allows one to determine 
with high precision the relative velocities and the relative &tlgular coi'ft!lations froin 
whiCii the georri~y and the· time scale of the decay process can be dedueed as done 
in .earlier experiments [12), (13). ·(iii) FUrther, with 4 He projectil~ dynamical effects 
are small and the compression of the target m~cleus · is negligible. Therefore, com
plementary lnf<mna.tion to heavy-ion collisions, where. the&e efeets are importarit, is 
6btained. \;. · ·. , ·, ' 

In the fit11~ part of this paper a short description of a new 471" setup "FA$A" is· 
given. Then the data on the fragment mass-spectra will ~·presented. Further we 
concentrate On thE1 question whether sufficient excitation energies at~ reached in our 
collision system in order to produce a high IMF multipli~t:Y. , Then tke experimental 
data on the fragment-fragment correlation at large and small relative angles are 
discussC:ld · to extract information OQ the breakup' density and the time--$cale of the 
process. 

1 

2 411'.,-.setup FASA 
The experimeJJ,ts were performed at the synchrophasotron of the JINR (Oubna) using 
the new 411'-device FASA (14}. · 

'l'be. general view of FASA is shown in Fig. 1. The main idea of this setup is to' 
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Fisure 1: General view of the 411" setup FASA. 
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'detertn:ine with high precision the energy, velocity and mass of some fragments of the 
coJ:Ii.~ion; wllile for the .other fragments only multiplicity information and space distrj, 
·buti~n are obtained. The main parts of the device are: (i) The fragment mul~ipliCity 

.. detectqr (F~D), consisting:of 55 thin (50 HIP) Csi(Tl) d~tectors, which covers the 
. main part of 411". The •cintillators give .via their AE information the multiplicity of 

.1 , · 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 selecte~ laboratory an• 
gles ( 117°, 103°, . 94 o, 68~ 1 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 dete<:ted in coivcidence 
witll the, time:-<>f-flight telesoope. De~ails of the detectors and their calihra);ion are 
given ,in Ref, [14]. :Self-supporting 197 Au' targets 1.0 mg/cm2 thick and 4 lie-beam 

" en,etgies of 1.0. and 3.6 GeV /nt~cleon at intensities of 5 x lOS particles/spill were used. 
The beam with a typical half width. of 3 x 1 cm2 was accompanied by a halo of 

I . I " 'II ' 

, fast particles, producing background pulses in the Csi(TI) scintillators and the light 
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"guides ofthe FMD. Using a pulse-shape ana:lysis this background was reduced to· the 
level less than 10% fot· all scintillators of th«t FMD, except three ones at the lower 
incident energy. These three were substracted ih the off-line analysis. 

3 lv~ass. yield of· fragments 

By measuring the multiplicity of IMF's and LCP's the 411" setup FASA gives the possi
bility of'examining various observables as a function of the excitation energy reached 
in the collision 'ystem ;under stitdy. In ~gure 2 the. mass dist.ributic;ms·measured ,in 
~II fi\te TOF (added since they are very similar) are given as a function of the,mea
.tttred LOP multiplicity (Z :S 2), detected in the FMD array and not correct' .. for 
efficiency. LCP ~ultiplicity is directly related t~ the excitation energy of a tar~et 
spectator [15]. For low LCP multiplicities the m&Ss distribution~ show two contribu
ti~ns. One. is (J·om heavy fragments iu the mass region around A = 80, most l'ikely 
fission fr<'!>grri~~ts. This contribution rjtpidly disappears with increa.Sing LCP multi- . · 
plicity, reflecdllg an increasing excitation energy. The second component• represents 
light ~asses ~n at all the chosen LCP multiplicities. The mass yield in thfs region 
is well described by A-r dependence for ma$ses between 10 :S A :S 40.: The exponent . 
T .is shown ~t the bottom of figure 2 a.s a function of the LCP multiplicity, and a 
miniu~um Is observed at measured multiplicities of 2-4 light charged particles. The 
minimum·· in dependence of the T-J>arainet~r on the excitation energy is expeded at 
the critical point for a liquid-gas phase transition [5] .. But surh a "critical behaviour~ 
may be also simuletrted by the effect of the secondary decay of the excited fragments, 
which both enhances the yield of the lighter IMF's and decrea~~es the mean multiplic· 
ity of the fragments. This topic needs further investigation. Such a mirlimum of the 
T parameter has also been reported by the ALA DIN collaboration [6}. There the T 

parameter was deduced ~s a function of the quantity Z~wtmd· Both observables, MLcP 
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Figure 2: .Mass spectra measured in TOF telescopes as a function of the LCP's 
multiplicity, measured in the fragment multiplicity detector. The bottom part gives 
the r-parame~ deduced from the mass spectra in the region 10 ~ A ~ 40. 
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and Zbound, reflect a measure of the excitation energy. In the ALADIN ex-Periment 
the minimum in T is observed at values of Zbound where also the largest mean IMF 
multiplicity is seen. So the observation of the minimum of the T parameter in our 
experiment gives evidence that the region of maximum IMF multipl,icity can be also 
reached with relativistic 4 He-projectiles. 

The total cross-s~ction for the fragmentation process for higher incident energy 
was estimated. to be equal to f7MF ~ 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 f7MF is related to f7IMF 

(the production cross-section for IMF) through a simple equation: f7MF = f7IMF/ < 
M1MF >. Our data on the mean intermediate mass fragment multiplicity< MIMF > 
are presented in the next section. · ' 

4 IMF multiplicity and excitation energy 

Fig. 3 shows the multiplicity distributions measured by the multiplicity detector. 
Two distributions a.re shown: one of them for the events selected· by requiting one 
IMF in a TOF telescope (open circles) and second one for the events selected by 
fission fragment coincidences in theTOF-:-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· forlhigher 
mea.n 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 distrib'ution 
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 a.re summarized in table 1 for the two classes of the event.s 
at both' incident energies. 

For the fission events the mean IMF multiplicities are around ~. It means that 
ternary fission, being a very rare process at low excitatioq energies, became the main 
fission mode. The reason for that is evidently very high excitation energy of the 
fissioning nucleus. Fig. 4 presents the mean IMF multiplicities for the fission class 
events ~ 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 distribut~ns measured in the FMD when selecting fiss.on fl'a.g
menl~inci(iences (open boxes) a.nd when requiring one IMF_in a TOF.(open circle) .. 
They 'a.re fitted with exponential (dashed line) ~d Poisson (d9tted line) distribti
tion,s, folded with the experimental filter. The i~sert gives the corresponding primary 
distributions. . · ' 
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Table 1: The me!ID primary IMF multipliCities observed in coincidence with the fission 
' or for ev&tts with one IMF in one of the TOF telescopes .· . 

Event·dass 1 GeV /nucl. 3.65 GeV /nucl. 
~ ,_:' Fission· 1.1 ± 0;2. 1.1 ±0.2 

.,. IMF 3.6 ±OJ) 5.3±0.8 
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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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TheOretical curves i~ Fig. 4 are obtained by the model ofref. (15). The m~se~ an,d 
... the excitation energies of the residual nuclei are calculated within an intranucl~- , 

cascade approach. The disassembly of the' residual nucleus is then described by.· a·~ 
statistical multifragmentation model. ln'Fig. 5'the mean IN1F multipliciti_es ~: 
culated by this II19del are given as a function of the excita.tion energy of a tatget · 
s~ectato~ fo~ the 4l!e +Au inter~cti~n. Very fast incte~.e of t)le multiplici~y'is pre- , 
dtcted w1th mcreasmg ofthe exc1tat10n energy 1,1p to.~ 1.5-GeV. But aftedha.t the.; 
multiplicity goes down; the behaviour known as "rise ·and fall of the multi fragment&-' · 
.tion" [16]. This behaviour is a result of the eff'ect of a secondary decay ofthe very hoi· 

· fragments: the oyerheated system starts to disassembly mainly into Ught fragment 
with A :54. 

For the IMF trigger the mean primary multiplicity is much higher ·*an for the 
fission trigger and it increases by 50%; when .the beam energy is changed fro~· 
1 GeV/nucleon to 3.65 GeV/nucleon (see t~ble 1); The calculated IMF.:..multiplidty 
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 a.tWe ·· 
range, covered by the TOF-telescopes. The mean value for IMF multiplicity, cal· 
c1,1lated by this model, is consistent with the .experiment within error bars at higher 
beam eq~rgy. · 
• For higher incident energy the model predicts the excitation energies up to 2.5 GeV 

with the mean value arouns 1.3 GeV~ 

5 Breakup density and. time scale • 
Tlie density of the nuclear system at the moment of the beakup is ~ question of 
great ilnerest when studying rriultifragmentation. Due· to the Co1,1lomb repulsion the 
relative velocities ofiMF's detected at large relative angles are determined by the,. 
geometry of the nuclear system at the instant of their-emission. Studying the system 
41I e + 197Au at 800 MeV /nucleon incident energy the relative vel<>cities deduced· 
for IMF coincidences with large relative angles were consistent with simultaneoW!' 
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 1!'- possible description of the measured rel~tive velocity distribution with 
sequential emission as well. Taking into account the large multipljcities observed in 
the present experiments, the picture of late and sequential emission of the I.M;F ~ms 
very unlikely, thu.s supporting disagreement with the sequential scenario, pointed out 
in Ref.(17]. '' ·· . 

In the pres~nl&experiment the r~lative ve!ocities of IMF at large correlation angles 
(Orfl;!';:: ·130° ~lf0°) measured at 1 GeV /nucleon incident energy are in agreement 
withthe findings at 800 MeV /riuclon. Going to the 3.65 GeV /nucleon incident energy 
the m~an value ~f the relative velocity oecreJt,Ses by 0.2 cm/ns, as demonstrated i~ 
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, Fi~. 6. ··. Thi~ reduct.iori ·of_ the Coulomb repulsion is eittier due· to a .larger break;up . 
. 'V'Ohlm~ Or to a Jighter breakup system or to both effeets. ' , . . 

. Uppet part of Fig. 7 Shovys the mean values for the relative velocities of coincident 
fr~gments, .measured at large: .coFrela.tion angles, in a functwn of a mean a.ssOcia.ted · 
IMF multiplkity < M >~•o· The last one is obtain~d from the multiplicity measured 

· by FMD, taking into account its efidency and m1,1ltiplicity distributicm for IMF~IMF 
trigger a.t the respective beam energy. . .· 

LOwer part of Fig. 7 presents the mean relath:e yelocit,r at the same correlation · 
ahgl~, calculated by the. cascade-statistical multifragmenta.tion model. One of the 
parameters of tl\is model is a breakup density PI. The res1,1lts in Fig. 7 were obtained 

·lot p// Po'= 1/3. The calculated-values of the. mean reJa.tive velocities ~e significantly 
larger than the experimental one for small multiplicities and slightly a:bove_~91" high~ 
< M > .. ~. Soone can conclude from this cs>mp&-ison, that th;e~eeze.-out density 
fiJ is tess than l/3Po· . . . 

The experimental values of < V..e1 > are slightly decreasing with the inc~e of 
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Figure 6: Relative velocities of IMF-IMF coicidences for the large correlation angles 
at' 1 yeV /riucl. (open boxes) and 3.65 GeV /nucl. (open circles) incidf,'ni energy. 
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thefr~ment ~ul'tip1idt~.· This could be related t~ a hiuer freeze-Qut v~lume forthe 
high· multipli<:i~y events. A . .more definite conclusmn needs further calculations. 
. "' Information ()ri the time scale of the multifragmentation process. can be obtain_ed 
'fi~m the' study of tbe'arigular correlation between coinci9ent. fragm.,nts at the small ~. 
conela.tion angles. Wh(m· the time interval between the emission of the fragments " 
in the same .~vent is short, the stuall relative angles are supressed due to Coulomb . 

-. repulsion of the .coincident I~F's. This effect is evidept from ·Fig. 8, ~hich.presents 
thetwo--fragrilent correlation functions R12(Dr~1), defined as Rt:.-= CYt,li(Dt,li}/Yi•,:z,. · 

< w~ere }"j2 .is the yield of coincidences between. triggtr 1 and fragment 2:· 'the denofll~ · 
ina~ot Yt •,2 gives a coinciden« rate for the same counter of. FMD1 but for a.n(>th(i 
~rigger t• for which 9i•,2 > 90•. T~ls ·normalization reduces a ~Systematical ettOt' 
due to tlncertail1ties in the detector efficiency. These distributions s~K1lv a signifiea.nt 
di:,pletion of the coincidences at the small relative 4\ngles. The Z-d,ependerice of this 
·'effect is _evident fi"om comparison of t.he left and right· p11r~s of Fig, 8: the supression 
of the coincidence ra.!e at the. small angles becomes strQRger, when the product of 
Z-Vf\lues :of the fragments detected. is increased three times~· The quantitativeana.k 
ysis of the da~a 'i$ in progress now·. It is expected from t .. e m~ptitude of toe effect 
obse~ved that the mean life-time of the system is not larger thim 10-21 s. · · 
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6 Conclusion 

- Multifragment emission is a domiRant decay mode of the highly excited target 
spectatot for 4 He +Au collisions at the energies (1-4) GeV /nud. 
- The mean multiplicity for an intermediate mass fragments at higher incident en
ergy used is < MIMF > = 5.3 ± 0.8. From the comparison of the experimental data 
and the statistical model calculation we conclude that the excitation energie$ ,reached 
are higher than t Ge V. / 
- The mass spectrum of IMF is fitted well by a power law distribution A-'"". Pa-' 
r~eter T shows "critical behaviour" (<J. minimum) as a function of LCP-multiplicity 
(excitation energy), which can be related to the effect of a secondary 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 leasl three 
times smaller t}lan 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 4He 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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