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1. Introduct10n 

In nucleua-nucleua collisiona, the nucl~ in the overlap region 

are called participants. The remaining nucleons are spectators. 

Large impact parameters lead to "gentle" reactions 'v'{hile small 

ones glve "violent" interactions. The spectators are the prefrag­

ments which further decay into fragments. The mechanism of thia 

proceaa is still a matter of debate. Fragmentation is one of the 

hiatoricai1/ and fundamental questions /2-4/ l n high energy nu­

clear phyaíca , The author of /2/ schematically d1.etingUished 

three maln mechaniama for the fragmentation of A~ 200 prefragment 

nucleua: the first mechanism ia spa.llo.tion which leado to one 

frãgment of masa near that of the prefra.gment nucleus, the second 

one la fiss10n which gives two heavy fragments,each of mass cl08e 

to half the prefragment nucleus meso. Multifragmentation ia the 

third mechanism which provides several fragments. In/3, 4/ the 

fragmentation processea are divided according to the temperature, 

T, of the prefragment nucleuB as follows: at T~ 5 MeV the mass 

yield distribution is localized near the minimal and maximal masses 

oorresponding to single nucleons and residual nuclei. At T~5~7MeV 

the masa distribution haB a U-shaped form which indicatea the 

muItifragmentation threshold. At T >7 the inclusive maas yield 

diatrlbution becomes a monotonously decreasing function, the steep­

ness of wh1ch increases with increasing T. 

Many theoretical modela have been devoted to the atudy of 

the multi~agmentation process/2-16/ . In some models, the pre­

fragment nucleus heata up and then condenaate~into droPlets/S, 6/ . 

In others, it simply evaporates the fragments sequentiallyf7/. 
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In /8-13/, the fragmente are stati8tic~11y emitted from an inter­

mediate excited nuelear~et~m. Other etatietical approachee/
14- 16/ 

try to explain the multifragmentation without ~y reference to 

thermal equilibrium1i.e. as shattering of the 'refragment nucle~e 

into many piecee. A detailed description of different multifrag­

mentation modele 1.e g1ven in the review artieles/
2- 4/. 

To etudy the mechaniem of multifragmentation,a huge number 

of experimente hae been carried out. These experimente dealt with 

heavy target nucleue fragmentntion indueed by energetic protone 

and ione/e.g.~7,18/. The uee of heavy ion beBIDe hae an important 
," 

experimental advantage :one ean etudy the fragmente produced by 

the dieinte,gration of the projectile nucIeua , The fragmente of the 

projectile nucleue are faet, dietingu1ehable and can be eaeily 

meaeured in detectore and/or epectrometere wh1le the target frag­

mente are elow, diffieult to be measured and often ator in the 

target material. Moet of the heavy target fragmentation experimente 

gave one-partiole inclusive measuremente, e.g. the charge d~/dZ 

or maes dÇ'/~A yield of the fragmente. Varioue modele predio­

tednearly the aame form of dr/dZ and dr/dÁ. Thue, these data 

turned Qut to be inconelueive with reepect to varioue modele. 

In the preeent experiment alI projectile fragmente (PFe) 

were recorded,and their chargee and emieeion anglee were meaeured. 

Thue, we have exclusive data which enable one to etudy different 

typee of fragment dietributione, eorrelatione and comparieon with 

theoretical modele. It ie of particular intereet to teet whether 

fragmente are emitted from one eource at a eingle excitation enezgy. 

Th~ paper ie organized eo that Sect.2 preeente the experimen­

tal detaile, Sect.3 providee the eelection criteria for the etu­

died evente. The reeulte and diecueeione are outl1nep, in /Sect.4. 

Sect:5 ie devoted to the conclueione o~ the preeent etudy. 

2 

2. Experiment 

Staeles of Br-2 nuclear emuleione were exposed to a 4.1 A GeV/c 

22Ne beam at the Dubna eynchrophaeotron. The etacka coneieted of 

50 or 100 pelliclee having dimensione of 20 em x 10 em x 600 ~ 

(undeyelop~~ emuleion). T~e inteneity of irradiation wae 104 parti­

cl~cm2, and the beam diam~ter wae about 1 em. Along-the-track 

double scanning wae carried out, fast in the forward and slow in 

the backward direction. The ecanned beam tracks were further exa­

mined by meaeuring the delta-electron deneity on each of them to 

exclude the tracke having charge Ieee than the beam partj.cle char~. 

The one-prong evente with an emieeion anglé of the secondary parti­

cle track lese than three degrees and without visible traek8 from 

exeitation or ~teintegration of the target nucleua were exeluded 

due to elastic scattering. 

Along a total ecanned length of 947.4 m, 9318 inelastie. inter­

actione of 22Ne ions with emulsion were recorded leading to a 

maan free path of 10.2±0.1 em for inelastic Lnt er-ac t í.one , TMe 

value and other experimental detaila were published by our collabo­

ration in /19-23/. In the meaeured evente, the secondary particlee 

are claseifie~ ae followe: (i) black particle tracke (b) having 

a range L. b 3 mm in emulaion which eorresponds to a proton kine­

tic energy of!: 26 MeV, (Lí ) grey parti ele tracke (g) having rela­.. , 
tive ionization I (...I/lo) >1.4 and L> 3 mm which correeponde 

to a proton kinetic energy from 26 to 400 MeV, where I ie the 

particle traek ionization ~d lo ie the ionization of a ehower 

track in the narrow forward cone o~ an opening angle of 3°. 

(lli) The b and/or g particle tracka are called heavy 10nizing 

particle tracks (h). {iv) The ehower particlee s having *I'1.4. 

Tracke of B uch a type with an emíaaí.on angle of~ 5o were further 

eubjected to rigoroue multi pIe ecattering meaeurement for momentum 

determinat10n and, coneequently, for eeparating the produoed p1ane 
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from aingly charged projectile fragmenta (protona, deuterona and 

tritona). The ratio of 1H :2H 13H waa found to be 63:27s10/23/. 

Further the Z=1 PFs are not ineluded in s partieles. 

(v) The multicharged Z ~ 2 PI!'s are aubdivided into Z=2,3 ••••• 10 

fragmenta aecording to the measured delta.electron and/or gap den­

aity. Thua. alI particles were adequately divided into PFe of 

Z=1 ; 10. target fragmente (TFs),i.e. h particlee,and the ge­

*nerated e part í.cLee , The total charge of the PFa. Z l;2:ni Zi' 

wae oalculated in each atar. where is the nlunber of fragmenteni 
of charge Zi in an event. For aach track we obtained from mea­

BUrementsl (a) the polar angle e. i.e. the epace angle between 

the direction of the be am and that of the, given t rack, (b) the 

azimuthal angle~, 1.e. the angle between the projection of the 

given traok in the plane normal to the beam and the direction 

perpendicular to the beam in thia plrole (in an anticlockwis6 

direction). 

3.	 Selection Criteriq
 

22
Two aamplea of 4.1 GeV/e Ne-em~leion eolliaiona have been 

used in the present study. The firat eample conaista of 4307 avente 

measured in thia experiment (EXP) and the aecond of 4976 eventa 
4/simulated in a computer by the	 caseade-evaporation model (CEM)/2

under the	 aarne experimental conditions. From the two aamples we 

aelected eventa having the total charge of PFs, Z*. 10, i.e. 

thoee coneerving the beam charge. Thus. 855 eventa irom the expe­

rimental sample and 553 eventa	 from the aimulated interactionehave 

been 'choaen for the present atudy. Hera we atudy the charge yield 

dietribution for the 22Ne projeotile fragmentation. the frag­

ment-fragment oorrelation and the relation· between ~Fa and TFe. 

Thie~~nableB ua to diatinguiah	 between differcnt theoret1.cal 

modele~ 
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I 4. Realll te and DiaeUBsion ! 
The multiplicity characteriatica of the eventa selected from 

EXP and CEM are preaented in Table 1. The vaLuee of (na)' <.. n >• g 

and( h'b'> in CEM are aystematically higher than the correaponding 

v~lu.e in EIP. Idght ~ld h~avy PFa are produced in CEM more copi­

ously than in.EU. The PFa of medium charge Z c 4';6 are nellrly 

abaent in CEM. This cnn be explained by the fnct that in CEM the 

light fragmenta are produced by evaporation and the heavy ones 

are juat reaidual nuclei of the prefragment syotems. Table 1 de­

monatratea that there la a great deviation between CEM and EXP 

Table 1.	 The multiplicity charncteristica of the aelected 

events of the total charge of PFs. Z*g 10, fromEXP and CEM 

EXP CEM 

<ns > 1.30 ± .06 1 .91 ± .09 

(n~> 0.96 ± .06 1.46 ± .10 

<.nb > 

<n .">,/1.-:
'~b" 

1 

2. 

1.44 ± 

0.99 ± 

0.81 ± 

.07 

.05 

.04 

2.34 

1.59 

0.36 

± 

± 

± 

.13 

.11 

.04 

3 0.02 ± .01 0.00 ± .00 

4 0.03 ± .01 0.01 ± .01 

-

5 

6 

7 

8 
9 

10 

0.04 ± 

0.1.2 ± 

0.15 ± 

0.23 ± 

0.10 ± 

0.26 ± 

.01 

.01 

.01 

.02 

.01 

.02 

0.01 

0.02 

0.02 

0.05 

0.12 

0.59 

± 

± 

± 

± 

± 

± 

.01 

.01 

.01 

.01 

.01 

.02 
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in alI average multiplicities of fragments. Table 2 shows the 

catalogue of 855 selected events, .t.e. those having the total 

charge of Pls, Z•• 10. One can Bee different channela of frag­

mentation ordered according to Zmax' the charge of the heavieBt 

pp emitted in an interactton. At the beginning one can observe 

the "gentle" spallation process in which one or two.particles are 

evaporated from the prefragment nucleus leaving the residual nu­

cleue wh1ch cools down forming a heavy fragme~t. This process is 

characterized by low excitation energy and temperature. On the 

contrary, at the end of the table one can nottce a "violent" pro­

cesa in wh1ch the prefragment Ne nuoleus has been deetroyed in-

Table 2.	 The catalogue of the selacted avente. Different 

channela of fragmentation are ordered according to Zmax· 

Fragmentat:1on Prequency Pragmentation Channel Prequency 

Channel 
Ne 222 H :..- Be	 + B 2 

5H + B 4 

He'+ O 142 

H+P 82 

2B
 

2H ;- O 49
 2H + 2He + Be 9
 
4H + He i- Be 5
 

H + He + II 102
 3He + Be 4 

H + He + Li + Be 13H + N 24 

3H +2He + Li 1 

2He + C 29 

2H + He + C 54 

H +3He +	 Li 4 

1H +Li 14S + C 14 

H + 3Li 1H+Li.+C 2 
l 

5He 10 
2H + 4He 30 

3H + He + B 14 

Be + C 

4H + 3He 14 , 
6H + 2He 5 
8H + He 3 

H + 2He + B 13 

6 
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to H and He fragmenta. Fig.1 shows the charge yield curve for
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fragment pronuction from the Ne projectile in the case of col­

l1sion with emulsione The distribut10n has a character1stic U-sha­

ped forme In the region of small Z, the curve decreases, then it 

risee for large values of Z.The number Qf target fragments Nh can 

be used as a meaaure of the "vio1ence" of a collle10n. To demon-« 

~rate the correlat1on between PFs and Nh, F1g.2 shows the charge 

dietribution of PFs for a sub-class of events,of 1 and Nh~ 4.Nh-
In the former oase a nearly symmetric U-shape4 d1str1but1on is ob­

tained which 1s connected wi th the 'tgentle" low temperature pro­

cess. In the latter caBe the distribution decreasea from li~t to 

heav1er fragmenta. The claee of Nhb 1 evente cannot be totally 

attributed to the "gentle" peripheral oolllBionB. Fragments of 

Fig.1.	 The charge yield diBtribution of PFB ~rom 22Ne fragmenta­

tion in emulsion at 4.1 A GeV/c. 
~ dN - Nh=l
 

\iN o ,c;----- ­ dz Nh=4dZ%í' 
I 

tOa
 

lO
 -, 
L_ 

r-' r­10 
I L I 

r-.J -, I 
_.J	 L_j 

1.0 

t t 
1::'..1_ ..l~-L.....L-.L L_L_ '------LJ 

4 8 10 

2 2 4 6 8 10 
Z 

Fig.2.	 The charge yield dietributions of PFB from' Nh= 1 and Nh- 4 

events. 

7 



--

, I 
i I 
II, . 

l 

emall Z. 1n th1e claes of events,are mostly the producta of "non­

per1p~eral" co~l1a1one between 22Ne and emuls1on. In th~ae eventa 

a target nucleon d1ves 1nto the 22Ne project1le nucleus deetroy­

1ng 1t 1nto amall fragmenta. The s1ze of the largeat fragment wh1ch 

can be formed from the project1le epectator nucleua decreaeee with 

decreae1ng the impact parameter. At Nh= 1, fragmente of larg~ 

Z are the evaporat1on residues af p~ripheral collis1ons. Thue. 

11ght fragments (Z= 1 and 2) ar,e t.he products of e1ther "gentle" 

evaporation or "violent" multifragmentaUon. 

The degree of "violence" of a collision can be characterized 

by the number of etngly charged project1le. fragmenta TheeeN1• 
~ragmente aft from d1fferept eources: direct p1CBUP dur1ng the 

1ntranuclear·caecade. evaporat1on and the smallest fragmente of 

the multifragmentat10n proceea. In any of theee casee the produc­

t10n rate ehould increase w1th the degree of "v1olence" af the 

col11e1on or with the exc1tat1on energy of the em1tt1ng aource. 

Table 3 ahowa the nharge distribut10n of PFs as a funct10n of N1• 
F1g.3 showe th~t the charge diatribution takes the U-ehaped form 

in the case of N1' 2 wh1le 1tdecreaa8s for N1 ~:3. Th1s behavtour 

1a more pronounced 1n the class of Nh = O evento. F1g.4 d1ap~aya 

the charge d1str1but1on for N,= O and N1~4 evente. The trans1­

t10n from the U-ahaped d1stribution to the monotonpualy decreaa1ng 

one 1a more obv1oue 1n this caSe. 

'Another meaaure of the "v1olence" of a col11s1on 1e Zmax' 

the charge of the largest PF em1tted in the 1nteract1on. Table 4 

ehowa the dependence of the charge d1etr1but1on of PFs on ~ax. 

At large valuee of, Zmax' 1.e. "gentle" collie1ons. the oharge 

d1atr1but1on of PFe 1a a nearly symmetrio U-ehaped one. At low 

valuea of Zmax' 1.e. "v1olent" col11eions. the charge d1etr1but1on 

1s a decreasing funct1on. Theee features are seen better 1n Fig.5. 

Where the charge d1Btribut1ons are preeented for Zmax~6 and 
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Fig.4. The	 charge yie1d distributions of PFs from Nh'll O Tab1e 4. The dependence of the charge distribution of PFa 

~ , events for N1 .. O and N1 ~4.	 on Zmax 
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Fig.5. The charge yield distribution~ of PFe from events of 

Table 5. The <na ") and <Nh) as a function IZmax ~ 6 and Zmax <. 6.• 
of the number of PFs 

Zmax ,6 eventa. The ana1ysis of Figa. 1~5 and Tab1es 1T4 ahows 

that the inclusive charge yie1d diatribution of fragmenta ie a 

auperposition of different mechaniama. One can at 1eaat diatin­

guieh two main c1ass6s of mechan1smaz gentle evaporation and vio­

1ent mu1tifragmentation. The authora of/.17/ have interpreted the 

masa yie1d curve in the frame of 1iquid gaa tranaition~ The pre­

eent analyeis ehows that thie c1aim ie not conc1uaive; sing1y and 

doub1y charged fragmente are obvioua1y due to different mechanis~ 1 
10 

II 

<NpF > rt / A < ns > <Nh > 

1.51 5 0.64 ± ,.08 1.94 ± .18 

3.35 7 1.82 ± .15 2.69 ± .31 

,5.47 15 2.44 ± .38 3.19 ± .61 

7.62 18 2.81 ± .97 4.04 ± 1.38 
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The violence of the interaction oan be meaaured by the multipliai ­

tiea of target fragmenta aaBooiatod with a projectile fragmente 

Tabll 5 presents <na') and <Nh') ae a funation of thi numbez' of 

P's. The f1rat column repreaente the average number of PFs. The 

slaond column ia the excitation energy per nucleon (in MeV) of the 

prefragment nuoleua caloulated aoaording to the statistical mod~~tJ. 

The third and ~urth columne repreaent the average multiplicities 

of the 8aaociated a and h particlea,respectively. The aorre­

lation between the multiplicitiea of PPe and TFa ia clearly aeln 

f'rom Table 5. The valuea of <na) and <Nh') increael eyetematiaally 

w1th NpF • 

The alaee of evente of Nh- O, i.e. thoel without target 

fragmentation, were atudied in detail for 12C-emulsion colli ­

s10ne at 4.5 A GeV/c/ 25/ and at 2.1 A OeV/c/26/. It ia interlating 

to compare the preaent data with theae reaulta. The production 

frequency of eventa in 22Ne_Em colliaiona aa a function of' Zmax 

1a ahown in Fig.6 and Table 6. It ahould be noted that the maxi­

mum probability ia for eventa having Zmax. 2. In the case of 

4.5 A OeV/c 22C_Em collisiona/25/, the fraction of auch evente 

+ 22ie (62-9)% of alI N a O eventa. For 4.1 A OeV/c Ne-Em, the 
• h 

corresponding ratio ia only (24± 2)%. Thie experimental fact can 

be interpreted by two main reaaona:U)tiw12C nu~leua ia an even­

-Iven one of total zero sptn, i.e. an o<. -clueter nuc I eus , (ii) 

The main channel of fragmentation ia a two-particle one. In the 

case of 22We_Em collioione, Ne ~He + O predominatea, and both 

Re and O are atable nuclei. The corresponding chann"l in l2C_Em 

collia1ona 1a 12C-')He + Be, but BI 1e an unetable nuc l eus which 

dirlatly decaya 1nto 2 He nuclli. In f'act, the percentage of' Re 

for 12C_Em collis10ne ia (62±9)%. If this percentage ia divided 

by two, it w11l be nearly equal to the correepond1ng v.lue of , 
22Ne_Em oollia10ns. Table 6 showa that the production frequency 
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of eventa in emuloion ao a function of Zmax is independent of 

energy in the range of a few GeV/c per nucleon. It ia remarkable 

that Z.2 and Za8 are the first two magic numbers. This explains 

the peaka obaerved at theoe valueo in Flg.6. The resulta show that 

the nuclear structure of the prefraement nucleus playo an impor­

tant role in the fragmentation procesa. More "gent.le" fragmentati ­

orsof 22Ne projectile nuclei are the eventa of Nh=O and na-O, 

i.e. thoae without target fragmentation and,generation of shower 

particlea. Table 7 presenta a catalogue of the observed PFa in 

the 120 events of Nh~O and ns-O ord~red according to Zmax. 

Out of them, the'number of elngle- and double-prong stars is 

77(64.2%). This ehowa a low excltation energy of the prefragment 

nucleus, (exc/A C! .3~4 MeV/ 4/• 

Table	 7. The catala~ue of the observed PFs in evente 

of Nh ~ O and ne c O ordered uccording to Zmax 
l/'ragmentatlon Channel Prequeno,y 

Ne J 
H + P 18 

" He + O 56 
2H + O 8 

fi + He + li 10 

JH + H ) 

2H + He + C ) 

2He + O 6 
4H -+ O 1 

He + Li + B 1 
H + 2He+ B ) 

) He+ Be 2 

2H + 2He + Be 1 

2H + 4He 1 

5He 4 

14 

5.	 Conclusions 

In 22Ne + Em colliaiona at 4.1 A GeV/c, eventa~having the 
* .total charge of PFs, Z , equal to the beam charge, have been ae­

lected for atudying the fragmentation of 22Ne in emulaion. 

The inclusive charge diatribútion of fragmenta ia a auperpo­

sition of different mechaniama. The heavy fragmenta (Z = 8-10) aa 

well 8S some of the light ones (Z • 1,2) originate mainly from 

"gentle" peripheral collisions. 'lhey ahow 8 diatribution characte­

riatic. for evaporation from the compound nucleue. This proceaa la 

characterized by low excitation energy. 'lhese fragmenta are asaoci­

ated with a low multiplicity of target tracks. The medium masa 

fragmenta aswell8B 1hemeaaurable part of Z. 1 and 2 fragmenta 

are due to nonperipheral "violent" colliaiona characterized by 

aaaociated large multiplicitiea of the target. The charge distri ­

bution of these fragmenta haa a monotonoual~ decrea~ing ahape. 

Thus, the mechaniama claiming one hot aource at a certain excita­

tion energy for explaining the inclusive charge distribution con­

flict with the present analyaia. 
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3nb-HarH A. H Ap. EI-87-547 
~arMeHT~HH HAep l2Ne B ~oTo3MynbcHH 
npa 4,1 f3B/c 

MsyqeHo 3apHAOBoe pacnpeAeneHHe ~parMeHToB 22Ne, oópa­
syeMbJX B CTonKHOBeHHH C HAPaMH ~OT03MynbCHH npH HMnynbce 
4, 1A f3B/ c •.MccJleAOBaHbI KOppeJIHI..J;HOHHble COOTHomeHHH MeJK,IJ;y 
~parMeHTaMH CHapHAa, Me~y HHMH H ~parMeHTaMH MHllieHH. Ms­
MeHeHHe 3apHAOBoro Bb~oAa ~parMeHTQB HMeeT MeCTO rrpH óonb­
mOR "x<ecTKocTH" CTOJlKHOBeHHH. HacToH~R aHaJUI3 rrpo'rnaope-: 
qHT TeOpeTHqeCKHM paCGeTaM 3apHAOBoro pacnpeAeJIeHHH Ha 
OCHoBe Mo~enH HcnYCKaHHH HS OAHoro HCTOqHHKa. 

PaÓOTa asmonaeaa B Jlaõoparopaa BbICOKHX 3HeprHR üIUIM. 

Ilpenpaar 06ãe,ZUDleHHOrO HHCTHTyra R.z:r;epHbIX accneaoaaaaã. lly6Ha 1987 

EI-Naghy A. et aI. EI-87-547 
Fragmentation of 22Ne in Emulsion at 4.1 A r~v/c 

Charge distributions of projectile fragments produced 
in the interactions Df 22Ne beams with emulsion at 
4.1 A GeV/c have been studied. Correlations between pro­
jectile and target fragments and among projectile frag­
ments are presented. The change of charge yield distribu­
tion with the violence of the col1ision has been shown. 
The present analysis contradicts theoretical calculations 
describing the inclusive charge yield distribution of 
fragments by a single p~ocess. 

The investigation has been performed at the Laboratory 
of High Energies, JINR. 

Preprint of the Joint Institute for Nuclear Research. Dubna 1987 

http:Phys.Rev

