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Kapttayxoe BA H /Ip, 

. Pacn.an ropll'IHX llllep, 06pa:iyro1UHXCll B peaKUHllX 

C JICfKHMH pe11llTll8HCTCKHMH HOHaMH ' 

E7-9S-321 

- ' . ' . \ •·· . 4 . . 
YCTaHOBJICIIO, 'ITO B coynapeHHH JiencHx peJillTH8HCTCKHX HOHOB (p, He) C TlllKeJIOH MHWeHLIO (Au) 

o6pa3YJOTCll CHJILHOB036ylKlleHHLle iinpa, pacnanatolUHCCll OYTCM MHOlKCCTBellHOii 3MHCCHH !pparMeHTOB 

npor.ielKytO'fHoii Macci., (ll>OM). Cpenttue MHOlKeCTBellHOCTH 11>nM.pasttL1 (s npene11ax ±1S%) 2,0, 2,6 
11 3,0 npH HCOOJILJOBaHHH OpoTOHOB c 3Heprneii 2,16, 3,6 H 8,1 r3B COOTBCTCTBeHHO. '.:nu 3Ha'ICHHll-

6JIHJKH K TeM, ~TO OOJIYlfalOTCll Ha nyqKax TllllCeJILIX HOHOB B TOM llCC )lHanaJOHC 3Heprnii. '.:hoT !paKT 

paCCMatpHB3CTCll KaK YKa:JaHHC Ha TO, 'ITO cpe/lHllll MHOlKeCTBCHHOCTL ll>nM HC lfYBCTBHTeJILHa 

I( )lHHaMHKC coynapeHHii, a onpe/leJilleTCll il>a:JoBLIM o6t.eMOM KOHC'IHOro COCTOllHHll. 3Heprern'ICCKHC 

cneKTpLI !ppatMeHTOB OOHCLIBatoTCll CTaTHCTll'leCKOii MO)ICJ!LIO MYJILTll!ppanteHTaLIHH, npe/lOOJlaratouteii 

pacWHpeHHC llnpa nepe/1 pa:!~aJIOM. 0ueHCH3. Cpe/lHllll CKOp0CTL pacwHpeHHll B MOMCHT pacnana ll/lpa: 

.v~,p S 0,Q2. c. Cpe/lHCC speMll. llCHJHH 4iPa1Me11rnpyioweit CHCTCMLI (S 7S fm/c) no./JyqeHo HJ -8;"~ii1a. 

yrnosoii KOppeJillUHH !pparMeHTOB /lJlll coynapeHHii 
4
He (14i r3B): +Au. '.:h-H. peJyJlf,TllTLI OTBe'laf9T 

.cueuapHto «TCOJIOBOii,. MYJILTll!ppa1Me11TauHH. . . . 

Pa6oTa, llLIOOOHeHa B Jla6opaTOpHH ll/lepHLIX' npoo.:ie~ mum .. 

. . '· . 
\ 

. · OpenpHHT 06Le/lHHC~HOro HHCTHTyta ll/lepttLIX HCl:Jle)lOBaHHli • .[{y(Stra, 199S ·. ' 

Kamaukhov V.A. et al. £7-95-321 
Decay of Hot Nuclei Produced by Relativistic Ligl\t IMs 

In· collisions of light relativistic projectiles (p. 4He) with heavy nuclei (Au) very excited target 
spec;tators are created,' which decay via multiple emission of intermediate mass f-ragments. It was found 
that the mean IMF multiplicities .-e equal (within IS%) to 2.0, 2.6 llld 3.0 at proton energies 2.16; 3.6 . 

. and 
1
8. I 0c V respectively°' These values are compib'ablc with those obtained with heavy ions in the same 

beam energy range. This is considered to indicate tllat this observable is not sensitive to the c_ollision 
dynamics and is detc:nnine4by the pha.~e space factor. IMF energy spectra are described by the statistical 
model of _multifragmc:ntation neglecting dynamics- of the expansion stage before the break up. 
The expansion velocity is estimated to be S 0.02 c. The mean lifetime of a fragmentating system is found 
to be S 7S fm/c from IMF-IMF•angufar correlations for 4Hc (14.6 GeV). +Au collisions. The results 
support a .sci:nario of true «thermal» multifragmenfation. · 

. TIie investigatioit lias.been performed at the Laboratory of Nuclear Problems,.JINR. · ... 
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Introd~ctior{ . 

. :~ :The investigation o(d«'!~ay of vrry hot nu~lei h_as become a topic of great,interest . 
Largely. it. is. _concentrated on the process of multiple emission of. intermediate mass·. 

· foagments'-(IMF, 3:::; Z $ 20): It is now established.as. a mairi decay mode of highly. 
: excited ·nuclei; and this process is likely to occur when a nucleus has· expanded and , 
. lower density i~ rea:~hed_ [lj. It is ,under debate 1whether,this pro~ess is related tq a .. 

, · ' , ' I ,, > ·1 1 :. I - ' . ~ ',. ' ' . ' ; ' \ . ' · 

liquid-gas phas<\~ran~ition in nuclear matter [2-4]. , · · ., ·· . . . ; ·. · . 
· .. •.· :The common way to produce very _hot nudei is to use reactions indu'ced by heavy 
ions at energies 30 + 100 MeV /n.: But heating in this casds ~ccompanied by corri

. • ,:pres~io~, strong rotation andshape distortio'n; w·hich cause. the so-called dynamic 
• ·. i eff~cts in. the nuclear 'decay.' It, seems. difficult to disentangle all<these effects to. 
· ·· get information on· thermodynami~ p~~pe'rties of a hot nuclear• system .. The picture.· 
l becomes more \1~ar ~hen ligM rdativistic projectiles are used [5,6]. One 'should. 

expect that dynamic effects are ~egligible in ,th_at. case .. : Alt the IMF's are, eII1itted 
I ' ' l ./ ,' 

I 
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' ''-, ' '' ' ·, ' . . ' . ' ' ( ' ' ' 

· by the only source__:__ a target spectator, and,decay of this hot nucleus proceeds,in 
an apparently statistical manner ("thermal'multifragmentation"). Similar advan~ 
tages are given by anti proton beams of energy (1-2) GeV [7] .. Light projectiles aHow 
complementary i_nformation to that gained from heavy ion collisions and compari- · 
son will make it possible to reveal the influence of coinpressionand rotation on the 
multifragment decay o( a hot nucleus. · ' · 

· In this paper we present the experimental results for the multifragmen~ emiss~on 
· ,induced by relativistic protons (up to 8.1 GeV) and alphas (at 3.65 GeV /n). ' · 

, . - -r ., - , , , , • _ .. 

Exp~~imental ~e_tup · 

The experiments were performed at the JINR synchrophasotron in Dubna using 
- ·/ ' - '' , ' . . ' •. , . . - . . "· ' , 

the;new 41r-setup FAS_A. Now we have two versi_ons ofthis device: one.(FASA-1) 
[8]1was used.in the experiments with.a 4He-beam:-:The main parts of the:device are· 1 j( ·,.' ', ., . - • •. , , . . I 

(i)·a fragment multiplicity detector, (FMD) consisting of 55. thin Csl(Tl) detectors 
'which cove~ a major part of 4v.;· the FM°D gives the number of ~MF's· and their, 
· space distribution; (ii) five:time-of-flight telescopes (TOF), ~hich meastire energies;, 

. velocities and masses ~f fragments at different angles and serve as a trigger for the . 
.. read-ot:it of the sys_tem; (iii). a p()sition ~ensit}ve 'parallel-plate avalanche counter, . 

(PPAC) for measuring the angular andvelocity distributions oUMF'sdetected in 
coincidence with TO F's.· A selfsupportirig 197 Au target 1,0 mg/~m2 thick w;is used. 
The average beam intensity·was 5 -108 part./spill (one spill of300)ns per 10 s), 

In the experiments with a proton beam the other version'.o,f FASA was u;ea, 
in _which the TOF's are replaced by ~E(ion.chamber)-E(Si(Au))-telescopes. The 

. PPAC is replaced by Csl(Tl) detectors and the total number of counters in the FMD 
· i~ increased to 64.,The plexigl

1

ass light guides in FASA=l are replaced by empty ones. 
co~ered .with diffuse reflector (11gO ). This change has sigriificantly improved th~ 
background in.the FMD',. which is connected with Cherenkov-radiation created by 
the beam halo in plexigla.ss lightiguides; 1 The mean value of the background in 
.the .. FMD of FASA~2 was less then 2%. 'Th~ efficiency or'scintillators for fragments 
was. calculated taking' int~ .;_ccount the respo~~e of Csl-films to _heavy ions [8], the. 
energy spectra: and. charge·. distribution ·of IMF 'measured 'by· telescopes. ~-·For. the 
threshold used (two times the puls'e height of 241 Au o~particles) the IMF~efficiency· 
is, 52%; while the admixture of thefragments with Z ,;; 2 is ~ 3% in·resped to IMF's. 1 

- ' . ' ·' . . ' ' . . ' 

••. Fr~gment multiplicity inp
0

·+ 197 Au colli~ions .. _ • · . 
. I 

I . . . 
·. Experiments have been performed at beam energies 2:16, 3.6, 8.L GeV and in-

' tensity aro~nd io9 p/spill.. The telescopes a~elocate_d at angles 24°, 68°, '87°; 1'12~ 
and 156~. The measured multiplicity distributions assocjated with' trigger fragment~., 
in the range 6 :5 z·:5 20 are shown in Fig. fa. , ' . , 
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MJ!:ASURED IMF-MULTIPLICITY.·' . PRIMARY IMF~MULTIPLICITY ' 

,, i ' ' . • .. /'" .•:,\; • ,••,I. _<',: :, . ,- ;( '., ,;, I'' " •,, ' C ' - ' ' 

.Fig. ,1., Lefti-,M~~ur~d ll\1F~multii,licity dis'tributions associated with a trigger fragment 
of charge 6 :5 Z'$ 20 for p+Au' collisi~~s at 8.1 GeV (circles, s~lid line), 3.6 GeV (triangles, 

' dashed 'lirie), 2.16 GeV (squares; dotted line). They are fitted. with Fermi-like distributions 
(right picture); folded with the experimental filter. . .. . : ' . . .. . .. 

,' ' ',' . , . • •) • ', f ;\'", ' , '.;, J ''., ,: ',,•_', ,"' .• • • • \ ~.. •, • ''~ • : .,' ';•,•' • • • , , ,' I 

These pi§tributiornt diff~r significantly from the primary ones because of the exper~ 
irjicntaVfiltcr/ T?: ded~ce the primary. i;nultiplicity 'OllC. sh.ould n1akc. correction for 

, the FMD ·efficiency, for the effect of 'd_ouble hits iri the scintillators. Furtherinore, 
·_, )~e has to take

1

into account the f~ct thaUhe read.out is trigge'red by ielcs'cop~s ~vith .·· 

1 • /· srr;all _solid angle ( ~ 5 -10:-: sr.), s~ the trigger prpbability' is proportional. to the; 
IMF multiplicity. All these effects' are combined in .a response matrix ( experiinen'tal 

JHtt;r), T,he ~ean· primary.mu'it.iplitity .is 'determi1;~d by. fitting the parafoetrized 
.•. 'distributi~h, folded. by: the_ cx'periITl~ntal filter,' t_o ,the'eJCperimental on~.,, A'.re_asori~
,1.~blc.11ssumption should. be made 

0

for-.the "sha1>e ,of the 'primary distribution. In 'th~ 
. case of definite ex~it~ti6~ ene;gy th~ multiplicity di;tributions are well described by . 
-the Poisso'J fun~tion :with mean ~alue decreasing as the i;np~ct' p~r~mct~r increases 

' - ' • . - I'.' •. • ' t., ('• . . ·• •' ' .' •' I ' ' 

[9]. In t.he present experiments WC deal with fragme11tat.ion events averaged over.the 
· .. ' fuff range)if i1~pa~t paramdcrs. Hav111g this in mind WC ~;s·ur~ed the primaryIMF~ 
. ·multiplicity distribution .to be sh'aped iikc a Fermi 'diitribution. Fig~1re' 1 b pre~ents.·. 

the primary multiplicity distributio~s, _which ~o~resporid. to the best fit to the mea~ · 
'sur~d mi;~. The 'rrieanvalues' <, M1MF >l(f~r· ~vent's .with at lea.st one IMF) ~re 

. 2.05±0.30; 2.6±0.4, 3.06±0A5 f6r the beain.energ1cs used; Correcti61is f~?dm1ble 
·. hits (bcith. be1o~ and above the threshold) do.not. ,cha1igc<·M > l;y moie_than 
I several: pe/c~nt but. improve the fit ~t the 'tail 'of the multiplicity distributicm .. ,The, 
'errors'.(15%) a~e significantly larger thay' st~tistical ones rcJlcding tlw i.1n~crtainties .. 

'<iii the FMD~dficic1icy .. ·' · · , , · ; 
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Fig. 2. The ~ean ll\lF
multiplicities f~r tl1e events 
with at least one IMF as 
a function of the b~am' en
ergy,. Solid points· are· for 
p+Au collisions, diamonlis. 

·,, for 3 He+Au, crosses are for 
heavy-ion-induced fragrri~n
tation. · The' lines are cal~ 

. culated by MG+SMM and 
INC+SMM. The open point 
is· calculated assuming pree
quilibrium emission after in: 
tranuclear cascade; 

Figure 2 sh~ws the mean iilultipiicities as a function of projectile energy to- 1 ' 
- . ·, , . : . . . '. ·.· n . ..... . . .. . ':. ·, . ,, 
gether.with some published data on multifragmentation,induced in Au~target·by 
3He(4.8 CeV) [10] arid heavy i~ns., It is interesting to compare ,the values .'of , 
< ,Mt';,ff >. obtained with relativistic. light projectiles and heavy ion~.· The pub-.· 

·. lishecFdata were reariaiyzed i_n ·a proper way to get <. M1~F > for _the evehts with at 
leas:t one IMF, aver~ged over the who!~ range of imp.;,ct parameter~. The data u~ed 
a_re 40Ar (30 MeV/n)+Au [11], 129Xe(50 MeV/n)+_Au'[9]; 12p(600 MeV/n)+Au . 

· [12]. The IMF multiplicities for proton•ind~ced refl,ctioris are closdo tliose obtained ... 
with heavy ions, So, this observable is not'sensitive to the reaction dynamics and,:. 
one_should think, itis det~rmined 'mainly, b/the space phasefactor of t_he final);tate. · . 

. The reaction mechanism for the light relativistic projectiles is d_ivided into two · 
I ;teps. The• first ~ne consists of a fast _energy deposition stage, d~ring which ve;y 

energetio light particles are emitted and the nude~r. remnant (spectator) is excited.· 
Th~_seconcl, slower step of th~ reaction is_ decay of'ii target spectator. The fast stage ' 
is usually describ~d by the infra;iuclear.' cascade m~deL (INC).: We usea version 
of the INC frorn reC [13] to get the distributions ~f-the nuclear rerinants in the. 
charges, m:as~s; excitation energies and momenta; The; second· stage is describt!d. by 
the statistical multifrag~entatiori model (SMM). We use a version of the SMM from · 
[14].'Evidence for the statistical beha~iour o(a target spectator will be p~es,ented in 

· the next chapter: angular.distributions of IMF ai-1d their energy spectra at different 
. ' angles. are well described in the framew~rk of t't1e' statistical ,decay of. a th~rmalized 

moving sourc~: Within the SMM the 'probabilities of diffe~ent decay channels' are 
proportional to their.statistical weights'. . The break-up volume determining the 
Coulomb energy of the system is taken toh<! Vi,~ (l+k)A/p 0 , where A is the 
mass number of the decaying m1cleus, p~:is the normal.nuclear density, k is a model 
parameter .. So, thermal expansion of the system before. the bi:eak-up is a_ssumed. 
The primaryfragments are hot', and their deexcitation'.is;taken into account to get. 
final IMF distributions. In the further calculations we used k .·= 2 based on our 
analysis of the co"rrelation data [26].' · · , · 
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, The upper dashed Ii'ne in Fig. 2 'is ~btained b; means ofthi,s combined mod~l 
(INC+ SMM). It i~ drawn through the calculated ~aluesof < M1MF

0 > at three hea111 
energies. The calculated mean imiltiplitity for the highest energy is 25% larger than 

-· .( . the· experi_mental ·on~.- So;. the _c~scade IIlOdel' ov~resti~a!es the excitation eri'~rgy. 
· of the residual nucleus. For .. the lowest beam energy. the calculated < M1MF: > 

-C~incides with .the m:easured one. '. \ ' . . ' ' . ' . ' / . . . . · . 
' . The us~ of.. th~':p_reequilibrium ~xciton_moclel (PE) [15] tbgether with the'INC 
''gives the rriean multiplicity 33% less tlian • the experimental value for E~'= 8_.l (;eV ~ 

. It means that'.iriclusion·of preequilibrium emission results in underestimation ~f the 
·. 1 excitation energy'. . Qne can, conclude that the' use· of the IN¢ or _IN c:+ PE does· ~<>t 

s9lve a problem of'describing the properties of a target spectator for a wicle' rahge 
of projectile en~rgies; so· one should' look for an. alt~rnative approach. Th~ authprs 
of [16] tised some phenomenological distrih~tions to descri~e A~ADIN _data,. Un- . 

: . fortunately{ due to the phenoinenological nature of the ·approach there is no simple · 
' , /'. , I - ' , ' • • ,' ., - -, , ••• _ ' • ' _ l ' ' t • • ' .-· • ,,, . , 

way to extend their results to other 'combinations.of projectile/target. Therefore, 
to ,describe. charge, mass and eriergy distributi~ns of the residual i:mclei 'we' used as · 
a basis the well known Glauber theory [17] being in a g~od igreement with the ex~ 

. .. ,· . , •· ... I .. . , .. ·. . . 

perimental data· on elastic and inelastic hadron-nucleus· ( hA-) and nucleus-nucleus 
· (AA-) intei:actiohs at intermediate and high energi~s'.·'The Glaube; theory, a~ it ·is, 
ho~ever, provides ~~ly distributio~ 

10£ ''wounded" (k~ocked out) nucleons resulting 
from the p~imary collisions of the' projectile nu~le~ns with the target ~nes and does · 

. not t;ke into accm.i~t the se~ondary interac.tions of ~F~cted nucleons. To take such' 
·, ' ' . . . ' . , . ' . .· ' . . ' . : . . ... , ,. 

· interactions .into consideration a phenomenological approach was used [18] )Iloti-
.. ;at~d by the Regge~n the~i:-y ~f hA-:- ana AA-,-interactions. Th~l approach. taking 

into a~cciupt the s~ ,caHed" enhanced diagrams'' (see [19] for details) provide~ an 
' • ·✓- .,.. • - . • - ' ,, ,J ' - . 

aJternative to the cas~ad~ approach to. secon~ary pa~ticle: intera~tim1s,- .• The full 
implementation of Reggeon picture is rather complicated but roughly it can be re
p~oduced ~y ejecti~g additional nucleons plact:;d_ riot;ffl,r in' the' _impa~tpararneter .. 
.plane from the primary ejectedones. So that'the knock out of thenucleons with 
impact parameter's initiat'es th~ kno~k out of the.neighboring.nucleons with impact 
·parameters s'j with probability rp(ls..- S:,-1): The second.nucleon, in its t~m; can· 
initiate a knock out of a third nucleon withptobability:rp(lsj.:.:C Ski) arid so on .. ,The~ 

~probability function </>(ls'.i :- Ski) was chosen in Gaussian form to·teproduce Regge -· 
. . behaviour of the simplest enhanced hA ~interaction diagram. :The 'parameters· of 

. thefonction were determined from the data on g~partides °:ultiplicities ininelastic 
.. interaction of 3.6 GeV /nm:leori prot~n;ari.d nuclei with light ~nd heavy components 

of_ emulsion, Th(tspace_ coordinate; of the p;imary ejected n~c.leons ,are detem1ined 
. , .wit}i the aid ofDIAGEN code implementing exact Glauber relations (or pA- and 
.•·. AA~int~r.actions_ [20]., This ~pp~oa~h ~~s succes~fuily lppiied to theanalysi~ of 

tlie' nuclear' destruction at· the fast. stage' of the· interaction in . the high energy• AA 
}' l: ; •, • - , ·. ; - ' . • ,, , • \ ' J I ' ' •• ' - ; .' •' • \' "_. •• • '-, ; .' • ' • 

. collisions [18]. , ,: · . . · , ' ' ' · · . · · ' · .. , · ·_. · ·•· . 
'." , • ' . ' • ·,' • ! •. •""' ,/ . 
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; To calculate the excitation energy of the nuclear residual we suppo~e that each 
~pectator (not ejected) nude~n placed at a distance, less than 2 fm froin a nucleon 
touched at. the fast stage -of. the·interaction receives an energy distributed as 

, . . . ~ ' ' . ' .) ,. 

<' ·I« '• 1 ,' ,' ' ' 
, P( l)dt'. = _'. -. - ~-:<!<~> dl. 

. . . : , . < l > , . 
A: ~um ~f ,the eiergies t~ansferredto ,the spectato~ n~deons gives the excitation 

·;~nergy, Th~"quantity < f > is treated as.a fitting p~rameter. Below w~ will r~ferid · 
_.that.combined approach as_ a mbdifie~ .~l~~b~r -~ppr~ach. (MG).'. W_ithin \his,rriode! 
,followed by SMM the mean IMF-m~ltiphc1t1es were calculated. varymg the values of 
{ E>. The best fit to the experi~ental;data is.obtained for <:,1: >, ~qua! t~ 6, 8 and 

_10 MeVat the beam, energie~ 2.16, 3.6 adn 8.l'GeV respectively; Fig .. 3 shows the ,, 
energy distributionf?Lresidual nuclei ~alculated for Ep ~ 2.16 and, 8.1 Gey; For . 
.all in~lfstic ,event.~,the inean e~citation energies, are 164 .and 279 MeV,,respectively. _ 
But for the events with IMF emission mean excitation energies are equal to 574and 

· 780 · M~V. Only haider coJlisions· lead!t~ mU:!tifragrrientafon. \ . , , . . . . . . 
\ ., i~ ,,", ,'.. ', : ' .t , I, ' : :, : , '-. ,;" , > . 
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Fig. 3. . The calculated distribution's of the excit~tio~ energy for ·the target spectatois: 
obtained.witha m6dified Glauber approach for p+Au collisions ~t 2.16 G~V,(left) arid 8.1 , 
GeV (right): 1 -.for all residual nuclei, 2-:- for events with IMF emission, . : . · . , ; ·i . ' .. " ' . ·.·, . . .. / ' ' 

All the.data aresumm~rized in'Ta~l~ 1. Th~ ~esiduai e~citatio'n energies cal~u-
' · lated with MG+S,MM Jri~del are lower than estimated 'with INC+SMM; Note that 

.the meaii ~harge and ma:s~ number ?f fragmenti~g nu~leus gr~w ~ith 'the q~crease · 
· of the beam energy in INC+SMM ·modeLThe opposite tendency is for,MG+SMM . 
calculations. For projectHe e~ergy 2.16 GeV.both models give the '.same yalues for , 

. \ < MIMF >, but, Z'and A of fragmenting nuclei differ significantly. _These very clif-
. . . ... , . . . I ... i . , .• , - •. ·.· . . , , ,, 

- ferent predictions can be judged by measuring IMF-energies, asthey are d~termined 
by the charge ~nd size. of: the so_urce'. . . . . . . '. . . 
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Table I: 

Reaction -Experiment Calculations"'. ; \ ·Model. " . 
/ 

; 
. i E;MeV ·' <Mn.IF> <Mn.IF> ZMF' AMF ,E;_IFMeV 

i>+Au · \ .3.8' 70 168 930 524 ,!NC+SMM· I 

8.1 GeV , 3,06±0.45 2.05 50 122 '· : 528' I 204 INC+PE-tSMM 
, ' \ ·3.J:J 67 . 165 780 279 

I 
, MG+SMM 

p+Au 2.6+0.4 2.9 , 73 175 782 · 407• , INC+SMM 

3:6 GeV 2.6 '65 '162' 677 . . 225 
, . 

MG+SMM 

p+Au 2.05±0.30 '2,0 · 75 181 ,- 660 · 328 · ~NC+SMM 

2.16 GeV 
. 

157 I 164 · 2.0:J 64 _574 ,• MG+SMM . 

.,'- . ''!. . - ' , ' \ ,_. " 

1. ZMF, AMF, EMF are the mean charg'c,· mass number and excitation energy of the-
~ "c , ' , ' • ' • ' I , \; . • \ 1 , · ' 

fragmenting nucleus. ; · ,' ·,, · ·' · ' · . · , , 
, , .2. En is. tlie ~ean excitation energy of all residt1al nuclei afte; the fast stag~ of 

coll_ision. ·• . .. ·. •. . ·_.- , ,. . .. . , _ ,. _ _, . . _ • I 
· 3._ INC is the in.tranuclear cascadelSMM is the statistical n1ultifragme'ntation model, , 
MG_is the inodified Glauber.approximatio;i. · · · ·1 ·. · •. - ·• 
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Fig. 4. ' Charge distributions 
for IMF.'s c~eated in the p+Au 
col_lisions at_-.8.1 GeV ,(top), 

,. 3.6 GeV,(middle) _arid 2:16 GeV 
/ (bottom). The broken lines 

· are calculated by the combined 
MG+SMM models, normalized_ 
at z =; 3, ' f I \, . : • 
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Ch3;rge dis~ributi~!)~ and !=!Ilergy spectr~ of IMF ; . 
\, 

Charge •distributions of I~iF\ro/ three b~ain energies ~re 'presented in Fig.' 4 
. 'together wit~ calcul~ted curves obtained ~ith),IG+SMM rri~~eL 'The,~odel de-
. , scri~tion re~embles the dat_a for 3 $ Z $10, bu_t for heavier fragments it isslightly 

o,verestimating. Empi~ical dependence Y(Z) ~ z-::0fits the data \vcll (excluding the 
yield for Z ::':: 2) with'o equal fo.2.30±0.12, 1.90±0.10 :and 1.86±:0.10 for the be.am, 
energies 2.16, 3.6 and 8.1 GeV . .These· values are close to reported onesiri [21]. The 
weak -variation of.the charge distributions \vith be~m energy can be considered _as 
an)ndicat,ion of a slightchange in the target spectator teII1perattire with increasing 
E~ in the range from? to s'Gey. . ,: . . . . . 

. 1/) ,: ...., 
c· 
::, 

\0 
,u 

I 

Fig, 5 .. l'he energy sp~cira at different polar an~les for cirbon produced in p+Au c~llisions 
. at 8.1 G~V, Spectra a,re fitted by,the 1\taxwelliart dis~ri.bution for equilibr~ted moving source. 

Figur~. s ~ho~sthe e~~rg; ~pectra. of ccirb~n at different a·~gles m~~s'~redfo/th~ ,, 
.. beam_ehergy 8.1 d~v'. They are fitted hythe em~irical fonction sugg~stelfirst in {22] 
and 'Il'l~dified in {23]. It is a smeared Mi1XWellian distribution shifted'.by an effe~tive ·' 
Coulomb barrier (Ee-±~). Particles are ~mitted isotr~pically in :a system moving.· 

, forw~rd(in the, beam ,direct'i~n) With a ~elocity /111- Variation .of the spectr~'in with .. · 
. ~ angle' is entirely deterinined by: velocity transformation ,from the. moving frarrie to . 
. 'the laboratory 'one. All 'the spect'rl ,are fitted with, the s~me set ofpararrieters: EC 
•, := 19 Mc V, ~ = 20 Me V, /311 = 0.0046 ± 0.001 arid Ts·=I4 MeV (slope para.ruder) .. · 

The angular distributio~~ (Fig: 6) a're·slightly anis~tre>pic and can alsobe 1xplaiiied 
, ' • , , • . ·, ~ , , - ' '. • , , r , 
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in the picture oLthe i;otropic decay ~f.th~ moving source. This analysis gives. 
\! gr~unds for.the _statement thfi.t the IMF-e!flission pr_oceeds as a decay of a tJierm:tily . 

'·,,·---:--
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Fig. 6 •. : Angula~ distributicins 
for fragments with. 3 < • Z < 10 · 
from p(B.lGeV)+Au ~llisions. 

/ 

• ,, ., '·, :.,_ ,' , , ':·',._·• 1 • i , · .. ,. ·. \': _,'> ·, , ,:i::·· /:, . _',, ··. , .L ,. ·.•. /'. • 

. From the poinLof view of the.statistical m~del i,[ multifragmentation this para
rri~trization of the IMF~spectra is' 'not obvious. ,.In the SMM one conside;s prompt~·.·.• 
partiti~n ;of the excited' nucl~us into ·fragn:ients. 'At the first m<>ment. they h~v~ 
a Maxwellian :en~~gy distribution deter~ined ·.by. the. te~peratur~ of the system'. 
• .,. , ' ( ,, ', · ', , ,~. \.; , ' , _,I I, ,, , , . , : . , , , ' • . , 

· J'he final· energy distrib11tion results mainly from the Coulomb. repulsion ,of the 
sy~tem (volume emission). Figure.7 presentsicomparisoh of the 1carbon sp;ctrum 

' ." I .,. • • ,' ., •• •·. ' \ ' I ' '• j ,,' '' , '· 

·. from p(8.1 GeV)+ A~ coUisie>ns with calculated ones_. The_ experimental spectrum 
is .a sum ofthe spectra ,m.eaimred at 68°, 87° and 112°. 'The calculations. were, 
. ped~i-med applying .SM11 :to .t~f! excited. remnants · a~ising • from· MG · calcul~tions.:: 
Figure 8 prese.nts ,the comp1trison of the mean energies of IMF's per riuclecin (for . 
p+Au at 8.i GeV) with values calculated by the modified Glauber'approximation. 
arid _SMM. Th~/theoretical valu~s coincide with ,the ·experimentalories withiri the. 
error bars, The s'tatistical mod~lassurnes that thk break~up of the system proceeds 

. afte/exp~nsion, 'driven by a :ther~al. pressure:•, The free~e-out .volume' is t~en ·. to 
' b~ 3V~, arid: the,expansion velodty v.~I' is neglected: so', the comparis'on of the, 

.m~s·u~ed:IMF_energies.wit_hth~ calculated.on~s is the way to estimate "!-'•x~-•·In our' 

. case the. effect of, the expansiori1 yelo,city is not> visible and ~mly the upper limit of 
· the collective energy and.velocity can be extracted: 

' ,' ·.:' '. .. . . ,, '(" . ,·,~·.: ",, · .• ··.· " . '.,,: ··.·,, .. ' .. ·. 

E,rp :So.~ M_eV /n, . ' llexp :S 0.02 c., 
' . '" ' '. ' , ~ ,, ' . ,. ' . ' 

· / The mean IMF-energies fo;. E'p = 3.6 n~ 2.16 Ge Var~ close to those presented in Fig . 
·s .. This _observation is in ac:cordance witir MG+SMM calculations ~nd in contrast 
. to results obtained' by INC+SMM model;' which predict~ foc~easing IMF-en~rgi~.'. ·· 
wherit~e beam energy g?es 'do'wn ~rom 8.L to 2.16 GcV: ' · ··· · · 

' ,, 
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Fig. 7. The ~ergy spectrum 
. for carbon emitted . in p(8.J' 

GeV) + Au collisions. The line 
is calculated by· the modified· · 
Glauber. pres2ription and statis~ -

. tical multifragmentation model. 

· Fig. 8. 'The IMF-mean ener~ 
·~ 

1 gies for'the.p(8.l GeV)+Au re-
,. action .. The line is calculated by 

the modified Glauber ~pprox~ 

7. z _a 9 

' j' 

. imation. and. statistical multi- 1 

, fragme~tation ~od~l,C 
-,~ 7, ' . , ~ , I 

·J. 

I 

On the tim~ seal~ of IMF emission . :" ·:\ ,, . 
. . . ' . . .. . . . · ... - \ . . .. 

, . The time scale. of.the IMF emission is a key characteristic for understanding t_he 
rriultifragment'ation 'phenomenon: is. it•. a "slow?' s~qtiential ·process· of indepeiip.ent 

.- e~issi~n of IMF'~ orjs· it a new' deca:Y mode' with ''simultarieous" ejection ~f the 
fragments governed 'by foe total acce~sible phase;spJce?. ;'Simultaneous" means , 

. that all frag~enis ar~ liberated at freeze~6ut during I~ time, ~hich is. smaller 'than a. 
characteristic Couloinb\ime Tc- For that case emission ofIMF's are not independent; 
they interact via long-range Coulomb forces duririiaccele~~tion. in the electri~al field 

. - .. . . . . •.. . .. ...,_ 
after freeze-out. According to (24), Tc~ 10-21

. s. ·.Measurement of the emission t_im~ 

,,, 

: for IMF's ( Tem. is a mean. time ,delay between. two consecutive fragment emissions). 
is a direct way. to 'an~wer the question on the nature ~f 'the muitifragmentation' ' . ·' 
phenomeri:~n: < ·_ •• ' • • • •. • '.·. ; •••• _'. • : '. .,· .• :: ' : • - - I :~·-

' ,To extract the time scale of thermal multifragmerit.atio~ .we rri:e.i:3ured.and ana..-
. lyzed the'relative angle IMF~IMF correlations for. 4 He+Au collisions at 3.65 GeV /n. 

' \ ' ' ' . . 

' ' ,. 

10 I 

The: relative angle <listriD1~ti01; 1exl1ibits a minimum ~t O,:e1 == 0° arising from the· 
Coulomb/ep~l-~ion ~et~veen fragr~~~ts. ~ m

1
agnitude:·of,this :ff?~_t, 1

drastically_dei 
pends on the tune scale of the cn11ss1on,•s111ce the longer the time mterval-between 
fragments, theJarg<~rth~ir space separ~t'ionand the ~veake( Cqukimb repulsion'. 

The meas~red rdative a11gle distribution' is showi1 in' Fig. 9 (2fl Jb describe it 
a classical mult.i-bod)· Coulomb· trajedory caiculations was· done with_ varying the , 
mean lifetime of a fragmenting ·~ystem (r) as a,paraineter. Tlie initial co~figura
tions (fragmen~ charges an'd masses. positions ;;nd momenta) 'were takrh from ~he' 
· statistical multifragmentation inodeL · Having iri' mind th~ model depende~ce of such 
analysis, we didif..witli two c!Jff<?ient codesfoi- the.trajectory cak~lations anl t~o· 
variants of the. SMM (25/26]. The results obtained are siniilar. The best fit of the 
theor~tical arid rri'easu_red distrihuti~r'1s ~mrespoiidsto the prompt :decay. Th~ point 
at o~~l = 25° is more sensiti~c.t.o 7. To estimate· the upp~r limit for r.,ata'high con~ 

' . . . ',' .-• : ,'· '' ' . ' ,:· ' . ' ' '. . . ,j ' , ,_, 

fidence level WC take' three standard deviatiqns at that point 'and get .T $ 75 fm/ C. 

The er~i~sion ti111e is related td u;P, m~a11 lifetime by an cq-~ation: ' . 
j ,'• ,·. :-' ' ' /\_• ,' " • ' 

T ~ , • T .: • <M>-1 . . ... 
_ e1n - , , ~ ·. t' '"· ; < MIM,.. >. :....r. ~ _· .. ./11 ·. So: r,;,n 

. ' ri=t. .. \ ,' ~ 

-' (/) ...., -.,ec, 
~ 

\.:a 
•. I,.. 

0 
'-' 

\ 
C:.; 

. TI' ··, '>
TI 

•• Exp.. . 
..:._ T= o· 

• .. ~ T=1QQ 
••• T•40Q 
···-- .T=BOO 

K==2 

... ' Fig. 9. Distribution of relative angles b<'~ 
.. tween IM F's, created in 4 He (3.6f> GeV /n) ·· 

+ Au: Selectio;t on Z valu~: · 3 S Z1 S 15, 
6 S Z2 ~. 15. The curves are. calculat.cd 
for -ti values· oLthc. meai1' lif~timc of. t.hc 

. ·.rrag111c~1ting system . ., . ' 
} ·. _,, . . . 

'·· 
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.. ; , Fig. 10. ;l'l1e, mean kin~;t.icent:rgy .of a 
fragment (Z = 6+ 7) aiid th,; magnitude of 
du• small angll' suppri>ssiori as a fut~cti~n 
of ihc _accdrratiou: tini~·- . 
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I ,· 
Figu~e 10, ~hows evol~tion of the fragn'ient (Z :=-67 7) kinetic energy and depth of 

· the.Coulomb mi~irrium (for I_MF'.s with.12-<; A$. 30) as a function ofthe time after
tli~ b~eak-up moment. Hwas.caiculated with T,= O. At the begii;ning the.fragment 
mean energy E0 is determined by nuclear terµperature which is around_ 5.5 MeV; . 

1' 

.. . . . . ·I . . . .. . . . . " , 

The final energy is mainly Coulomb one inorigin: The time dependence of fragment. · 
, energy-ca~ be approx'imated by the _formula: E1 = It+ E~(l- exp(-t/~c)); where . 
Tc is:"Coulomb -time''; According to the present calctt!~tions,. Tc = 220 fi~/c.' The 
emissio~ tim~ is significant)~ less th~n Tc, h~nce the independent sequential emission 

·ofintei'mediate massfragments.is d~finitely excluded: . . , ' . ' . . . I • ' 

. ·.· ' . . ,. ' ",/, . 

· i i Conclusion ·• 

· L1 Iii' c:ollisio~s ofjight rel~tivistic projectiles with a heavy nucleus very excited .. 
. target·. spectators are. created, :which· decay .via multiple ~mission. of intermediate,_·. ' 

. rp_as;fragments._ ._ .. :.::-:. >'.,/ ': ,',:'· < .. ·; 0:, '._.·· ··, 
. ( . 2; The mean•IMF multiplicities for proton~induced fragmentation of;Au-targe,t 

•-· at the beam energies 278 GeV ar<'; comparable witli those obtained with he~vy.ions. 
· It 'may be considered as an iridicati~n that this observ'able i; riot 'sensitive to the 

reaction dy~amics and is determined mainly by~the space phase factor.. . .. · 
3. Th~ multiplicities; charge and energy .distributions of IMF's are des~rib~d in 

the frame~vork. of _combined model~ which includes· the modified Glau be~' approach 
for the faststage of reaction and the stati~tic?-1.m~Itif{agmen,t~tio~ rriodel, neglec"ting · 
dynami~s.bf th€:! expan~ion stage. . . • .. J •.•• _·· ! . . . .. · : .. :. 

. 4. Th_e mean lifotim~ of a fragmenting system for 4 He(3.65,GeV /n)::f;Au i~ found 
to; be,$ 75·fm/c. It was done by, ari analysis ~>fangular IMF-IMF correla:-tio'~~:•-· 1 '. , · • 

The preseniresults support a scenario of true, thermal multifragrrientation ofa 1 · 

hot a~d expanded nudear system. . . . . . . . 
' '' .,, • ' i ., , ' • ' / ,. , ' 

: ·: ·.· ., ' i'' ' ... ·.: ' ' . ;' : ·,; ... : . ' - . ·, ,··· 
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