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The investi~ati@ of d~cay of very hot nuclei ha~ beco~e a topic ~{great interest. 1. 
I ,._ . . . ~ • : ,·•~.,..• • . ! 

'It is la~gely concentrated o~ th~ process'. of rriultipt~ · erilis;fo~ of intmn~di~te mass 

.frag~ents (IMF, 3 5: Z ::; 20), Now it is establi;h~d as the mai~ decay ~od~ of highly' 
, , . . . . . . . - ' . . . -. 

i ', excited:nuclei, ~nd this process idikely to bccur 'when a nucleus has expa~ded a~d 

lo~er de~si;; is reached [1]. 1t' isuJder
1

deb~te whether thi~ process is rel~te~ to a 

· · liquid-gas phase transition in nuclear IIlatte'r [~-4]: · , _ 1 

\ . . . 
·, , . • .. •. . _ , ·· • ,, : i • ~ • . , • ' , . J , .' I 

, The coinmon,wayto produce very hot nuclei is to use reactions induced by heavy 
.'~ ,: ··,•' .. ,·,i,.•, •. ~. -·1.,--_•, .. -· '/.( -·-~ .... · 

. ions at energies 30 ,+ 100 MeV /nucleon:-Bufheating iwthis case is accompanied by 
. • L . ,. i. ·. :.· .' :· i: .. • ·., ·,· , . ,, ·: . : . · ... ' .·· , , .. , . ": .· 
compression, strong rotation arid shape distortion, .which cause the s6°called aynamic 

' .. • , ,. . I . ' 

effects in, the nucle~r d~cay. It seems difficult to' disentangle an the~e effects to get 

i ' i~f~rmaiio~ ~n th~rmody~:riiic properties of a hot 
1

n~-~lear syst~rr{?Th~ picture be:: 
. . , _:·:·'~:· ~: .. '_'.: ' :,-_ ·:, ·:.'__ ., '. : \ .·· . ' ,. ;; __ ~ ' ,.:..•~: ... ,.' ,.'·;:,_. ,:·\ ': 
·. comes clearer. when.light relativistic projectiles are used [5-7]:. One should expect 

, . , . , . ·. . . , . . . , , . ·. •·. , . . . , ,•, . I . , . . , 
thatdynarriic effects ·ary negligible in that 1 case. All'the IMF;'s are emitted by the. 

•! ,' ' ,> ' • ' ~ :• , : _.> \ I .: ' ',\ • : ,' I,, ~ ' ' ·•; ,' , ,'' : < i , ,.,. / . ·•• - '.' ' . C'' } , • 

::only source'- a target' spectator, and decay of this hot nucleus proceeds in'ari ap-

. ~~riintly stati;tical m~nn~r (".therm~i Irmltifragmentation''. ). ; Similar advantages are 
,' ., •,. •• _·_,.: ",•' ' ', ·, '' ,, ,.·, ,, ., ·, I , '.",_·,- '·' ·• •, -• ': , ,. ,, '_'. '., :,;' " ·, i -~ ' , 

· given by antiproton beams of energy (1-2) GeV[8]. Light projectiles provide infor-

~atipn compl~riien~ary t~ that gaihed.·fr~m lwavy ion <:~llisioris, and::the\ompa~ison 
•' ·,.' •··. ' : ' . ·, . - . ' '. . ' ' ' 

. ;ill r~v~;l,the influence of compr~ssion a~d ~otation on the ni~ltifragment\:lec~y 6£: 

. -~ , ·_ .. . '·, - r;,,... , . . ,- -, . . ,- . ,.. . -· -- . , 

·: hot nucleus . 
· .. ,' ',.· ·,,: ·, ,· .;: : . ' '' . '' ' ' . ' ' . ' ' ; ,:\' 
·1n this, paper, we. present, the· experimental results, for the_ ,multifragment. emission 

r,· · ,.._· • ·,-":· :-··· :·-~·, ,\· ,_ •. _ , \·_\ _', 1 \ ~ '. .,'· __ '._._\,._, -: ... _ ,- .'_, ·-s.~."- . .'?' 
1induced by relativistic protons in.a gold target. The experiments were:performed at 
I.·,\../ >, ,··.: · '. ~.' ·,. ;: . ;_! ·.,,

1
_ -~; ,.' ,., ,·· •. • 

1

~:. _.~ '. ,.·_. ,,.' :~~ :· .. : ;',_.~-, •• -,.•: ':" 

:. the JINR synchrophasotron ill' Dubn'a,using the modified .:.41t-set-up· FASA'[9]. The -
' ' - I • •' . , • . . ' • ·, , . I ' 

•. rri~in p~rts\ of: d~vic~ a:re: (i) l ~ fr~gr'nent rriultiplicity: detector (FMD) consisti~g ~£ 
' ' 64 'thin (20 :rrig/cm2,) Csl(Tl) ~?unters whi~J::i cover a:ma.jor, P;trt ofr41r; th_e .FMD . 

, gi~es'.the number or:IMF's iri the eve~f:and th~ir space distributi~ri; ,(ii) fiv~ L).; E 
' \ . -. 

·(gas) X
0 E (Si)~t~les~opes, whi~h\erve as a trigg~r-for the 'readout_ : of \;he system., 

allo~ing: J~asurement 0~ the, cha;~e .ande~~rgy ;distiib~tio~s -of. IMF's :at' d~fferent 
·, ,': .. '' ' . ·, \.. '.' ',, '' ' ' . . . ·, . ', ' '' ·., :. ' ' ·, ' 

· angles, .The calculated efficiency oftlie FMD for IMF, detection is around 46%, wliile . . . ,, ' . ' " - ' . . ' - \ ' . ~ ! 

~ 

. ' ,,. .,..,.,c-'Vi,§J,l /\ \ 

\.·•· · .•• ~;fli;,~~:i{:).!J~J:Y.\.,.•-·' \......,_.~~.- •, 

·-



I,. (,' 

the.~dmi;_ture ~£lighter parti~les t~ the counting rate is-~- 3% ~vith r'espect to IMF.'s! 
. ' : ' .. ·. 1 ' .. ." '., •, ·, '. . . '/, . : :·,' , ,: 

A self-supporting Au target 1.5 mg/cin2 thick was used. The average beam intensity 
,: • :, •• ,· / ' ; ' '. ,', I • '. ' \, 

was 7 '._108 p/spill (spill l~ngth 30CT m~, spiB period 10 s): 
,. . . . . l , , , . . ,' I ·~ , . , . . . J • • • 

Experiments have been performed at beam energies of-2.,16, 3.6, ·s.1 GeV. The 
'' • '. • ' I ' • • ,, ' ''s, " ' .' .. ·,, ' 1- -·, 

. measured multiplicity distributions associated. with trigg~dragments are shmvn in 
. ' . ' ' ' . . ," .. ' ·. . . . ; ' . '. ,. . . . . : ,: . ', . 

.'Fig. la. Tode~ucf the prima~y multiplici~y one should make correction~ t~ th.e fMD 

. efficiency, for the effect ofdouble hits ir/the scintiHators: Furthermo~e, onehas to ' \ 

tak~ into a~count the Ja~t: th~t the readout is tri~g;red. by ,t,;lesc~~e~ ·~1i'h ~ s~~ll 
B?lid, ~n,iie; s6·_ t~e trigg~r prob~bility i~ propo;tional: tb the H.1F Ill~ltiplicity; All 

·1 • ~ . . • \ '; . • ' . ' ' • • ' ·,, : • ', '' • .. , 

; these' effects are combid~d in'. a ~esponse' mat~i~> The mean primary m~ltiplicity is 
, . , ', , '• ', , ·, •. l ' '.'. ·').' :, : , . . • \, . i, '! ·., .;,:,1 I;;'.·.\. ' , ·, ; ·, ., ,,I·. ! ',, :· 

determined by fitting the parametrized distribution; folded by the experimental filter,·. 
' :,-,. . .\:' .. , i\ .. , : .) ,'· .: ·::.,., ·:·-' · . .,;,'_, ·::· ; '--~,,., ,:;;! ·:·:·;: f ·,,•;,, 

to the' experimental cine .. A .reasonable assumption shou_ld be made for: the shape cif 

· the pri.mary distrib11tio~. _. In . the ·~as~. of ~~fin;te e~cit~t;~n en~rgy the" m;ltipl;ci ty 
: ·: • '.'

1 ,i,:• : :.--I , I\••.:•> .. •:,,,, :,,,·:, ',·i 1, : . \•,',,'./ .... :, /' "•\ .. ,; '-. ' •: '·; .. •.: ,•:·, ',-:',, ,'(. ·.!· • 

· distributions are welldescribed by _the Poisson function with. the mean value d,ecreasc' · 
, ' i ,' I • ' ,,", \• ':: • '. .• •' .. ,'i ·. • '" ' ~ ;': •:·I .~ \ /. ·,• ' .'• ''.; ,'. • • : ·• '\. . ,' ' '.'.' •. ; / ,'•' 

-ing as the impact parameter increases [10]., In the present experiments ire deal ~vith 
/ :. , c' •.. ·:. ; ; '· ' . . ·. _:' . _·._: -,.: .· .: . : . I. . .. . . : ·.- .. ·. , 

· fragmentation events averaged. over the fuUrange of impact parameters. Havin·g tliis , 
·'.., I:•':\·', . • ,•• ::_::(,'( ',,,,' ,',,, •~. • .. ,\ , ', , .. •.· '•; ,' "i'.",•.•, :•~ .· ' .•~ ... -.:'.'.\:, ' 
in mind ,.we· assumed' the primary IMF0 multiplicity distribution, to •. be shaped like :.a,: 

• .. , ,'.-,,,- . , : ,.'• ', :. •. •/. •_:," •' : .,''.,, ,·:' ,<,••, :: , '.\:/ ' :: I\ _ •,," •, ,: ••.:' " I,.,•:_ ' 1:.' 

Fermi.distribution. Figure lb presents the primary multiplicity distributions;'which · 
~• ,' ' ' • I ' •, .,. '; ,' J, •. • '•,' ', •. ' ' ' , :-'•·, '' : ' ,. > • : ' • ,-, •• ,, '\ 

c~nesp~nd to. the b~~i •fit to-th~ m~~~ur;a. ones· .... The m~an\;lues < MrMF>· (for /• 
\ ,: : , _·,, 1,: ,· ' ,.:: , ,f' ': .. , ', .. :· :· •. ·.:" ' .. " > ', ', ... ·· ,.",,,·.,~· '",/1.::,: 

1 

events with1at lea'st one IMF) are 2.05±0.30; 2.6±0.4, 3.06±0.45, for the beam ene.r:~--
•• . "' '; . • 

1 
'~I ' I ' ,·, ·, < • ' ' ,__: •\ ' '. < '' ' I, ' 

gies used. Corrections for. double hits do not change < M '> by more than seveial . < ). •,,, .. ,,: :,:,· .:/-·. ' \' ,,- .-"-, ;-.:,.,,·,·-·/; •._.. i''.• ·,1>·.';· ::,: ... , ·.-· ·.:· :: 
percent but improve the fit at the tail of-the multiplicity distribution. The· errors 
'' . ~- ·,•. ·', ' .•,', :·. <' ,, . ' '' ' ~ • '' . _· ." . ' .. '' '_ - . ',,- ' I I' :<-' ': .' 

, , (15%) are significantlr larger ,than statis~ical ones reflecting Jue uncertainties in t~e 
FMD

7
~fficie~cy.• . . , . , • ' ·,,/ , .. , .• •. . , ,- :.- - .. • ... ··-

.. Figure 2 sho~s the. m~~n IMF--'m~ltiplicities '~s :_a function of p
0

rojectil~ energy.· 
• • : • •; "!") 'ti ', ,: .. ,, : ,, s ,.. '. .. o • ·,:, • '.'" • i, • ,: , ., ',' ·,: • ,. ;· •• •. :',; ', ' ; ;.' ~ ',,:,_.) i e _-, ._" 1:. 

together with some published ,data on multifragmentation indu·ced in Au-target by· 
, • , < • , •. • • , / • • '. ' • • :,·,• 'I • • - : ''. ', I _ _,, • , ~ ".' 't ,,_•. 1 ' 

heavy ions 40Ar (30 MeV/nucleon) [11]; 36Ar.(110 MeV/niicleon) [12], 129Xe (50 , -
,, • ; ', ., '•, .'.,_·\; .· -::.:· ' , ;,·\·',,",,:··;::i,~.·,·.-··\.-;t"'-:''.•.:-{,'>":,; .. -~'·,' .. :.:':,· :i' 

MeV / nucleon) [10], 12C (600 M!,V /rnicleon) [13].' The data were reanalyzed to get 
,I. f.1.'-' ·, I -~~<: !•; ' , .. ,. 1) /:\.-, 
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0 MEASUREI> IMF-MULTIPLICITY /' ' PRIMARY IMF-MULTIPLICITY . 
~ . ' . ·: . ' . ' ' , ' . ' .. ? . . , , · / •. . ', i. '. \. - - : . . 

_ Fig. C Left! :Measured .IMF-multiplicity distributi~~s associated vvith;~ trigge~ 
1

fr~g:• · \' 

. 'inenior ch~rge 6,::;' z:::; 20 for p+A~ ~ollisions at 8.L de-V (c\rcles, solid li~e),' 
, :· • ,- • ,1 . • .: \, .' ' • . ; ' . ._.: • • • _.., ' :· • , ' -~ . I . , , .. :· .• , • , ...... ' . - "" • ' ' 

<:~3.6 GeV (triangles; dashed line), 2:16 GeV (squares, dotted:line). They ar~ fi.t-. - , .. , , . . . - ,. , . , ., · . , . : --. -. .. I ,_ 
ted with Fermi-like distributions' (right picture); folded 'with the -expe~i~ental 

J • : ' ; ! . ' ' ' : I -, ~ ' ' ' • ' , ". - ,i 

+ --· _.;,--:-.i:--· 

'2 ,4 ,· 6 ' 8 

_ --:-·.. . :\ · · E proj. (GeV)_• , · \ , 
Fig. 2. The, mean IMF m11lti2licitiesas aforiction of the beam en~rgy: Solid points are· 

.. .., ' . ' ' ' '' / . . . . . . . . ··. ' ' .. • ' 

for J+Au ~ollisions, 'cro~se~'a;e for fragmentatio~ ind11c~·d:by 40 Ar, 3
~ Ai:, 129X~ -,. 

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

a~d nc. The iirie's ar~ draw~ through the values calculat~d with MG+SMii'' 
'\' ·:., ,'_ :.'; ,,·· __ , - \" ; ,···: ~.' ' ' ' ;, ·.-· ~' ,, _,__ _ ,, .. ,. . _"":"'.."'·'"'. ~~\'-~·· .. '·' _.,·_. 

(solid) and. INC+SMM (daslied) at-the proton energies used. The open point· 
' .. ' - '' •''' '.. ' , . . - . . ' ' - ' 

- is- ~1lchlated assuming preeciuilibrium emission after 'an' intraiiuclear cascade. , -
:, • ( >, • • C : ,,_ , ,, ' ' ••' •,, • 

. ' 
'· 

\' _;,' ., /! 



,\ 

,'. [ 

i 

< MJMF > for the ~vents. with a( least m1e IMF averaged over t.he 'whole ra~ge of 
,• • l ,! , ' . •• ' 

i~pact pararrieters: The.IMF multipli~ities.for p~oton-induc~dreactions are· close to 

. thos~:obt~inecl· with (12 C ·~·· 40 Ar). ions.:: So,. this.'obs~r~~ble i~ not.'. sensitive •.t~ ·the 

:. ~e~~ti6~ dynamics. arid, .oiie should. think, it is dete;mined · Ulainiy .by t.~~ sp~Je phas~ 
' - ' ' . 

,, '. : .. I' ', ·. . . , .', ' 'I ·• , • ' 

factor of the fin.al state. The enhanced <' M1MF > value foi' 129Xe + Au collision is 

C!1U~efby th~Jarger size of th~ sy~~em.:' / 

. • The .reaction mechanism for the relativistic projectiles is divided into two steps. 
; • • ; \' 

1 /1' ·, '. \ ',, •:, .'. . ' :\ .. •, • \ ' • ',·' •, , < , .' • •J • ! • \; 1 .: ,·.. •,· '.' ' '• • l 

The first one consists of a fast energy deposition stage, during .which very 'energetic 
• .• i ..... ·-' , · .... _·. :._:··· . • ._'., .• ·

1 
,· ._, .. ,. ·, ,_ L -· .,: ··: ,·. . ... " , .. - ·»,,._\, , .~. ! ',•-~ 

light particles are emitted arid the nuclear remnant (spectator) is excited. The second 
;_ ',/ ••.. f • • ' ', 1 •. •' •."i ·'I'. •;,· [• :. ' . - '·. •" ; ',! I: r' ': •; • , \,·',, • • ·! •' ·~ 

: 'one is the decay of a target spectator. The fast stage is usually described by the I . 

, ', int~~rmclear:ca'.scade model (l~C}'.,Weusea.'ver~ion·oLthe INCf~om ref._' [14] to 

-• rg~t th~ ,distribution~ ~fth~ ~ucl~ar iem~ants in c~ar~~,' mass. ·and. ~~ci~at;o~--~riergy. 1, 
·'. . ,' .· ,,::· '\ 't' '. ' . . , ' . ' :: , : ' . \ ,·' ' ·, ,' . . 't .• . ''; . ·, • ' \ '' : ' ; \ ' : . ' ·-, ~ 

The secon·d stage ii described by Jhe st
1

atistical multifragmeiitation model (SMM). [15]. -( , 

.1 .. Th~ stati~tical:be~aviour·ofa 'tar~et spectator is eviden~ f~o~ the fact th~t the angula~ 
••,,, ,). ' ··\,' .".'•>'· ·: ,., '· l ., .. ,·, ,' ."' '1 .1:, :· .. ; ,,,. , ·.•. ', i 

· distributions of IMF''s ~nd their energy s·pectraat different angles are' well described in 
, '.,,1 i •• ~. ; ', .',, •• ', ' : ,·,· , ' ;' ,, • ·.·,' ·, • ',' , ,:' , , , -r , ·'. · \ , l'" \- i, • ' 

the framework of the statistical decay of a• thermalized moving source [16]. Within the 
> ,'' ''' 'L ·, '' '\ . 'I:,''.<' :: 1_; >-' I/,::,· ' ~: > ,, .· • ',' -\ C '1 ', I., ,. . ·,' •,' •,: 

· SMM the probabilities of differ¢nt 'decay channels are proportional to their statistical , 
. ,: ·. \ ·. ,' .. t.' '\ ,,, ·,·.,,:,· ,1,.·: , •.1·•'" ! r; .' - '. , '., '. .· ·. , ,· . 

weights ... The .'break-up, volume determining. the Coulomb, energy• of the system' is 
r.·'' ;·:\·'.".-_\,,:'I_,~,,,,.·.'.:.,·,.,'~··.,,/·,:-) .. ···.,,.,., . .', ,.,_i;,. (;:,'_ /:~ ·:-:':' 

taken tobe ¼',I:=,= (l+k)A/po;•,where,~ is_the mas.s nu'mber of the.decaying nucleus, 
'\ • ·<· .·' I I·- , ' ·.'· , ', . . : '. ' .• '.' I - ' ,' .;, ' I ·•• • :,t,, . ', \". ,. ' '. <,:, 
pJ. is the normal 'nuclear· density,' ·k is a model parameter. So, thermal· expansion 
':,.,.,, ,: ·. :, '"•: .. \. 'f· ;, '-.~,'\: .. ~\· ·, ,,,,.· :·. , ,: '. ·.' ~ '.'.:' ·- ~ " . ; , .·· ' '> ' 
?f the system. b~fore the break~up is -:i,ssumed: The primary. fragments are. hot, and 

". ' ' I.,'. ,. " '.· ; ', '. ~ ' I •.. , ' <' : ·,' f • - ' ,, • \ •• ' • : :, ' • '.: ,: •,,, • : '1. ·' f ., : 

their deexcitation is taken ;into account to get final IMF distributions .. In further 
" ', ' ',; ' If \ \ , ' ', ',' ', ' . . ',' i ··. 'i' . : ,-, . ' ;,. (. : / ' ,:. 

·: c,alculations weusek.'~ .2 .based on our analy;~s of the co~relafon datci. [17]: This ,valu~ 1 
\. : : ,•.' I, ' ', ' : ' ,;· :..~· ,,. :, ·.:· ··:,'-, " ' . ' ". ·'I,•,: -, .:: . ·.· :- ... ' ''' ' ' ,' '' 

corresponds to the break~up density,pb ~ l/3Po• The upper dashed line in Fig .. 2 is 
I.-,·,.'' ; '·., , '•, ' ,, : . ',, '. , .

1 
, . ; ,/· .- , ''., ·'l .:· ~\ '. >:: 1, ;_ • , ,' '. ',,'· ,, 1 

obtained by means of this combined modeL The calculated mean•multiplicity forthe 

highes~ 'eJ1ergy: is. i5% 
0

far:ge~ ihan th~ e~p~rimentalo~e indicati~g; an over~~ti~ati~n . 
, i. \ • , . • - • - , _. •: :· , '; ', •• ' , : • ' .I .. , , , - ~ 

\,of the,. excitation energy of the residual micleus: .· For the lowest' beam ep.ergy the: 
'', ,•. -, ;· -'. ·, \ ', i .'.,',', . ·, •r:=.:· •.,•:'., .:·;•· ,, :····; '.', \ ,_,.., .,. ,,' 

calculated.< Mni/> coincide; with the measured one;'.--The use of.the preequilibrium 
' , ' ~. ' ' '· , . . ' \ ~ ' • \ , ', ' . ' I' 

\ 

I' \ 

'.~1·· I 
j \' ; - -' 

',r 
:' ' i 

exciton model (PE) [18] t~g~ther with ;tlie INC gives /mean mt;ltiplicit/33% _less 
.· - . . ' ,i - . ; .. ' ' 

than the ex~e~imentalv~lu~ for Ep = 8.1 GeV.' So, tl1e use ~fth~ INC or IN'C+PE 

. doe: not solv~ the, probl~m of desc,ribing th~: pr~perties of~' ta~get spectato.r for.~ 
,I. . • ',-. T • ••• " - ' ••• • .'' ' -· ' 

wide range of p·rojectile energies, and one should look .f~r all alternative app~oach . . . . . . . . ' ' ' , - . ·' - . 
. : '. : . . ' • . .· ~ ·, ' '. ; • ' ., < . :',.; '. . ' '•. I. , • . • . ( . ' ' ·:. 

. The authors· of [19] came to the same conclusion and used some phenomenological 
' ' • ' - • • , • 1 • 

:· ' ; . < . . ·.. . ,' . ',· . ,' ··!' ' • . ' .: ; . . .. ' . . /. -·, ' •'. . , ·, '' 
di.stributions to d.escr.ibe the experimental. data,. Cnfortunately, there. is no 'si1riple 

•' ' '.. I '. / •• :: • • . ' . • . .. • .• . ,. . .' .. , , ·,· ·, \ •• .: • , • • _', 

. way t~, extend. their results to other projectile/target coinbinations.. · 

' To' fi~d cha~ge, ~ass and 'energy, distribution's of the residti~l iiu~lei ,we .. used. the 
',' ' . ,. ·. ' . . ' . ,. , 

·well-known Glaube; theory [20] a~ a basis, whi~h is in g~od agree111ent:\viih\J1e 
r -·., ',.. ;;/ •·, r .' , .'. .. .. < , . ',i · I, _, " ,' ,; , .', -.;:_\ . .., ·' ,~•., ,\· -," •. ,,, '., ,', '.. ". ·· •· ,' 

. experimental dat'a oi1 'e!astic,and inelastic hadroncnucleus (hA)' and micleussnucleus · 
~ ,,;.. . ' ' • !,., '.' .' '. .· . '-'·' :'.,·,_, .• . • ,' ,,. < .( ; <,, - j 'i· _' :, .· ·.:' .•: ', >- -·-, ·:'·.', 
· (AA) interactiops at intermediate an~! high energies .. However, the:Glauber t·heory; 

' t •• :.: ;_. ' , ,.,,- ' • ' '," ;\ ,_ ,' • .. · , .. ', ,., '. ~. ' ·• 1·." :, .• , ; ,·, ' '· • ' •• , • ',. ' •• , 

' as it is,. provides' Oilly the distribution of ki1ocked-cmli1·uc1eons resulting. fron1 the 
., f ✓ • ...~ - • : ~ '' > ; • :'_ ; ' • ' ' i ' 

primary collisions of the p;ojectile nucleons with the, target o_ries" ~IHI d6e~ ,not take 

irito ~c~:ount'. th~~ ~~condary in~eractio~s • of ejected: n~;cleons/ T~ · t:ak~ such inter1c

.,'. tions •i~to cm;sid.eiatio~ .. a ph~1;ome~ological\pproach w~s. tised [21 ], motivai~d '·by 
:;,. ·:·· .. ·.-•·,-··,'~. -'.·• ,•!· ',-, ,· .,.: ,':':···,;1\,:.··, _'., < ,~•;•.·;'<,; 

·• the 1Regge .theory of ·hAand A.A interactions. Co'nsideririg .the so-called ''e'nhanrM 
, .·.--.,~-' I-:.·:-.' !·\'~.~ ·. ·.• ,, ; ,··1..,~',,·.,.: .. _·,:·, ... ·: ·. '-},, _,: -:.,·.· .. :_ ·.· .. ,, . < .. > --,.··:,.·· .. '') 

.~. diagrams" [22] this approach provides.an alternative to the cascade,model. The full 
, ' , . ~ . I -

i~ple~enta'_'tiori of the R~gge pictiire is rather ~omplicated, but it cah -h~ ieprodi1ced 
• ,: ;:,': '. . ·• : .. : ... .. ;. • .. ; ·: ·. , .•.. \ .. ··.:. :, ., ··, : ., '> . ,-,, \: '• .. · : 
by. ejecting additional nucleoris placed not far from the priri1ary ejected oi1es i1i'the' 

• •. ' :· '~ ' .. • ; ' • '>. .. , " • --, •·': _• • ' ,. ' • 1 '.: : . ·:' ; \. ' . ' "!' ' ,'.:. c • ' ' I~;' ,' - :.,. ,' .' . '.•-., c ' , . ', 

. i~paci par~ineter plane: . So,. the k~iock-~ut of the nucleons with inip,;_lt paranieter 
' ,,·.,,' ': :,_•'·.; : /'•-.,. •·, •'. \. > < ',;·,' . _,, .. ' ' '' _·; ,.- _'·.' 'i'.'• .. :, ,' -< ,' ::'· /.·· ~ 
s initiates. the .. knock--0ut· of 

1
11~ighborii1g;nucleons• with impctct' p-:i,1:ctmeters SJ .with a· 

. ::·' .'• .",.'·. -,- . ./ .\ , - ' , _ i '.:,.,.,,'., , '., . I. ·• - • ' . , :. '-, . . /_:.' '. • i 

probability </>(Is - sil): The. second nucleon;r in its turn, can• initiate.~ knock-out. of 
• . '1. ' '. , . ~ , , -- - • ' . ' ~ 

a, third ~u~l~on with'. a prnbability </>(Is;:...: ski) and so on .. The piobability functi~n; .•• 
, , ' • < '. • :, •, c, ' I ·~ • • _, , , • i '/ " . ; /. • • ' ." ; \ 

c'</>(lsi -· Ski) is.,chosen in' the Gaussian form to. reproduce behaviour of' the siniplest 

, • ~~h~n~ed. hA :Li~te;abtio~ ~lia~ram ... The parn~eters, of 'th'e fu1{cticin are ·a~termined;' 
. ' - . . . '•' -· . ' \ ' .· ' . . .. . 

fr~in th~ -d~~a on g-pa;tide iimltiplicities i;i inelast:ic interacti~Il. ~f:Ui Ge V /ri~cl~-~ll . 
. . ' . ) . . . ' .· '\ .. '!.: . . . . . . . . .·• . '. ' ' : . ' .· ' . ·, 

protons and nudei :with 'light anil'heavy components 6£ emulsion. The space co~irdi-

.nat~s 6f the r:rima~y ~jed~d' nucleons are .. det-e~niim~d by the code irnpl~menti~'g ~xaci 
' ' ' . ' .. " \ . -,. . ~ 
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I' 
I 

I l ... 
, Glauber.relations for pAand /\A iriteracti~ns (23r To calculat~ the excitatio~ energy 

' ; . ,• ' ,• i I I' . \ ., '• ' 

·oi the nuclear residual we suppose that each spe2tato~ nucleon placed at a dista;ce 
' . . ,'\ . · .. ' . . . ... ,· _'. ': . _.·.; ·: ,.. ·;, '' ·: . ,' ' 

·. less than 2 Jm from a nucleon touched at the-fast stage of the interaction receives an 
1_. ~ ' :.' • • •• \ ,, • • ' -. • • '·i ' ', '·: . ' ' : ,1., ,! ~ •• _: 

energy distributed asP(t:)dt: :=,<t:, >-! exp(-:t:/< t:,>)dt:. A sum 9f the energies 
.· ' .,, . . ',. . ' , . ' " ' ' /' 

. · tra~~ferred to the spectator nucleon~ gives the excitation energy. Below we will ref~r 
. . . .i. . . .• ' .. ·• · .. : ' ' . · .. ·. ; _·· .· ,; ' ' 
to that. approach as a modifi~d Gl_aub~r approach (MG). ~ithin this.· model followed . 

,;, . '· -: ' . ·, ., i _- . 1
1 

·• i: ·:•i" ,·• '; ,, , .\ , ,' . • ),'1',1 

by SMMthe_~ean IMF-rmltipli~ities ar,ecalculated,byvaryir1g ~heyalues,9f<: t:·>: 

The best fit to the experiment~!' datiis ~btained for<€; eqtial,to. 6, 8 ~nd 10' MeV 
./' ,:'·. . ;, fl·/,,.· .. r> : ... --: ·": : i;,. ;' ' ' ·:- · .. ·.· ',·,, •··. . ,:. -~ .1 , .:- . :,. ·:' 

at the beam energies 2.16, 3.6 and 8.1 Ge V •. respectively; . . . . : · ' · 
' ' ' • '· '• ·I•;• ·• ,• 

, . · _ ,T~bl~lsum~~~izesth,e,rfs~lts of \he cak~l~tions\~ith)NC,~SMM antM9f~~M .. 

The mean charge.(ZMF') and mass (AMF) of the target spectator decaying with emis~ 
,

1
_,f , )•. ,. , . • ' ',,::. ., . :,,,,: '_t" .·•-. __ ',: ,' ',_ ,\ ,, ,' •' , •,. :·:. • ' ,: r,1 , ., • :·".', , ,•,i:, ,, , I,, ';, .-· ' 

. ' . sion of at least one IMF are lower than mean Zn and AR of residual 'nuclei averaged'· 
.1'-''.' ;•••I;', ,•., ':, ,· '. •, i, :•.,,i,•' ••,' .•',, ' • '.·,.•' I'' '.'1,, .,:• :•,i• ,: 1,,,': •. •'. ~-t ' 
over all inelastic events (INC:.ZR = 74, Ait = 180 for.Ep = 8'.l GeVand Zn½ 77, An. 

1 '' <' -:_' ' . .'' ,, ·•, ' ; >•· ,,. .. :;:·', ,- 'i , ·, S " '. •• 

1 

_ ,< , ' , . I ' .: •' r'· , •:,, \, ,; ,,•·:, . . ' ' , •', ~- ' ':· ' '. 

~ 188 for EP ·= 2.16 .GeVj MG: Zn= 75; An =,186 for all the-beam energies used). 

• .. ,Thi~ mf~ns ~h~tonly ha~d ~ollisio~s contribut~ t; t~~ ~~ltifrag~~nta~;on p;oce~s. 'At 
' , •. ' , ' 1 •• ~ , • I '.,.,;• 1 I ✓ ', • ' ' I f • i '. ' . ' ' \ • • 

· the'.sain~time the ~ean ex~itatio~ energy of _the fra'.gmenting rem~ant EifF is)argJi . 
. . ~ ',' ·., , , '~. ', • l' . ::; ,, /, ,' \ :' • .. : , ', ::· , :: \ '~ : .. , : •, 1 ·' ';~• '}{ ", ·, ,'. :• .,', ''' .... I ' , .) · ·,- ' , , ·, .'. •., 

than th~ .·meari excitation energy En for ~JI ~esidual midei. ,The mean charge and 
',. _ , ·,. .' ,. , ·, '' .. ' ' ~-·, •·.~/' ·.·· 1:_ ·: • ,· ·, 1.~:·i:-:' . '.,~' ,': 

mass numbers of the fragmenting nuclei grow with the decrease of the .beam. energy 
, ':'• ._ •.' ,'. , ,,, , . ·., ,,,~: . .-:: .. :, ·, , ', ~ ·• ; l, ·,, ,: ·.~ .. :· >, .. , . ·.-, :J; :.i ·.1': /, ;-, ,,:' '·1 ·.:,· 

•in the INC+SMM modeL Theopposite occursfor MG+SMMcalculations: For the 

projectile en~;gy 2.16,,GeVbot;l models ~ive t~e ~arr1eval~es f~r: / ~;~F >, b:u/z .. 

. a~d A :of, fra~menti~~ ~m:lei d~ffer ;ignifican~ly. These've~y ~iffer~nt predic~iop.s ·c~n-
/ ·\ '. '• '. \, •• ' •• • : • • • • ; • '. , , : •/, : ; I • .' '•: '; I~ ·,, • , '.- :::• .... • :•·, • ' I 

. , . be judged. by .comparison of the 'ineastired and \alculated:IMF7energy, spectra;· as they:; .. 
• • '< ( ' ~.., ', ( •-. ,\ - :_.,, \ ( •: { , i; ' ,' :, , ,: ' : ,', 1,' •• . .' ,,,. , /( , ·•: ,\ '/ ,Tl 

·are mainly determined by tlie charge and.size of the,source. . I 
+, ,.• . I ; .. ': • , ) , :: ,, ,::, ,,·., "' •'. •• , • _.f,- .'·:· ,' ,,'.· ' ,• ,;, • 

We obt~in the en'ergy. spectra by calculating th~, cla~sical ru'ultibody 

tr~jecto';;~s ming a mde,~evelo1~d i~ [24] (for~li th~ fhlrged partides in ~h~ e~~rit,.1; 

g_iven by S~M ): The ini~i~l cfo!d~na~e5.of th~ partid~ ce~te~s ·a~e ~andorr:~Y gen~rat~d. 

inside the b~eak-up volume, the initial momenta are'r~ndomly generated accordi~g to 
, .. •· ·', '· '.'.,,· ,' • •' ' '' .,, ',' . !, :, • . ' '•I ,. • 

the maxwellian distrib~tion at th~temperature giv~.n by the ~ode!.· The ~rajectories,' 
} '· . . . ', •; " / '. ,,. .. ' -.. ;, ' ' ·.:., . '•, !, ,., ,, . 
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Table 1: The calculated properties of the nuclear reIJ?-nan,ts in p+ Au collisions · · 

Reaction I ,Experime~t, I · Calculations I ··.Model 
~ 

~/ 

< M1MF> <'M1MF >. ZMF .. A.MF EMFMeV 

p+Au .'· 
1 3.8. 70 .J68 ·.· 911 - b:l4 INC,+SMM 

8.1 GeV 
: 

, 2.'05 l, ', 528; 3.06±0.45 50 122 '. 204 INC+PE+SMM . , (, . ' 
I' 

3.13 '671· . . ,165 )80 279 ·. MG+SMM 

• I 407·; p'+Au. ·-2.6+.0.4 : 2.9 73,, 757 .. ·INC+SMM • 
'I , ,. :1. i ,·,' 
3.6 GeV 2.6, - . 65 677 :, .225 ,. .MG+.SMM· 

2.05±0.30 2.0-: 
,. I. , ' 

328 .' p+Au,, · 75 181 642 

2.03' 64 , •. 157. 574 164 
·1 

·, ZMFi AMF, EMF are ;he ine~~·~harge,',mass·ri~mb~~ ~nci\xcit~~i~~ -~n:rg/ofthe 
, I ·.:' :,,· 

1
, ,'. '., ', :' ' ''!.,,: •. '. I ,, ; : • • ,:s /• .' '. ' • ,' :• ... ,• }_ , _'. ~ ',•',,- , ,•1 •,'I, .. ,' .': , ', 

fragm~dting nucleus. ·ER j~ the mean e;cit~tiori energy of a.II ~esidri~l ~ucl~i afte~ the 
i . ': . ' I ' :. .', ;, ,·· • ' ; , ·' • ' ,.· ' '· ' ' ' I. ', • ' .', .!' ' ''· ' ' • ' ', '~ 

fast stage· of a collision., 
J ' ',.,• ' ' , 

~-·· -·· ,··c .. 
'::, 

. i . .d' 100 11 

:a, ·--· ,a. 
'0 ' "•W .· ',,_,' ·-~-. 

·:·.'0 

_ 1 Fig. 3 .. The energy spectr11mf, 
,' ' • • I '• 

line is calculated. with t 
I \'' J.' f;, 
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I., 

. are fqllowed step ,by '.step ~p\o t b iooo £mi~, when, th~· ~iagmenten~rgy reach~s'~ 
,, " ' ...._ I • • • '• • . \ • • ' , , • 

' 98% of the asymptotic value. Fig. 3 illustiates the quality of the model d~scription of 
, , . . . :·. ,· ' . ' - ... ~ . ~ '. " . _ _,/._ ' . ;_ ' ' ,·: ~~ . . : . ' . - ( , :, ' ' ~ 

·-the carbon energy spectrum measured at 0 = 87°; The statistical model assumes that 
. . i ' . . ' ... . ; . • , 

the break-up of the ~yst~~ p;oceeds after an ex~ansioii"driven by a th~r~al pressure, 

but the e~p~n;io~ velocity.v.~p is negiected. So, the com;arison of the m~~sured IMF 
' . ' ';· •• '.. . ,\' ·, .... ·' ' : . ; : ·,, f '•' ·'. >. • \ ' ' •• \., ' ~-. ' ' • • • '. •• !' 

energies with the calculated ones, is the· way tc:> estimate '!exv• In o~u case the effect of 

. the\i~pa~~ion velo~ity i~ n~t ;isibl~ and only the upp~r lifuif of it caU: be ~xtri_lcted: 
. · .. ··. ,· ,. . . . I, . . . .. .·. . ,. . . .. ., 

. · v.;v · 5· 0.03 c. -Fig. 4, presents the ccnnparisori of lhe measured mean IMF-energies 
•' : . , , ; ,'. ,, . . ·. , , '-~ 1 /_. "· . : .. , .. /. ' :,: ; ;; , , . • • . · . • . . , ~ .. ' , I , , • , 

(corrected for the .. detection threshold E/A = 1:2,MeV) with·.the calculated ones. 

Let us. first con~id~r the rigio~ ~f ·z;~ F 5 • 9. ,Here. the ~xperirriental ~:~a· follow ,the 

. 'predi~tions ·~r'~G-t-SM1:1:/rh~\~1d1liitions with I~~+SMMaf~p ;='2.16 G·~vgive, 

''. the mean '1MF-~n~i:gies cl;firiitel~ high~r ~han the experimental o~es refl~cting a'. ~ode! 
"I, { • ',_'.: i '\ ' ' ; • . • • '' ~ ., • ' '. ' ', ·, , I . ' '· • ' ,, ' ' . ' -,' ~ ' ''\ 

. m:erestimati~n ~f the so~rce char~e. So, the'~odified,G~a~ber approach gi~es a 111ore 
' 1 ·.'' , ',. ',' ! _ '·:./ i ' . ',; I _,·. • ' ,' ,-. :•. ,·;.'. ' , '.," ... , ,.''. : ,,..· ~. , , ', ,\_ • - ' , , 1 '. .. ;· ,< 
adequate' description of the properties of nuclear remnants after the fast stage of the. 

-rea~tion. The measured meari. eriergies for Z1MF > 9 are ~owei th~n t~e ~al:ul~t~~ 
~ ' , •. -. ·.' ', .• . ' I ' ' , . , -, - . ' ' ' '," ., '." ,' . , ~- .. • - . ' , ' • ' ' ' . : 

ones (~oripro~our{ced. at E~ =;;8.tG~V). We b~lie~~ this obse~vati6ri indica~es the· 
:. ,'' \,~: . 1 __ ,i: .:·,- ·,,< ·." :, /. -:_•,:;,.:"_:'.;/- ·.-1:' - ":· '., ', '· • .. ·:,:· ... , '1 <. .-''·'. 
failure of _the model assuni~tion'that-the : fragments have equal. probabilities to ,b~ 
/·•· . . :.·, ,. \ . . . . ,. -,, ...... I .: .. • . -' 

'forme'd at ~ny av~ilalile'plac~'iriside the break-up vohime. Ji{fi{ct, the interio~ ohh~ 
' , , ·,. .• . . , .• .-·; ., • I , • , • . ' . , • 

expanded nudeus'is favored over th~ diffuse edg~fo} the appea;ance ~flaige~ IMF's as 
.. ·._ ·,, ., '- . .' ·, '•, :~_i'~;_~--,: . •' .· ·-.' . . ·,.. ~ ' ·:. ·'/'·\- . ·:, 1 

· · the fragments 1are formed via the density flucfuations. This 'r~sults. in lo\ver C~uloinb 
. , , .. . .-· , . ~:' -. 1.:-. ~-,:. · • , . f ·-:,,-, • •• ; , • , , • ' ':,· , .·: ·:··:,: , , ,_.. • 

energies f~r ,tli~m wjth respect. to _the. model P.rediction.·· This .o,bse\vation presents,. 

:/ additiorial'evid~nce foi the volu~~ ~mission of th~fra~ment~·- A s\~ilai '-concl~sion 
• • • ,< • • • ' •• ;·· • • ' • ' \ • 

was ~adeih (25t . - '\ 
( 

.C~ncludi~g, we. h~ve sho-0n that .in collisions of, (2-8) GeV ,protons with gold'' 
. , . ·'. ·. •·. ~-·,, .. , . . '. . .. :' , .. ) ,:,(,::• ·,·. -·, ·'. ' ' '•, ·. 

·.very.excited target ,spectators p,re. created, which decay :via multiple ·emission of in~,-
~ . ' ' : , ,. ' '. , t ' ·; '' ' ' .• :.,. - . ,·, . \ ' • / ! , ; . . 

- termediate mass fragments. The mean IMF-multiplicities are-comparable with those 

'_ obtai_ned withiheavy io~~ (12Ci40 AS in th1 sf~~: energy range.' So, this o~serv~bie:: 

is n~t serisiti\'e to th:~ re~ctioi dynamics. The Hv1F--;miltiplicity 'arid e~erg/distribu-
' I> • • ': ' ' •• ' ·' -. .. 

·, \ 

1' .. 

iii 

\ 

-.11 ,, 

. . . ,, : . . :- .. '. ,( ,. .. . . . . '. ,• . 
tions are analyzed in the framework of a combined model, which includes the modified ' '.'. >' . ,. ' ,· .. I . • .,_ ,•,... \. , • . • , • •. , , , 

Glauber appro~ch for the. fast stage of the reactio11 _and the statisti,cal multifragmen- '. . ' , 
,· '.' . ,. ) . ', . ' '·,.' - . ", ' \ ' ' : ' , ' . 

tat ion model neglecting the dynamics oft the thermal expansion: of the remnant. The 

mod~! adequately describes the' properties of a:· rem~ant systein: 'The I;IF-~nergy 

· ;pectra a~e c~nsistent .with the c~lculations up: t.o Zw) == 9 and th~ expa~sion .veloc~ 
• •,•,' • ,, / ,• ' •• •'. • ," ' , I ' ,, 

itr is 'estimated to be less.than 0.03 c.'. Th~ ;rese1~t ;esults supp6rt a 's~en~ri~ ~f tr~~ 

the'rrr;aJ i~ultifiagmen{ation of a·h~t a11~l exp~i~ded nu~lear sy.sten1: : ' ' ; .. , ' 
' ·- , '· ', .,'.~·· •'·1 ·,: . / • / - .' • ,' } , , , , , '•-r' , , . ::" . 

/ ,, 
,-) 
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·· .. Fig: 4: .The inean··energies of fragments·i;1,p+Au collisions·at 2.16.GeV'(solid points; 
. ' : ' . .• ' :, , : :, ' . - . ·. ' :_:: ;·: ' ' .,.: ": ' ' . : ; .",,, . .: .. ' \ ' · .. ·, : . : , '\ ~ :. '. ; ·,_ ' ,.,, ; ·,,· .'' ' ;,:, ' ' \ 

dashed lines) and 8.1 GeV ( open points, solid. lini'.s ). The lines. arc calculated 
,· ' ,- ' ,·. ' ,, . ' ., ,_ -,: .... , ' 

with INc+sMM "(i;2)''arid'MG.+SMM (3A). · , ·' 
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