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BBEJEHME
AKTYaJbHOCTb paBoTH.  WCCNeOBaHME aJpOH-HYKJOHHOrO (hN), -JpoH-

anepHoro (hA), AIpO-AIEpHOroO (AA) H HEMTPUHO-SIEPHOTO (VA) B3aMMONEHCTBHHA
BAXHO Ui TIOHMMAHWsl TPUPOJH MPOLECCa B3aMMOJACHCTBHS.

MHOXECTBEHHOE pOXIEHHE YaCTHI B hA CTOJKHOBEHHAX [MPH BHCOKHX
SHEPIMAX MOXET TOCJYXUTb UYBCTBMTEJbHHM TECTOM MEX2aHH3MA MHOXSCTBEHHOIO
DOXJEHMS B hN CTOJNKHOBEHMAX. MOXHO WCTOJb30BATh AIpO, KAk aHAJM3aTOp
POCTPAHCTBEHHO-BPEMEHHOM CTDPYKTYpH [poliecca MHOKECTBEHHOO POXICHHA H
MPOBECTH ~ pasjeleHHe Mexly  Pas3JnuuHHMMA TEOPETHUYECKMMU  MOZEAMH
3JEMEHTAPHOrO aKTa. Hay4eHMe hA CTOJKHOBEHMH JAeT BO3MOXHOCTL —TaKke
UCCJIEZOBAT MEXAHW3MH BO3OYXIEHMA SApa M Je3MHTerpalmd ((pparMeHTaluH) .

MpeobiajaniMii MHTEpeC TpW WCCJEAOBAHWM AA CTOJIKHOBEHH B 00JACTH
BHCOKMX SHEpruii MpeicTaBAseT MOMCK HOBHX SABJNEHHA WM COCTOSHHH, KOTOpHE
HE MOTYT MMETb MECTO B hN WM B hA peakiMdx. HampuMep, COCTOSHMS CO CTOJb
BHCOKMMM TUIOTHOCTbO BENECTBA, JABJEHUEM M TEMIEpaTypoid, YTO OHW HE MOryT
6WTb AOCTHCHYTH B OTZEJbHHX NN CTOJKHOBEHMAIX. M3 KBAHTOBOW XPOMOIMHAMMKH
clefyeT, uYTO Npd TEMIIepaType Bhlle KpUTHYECKOH, OKOJNO 250 M3B, saiepHad
MATEDHS PeaJM3yeTCsl B (OpME KBAPK-TJIOOHHOW MJIa3Mb C TUIOTHOCTBO SHEPruul €
- B W l“sB/d)Mbt Takve YCJOBHA MOTYT OHTb JOCTHIHYTH B LEHTPAJbHHX AA
CTOJIKHOBEHMAX IMPH BHCOKOA 3ZHEPTHH. |

Y3yueHWe MHOXECTBEHHOCTH, YIJIOBOI'O W 3HEPreTHYeCKOro pacrnpelesieHdd 1
KOppeJsLMiA MeXAy HWUMA B AA CTOJIKHOBEHMSIX MDOSACHAOT CHTYalMo TpH
OTCYTCTBHM PEaJMCTHUHOM KAPTHHH B3aMMOZEMCTBUsl. TaKOe WCC/IELOBaHHE, K
MpUMEpY, TIO3BOJMTL CLEJATb BHOOD Mexny "KOMEpPEeHTHOH" MOIeNbo, B KOTOpOH
MHOKECTBEHHOE  pOKIEHWE [DOMCXOJMT  uepe3  [DOMEXYTOUHBA  3Tam, H
"HeKOMEPEHTHOM", KOrJa pORIEHME YaCTH M MX MATEepHAJM3ALMA MPOMCXOLAT

BHYTPH $Jpa-MUIIEHH.



MHOFO TEOpPeTHYECKMX  MoJeJieH MOCBANIEHO  HW3y4YeHuwo  Ipouecca
MyJIbTUPPArMEHTALMA. B HEKOTODHX MOZENSX (parMeHTHpyollee PO HCIHTHEACT
MpeBpalleHksl uYepe3 CTalvo TErUioBOrO paBHOBECHA, B JPYrMX 3Ta CTalMd HE
PACCMATDHBAETCS, (parMeHTHpyollee PO PaCKa/MBAeTCd Ha YaCTH. HayueHne
(parMeHTAlM¥ HAJeTAbNero fxpa B AA COyJRpeHWM TOMOraeT pelliTb STy
npoGaieMy. .

HccrieaoBaHve YrJIOBHX M 9HEpreTHHMecKMX  (parMeHToB oboux
* CTaJIKMBAOUMXCH ALEp JAET BO3MOKHOCTb 2aperiCTPMpOBATH apferT "GOKOBOrO
NOTOKa" AJEpPHOro BemecTEa.

WiayyeHMe LA  B3aMMOJEMCTBMA  MPEJCTAaBJSET alPKBATHBH  CMocod
Hclie IOBaHUS MPOCTPaHC TBEHHO-BPEMEHHBIX XapaKTEepPUCTHK rpoLiecca
MHOXECTBEHHOIO POXAEHWA YaCTHL. | .

MpUHYMAA BO BHYMAHWE  BHIIEM3JOKSHHOE,  MOXHO  BaKJOYHTb,  HTO
BHIIOJHEHHHE B JMCCEPTaLMK paboTH ABJAANTCS BECbMA aKTYaJlbHbMA.

Liesb paboTH:

- WCCIeIOBaHHE hN, hA, AA M VA B3aMMOZEHCTBMA AJNd M3YUYEHWS NPHPOIN
MHOXECTBEHHOrO POKIEHWSA; HWCCleJioBaHKe (parMeHTallH aIpa-cHapaa  Ans
HAXOXIEHUS MexaHu3Ma [poLecca (parMeHTaluy; OrpoOOBaHWE —BO3MOXHOCTH
06pa30BaHKs KBADK-TJIOOHHOH [A3Mbl; OOHApyXeHHE W HM3Y4YeHWe XapaKTepUCTHK
KOJJIEKTUBHOrO "GOKOBOrO TMOTOKA"  AIEpHOM MATEpMM; OLEHKa  BpeMeH
(POPMMPOBAHMA TTPH MCCJELOBAHKM PA B3aMMOJISHCTBHYH.

B AMCCEpTalUMH aBTOp 2alMIAET

{. V3MepeHMe XapAKTEPUCTMK BTOPHUYHBX UACTHL,  WCTIYUeHHHX  TIpH
BaauMolelicTBiM 50 [BB/C & -ME3CHOB M 69 [3B/C TMPOTCHOB C  AIpaMH

(POTOIMYJILCHH.

2. WcclelOBaHHE CBOWCTB M OCOGEHHOCTEH AIpO-sapo B3aWMOJIEMCTBHA DU

wMyibce 4.5 AT9B/C, HCCHefOBaHMe (parMeHTalyd SJep Ne??, Mg, si®,



HAGOIEHAe OOKOBBX [OTOKOB SIIEPHOM MATEPHH [DU CTOJKHOBEHWH AJep C AlpaMH
(POTOSMYJIbCHK, HAGJIOZEHNE aIPOHHOIO YEPEHKOBCKOrO H3JY4EeHHd.

3. HccrneloBaHWe B3aWMOJEHCTBMM HEWTPUHO B (OTOSMYJbCHHM, aHAJHM3 C
[OMOUBbO JBYX BapHAHTOB KACKAJHOW MOAENH, OlpeliesieHde BpeMeHH (OpMHpOBAHMA
aJIpOHOB.

HayyHas HOBM3HA W MPAKTHYECKAA LUEHHOCTb paloTH COCTOMT B TOM, UTO

OHA COIEPKHT Pa3HOOOpasHhe TOYHHE W CTATHCTHYECKH HAJEXHBHE DE3YJbTaTH
Mo hA, AA, PN M vA B3AWMOAEHCTBHMAM. AHAJM3 3THX pesyJbTaToOB - XOpOuMi
CHoco® TIOHATb MEXaHW3M SJESPHHX B3aMMOLEVCTBUMA MNpM BHCOKOM 3HEpPruM, B
YACTHOCTH MPOCTPAHCTBEHHO-BPEMEHHYO 3BOJIOLMIO B3AaMMOAEHCTBHA.

YayuyeHue VA BBAUMONEHCTBHA MPEACTBAAET OJHO M3 CaMbX DAHHHX
WCCNEJIOBAHMM B 9TOM OOJRCTH. 9TO MEpBhEe 3MYJbCHOHHME 3KCMEPUMEHTH, B
KOTOpHX NMPOBOJMJIOCH SKCTIOHMPOBAHHE B FNAL IYYKOM HEATPUHO C SHeprueit 300
~400 T3B. AHAJM3 JAHHHX MO3BOJWI OMPEIEeJHTh C JOCTATOYHOM TOYHOCTHIO BpeMd
(IOPMHPHUBAHKA AIPOHOB. BTOT MOAXOA Obll NPHMMEHEH K hA H AA B3aUMOIEHC TBUSIM
W TakuM OOpa30M CJCKWACH eluHas WMpOKOMacuTaGHad paboTa IO BOMPOCaM
BpeMeHH (OPMUPOBAHHA.

MayueHde  Mpolecca  MyJbTHUPparMeHTalMd  06e3  BCAKMX COMHEHHH
TIOTBEPRJAET, 4To TeopeTUYECKUE MOJEJH, MCIIOJIb3Ylue OJIHY
[POMEXYTOUHYD BO3GYXKAEHHYD SAEPHYO CHCTEMY MPH OIpeiesieHHOM Temnepa'rype
MPOTHBOPEUYAT BKCIMEPUMEHTY. DTO pPE3y/lbTaT OuveHb BAXEH MPH KPUTHYECKOH
OLIEHKE MOZeJiei.

PeayJbTaTH M3Y4YeHHs (parMeHTalMd §Aep OKA3HBAOTCA [OJE3HH B
PUMEHEHMH K (M3MKE KOCMMYECKMX Jly4yedi TpM MCCJEJOBaHMH COCTaEa
KOCMMUYECKHX JIYYed M MX Kackala B aTMocjepe.

Mp¥ HccieloBaHul S(fexta OOKOBOMO T[OTOKA SIEPHONO BEWECTBA B

CTOJKHOBEHHAX daaep BIIEpPBHE 06pameHo BHHMaHHE Ha. CymeCcTBOBaHHE



 [OTIONHUTENILHBX ~ METOIMYECKHMX  BOBMOXHOCTEH CBA3AHHHX C  ONpeAeJieHHeM
TLIOCKOCTH | peakimi CTonRﬁose}ma. [IOKA3aHO, YTO OOKOBHE S(QPEKTH CHIbHEE
BHDAXEHH B TUIOCKOCTH PeaKuyd. CaM §aKT Hab/ofeHus >@pexTa GOKOBOrO MOTOKa
noSyXiaeT AyMaTb, UTO AHAJOTMYHBHA SQQEKT IOJXEH MMETb MECTO BOOOWE MpH
CTOJIKHOBEHVMM MAKPOCHMCTEM, MMEWMX KaKVIo-JIHG0 MMUKDOCTPYKTYPY.

MpH M3YUYEHWH KOJbLEOOpa3HHX COOHTHHA B LIEHTpaJleHX- CTOJIKHOBEHUAX AJED
BriepBHE ObUIM TPEJCTABJEHH CTATMCTHYECKM 3HAUMMHE M HAJEXHHE DPE3yJ/bTaThl
HAGJIOAEHUS UYEPSHKOBCKMX AJPOHHBIX JIMBHEH.
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INTRODUCTION.

The wvitality f the work.The investigations of

thadron - nucleon (hN), hadron - nucleus (hA) ,nucleus-nucleus (AA)
and neutrino - nucleus (YA) interactions are fundamentél for
understanding the nature of the interaction process.

The multiparticle production in hA collisions at high energies
provides a senstive test for the mechanism of multiparticle
production in hN collisions. It may be possible to ‘use nuclei as
analyzers of the space - time sfructure of the multiple production
process and to discriminate between different theoretical models
of the elementary act. In addition to this,one can study the
nucleus excitation and disintegration (fragmentation) mechanism.

The main dominant goal of investigating AA collisions at high
energy is searching for new phenomena which may not occur in hN
and hA reactions. Many years ago,theorists speculated about the
existence of novel states of nuclear matter. These states require
high pressure,high temperature and high density, and can not be
reached in a Single NN collision. Collisions between nuclei at
high energy may create finite volume of high density hadronic
matter. The lattice quantuml chromodynamics (QCD) suggests that
above a critical temperature of about 250 MeV the hadronic state
of nuclear matter is changed into a new phase consisting of
deconfined quarks and gluons,quark - gluon plasma (QGP) with energy
density El>£é =1 -3 GeV/fm3.Such conditions could be reached in
central nucleus - nucleus collisions at high energy

The study of multiplicity,angular,and energy characteristics of
emitted particles in AA collisions and the correlations between

them will shed light on the mechanism of interaction. This is of

T



main importance especially in absence of reliable scheme of
calculation. Such study will distinguish mainly between "coherent
models" in which the multiparticle production occurs via an
intermediate step,and the "incoherent models" in which the created
particles - are directly produced and become physical inside the
target nucleus.

Many theoretical models have been devoted to the study of the
multifragmentidn process. In some models,the prefragment nucleus
heats up and then condensates into droplets. other statistical
approaches try to explain the multifragmentation process without
any reference to thermal equilibrium i.e. ‘as shattering of the
prefragment nucleus into many pieces. The study of projectile
fragmentation in AA collisions will help to solve this problen.

The investigation of angular and energy characteristics of
projectile and target fragments enables one to detect and study
the "collective sideward flow" of nuclear matter.

The study of VA interactions represents an adequate tool for
studying the space-time characteristics of the multiparticle
production process.

Considering all the above mentioned factors the study of
hN,hA,AA, and VA interactions is a very vital problen.

The aims of this work are: to study hN,hA,AA and \)A

interactions to understand the nature of multiparticle production.
Also to investigate the projectile fragments to find the
acceptable mechanism of multifragmentation process. One of the
main aims is to check the possibility of formation of QGP and to
study the characteristics of collective sideward flow of nuclear

matter.In addition to this, to investigate YA interactions to

12



estimate the hadron formation time.

In the dissertation the author defends :
I. The characteristics of secondary charged particles emitted in
interactions of 50 éeV/c jﬂ;_ mesons and 69 GeV/c proton.s with
emulsion.
II. Investigation of regularities and pecularities of
nucleus-nucleus interactions at 4.5 A GeV/c,the study of
fragmentation of Ne?‘z, 1.‘JI<;24,SJ'.28 nuclei,the obsel_-vatioﬁ of
sideward flow of nuclear matter in collisions of nuclei with
emulsion,and the observation of hadronic Cherenkov radiation.
III. The study of neutrino charged current interactions with
emulsion,the analysis of experimental data using two variants of
the cascade model and estimation of hadron formation time.

The scientific novelty and practical value. This work includes
a comprehensive,through, and statistically significant
results from hN,hA,AA, VN, and YhaA interactions. The study of
these results provides precise tool to understand the mechanism
of high energy nuclear interactions,especially the space - time
evolution of the interacting system.

The study of Y.A interactions represents one of the early
investigations in this field. It is the first emulsion experiment
in which stacks were exposed to Fermilab neutrino beam at energy
(300 - 400)GeV. The physical analysis of the experimental data
enabled us to determine with sufficient accuracy the formation
time of hadrons. Moreover, in the dissertation this question
(formation time) was followed in hA and AA interactions.Thus ,the

present thesis is a unique work which gives a wide account for the

principle of formation time and its estimation using various

13



interactions such as YyA,hA and AA.

The study of the multifragmentation process,had shown without
doubt,that theoretical models assuming one intermediate excited
nuclear system at certaln temperature is in conflict w1th. the
present analysis. This conclusive result is wvery important to
exclude such models. The results of studying projectile and target
fragmentation is of great benefit to cosmic ray physicists who
investigate the nuclear composition of cosmic rays and their
cascade in the atmosphere.

This work is the first one which attracts the attension of high
energy physicists to the importance of reaction plane
determination. It had been shown that the sideward effect is
better seen in the reaction plane.

It is the first time in which a claim was made that any
macroscopic system,consisting of microscopic constituents should
display the sideward flow of nuclear matter during the collision
process.

It is the first time to report on statistically significant
observation of Cherenkov hadronic jets, in high multiplicity
central interactions of (4.1 - 4.5)A GeV/c Ne2? +Ag (Br) and
si%® + Ag(Br) collisions.These jets are consistent with a new
mechanism of hadron emission as a consequence of Cherenkov gluon
radiation.

The digestion of works. The basic results of the
dissertation were published in JINR communications, ICTP (
International Centre for Theoretical Physics) reports, and
reprints of INFN (National Institute of Nuclear Physics) in ITALY.

They were published,also, in international journals of different

14



countries (Russia,Egypt,England,Germany,Italy,Japan and USA).
Publications: The materials presented in the dissertation

are published in references:(chapter I /1 - 12/ and /17,18/),

(chapter II /2-36/,/38,39/,/42,43/,/48,50/,/62/,/69 |

- 73/) and
(chapter III /5,6/,/20,21/) which were carried out by the author

in the period of 1975 - 1992.
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CHAPTER I.CHARACTERISTICS OF SECONDARY CHARGED PARTICLES EMITTED
IN INTERACTIONS OF 50 GeV/c ﬂ_ﬂESONS AND 69 GeVY/c PROTONS WITH -
EHULSION
I.1. INTRODUCTION. The data discussed in this chapter are based
on two experiments/1-12/. In the first one, emulsions were
exposed to 50 GeV/c ™ mesons and in the second one to 69 GeV/c
protons. Irradiations were carried out using beams of the
accelerator of the Institute of High Energy Physics
(IHEP), Serpukhov(RUSSIA). Emulsion-pellicles of the type Br-2 and
size 20 cm x 10 cm x 600 pm (undeveloped emulsion) were
used.Along the track scanning was carried out. For the
calculation of the inelastic mean free path,kin ,the following
fypes-of events were excluded :(i) Stars with single relativistic
track deflected by less than 7 mrad (mostly due to elastic
scattering),(ii) electron - positron pairs on the beam tracks and

(1iii) knock - out electroﬁs-

Comparing the values of the mean free path of the inelastic
interactions of protons with those of pions, one can conclude
that there is no big difference between the proton and the pion
inelastic interaction cross-section in emulsion at the energy
range 4 - 300 GeV. From the Br-2 emulsion composition and

applying the R2/3

dependence of cross-section on the atomic
'weight A,a value for the mean free path lin amounting to 35.9 cm
is calculated.

There is a slight difference between some of the experimentally

obtained values of lin and that calculated from the emulsion

16



composition considering the A2/3 dependenceof the cross-section.
The insight of the dependence of the average multiplicity of
charged secondary shower particles, (nch) ,on the energy of
center of mass of nucleon - nucleon collisions S, led to the
formula: <n > = a +b (Ins) + ¢ (lnS)2 ..; ..... (1)
This relation is consistent with the multiperipheral models
/e.g.13/ and Feynman’s scaling /14/.

| The high energy physicists used +the normalized
multiplicity R = <ns>/<nch> for comparison with predictiors of
various models. Table 1 represents the values of R obtained at
different energies. From this table it is seen that R slowly
increases with energy and reaches to approximately a constan-t

value ( R 7 1.8) after 69 GeV.

Table 1 . The values of R at different beam energies

E(GeV) R=<n3>/<nch>
6.2 1.27+0.02
8.4 1.29+0.24

16.0 1.24+0.12
28.0 1.40+0.12
67.0 . 1.5310.40
69.0 1.43+0.12
69.0 1.5940.11

200.0 - 1.72+0.03

200.0 1.62+0.66

300.0 ' 1.72+0.03

300.0 1.65+0.10

400.0 1.83+0.07

1000.0 1.7940.26
3000.0 1.83+0.30
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In the study of proton—nucleus interactions, the average
number of collisions of the incident particle inside the target

nucleus,V,is a very important factor and is given by,

l):ﬁ UPP / OPA -------------- (2)

where 0, and Opp are the inelastic cross-sections for PP and
P-nucleus interactions respectively. The value of v,from
equation(2),was used to calculate R accordihg to the prediction
of energy flux cascade model (EFCH)/15/,and the coherent
production tube model (CPTM)/16/. The calculated values of R are
compared with the corresponding experimental values in Table 2.

our data agree with the predictions of EFCM,moreover it 1is '

consistent with v=1 for PP interactions.

Table.2 The values of Rcal,calculated according

to EFCH ‘and to CPTM compared to our data of Rexp

Momentum (GeV/c) R R

exp cal
EFCH CPTH
8.4 1.2940.24 | |
1.5 1.75
69.0 _ 1.4340.12

Fig.l illustrates the dependence of the dispersion of the

2 2 142

shower particles multiplicity, D = [(ns > - <ns> ] ,on the

average multiplicity <r1S >, for P - emulsion inelastic

18
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interactions (line I). Line II ,was obtained for PP
interactions/12/. It is seen that the intersection part increases
from -0.58 in PP collisions to -0.02 in P - nucleus

interactions,while the slopes are not changed.
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Fig.] Tte disper sion D ersusns for collisions of preton with emulsion (T) and pr:
with proton (II). The sclid lines represcnt the fitting of experimental dats
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The n, - distributions are compared with the predictions of
KNO scaling/12/,which can be tested in either of the two
following relations:

an/ 0.0 = N>

in

or <n
‘S

where <ns>q B (lfoin) En=1 nsqon/ s is the qgqth momen of
the multiplicity distribution for g=2,3,4..... : & is the partial
cross-section for producing ng charged particles a"d—ain is the
total inelastic cross-section (excluding coherent events). ¥ and
Cq are energy independent functions.

Fig 2 shows that our experimental data lie on a universal
curve fitted by the emperical formula /12/.

3 o 1.06 15 + 0.09 27) exp (-3.28 z)....(5)

P(z)=(3.42 z + 14.34 2z
where z= nS/<n3>- Furthermore, Table 3 1lists the experimental
values of the ratio <nq)/<nq> = Cq for q=2 - 5. The values of Cq

are approximately constant over the energy range frdm 6 to

200 GeyY for g=2,3 and 4

Table.3 The values of scaling moments Cq
for P-emulsion interactions.
Momentum (Gev/c) a=2 q=3 q=4 q=5
6 1.37+0.07 2.271+0.12 4_33+0.36 9.18+0.91
8.4 1.40+0.08 2.3210.13 4 _3240.40 8.90+0.90
20.5 1.341+0.03 2.391+0.08 3.93+0.42 7.82+0.85
27.0 1.33+0.05 2.11+0.25 3.82+0.61 7.67+1.60
69.0 1.38+0.01 2.3440.09 : 4.63+0.43 10.31+0.74
200.0 1.26+0.06 1.95+0.11 - 3.46+0.23 &.8410.52
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Fig.2 By — versus ngf Dy for interactionsof protonswith emulsion at6, 8.4,
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27 and 65 GeV/C. The solid line is drawn according to equation (6).

I1.2. aAngular Distribution of Shower Particles Emitted in
Proton—Nucleon Interactions.

Figure 3 presents the angular distributions of the emitted
charged secondaries in case of P - n and P - P
inte ractiéns ,respectively,for different groups of
multiplicity.The transformation of +the 1laboratory angular
distribution into the center—- of- mass system of the two

colliding nucleons was done considering all of the secondaries as
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pions,each with a Pt value equal to

<P,> = 0.4 GeV¥/c. The values

t

of the asymmetry parameter [a:(NF = NB)/(NF + NB)] for each group

of multiplicity in case of Pn ,PP,and P-nucleon are given on the

figures. It is clear that the asymmetry in the forward direction

decreases with the increase of the multiplicity of the given

interaction.
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1.3. Emission of 8Li Fragments in Interactions of 69 GeV/c
protons.with Ag(Br) Nuclei.

| Out of 2338 inelastic interactions of 69 GeV/c protons with
Br-2 nuclear emulsion 21 hammer tracks and 9 decays of 8864 were
detected. For the events 1in which these phenomena were
observed,measurements of multiplicities and angles of all types
of particle tracks were measured accurately.

The emission cross-section of different fragments is very
sensitive to the incident energy in the range E< 2 GeV. In this
energy region the cross-section increases dramatically with the
incident particle energy. At E>2 GeV the cross-seétion Gf
increases very slowly and reaches to a plateau at 5 GeV. The
production ratio of 8Li in P - emulsion interactions at 69 GevY/c
is 1.2%.

The charge distribution of the emitted fragments was studied
and the probability of emission of a fragment with charge Zf
decreases with Zf at a given energy . The probability of emission
of two or more fragments increases with the incident particle
energy.

Figure 4 shows the angular distribution of emitted fragments
of 8Li and 8Be . The forward asymmetry is noticed in this
distribution which is distinguished from the isotropic angular
distribution of b-tracks. The F/B ratio for b-tracks equals
1.2+0.5 while it is 2.2+0.5 for Li and Be fragments. This
anisotropy is strong and éan not be explained by the motion of

the residual nucleus.
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Fig. 4. The angular distribution of hammer tracks.

Figure 5 shows the experimen{al energy distribution of the
emitted fragments as well as the fitting of this distribution
with the well known evaporation formula/11/. From the figure it
is seen that the evaporation curve can describe the experimental
data. The fitting parameters resulting from our data are the
potential v=15 MeV,the temperature T=14 Me¥ and the velocity of

the emitting source v=0.01c.
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1.4. Central Collisions of Fast Particles with Ag(Br) Nuclei.
This section deals mainly with two points:(i) the
multiparticle production process 1in these exireme central
collisj.ons and (i) the disintegration of residual nucleus. These
processes were discussed in details in our -uorks/7,8,10,17,18/,
and the second point will be discussed in details in Section

11.9,11.12 and II.13.
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The analysis of different multiplicities shows that <n > is

strongly dependent on the target mass number A, and is weakly

T

dependent on the projectile mass number A, whereas (ns) is vice

p

versa. To estimate these dependences,we investigated the
o..

s _ i)
relation: | <ni>(Aj1)/<ni>(ﬁj2) = [Ajlfn:.'z] ..... ()
where i denotes s or g particles and j stands for projectile P
or target T. Using the experimental data in equation (7) one may
get : asp =0.62 + 0.03 , agp = 0.11 + 0.01 and ugT =0.62 + 0.03
To calculate (xsT ,the proton and heavy ion data were studied

separately and the obtained values are asT = 0.11 + 0.01 for

protons and o T 0.36 + 0.03. for heavy ions. Thus for central

collisions of protons in emulsion we have <ns> = const. ﬂTo'n
whereas <ng> = const.lhTo'é2 ,in case of heavy ions
{n_>=const.A .62 A 0.36 and <n_>=const.A —— f 0.62 .

s P T g P T

The analysis of experimental data in central P-emulsion
collisions. and PP ones led to the conclusion that the incident
particle, after the first collision,interacts with next target
nucleons with a measurable cross—section.

1.5. Energy and Angular Distributions of Secondary Charged
Particles from Interactions of 50 GeV/c % mesons with Nuclei.

Nuclear emulsions were exposed in a strong pulsed magnetic
field at the IHEP(Serpukhov) accelerator. This technique enables
one to obtain fairly reliable information on the momenta and
charges of the produced particles while retaining the well known
advantage of the emulsion technique that slow particles can be

reliably detected and identified. The experimental material
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examined here consists of 536 inelastic interactions of @ mesons
with nuclei ( ™ A events) in which the momenta of about 3000
particles were measured. These events do not include those of
quasinucleon type ( % N events ). The latter (242 events) are
investigated separately and compared with % A events. Elastic
scattering and coherent production reactions on nuclei were
excluded.

Figure 6 shows distributions in longitudinal
rapidityY=(1/2) 1n [(E+PL)/(E—PL)] in the laboratory system for
n’ and n~ from m N interactions and from m A collisions with np<é
and n.> 7. At the same time, the distributions in Fig.6 are also
distributions in the C.M.system of the colliding pion and
intranuclear nucleon : the "shift"” to the latter is effected by
simple transformation Y*z Y- cosh }'c, where ]’c is the Lorentz
factor connecting the two reference systems. The angular
distributions in the latter system for 7' and % from the same
grou;)s of interactions are shown in Fig.7. From figures 6 and 7
one may conclude that :
as the number of intranuclear collisions increases, the
iongitudinal distributions shift steadily toward the lower
rapidities and larger angles 6*. This shift is especially marked
in the ng dependences of the average characteristics of the
distributions (Figs.8a and 8c). In the “pion-nucleon” C.M.system,
the longitudinal distributions for m N collisions are highly

asymmetric in the forward direction; for n A events with Ny < 6

the distributions are approximately symmetric in this reference
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‘system; and for events of n. > 7 the distributions are highly
asymmetric backward. The shift of the spectra is less marked 1in
the projectile fragmentation region and is more marked in the
target fragmentation region. It is cleary evident that the shapes
of the rapidity spectra change as the number of intranuclear

collisions increases, because of the more rapid increase in the

number of slow particles.

74
FIG. 8 n, dependences of the .
average rapidity (y) (a), the
standard deviation of the y
distribution (b), the average
{osb*) (c), and the average
transverse momentum {p,}
(d) for =~ and 7" mesons from
mA interactions. The nota-
tion is the same as in Fig. .
The hatched bands are con-
fidence intervals for the cor-
responding quantities from
n"N events,
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Figure 8b shows that the widths of the Y distributions are
approximately independent of the number of slow particles which
is usually identified with the number of intranuclear collisions,
for both ® and 7' mesons.

Also , it is noted that as ﬁg increases the magnitude of the
shifts of the  centers of longitudinal distributions
decr‘egses; thisindicates that ng ( or nh) is most 1likely a
nonlinear function of the number of intranuclear collisions.

.

In all the groups of collisions, except possibly for events in
which ng 13 exceptionally larée, there are more W mesons with
large Y ( small 9*) than nt mesons. This 1is the well known
leading - particle effect, which is characteristic of the
elementary hadron - nucleon collision events. The numbers of high
energy ( 2 0.1 P)) n~ and 7 mesons per collisions are plotted

in Fig.9 versus the pion energy in the Laboratory system.

”'r>p/‘p')l | ] i
1 T
0.5 i nos . ,
R 1: : # 1 FIG. @. Number of fast =~ (open
8 % | points) and x* (black points)
0.1k "* *{ 41 mesons per event from n°N and
o X - 8 .
0051 :;ﬁ"ﬁ <6 1} } ] 1A collisions v /by
- .xA, ’f;> 7 ‘} J
L ]
l 1 PREL. U PNV ‘
0.01 a.lr 02 03 04 05
plpo

30



1.6. fAssociated Multiplicities in Interactions of Negative Pions
with Emulsion Nuclei at 50 GeV/c.

The data in this section is based on 536 m nucleus (7 A)
events, induced by m mesons at 50 GeV/c in a strong pulsed
magnetic field. The experimental material does not include
quasi-nucleon interactions,elastic interactions, or coherent
particle production on nuclei. For comparison with the n A
events,242 n N events are also studied.

We considered the average wmultiplicities <n(a)> of
secondary particles in the inclusive reactions,
% + nucleus -——— m, + a + anything else

1

1 + a + anything else

as functions of the different characteristics of the inclusive ﬂl

X + nucleon ———— X

- +
meson (a = W, , n,

Figures 10 and 11 show how the average multiplicities(nn—)

and all s,g,b,h particles).

and (nn+> associated with the emission of inclusive m (Fig.10 )
and nt (Fig.11) depend on the transverse momentum of the latter.

The data in the intervals AY <1.2 and AY>1l.2show that the
decrease of = > is characteristic mainlj for the second
interval. This indicates a 1long-range character of the
correlations and is characteristic of both ® A and ™ N events.

A more detailed picture of the compensation of the
transverse momentum of the inclusive particle can be obtained by
comparing the associated multiplicities of particles emitted in
two intervals of azimuthal angle between a pair: that is ,e < m/2

(i.e. into the same azimuthal hemisphere with the given inclusive
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pion) and €10 n/2 (into the oppsite hemisphere). For example,
Fig.12 shows the dependence of <n e and <n, +>on Pt( as in
Fig.10) for the different regions of AY and 612. The following
features are cleary seen.

el All Ay Ay<1.2 4y>1,2
, ; v ”j Y 2 LN
2" 4
* _A 4 * ) i
i h ' d e v ¥ '}:r‘;:m
yt - -
3" L ¢ - -
2r 4 ¥ 4 i 4
v, v a4 a I -
1t ¢ v v oy o @ 5 s M : : ¢¢ *J[,JIA
gl d s
Jfe - -
L ) 4 A
‘| ‘ i B ozt
r, v ¢ 4 ] v ., t #”, " 4,* )
0.2 0.6 10 02 06 02 06 1.0
pl, GCVIC

FIG./2, Dependence of {n,5) with g;;<7/2(A) and £1,> 1/2(V)

and of (71,5) with €;,<7/2(a) and €43 > 7/2(v) on transverse mo-

mentum of the inclusive 7] meson in the reactions 7°A — 3
4713+ ... and TN =T+ T3+ eee
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a) the number of particles emitted at (612 »7/2) to the inclusive
particle depends weakly on the transverse momentum for Pt< 1

GeV/c whereas the number of particles with 812 <90° decreases

substantially as Pt increases. This indicates the wvalidity of
models of hadron - nucleus collisions where the production
mechanism resembles an elementary act.

b) Within the limits of quite large statistical errors the noted
effects do not depend on the charge signs of the considered
pion pairs and are approximately identical in ® A and T N
collisions.

Figures 13 and 14 show the dependence éf the associated
multiplicities on +the longitudinal rapidity of the given
inclusive 7 meson. Considerable correlation is
indicated,different for the two regions AY <1.2 and AY> 1.2 but
qualitatively identical for m N and ® A collisions.

From the study of analogous dependences in PP collisions it
is known that there are strong constraints due to the
conservation of longitudinal momentum and energy ( accounting, in

particular, for the sharp decrease of < n > at large absolute

n
rapidities in the C.M.System of PP collisions). In hadron-nucleus
collisions these constraints can be strongly “suppressed” by a
cascade mechanism of multiplication.Figures 11 and 12 show that
this does not occur; the reduction of ¢ n - > at the edges of
the rapidity scale ié of the same order as in an elementary event

Figure 15 shows the dependence of < ng - 1> ,<ng> and <nb> on

the laboratory momentum (P1 S),transverse momentum (P ) and

t l.s.
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on the four momentum transfer Azl 5 of the leading % meson.

With increasing P}..s.the multiplicity <n3 - 1> is seen to
decrease very rapidly (more rapidly than for W N
collisions),while (nb> and (ng) vary very weakly . With
increasing ptl-s. or Azl_ in m A collisions a somewhat weaker

growth occurs in the number of shower particles, for T N
collisions there is no appreciable dependence in the considered
interval. All these properties of the multiplicities associated
with the leading particle appear to be easily explained by the
models of interaction

weak intranuclear

of produced fast
particles. However, the fact that for an identical momentum loss
of the leading particle (Po - P or A2 ) the multiplicity of
shower particles in 7 A collisions considerably exceeds that for
n N shows that the target nucleus is not simply a spectator of

the multiple production process.

(n)r_'_— . bl _ "
f | N
| y A \} 7 \}
U 2N
DR . t | 4
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FIG./5 Dependence of (ng—=1) (0), (np (@), an_d {ny) (0)on.

characteristics of the “leading” © mesonina A collisions:

momentum (a), transverse momentum (b), and square of lost
4-momentum (c). Also, analogously in the case of {ng—1)

for TN collisions (A).
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Chapter II

Some Regularities and Pecularities of
Nucleus—Nucleus Interaétions at 4.5 A GeV/C

II.1. Introduction: What are the goals of investigating

nucleus—-nucleus collisions at high energy? There is one
clearly dominant goal searching for new phenomena which
do not occur in pp or pA reactions. Already many years
ago, scientists speculated about the existence of complex
states of nuclear matter, states which may have occurred
during the creation of the universe and perhaps still
occur 1in supernova explosions or in neutron stars/1/.
These states require high pressure, high temperature and
a large baryon density, and cannot be reached in a single
pp collision. But perhaps there is a way to reproduce
these conditions in the laboratory by colliding beams
of heavy ions at high energy. What scientists visualized
as states of higher complexity may in fact turn out, to
be states of a more fundamental nature than the normal
states of nuclear matter, i.e. of nuclei. Lattice quantum
chromodynamics (QCD) predicts that, wunder the quoted
conditions, a deconfinement phase transition will take
place: nuclear matter (thought to be composed of separate

nucleons) will melt into a quark-gluon plasma (QGP).

Many people believe that the experimental proof of
such a phase transition will be almost as important a
test for QCD as finding the W or Z was for the theory
of electroweak interactions. According to recent theoretical
estimates, the necessary temperature and pressure or baryon
density can indeed be reached in nucleus-nucleus collisions
at c.m. energies perhaps as low as a few GeV per nucleon-
nucleon collision. This explains the excitment and the
remarkable activation of interest for nucleus-nucleus
collisions which has brought together again nuclear
physicists, astrophysicists and particle physicists, in
the last years.

The goal of this chapter is to review some of the
experimental results from 4.5 A GeV/c nucleus-nucleus



collision, using emulsion technique and to compare them
with pp and pA data, and with theoretical predictions
or expectations. Since there may be hints of new phenomena
but there is no convincing proof yet, the comparisons

serve the purpose of showing to which level "old physics"
can explain the data.

After briefly surveying the sources of the experimental
information and presenting a typical experimental procedure,
this chapter will discuss: the multiplicity characteristics,
theoretical calculations of ng-distribution comparison
with the cascade evaporation model, angular .. characteristics
and correlations, central collision and complete destruction
of heavy nuclei, fragmentation of beam nuclei, sideward
flow of nuclear matter and formation of hadronic and

baryonic clusters in central nucleus-nucleus collisions.

II.2. Sources of the data. Most of the data on nucleus-

nucleus collisions, used in this chapter, are at energies
of the Dubna synchrophasotron i.e. at 4.1-4.5 A GeV/c.
Scaning, measurements of emulsion plates and analysis
of data were carried out either by the emulsion
collaboration (including the author) or by the author
individually. Some works were carried out in the cities
of Cairo and Sohag (Egypt), the others in: Dubna, Moscow,
Leningrad, Tashkent, Alma-Ata, Dushanbe, Gatchina , Rostov
on Don, Tbilisi and Yerevan (USSR), Bucharest (Romania),
Rez and Kosice (Czechoslovakia), Krakov (Poland), Ulan-
Bator (Mongolia). The details may be found in/2-35/. The

beams used are: H,H?, He®, He4, cl2, 016, Ne22, Mg24 and
. s8i28

II.3. Typical experimental procedure. Stacks of Br-2 nuclear

emulsions were exposed to 4.5A GeV/c (e.g) Mg24 beam at
the Dubna synchrophastron. The stacks consisted of 48
pellicles having dimensions of 20 Cm X 10 Cm X 600 um

(undeveloped emulsion). The intensity of dirradiation was

Ho



104 particles/cm? ~and the beam diameter was about 1 cm.
Along the track double scanning was carried out, fast
in the forward and slow in the backward direction. The
scanned beam tracks were further examined by measuring
the delta-electron density on each of them to exclude
the tracks having charge less than the beam particle charge.
The one- prong events with an emission angle of secondary
particle track less than three degrees and without visible
tracks from excitation or disintegration of the target
nucleus were excluded. These events were considered to
be elastic scattaring. The secondary particles are
classified into three classes. The first class consists
of black particles track "b" having a range L{ 3 mm in
emulsion which corresponds to proton kinetic energy of

< 26 MeV, Table 1 presents the kinetic energy of different
black particles.

Table (1): The kinetic energy for different black track
particles with L<3 mm.

Particle Kinetic energy T MeV
7 T < 12 MeV
K T < 20 MeV
gl T < 27 MeV
Had T < 105 MeV
fid T < 184 MeV
Be T < 210 MeV

The second class includes dgrey particle tracks
"g" having relative ionization I* (=I/Io)>1.4 and L>3
mm which corresponds to a proton kinetic energy from 26
to 400 MeV. Where I is the particle track ionization and
I, is the ionization of a shower track in the narrow forward
cone of an opening angle of 3°. Table 2 shows the kinetic
energy of several grey particles. The "b" and/or "g"

particle tracks are called heavy ionizing particle track
tlhll .
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Table (2): The kinetic energy for different grey track
particles with L>3 mrn’I* > 1.4.

Particle Kinetic energy T MeV
o) 12 ¢ T 60 MeV
K 20 ¢ T g 212 Mev

nl ' 27 & T 400 Mev

H2 27 ¢ T £ 800 MeV
He 105 ¢ T <1600 MeV

The third class is the shower particle tracks "s"
having I* < 1.4 and ©> 5°. Tracks of this type but with
an emission angle < 5° were further subjected to rigorous
multiple scattering measurements for momentum determination
and consequently for separating produced pions from single
charged projectile fragments (protons, deutrons and
tritons/35-38/, Table 3 presents the kinetic energy for

some shower particles.

Table (3): The kinetic energy for different shower track
particles..
Particle Kinetic energy T MeV
I > 60 MeV
K > 212 MeV
gl > 400 MeV
H2 - > 800 MeV
Hg >1600 MeV

(v) The multicharged Z > 2 PF are subdivided into 2 =

23w wie b Zy " fragments according to the measured delta-
electron and/or gap density. Thus, all particles were
adequately divided into PF of Z = l-Z—.’L, target fragments

(TF), i.e. h particles, and the generated s particles.
The total charge of the PF, Z%* =% n.Z2., was calculated
i L
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in each star, where n;,is the number of fragments of charge

L
z; in an event. For each track we obtained from
measurements: (a) the polar angle ©,i.e. the space angle

between the direction of the beam and that of the given
track and (b) the azimuthal angle é , i.e. the angle between
the projecﬁion of the given track in the plane normal
to the beam and the direciton perpendicular to the beam

in this plane (in an anticlockwise direction).

II.4. Total Inelastic cross-section. With the total scanned

length measured and ‘the corresponding number of inelastic
interactions counted, the nuclear, interaction mean free
path of the beam nucleus in emulsion can be calculated.
Table 4 presents the values of ‘)‘B for different projectiles
most of them at 4.5A GeV/c'. The mean free path ')‘B of.
a projectile nucleus in emulsion is given by:

L. . . Gp, N & §)
*B "Z'inl &

where nj is the composition of the nuclear component 1
in emulsion and 67g; is the interaction cross-section
between the projectile nucleus and the i th target nucleus.
Equation 1 implies that 1/N\g is a quadratic function of
ABL/3. For comparison of the data intable 4. Fig. 1 shows

a plot of 1/ p aganist A32/3. The points are an obvious
good fit to straight line 1/pp = (0.022 # 0.009). *+
(0.008°+0.002) ad’3 .

A similar result has been obtained at 2.1 GeV/c
ref/36/, The reaction cross-section for a high energy
heavy ion incident on a complex target nucleus has been
extensively studied. An emperical geometrical formula
first proposed by Bradt and Peters/37/

6 pp="Tix2 (A13/3+ S I

where 6/Br1n is the reaction cross-section of the beam nucleus
with the target one, Ag and Aq are the mass numbers of
the beam and target nuclei respectively, b is an overlapping

parameter.
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Table (4). The mean free pathr}\B for different projectiles

Beam nucleus ’>\B cm Ref.
H2 26.9 + 0.6 9
He 23.7 + 0.7 38
HY 19.5 + 0.3 39
clz 13.7 + 0.1 9
N14* 13.1 + 40
0l6 13.0 + 41
N22 9.92+ 0.3 42
M;" 10.2 + 0.6 50
558 8.7 + 0.3 43
F2° 7.4 + 1.4 44

* at 2.1 A GeV/C.

Fig. 2 represents the relation between %l/ ‘AB and

(ABI/?' + A%-/3), where Agp (=70) is the effective mass
number of the average emulsion nucleus. The points are
the experimental data of Table 4. These points are fitted

well by the expression (1{;}38%5 = (-0.191 + 0.040) +
(0.072 +0.007) (AB1/3 + Aap/°). To deduce the parameters

b and r, we adopted the following scheme: l/'}\B= 'E_nfi/,
where nj is the number of ith atoms per cubic centimeter

and 6 is the corresponding C.S.

%i = 'Tfr% (A%;/3 + A:il/3 - b)2.
This gives a system of equations in b and r.,. The best
solutions for these equations are r, = 1.44 + 0.01 f£fm
and b= 1.22 + 0.02.

It has been argued in literature that the overlapping
parameter b can be parameterized in terms of Ap and Arp.

Thus equation 2 can be rewritten in the form.

- 2 .
65r = 72 (873 + ad/3 - IB(AB_]'/3 fap O (3
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(1):The inverse of the inelastic mean free path 1IAB plotted against

ABZIB where Ag is the incident projectile mass number.
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Fig(2): The dependence of JIIAB on (Agal AT”3) where Agand Ay

are the mass numbers of the colliding nuclei.
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The previous procedure gave r, = 1.30 * 0.01 fm and B=
0.80 + 0.02. .

These results show that the interaction cross-sections
of nuclei are essentially independent of the incident
energy in the few GeV region. The interaction cross sections
of nuclei are successfully explained by the geometrical
cross section including an overlapping parameter. This

Parameter depends on the size of the interacting nuclei.

11.5. The multiplicity characteristics. The multiplicity
characteristics provide a valuable tool té investigate
the mechanism of nucleus-nucleus interaction. In the present
section, we study the ng—-, ng- and np- distributions and
their average values. A trial is made to regenerate
theoretically the ng-distribution using a geometrical
picture of the nucleus-nucleW$ collision. A comparison
is made with the superposition. model/45/ using the relation
between the dispersion and the average multiplicity.
A direct comparison 1is carried out between experimental
data and the cascade evaporation model CEM/6f7/.

It is widely believed that the inclusive nucleus-
nucleus data can be explained within the framewark of
superposition models/45/. It is expected that in nucleus-
nucleus collisions the distribution of s-particles will

be wider than the corresponding one in hadron-nucleus

interactions. This is due to the large variations. =~ ©Of
the impact parameters, several superposition models/ 45/
predicted that the ratio of the dispersion D(=lf2n§> -<ng>2),

to the average multiplicity of shower particles, <ng?:

is about twice the corresponding ratio for proton-nucleus
interactions. The shaded area represents the prediction
of the superposition models (D/<ng> =0.8 -1.3) depending
upon the model. The experimental points are data from
different projectile and target at various energies/46/.

Oone can observe the universaltiy of D/<ng> ratio which
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The previous procedure gave r = 1.30 + 0.01 fm and B=
0.80 + 0.02. .

These results show that the interaction cross-sections
of nuclei are essentially independent of the incident
energy in the few GeV region. The interaction cross sections
of nuclei are successfully explained by the geometrical
cross section including an overlapping parameter. This

Parameter depends on the size of the interacting nuclei.

II.5. The multiplicity characteristics. The multiplicity

characteristics provide a valuable tool to investigate
the mechanism of nucleus-nucleus interaction. In the present
section, we study the ng-, ng- and np- distributions and
their average values. A trial is made to regenerate
theoretically the ng-distribution using a geometrical
picture of the nucleus-nuclet\§ collision. A comparison
is made with the superposition. model/45/ using the relation
between the dispersion and the average multiplicity.
A direct comparison is carried out between experimental
data and the cascade evaporation model CEM/6.7/.

It is widely believed that the inclusive nucleus-
nucleus data can be explained within the framewark of
superposition models/45/. It is expected that in nucleus-
nucleus collisions the distribution of s-particles will
be wider than the corresponding one in hadron-nucleus
interactions. This is due to the large variations. - of
the impact parameters, several superposition models/ 45/
predicted that the ratio of the dispersion D(=Fn§ > -<ng>?),

to the average multiplicity of shower particles, <ng>,
is about twice the corresponding ratio for proton-nucleus
interactions. The shaded area represents the prediction
of the superposition models (D/<ng> =0.8 =-1.3) depending
upon the model. The experimental points are data from
different projectile and target at various energies/46/.
One can oObserve the universaltiy of D/<ng> ratio which
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is independent of the incident energy, projectile and
target masses. A similar universality was reported for
proton-nucleus collisions/47/. From Fig. 3 one may conclude
that the superposition models are consistent with the

experimental data of nucleus nucleus interactions.

To investigate the dependence of the averagde
multiplicity <ng> on the mass number of the beam nucleus
Ag, we consider the reactions shown in Table 5. In these
reactins, the momentum per incident nucleon is constant
and it equals to 4.5 GeV/c.'

Table (5). The everage multiplicities <ng> for reactions

of different projectiles with emulsion at
4.5 A GeV/c.

Projectile <ng> Ref.
H 1.60 + 0.10
H4 3.40 + 0.10 48
cl2 7.60 + 0.20
Nas 10,53 * 0.05 , 49
M4 11.00 + 0.60 50
g

. _. The experiments were carried out under the
same conditions. Fig.4 shows the dependence of the average
multiplicity <ng> on the mass number of the beam nucleus
Ag. The points are the experimental data while the
continuous line is the result of fitting by the relation
<ng> = K ﬁ%. The results of fitting gave that K=1.55
+ 0.28 and ¥ = 0.62 + 0.02. This result agrees with the
fact2 %Pat the interaction cross section is proportional

to Ap and does not contradict the superposition models.

It is more convenient to study the dependence
of the average multiplicity <ng> on the average number
of interacting projectile nucleons <¥> = Ap G%T(;ET where

G%T is the reaction cross section of protons with the
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target nucleus and GXBAT “':;3; is reaction cross section
of the beam nucleus Ap with the target one Agq, both .at
the same energy per nucleon. In Fig. 5, we present the
average multiplicity <ng> versus the average number of
interacting projectile nucleons <J>. The experimental
points are fitted by the relation <ng> = a + b <¥>, where
a and b were found to be (0.6‘.‘&0.03) and (0.96+0.08) respectively. This shows

the close similarity between the nucleus-nucleus interactions and the hadron-
nucelus ones.

It is worth-while to study the dependence of the
average multiplicity on the number of interacting protons
and/or nucleons from the projectile and target nuclei.

First we study the average multiplicity <ng> as a function
of R,

R = (25 a%/3 + 28> )/(A31/3 +ad/3 )24

Where R is some geometrically determined number of
interacting protons from the projectile and target nuclei,
zg and Ag are the charge and mass nubmers of the beam
nucleus, 2Zp and Ap are the same for the target nucleus.
Fig. 6 shows the dependence of the average multiplicity
<ng> on the number of interacting protons R for the data
of Table 5. The experimental points were fitted by the
relation <ng> = KP?C . The values obtained from the fitting
are given in Table 6. Fig. 6 and Table § show that <ng>
increases in proportion to R. It should be noted that
the denominator in 4§ is proportinal to the interaction
cross section in the hard spheres model without overlap.
It would be more accurate if one considers the overlap
of nucles and their curvature, i.e. the relation &
is modified to:

R = (25823 + 2>y 7 a3 4 AP -2 (B
This modification removes the linearity of <ng> versusR
rand the exponent becomes greater than before.

Similarly, we study the dependence of the average
multiplicity <ng> on the number of interacting nucleons
from both nuclei. Thus we define Rp as:

54
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<ng>=(069+0.03) +(0.96: 0.08)<V >

15

<) >

.(5) The average multiplicity <ng> as a function of the average
number of interacting projectile nucleons <) >in nucleus -

nucleus interactions at 4.5 A GeVYl/c.
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g.(6): The dependence of the average multiplicity <ng>on the number

of interacting protons from both nuclei.




Ry = (ABAT2/3 + AgA 2/3)/(A1/3+A1/3 2 (&)

Where Rp 1is some geometrically determined number of
interacting nucleons from both interacting nuclei. Fig.
7 shows the average multiplicity <ng> versus the number
of interacting nucleons RA, %Ee experimental points are

fitted by relations <ng) = KR . The results of fitting
is given in Table 6.

Table (6). Results of approximation of the dependence

of <ng>,on Rpa in accordance with equation
<ng> = KR for charged paticles.

R from relation X K
(5) 1.16 + 0.03 0.74 + 0.04
( 6) 0.80 + 0.06 0.85 + 0.06

Let us studyctthe dependence ©of the averagé
multiplicity <ng> v (4) , where A is defined as:
(al/3 + ar/3)3

| (7)

+al/3 - 23 (R)
[(A%/3.+ Ar_l[/3 -b, (A]]_S,/3 - 2&%1/3)]3 (9)

This definition of A originates from simple geometrical
models of interaction of nuclei. Fig. 8 shows the
dependence of the average multiplicity <n5>oénl X. The
results of fitting by the relation <ng>r (A) are given
in Table 7.

‘Table (7). Results of approximation of the dependence
: of <ng>_ on A in accordance with equation
<ns> o (B)% for charged particles.

A is taken from relation o
(7) 2.06 + 0.06
(%) 1.65 + 0.04
(9) 1.93 + 0.05
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The ipvestigation of the mean free path of different
nuclei in -emulsion has shown that the interaction cross
section of nucleus-nucleus interactions is independent
of energy in the range of few GeV per nucleon. The cross
sections of nuclei are will fitted by the geometrical
formulae with an overlapping paramter. The overlapping

parameter depends on the mass numbers of the interacting
nuclei,

The systematic = study of the multiplicity
characteristics and their regularities had proved the
validity of the incoherent superposition models. The
nucleus-nucleus interactions at a few GeV/c per nucleon

can be viewed as a chain of hadron nucleus collisions

at the same energy per nucleon.

II.6. Calculation of ng distribution using geometrical

picture. When a relativistic heavy ion projectile collides
with a target nucleus there should be during a primary
fast stage a localization of the interaction to overlapping
domain of target and projectile undisturbed. The surface
energy and dissipation of compressional well as
reabsorption of pions and nucleons emitted from the primary
interaction region will excite these remnants. This idea
leads to the separation of the nucleons in the system
into participants and spectators with respect to the
fast interaction stage. The model assumes that the two
nuclei sweep out cylindrical cuts through each other.
The average internal kinetic energy per nucleon is much
higher than the binding energy per nucleon. The velocity
regions near the target and projectile will contain
contribution from spectator decay which are not treated
by the fireball model. Also, the expanding fireball
nucleons may in part coalesce to form clusters. The model
is formally described, by assuming spherical nuclei,
with radii equal to R = To al/3 fn. where . = 1.36,

and straight trajectories. One can calculate as a function
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of impact parameter b the number of participant nucleons
from the .target N+ and projectile Ny calculating the
volume of intersection of a sphere and a cylinder. This
geometrical concept is shown in Fig. 9. The number of
participating nucleons is given by the relation(10);
where 2Zj; and Aj are the charge number and mass number
of the target or projectile nucleus.

N(b)-z ( A. )N (b) iat,p —=m=== seeees (10)

One can calculate the velocity of the center of

mass of the participant nucleon in the Laboratory system

1/2
_ Np[tp(tptem)] - (11)
Lab’ “Lab (NP +N t)m-!'hl p1'.p

where Prap is the momentum of the system in the
Lab, Epap is the total energy (kinetic energy + mass)
of the system in the Lab, tp is the projectile incident
kinetic energy per nucleon, and m is the mass of a bound
nucleon, taken to be 0.931 GeV.
The total energy in the center of mass of the flreball
is written as _

2

1/2_ 2 2 i e Y2,
(ELab lab) — [(NP+N1’ m +2NPNtmtp] -- (12)

where Np, Ng are the numbers . . of nucleons
from the projectile and target respectively and m is
the nucleon rest mass.

- Consider a high energy: nucleus-nucleus collision
at impact parameter b in the C.M. system the projectile
is assumed to sweep a cylinderical cut inside the target
nucleus so the number of participating nucleons of the
target as a function of the impact parameter involves
the calculation of the volume of intersection of a ssphere

and a cylender, this problem is solved by J. Gosset et
al./51/.
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g.9.In the framework of fireball model, the target and projectile
are assumed to make clean cylindrical cuts through each other
leaving a target spectator residue, and if the lmpact parameter 1Is
large enough also a projectile spectator. Thg fireball 1is made up
from ihe participant nucleons which are mutually swept out in the
primary interaction. A- peripheral collision and B-Central collision
(1- projectile, 2-target, 3-target spectators, 4-fireball and
participant region which is dashed) .

.
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Let Np(b) and Ni(b) be the number of participating
nucleons from the projectile and target at impact parameter
b, so that the square of the center of mass energy
S(b) is written as in the form.

S(b)= [Np(b)]2 m2 + 2Np(b) Ny (b) mE (13)

where E is the total energy/nucleon of the
projectile in the Lab. system, E =[ p2 4 m2, p(=4.5.GeV/c)

is the momentum and m is the free nucleon rest mass,
m=0.938 GeV.

Now .we show how to determine Ng(b) and Np(b)/52r53/

R

These values depend onv*g where ¥V = ﬁ;:ﬁ;— ) ﬁ R s '+ R where Rp

Y
and Rty are the projectile and target radii (Rp= X Ag
1/3
) A

. ro =1.36 and AP . At are the mass numbers
of the projectile and target respectively.

Rt —ro. At

Np(b) = ApF (¥, R) Ne(b) = Ag F (V,R) (14)

where F is dimensionless function specifying the
relative sizes of the two nuclei. The dimensionless
variable specifies the impact parameter b. The variables
Yy,@range from zero to one these limits define a square
with unit side in the space of ¥ and P as shown in Fig.
10, the following are approximate formulas for F. 1in
the four sectors of the square indicated in Fig. 10.

1~ If 0.5 and

Fiz [1-(1-p%) %21 (1= (B/0) )Y /% —ommmmmmmm oo (15)

2- If v 2 0.5 and B 2 2 V-1

Fir = *%' (l-u;1/2>{—l%§)2- % (3(5-”)1:2 [“‘1'P€LZlZ][1 oo ]1;1
;-B)S ¢ B ow owm owow mowom w4 (16])
3- If v < 0.5 and Bz 1-2v
Firi= = (1 u)”z(1u Bez [3(1 py e L)
4- If v < 0.5 and B é_1 -2v
R - ... (18}



R
The abbreviation u = —3_%_T = Rt has been used,
the four sectors correspond to the following situations.

1- A cylinderical hole is gouged in the nucleus Ap which
is larger than Ag.

2- A cylinderical channel is gouged in Ap., with a radius
smaller than that of Ap.

3- A cylindrical channel is gouged in Ap with a radius
larger that that of Ap.

4- All of Ap is obliterated by At, whose radius is larger
than that of Ap.

The above approximate expressions for F are based
on solutions for a number of limiting situations, when
analytical expressions can be derived, e.g. close to
the edges of the square in Fig. 10.

In the present calculation it is assumed that the
multiplicity distribution depends only on the square
of the center of mass energy, S, so the multiplicity
distribution of the shower particies in nucleus-nucleus
collision at impact parameter b has the same form as
that obtained from nucleon-nucleon collision at the same
value of S(b), and has the following Gaussian probability
distribution function.

_ 1 -ln_-n_»}%/2D%b)
P(ns.b) e 8 B ] b . (19)
/ 21Dy
where o
0.29
D_(D)= 1.291 S(b)  ==m—mmmcmommee oo (20)
D)= 0.6(n (b)-1)  ======--osooosToTommmmeTos (21)

where ng(b) is the average number of showers produced
at impact parameter b and it is taken from pp data at

the same value of s {(b).

Equations (19,20) are "well tested (experimentally)
relations/15,54/,

The scheme of calculations is as follows:



(1) The kind of interacting nuclei e.g. the projectile
i H% (Ap=3) or Clz(Ap=l2) and the target is Ag emulsion

nucleus (A=108).

(2) The parameter Y is defined and the parameter f3is

varied from 0 to 1. At each value of ﬁ(each value of
b), the number NP(b) and Nt(b) are calculated according
to equations (14) and (15 ) to (18 ). Thus S (b) is
calculated from equation (13). Consequently ng(b) and
D(b) are calculated respectively from equations (20)
and (21).

(3) The multiplicity distribution P (ng,b) at certain
impact parameter b is calculated from (19).

(4) The total multiplicity distribution of shower
particles from these two interacting nuclei is obtained

by integrating P (ng,b) over all possible values of impact
parameter b o b RptR¢ ‘
Rp+Rt Rp R
P{ns,t)=J P(ns,b)ZHbdb /J 2llbdb .(t=Ag,Br.----)'7(22)

(5) The net multiplicity distributions of 3He-Emulsion
and cl2-emulsion are calculated by repeating steps (1)
to (4) for all emulsion nuclei and summing over all
nuclei taking into consideration a statistical weight
factor for each nucleus Wi, = nj E:LIE:IH_Gi where nj is
the number of i th atom/c.c and 6‘/]-_ is the interaction
inelastic cross section of 3He and Cl2 with the i th

emulsion nucleus which is calculated from Bradt-Peters

: equation. i
o . 113 1/3 2 e
= -l §° —eesEEREES 23
Where B is the overlap parameter [ &r=1.56 - 0.2
(AS/B + Atl 3)]_ Thus the net multiplicity

distribution of shower particles for 3He and cl2 with
emulsion at 4.5 A GeV/c is given by

P (n )=} P(n_,t) W., such that R B (24)
9
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The net multlpuidity distribution of shower particles produced

in 4.5 A GeV/c 3He-emulsion interactlions. The histogram s the

experimental data while the curve is the theoretical calculatloﬁs

Both distributions are normalized to 100 .
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Moreover in any step in which the probability is
calculated we make sure that the total probability should
be equal to unity.

A comparison of experimental ngdistribution with
the theoretically calculated one is shown in Figs. 1,
12. The histograms are the experimental data and the
curves are the corresponding calculated multiplicity
distribution of shower particles. The agreement between
experimental data and theoretical calculations is good.
This confirms that the nucleus-nucleus and nucleon-nucleus

interactions are superposition of nucleon-nucleocn
interactions.

II.7. Comparison with the cascade evaporation model (CEM.

In this section, we concentrate our . attention to the
comparison between the theoretical calculations of CEM
and the experimental data of Cl2 + Em collisions at 4.5A
GeV/¢c. ' |

II.7.1. The cascading-evaporation model. The general

physical features of this model remind us with the
collision of two gas coulds. Each of the colliding nuclei
in its own reference frame is treated as a Fermi gas
of nucleons in the potential well V(r)=B + P%/2m, where
m is the mass of a free nucleon, B is the average binding
energy of a nucleon inside a nucleus which nearly equals

7 MeV. The nuclear nucleons have a momentum distribution

\A(FOJpréﬁiﬁp £ P Pr 2 Ppl(r), isotropic in the momentum
space. The maximum value of the local Fermi momentum
Pp (r) is expressed in terms of the nuclear density
Ar) , Pplr) =+ [3q72 g(rJ]1/3 , which is an approximation
of two-parameter Fermi distributions with their parameters
extracted from electron elastic scattering experiments.
This distribution cuts off at a distance R, where
S(R)/:8(0) = 0.01l. It is also supposed that for A nucleons
inside the nucleus the distance between them is not

smaller than 2rg, where ro = 0.4 fm is the radius of



+he nucleon core.

It was sugggested that the incident nucleus nucleon
in the laboratory system can be considered as independent
particle characterized by four-vector space-time (?,t)
and four-wvector momentum effective mass mggf = ¥ E2-P2=m-V(r).
This is also valid for the target nucleus but in the
coordinate system of the projectile.

The approximation of the independent particle with
effective mass allows one to use the relativistic
kinematics taking into consideration, in particular,
the effect of relativistic compression and the symmetry
of the problem with respect to the colliding nuclei.
In fact, this is one of the basic assumptions of our
model which turns the interaction of two complex systems
to the interaction between their constitutents.

The dynamic of the interaction was followed in time
with the help of the Monte;Carlo method. The model takes
into consideration the interaction between nucleons of
the two nuclei, also interaction of the cascading particles
with the nucleons of both target and projectile. The
incident particle can interact with any target nucleon
which it can see in a cylinder of cross-sectional area

M(rijne+ N2, where N is the De Broglie wave length, rint
equals nearly the double value of the strong interaction
range. Usually this value in the cascading calculation
is taken to be 1.3 fm. Thus the probability of scattering'
on the k th nucleon, traversing without interaction (k-

1) nucleons, is given by the binomial distribution
k-1
W = z (l-qj
K : di) dk
i=1
where the partial probability gqj (i=1,2,..... ) 1is expresed
in terms of interaction cross-section on the ith nucleon,
.

gy = 5;./ 'n.(rint +N)2

6.9




The time evolution of the interacting system is traced,
At a fixed time t all possible collisions are raffled from
which, is chosen, that which is realized before the others
i.e. t = min(tj), and the system is moved towards -a new
moment t---> t + At. Thus, for two particle collision the
reaction characteristics are ‘raffled and for nucleons the

obeying of Pauli principle is checked.

The cascading stage ends when the ihteracting nuclei
are separated by a distance such that their potential do
not overlap further and all cascading particles are emitted
from the nuclei or absorbed by them. The estimation of the
residual nucleons in the potential well and their isotopic
constitution gives the mass and charge number of the residual
excited nucleus. The excitation energy is determined by
the energy of the absorbed particles and "holes", which
are formed as a result of intranuclear cascading. The momentum
of the residual nucleus is deduced from the momentum
conservation which was applied, in the course of calculation,
at every act’ of particle collision; The next behaviour of
the residual excited nucleus is described in the frame of
the statistical equilibrium theory. The calculation of this
evaporation stage is carried out by the Monte Carlo method,
in this case the density parameter of the excited state
is always a = A/10 MeV.

It is worth-while to mention that the generalization
of the cascading-evaporation model to the interaction of

complex nuclei, does not need any further parameter.

II.7.2. Multiplicity of secondary particles. Table 8 presents

the experimental and the .calculated, according to the
cascading - evaporation model, average muliplicities of
secondary particles in--‘%FEm interactions at 50 GeVg for
various groups of events, namely, those with Np > 6 and
N, > 28. In table 9 the mean multiplicities in 12¢ a
interactions are compared to those for PA; dA and ® A
interactions /2/ at the same energy per incident nucleon.

From these data it follows that:



Table (8). Average multiplicities of different secondary
particles for 12C A interactions in comparison

with predictions of the cascading-evaporation

model.
-
Type Particle type
of events <ng> <ng> <np>
All events| theoretical 7.39 5.30 5.29
experimental] 7.65+0.24 6.12+0.28 4.41+0.17
NL>6 theoretical |[11.54 10.21 9. 91
experimental | 11.78+0.39 11.37+0.43 7.83+40.25
Np>28 theoretical 18.61 20.61 14.09
experimental | 18.61+0.74 22.29+0.82 11.12+0.48
Table (9). Comparison of the average multiplicities for
interactions of different projectiles with
emulsion at 4.5 GeV/C per nucleon.

Pa da &A l2ca
<ng> 16501 3.2140.1 4.4+0.1 8.1+0.3
<ng> 3.6+0.1 2.310.1 4.7+0.2 6.1+0.3
<np> 5.7+0.2 5.7+0.2 5.3+0.2 4.4+0.2

(i) The mean multiplicity of relativistic § particles

increases fastly with increasing the atomic number of the

projectile nucleus Aproj- In this case the number of grey

tracks significantly rises.

fragments

Aproj

(b particles)

X

decreases weakly with

The number of the slow target

increasing




(ii) The experimental values of the average multiplicities
for particles well agree with the theoretically calculated
values. For the g particles the agreement is satisfactory
for all groups of events whereas for b particles) the
calculated values are markedly different from the experimental
data. This deviation. is due to the fact that the used
evaporation calculation for describing the decay of the
excited nucleus. is very rough especially in case of 1light
nuclei and as seen from table 8 the calculated average values

of b-particles are overestimated.

A more sensitive character for nucleus-nucleus
interaction is the correlation between multiplicities of
different types of particles. As seen from figs./13,14/
where the correlations <Np(ng)> and <ng(Np)> are presented,
the cascade ‘evaporation model reproduces the experimental
data. It is worthy to mention that, like in hadron-nucleus
interactions, these correlations can be approximated by
a linear dependences with positive slopes. |

It is interesting to study the dependence of the
multiplicity of secondary particles on the number of nucleons, -
in the projectile-nucleus, interacting with the target.
It is possible to estimate roughly this number knowing the
total charge of non-.interacting particles (fragménts) in
the carbon nucleus: '

£*=§LNiZi, where Nj is the number of projectile fragments
with charge Z; and summation is made over all such fragments:
The number of interacting nucleons of the projectile-nucleus,
on the average, equals to n.jpt= 17, =B 2T,

Figure15'shows the dependece of the*mean multiplicities
of secondary particles on njpt (and on Z). One can see that
they increase abruptly with increasing njpt (with decreasing
Zf.The increasing of <n> with njpt 1is nearly linear one.
In this case <n>/njpt=const which shows evidence for an
approximate validity of the assumption that nucleus-nucleus

interactions at energy equal to a few GeV/ nucleon can be,

+0
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0 10 20 30 ‘ L0 Np
Fig.13 The dependence of the average multiplicity of shower purti-
cles on the number of target lragments (h-particles), the histogram
represents the theoretical prediction ol the cascading- cvaporation

model and the straight line ({n,)=(1.96%0.13)+(0.49 £0.02) N,)
is (he result of litting the experimentul data to a lineur reluion
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Fig. 14 'he dependence of the average multiplicity of h-particles
on the number of s-particles, the histogram is the prediction of
the cuscading-evaporution model and the straight line ((N,) =
(L70 £ 0.08) +(1.20 £ 0.04)n,) 1s the result of fitting the experi-
mental points to 4 linear relation
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to a first rough approximation, considered as a superposition
of nucleon-nucleus collisions.

It is evidentaethat, despite the roughness of the
definition njp¢ (orzqis a convenient experimental character
to classify nuclear-nuclear interactions and degrees of
their periphere: interactions with small Z* (large njnpt)
are naturally considered to be '"central" collisions, and

events large Z* (small njpht) to be “peripheral" nuclear
collisions, with large impact parameter. '

I1.7.3. Angular distribution. The angular distributions

of black, grey and shower particles, emitted in 12¢c-gEm
interactins, are shown in fig. 16 in comparison with the
corresponding calculated distributions. All distributions
are normalized to unit area, the statistics of the
experimental data nearly equals the theoretically generated

events. The analysis of these distributions leads us to
conclude that

(i) The angular distributions of the target fragments,
for all groups of 12c A interactions, are well reproduced
by the cascading-evaporation model calculations. It is to
be noted that the angular distributions of b and g particles
show no peculiarity or peaks which can be explained by
mechanisms of nuclear shock wave type. This is true for

all groups of 12¢c A interactions even the central one.

(ii) The experimental angular distribution of ¢ particles
is consistent with the theoretically calculated one except
the first interval, at small angles, where a contribution
from the projectile singly charged fragments gave an

increasing in the experimental value.

(iii) Comparing the angular distributions of b,g and
s particles in 12c A  interactions with the corresponding

distributions for collisions of P,d, ( with emulsion nuclei
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Fig. /6 The angulur distributions ol dilferent secondary particles
for 2C-Em interactions at 4.5 GeVje nucleon in compurison
with the calculations of the cascuding evaporation model
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/2/, it was observed that, within experimental errors, these
distributions are independent on Aproj.

I. In 90% of 12¢ inelastic . interactions, fragments
of the projectile nucleus were observed.

2. The average multiplicities of secondary particles
per interacting nucleon of the incident nucleus are identical

for interactions of d, & and 12¢ with emulsion nuclei.

3. Experimental results show that increasing the mass

number of the incident nucleus from BAproj = 2 to Aproj=l2,
the global mechanism of interaction does not change. Within

experimental errors the cacasdingﬁevaporation model describes
‘very well the general characteristics of the nucleus-nucleus
interaction at momentum up to 4.5 GeV/C per nucleon.

I1.8. Study‘ of correlation between the secondary particles

produced in inelastic collisions of relativistic nuclei

with emulsion.

The purpose of the present section is to study two-
particle correlations between various types of secondary
charged particles from inelastic collisions of relativistic
carbon nuclein[momentum 4.5 (Gev/C)/ nucleon] with nuclei
of nuclear emulsion. The combined experimental material
analyzed in the present work consists of 1001 cases of
inelastic interaction of 12¢ puclein with nuclear emulsion
nuclei. These events were found by double scanning along
the track and were selected for measurements without

discrimination.

-

We give the results of study of two-particle
correlations between the spatial emission angles @ of the
secondary particles, carried out by means of correlation
functions; we discuss the correlations in the transverse
plane of the collision (between the azimuthal angles ¢ ),

finally we give a brief resume of the results of the work.



II.8.1. Correlations between polar emission angles of
particles. To study correlations between the anglesg@of

various types of secondary particles from carbon-emulsion

(12CEm) interactions we used the device of two-particle
correlation functions. This method is very sensitive, in
particular, to the possible appearance of a preferential
emission of fragment particles of the target at definite
angles in interaction events, which was expected in the
model of nuclear shock waves.

We write the two-particle correlation functions

1 @ .
C:(zt.Z:)E—'—-—-o——-——-i—-ﬁ;_‘_{g; . (25)
w d3,dz;  a,, dz, dzz -
and :
dig do do (2'6)
Rl(zh z3)=0|n_'_—" —— — — "
d3|d23 dZ‘ dZ= £

o' (do/dz) =Ny (An/Az), o.y' (dia/dz,dis) =N (Anu/AzAz),
ev

Ney is the number of inelastic events, An is the
number of particles in the interval Az, An)2 is the number
of pairs of particles with variables 2zl and 2z respectively
in the intervals bz and Hzp (thus, O?Ln is the cross section

for nucleus-nucleus collision with production of charged

particles Oi = o'prod)- The functions 25 and 26 were

calculated in the complete set of 12CEm interactions in
various groups of stars for strongly ionizing (h) and
relativistic (s) secondary particles. In a separate analysis
of gray (g) and black (b) particles (ng + np = np) we
used geometrical corrections, since the exact separation
of h particles into g and b was carried out only for dip
angles of the analyzed tracks in the emulsion <30°. As
the variable z in the Egs. (25) and (26) we used cos @ for
h particles and -Rn tg (6/2) (the pseudorapidity) for s

particles. We note that the fragments of the incident

F -



nucleus were not included in the analysis; singly charged
fragments weré excluded from the s particles, and multiply
charged fragments from the h particles.

I+ is well known that the inhomogeneity of the
collision ensemble considered (presence of a spectrum
of multiplicities, dependence of the single-particle spectra
d6/dz on the multiplicity, distributions in impact
parameters, and so forth) leads to strong
pseudocorrelations  (C2r Ry#0) , and therefore for each
studied ensemble or subensemble of events we denerated
by the Monte Carlo method corresponding ensembles of random
stars in accordance with the model of independent emission
of particles (IEM), we recall that the distributions in
multiplicity and the dependence of dg’/dz on n were
accurately reporoduced for each real ensemble of events.

In Fig. 17 we have shown values of the functions
C, and Ry for values of the arguments zp = 2] (the diagonal
of the correlation matrix, which provides information
on the presence or absence of short-range correlations)
of h particles from 12cEm collisions with various total
charges 2% of noninteracting *ﬁragments of the incident
nucleus in the final state Z = 0, 1l,... 6). There are
convincing reasons: -+ for use of, feas the quantity which
classified (on the average) nucleus-nucleus collisions
on the basis of the impact parameter-small corresponds
to small impact parameters (central collisions), and large
z* correspond to large impact parameters (peripheralﬁ
collisions). We have shown also the values of Cpp and

Ryg calculated in the corresponding ensembles of generated
events.

As can be seen from the data of Fig.J]7 the correlation
functions Cp and Ry are consistent within experimental:
error with the wvalues calculaﬁed on the assumption of
independent emission of h particles in the collisions
considered. This is valid for any of the subgroups of

events considered by us- any sets of the arguments 2)
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FIG. 17, Correlation functions Cylzy, 2,2z and Ro(zy, z5%z,)
(2= cos 8) for h particles from 2CEm interactions (a, b) and
sgbgr_oups of events withza_"é 0,1 (c, d),f= 2,3 (e, f), and
Z=4-6 (g, h). The curves are calculations according to the
independent emission model, ‘
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and Zp, and individually for g and b particles (not shown).
Thus, in carbon-nucleus collisions at 4.5 GeV/C per nucleon
no correlations are observed between the angles of emission
of strongly ionizing particles; in particular, we did
not observe any tendency to preferential emission of
fragments: of the target nucleus at a definite angle as
expected if the mechanism of nuclear shock wave production
is realized. Of course, it is not excluded that this
mechanism is realized. Of course, it is not excluded
that this mechanism is realized with a small cross section
or does not lead to production of an expressed Mach cone

for the nuclei and collision energies considered.

Conclusions similar to those drawn in analysis of
Fig. 17 follow also from consideration of other arguments
of the correlation functions 25 and 26 (not sh..n).

In Fig. 18 we have shown values of Cz and R2 for
the arguments Zy% 21 and (2,Z3) of shower particle from .
the complete set of 12CcEm interactins, together with
calculated values Cpg and Rpgp from the IEM. It can be
seen that, as in the case of h particles, no excess of

Cy (Rp) over Cpg (Rpq) for s paricles is observed.

I+ is of interest to compare data on two-particle
\correlaitons in nucleus-nucleus and hadron-nucleus (ha)
or hadron-nucleon (hN) interactions at similar average
mult1p11c1t1es of shower particles (we note that the shapes:
of the distributions in multiplicity in all three classes

of interactions are similar). The average multiplicity

(Psy = 7.8 + 0.2 12cEm collisins at po = 4.5 GeV/c per
nucleon corresponds to a PpA collision at pg = 50 GeV/c
and to a pN collision at pg = 200 GeV/c. The existing

' data indicate that in pN and pA collisions at these energies:
¢, (Rp) is guaranteed to be greater than C20 (R,¢This
indicates existence of correlations which are dynamic

(in the sense of being short-range). The absence of such

80



6‘2(2,,_22:-'2,) R;(2,,2;52,)

a b ‘
ir | .
|
" ‘r \\a
K,(2,2;)
_Kﬂ\d
Tz dh 01234

2z

IG .18. Correlation functions Cy(zy, 2,72z) (a), Ra(2y 2,=24)

b), Cy(2, z5) (), and Ry(2, z,)(d), (2= 1n ctg (6 /2)) for s
articles from “CEm collisions. The curves are calculations

ccording to the IEM,

&1



correlations (or their extreme attenuation) in nucleus-
nucleus collisions may indicate a difference of the
particle prodquction mechanisms in these classes - of
interactions. We shall dwell in more detail on this.
difference .in the next section in discussion of the

difference in the azimuthal correlaitons.

II1.8.2. Azimuthal correlations. To study the correlation

links between secondary particles in the transverse plane
of the collision we used the following quantities:

‘a) the azimuthal asymmetry coefficient

atn(jj(s)de—J'f(e)de)/jf(e)ds, . (28

u/3

where ?«?-(E'ij— arc cos (p p.:.j/ piiplj is the angle between
the transverse- momentum vectors pj of the secondary
articles i and j o <nt ; cost=, cos . = Cas) e
P Je L es f"'j ( (fl (.Fj)r

b) the azxmuthal colllnearlty coeff1c1ent

/4 wm/d

(ff(e)de-i" _[f(t’»)dz = ji(e)da)/f fle)de; .- (28)

3l n/b

¢) the distribution and average value of the angle between
the directions of preferential emission of two groups
of particles from a single collision in the transverse '
plane (the angle between the resultant vectors composed
of unit vectors directed along the transverse momenta of.

each particle of the two groups):

'y 3 3 2 UN
0, =arc cos { (asa Tl ) L(aa+b0) (e 70017 ‘

.= 2;05 @i, b= Zsmcp.. a = Lcos Qp b mzlun P o 29)

I—LZH.nuh)=l2 n“nhmai
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If the emission of the particles is independent  and
there 1is azimuthal isotropy, the expectation values of
th tities A -5 P 5 P.an Ef

e quantities A, B,® k1 -7/2 and <Fi1>-9/2 (k1> =8%1/NY,
where Ng¢ is the number of events in the ensemble studied),
are equal to zero.

If the particles i and j are of the same type (for
example, s particles), we shall speak of intragroup
correlations; if they are different (for example, s and
h particles or s particles from different kinematic regions
of the interaction on the longitudinal rapidity scale)
we shall speak of intergroup correlations. The coefficients
A and B can characterize both these and other correlations,

but the angle (31) determines only the intergroup effects.

Let us turn to analysis of the experimental data.

In Table 10, we have given the values of A and B
for particle pairs of a signle type. The . asymmetry
coefficients A are equal to zero within experimental error
(except perhaps for the fragments of the 12¢ nucleus);
the values of the coefficients B indicate existence of
a weak collinearity of the transverse momentum vectors
of the particles, which is most noticeable for fragments
of 12c. Analysis of these data permits the following
conclusions to be drawn.

A. The essential absence of azimuthal correlations
between s particles indicates that the mechanism of their
production in 12¢cMm interactions in a certain sense differs
from that in hN and hA collisions. In fact, in emssion
of particles from a "single" decaying object" (as in hadron-
hadron collisions) the kinematics of the decay (conservation
of the transverse momentum) requires substantially nonzero
positive values of the asymmetry coefficient A#l/n, where
n is the total number of particles from decay of this
object (for hN and hA collisions n »2 1l.5ng). For hN

interactions with multiplicities close to those observed

g3



in the ensembles and subensembles of 12CEm collisions
studied by us, the values offfagree with expectation values
of the order 0.1; the same situation exists also for hA
collisions. The data of table 10 indicate that s particles
from 12CEm interacions at energy of several GeV/nucleon
cannot be considered emitted from a "single" object similar
to that realized in an elementary hh collision event.
The 2zero values of A for s particles can easily be
understood if we assume that these particles are produced
in several independent subcollisions and (or) have undegone
substantial rescattering inside the target nucleus. Thus,
the data on correlations convincingly support models of

the superposition type at the primary energies considered;

however, application of purely collective models: (such
as the hydrodynamical theory, the collective tube model,
the one-fireball model-") to description of the production

of particles in nucleus-nucleus collisions in the moderate
energy region is unjustified in the 1light of the data
which have been presented. This conclusion is in good
agreement also with the results of a comparative analysis
of longitudinal correlations.

B. The tendehcy to coplanarity of the  momenta of
the fragments of the 12C incident nucleus may indicate

that the residual 1light nucleus after the collision has

an angular momentum -(is rotating). Another, trivial
interpretation of the inequality B > O (Table 10)- that
conservation of transverse momentum is "responsible" -

is unsatisfactory; since here A £ 0 (action of the
conservation laws leads simultaneously to A>0 and B>O
, while A ~1/n > B gl/nz). It should be mentioned, of
course that the statistical reliability of the collinearity
of the transverse momenta of the 12¢ fragments is poor,

so that it is desirable to confirm this_effect with better
statistics.

84



able (10). Coefficients A and B for particles of the

same type (intragroup correlations).

Type of particle A B
articles -0.002+0.005 0.014+0.005
particing 0.007+0.004 0.009+0.004
ngly charged fragments of projectile -0.055+0.036 0.110+0.036
ubly charged fragments of projectile ' -0.207+0.064 0.122+0.064

mrable (11) lists some numerical data on the coefficients
A,B, and the average values (@ 1) - T/2 for cases of
intergroup correlations. Let us analyze these data.

1. Fragments of the incident nucleus turn out to
be uncorrelated with other particles (shower and highly
ionizing particles) (lines 1-4 of Table (1l1). This 1lack
of correlation is retained for any impact parameters'(data
for subgroups of events withfl,2,2,3, > 4). This reéult
is quite natural from the point of view of most models
of nucleus-nucleus interactions, in which the fragmentation
of the incident and target nuclei and poinization are

considered as isolated (independent).

2. Distinct and assured correlations exist between
s and h particles; these particles reveal a tendency to
be emitted on different sides in the transverse plane
of the collision. It is possible that these correlations
depend on the angle of emission of the s particles; in
any case s particles with @>mT /2 are already uncorrelated
with h particles (line 6 of Table 11). No dependence
of the correlations on the emission angle of the h particles.
is observed (not shown). The described correlations in
Fig. 19, which show the ¢ ] distributions for different

. subgroups of 12cEm collisions, are especially evident.

85



Table (l11). Characteristics of intergroup correlations in 12CEm interactions.

No. Group k OH.HoEv A B <@ 1>-My2
1 singly charged fragments of 12C. g 0.011+0.011 | 0.011+0.011 0.037+0.036
2 Ditto h 0.007+0.010 o.oo.ﬁo..ﬁo 0.020+0.039
3 Doubly charged fragments of l2c S -0.023+0.010 -0.006+0.022 0.073+0.046
4 Ditto h 0.063+0.028 | -0.035+0.028 0.073+0.050
5 S1 h 0.021+0.003 0.005+0.003 0.267+0.031
6 S2 < 0 h 0.002+0.012 0.019+0.012 0.019+0.062
7 S 0< <1 h 0.022+40.005 | -0.005+0.005 0.168+0.040
8 S 1< <2 h 0.020+0.004 | -0.001+0.004 0.181+0.036
9 s > 2 h c.ommuo.oom 0.010+0.005 0.193+0.033
Events with Z* =0.1
10 h 0.016+0.004 0.002+0.004 0.280+0.056
Events with 2 =2.3
11 h 0.029+0.006 | 0.000+0.006 0.213+0.058
Events with Z2 > 4
h 0.041+0.011 0.011+0.011 0.288+0.018
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Correlations of the type described <can be the
consequence of the fact that BAA collisions are a
superposition of more elementary hA (or hh) collisions,
in each of which there is an obvious tendency not to emit
s and g particles (produced particles and recoil protons)
in the transverse. plane, which 1is required by the
conservation of transverse momentum. This assumption
corrsponds qualitatively to the observed decrease (Table
11) ofAwith increase of the number of subcollision (decrease
of 2*) with simultaneous independence (or weak dependence)
of <§k1> on Z* (Table 11, Fig.99 ). Actually an increase
of the number of subcollisions, on the other hand, leads
to a decrease in the average correlation between s and
h particles as a consequence of the increase of the relative
contribution of sh pairs from different subcollisions,
but on the other hand it decreases the errors in
determination of the directions of the predominant emission
of s and h groups, as a result of the increase of
multiplicity of the various particles with decrease of
7%, These circumstances, which compensate each other,
can lead to a weak dependence (independence) of <C§Sh>
on Z* of course, quantitative calculations are necessary
for high reliability.

1I.8.3. Conclusion. We shall give a brief resume of the

results of the present work.

1. A search was carried out for pair correlations ’
between different forms of 'secondary particles from
inelastic interactions of carbon nuclei at momentum -

4.5 GeV/C per nucleon with emulsion nuclei.

2. No dynamical pair correlations were observed between
the polar emission angles of all types of particles. The
absence of such correlations for fragments of the target
nucleus indicates that collective phenomena such as a

simple nuclear shock wave produced in formation of an

&7
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expressed Mach cone do not occur with an appreciable cross

section in «collisions o©f 1light nuclei with nuclei at
energies of several GeV/nucleon.

3. Correlations between particles in the transverse
plane of nucleus-nucleus interactions have been observed
and qualitatively analyzed.

4. It has been shown that models of nucleus-nucleus
collision which assume identity of the particle-production
mechanisms in collisions of nuclei and hadrons with a
large effetive energy (mass) qualitatively are inconsistent
with data on azimuhal correlations at primary momenta
of several GeV/.c per nucleon, while, for example, in pN
collisions at 200 GevV/C. there is an absoclute majority
of them (~ 0.9).

By such an object we understand only a system whose
decay into secondary particlé&f - 1s controled by the conservation
laws, this is not necessarily a physical formation -such
as a resonance or fireball.

Models in which an AA collision is identified in
any sense with an hh collision with a high effective energy
in the c.m.s.

II.9. Catastrophic destruction of Ag (Br) and Pb_ nuclei

induced by 4.5 A GeV/C ions. The study of the phenomena

of complete destruction of heavy target nuclei is very
interesting. This interest stems from the fact that most
of these interaction are due to centeral collisions. The
centeral collisions provide a nuique opportunity to
investigate the consequences of nuclear compression, such
as hydrodynamical effects. Also, oné can study the mechanism
of multiparticle production. In addition, there is a good
possibility to obtain valuable informations on the

excitation and consequent decay of residual target nucleus.
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The investigation of complete destruction of heavy
target nuclei began in 1958 at the laboratory of high
energies at the Joint Institute 'of Nuclear Research in
Dubna/55/. A detailed and systematic study of this
phenomenon was carried out in/50/, 1In this work the
criterion (NLp>28) was used to select events of complete
destruction of Ag V(Br) nuclei. It was found that this
condition corresponds to the destruction of the target
nucleus nearly to individual nucleons without a measurable
residual nucleus. Since then, this criterion is used to

select the events of the complete destruction of Ag (Br).

Nowadays, there are a huge amount of data concerning
the study of this phenomena. Different beam nuclei - at
various energies have been used in the experiments. There
are two main directions for the interpretation of the
experimental results of complete destruction. The first
direction considers such events as a tail in the
multiplicity distribution which can be accounted for by
the cascade evaporation process inside the target nucleus.
The second one implies a one-step like process which occurs

due to the collectivity of the target nucleons together.

In the present section, we study complete destruction
(N, > 28) of Ag (Br) emulsion nuclei induced by 4.5 A
GeV/c nuclei. We are trying to shed light on the preferable
mechanism of the complete destruction phenomena by studying
the probability of occurence, the multiplicity distributions
and their correlations with the characteristics of the
interacting nuclei.

I1.9.1. The probability of complete destruction of Ag

(Br) nuclei. In the present work, the probability of

complete destruction of Ag (Br) emulsion nuclei P is defined
as the ratio between the number of evetns of (Np 2, 28)
to the total nubmer of inelastic interactions of the
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incident particle with Ag(Br) nuclei. It is ‘interesting
to study the probability P as a function of the energy
of the particle and its mass number Ap. Table 12 presents
the probability P as a function of the energy of the
incident particle and its mass number Ap. To study the
dependence of the probability P on the energy of the
incident particle we consider the proton data in” Table
12. One can observe that the probability P is independent
of the energy of the incident proton in the interval 5-
300 GeV and its average value is 0.026+0.003. y

Fig. 20 taken from Table 12 illustrates the dependence
of the probability P on Apg for various beam nuclei, all
at momentum 4.5 GeV/C per nucelon. It is seen that the

probability P increases linearly with Ag

/3 up to the carbon
nucleus starting form Ag = 12 the probability P seems
to reach to a plateau. The values of P, predicted by the
cascade evaporation model, are larger than the corresponding
experimental values. Moreover, the behaviour of P versus
Ag in the experiment does not agree with the calculations

of the cascade evaporation model.

I1.9.2. The multiplicity characteristics of shower

particles. Table 13 presents the average multiplicities
of s-particles emitted in events of (Np> 28) from different
reactions at-. 4.5 GeV/C per nucleon. It is interesting
to study the dependence of the average multiplicity of
shower particles<ng> on the mass number of the beam nucleus
Ag. | '

O
—



Table

(12). The probability of complete
destructiuon of Ag(Br) nuclei
by different projectiles at
various energies.

The projectile Momentum |Probability of complete destruction
GeV/c Experiment CEM
4.5 .010% .002 0.0012
- .020¢ .004
8.4 |.040% .006
o 9.6 .030+ .006
| =
8 23.4 .030+ .007
o]
1]
9 69 .030+ .008
200 .020% .002
300 .030+ .006
9 .030£ .005 0.03
18 .060+ .010 0.05
12 54 .190% .023 0.28
22 99 .190#% .00 0.31
24 | 108 | 220+ .033 0.32
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Table (13). The average number of shower particles <ng>
as a function of the number of interacting

nucleons Rp from both of the colliding nuclei.

The projectile Number of interacting nuclens

<ng>

nucleus = from both nuclei
HE 9.4+0.4 5.48

clz 18.8+0.7 15.85

ol6 25.1+1.1 ~ 18.58

Ne22. 27.740.3 ' 22.10

Mg24 28.8+0.8 23.15

si28 ' 28.8+0.8

Fig. 21 shows the relation between <ng> and Apg for
complete destruction events from interactions of Hg, clz, olé

Nzg and Mg24 with emulsion at momentum 4.5 A GeV/C. The
experimental points were fitted to the relations <ng>=
Kiﬁ. The straight 1line represents the result of the
fitting. The value of & was found to be 0.64 + .05 and
that of K equals 3.92 + 0.4. This result shows that <ng>
is strongly dependent on the mass number of the projectile
nucleus Ag. The <ng> increases proportional to the
geometrical cross-section of the beam nucleus. To study
the dependence of the average multiplicity <ng> on the
mass number of the target} we have compared He4 + Ag(Br)
with He4 + pb reactions. The comparison give a value of
the exponent equals to 0.36 + 0.03. Thus in the complete
destruction events from the heavy ion interactiong the

0.63. ,0.36

ng> r~ Ag v B . This result will be more elaborated

in the further analysis.

According to ref./50/,. the number of interacting
nucleons from the projectile and target nuclei can be

given by
Ra = (agafd’> + Apag/3) ,(agd/3 , ag/3)2 (30)
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Fig.( 21): The average multiplicity <ng >as a function of the projectile

mass number AB in complete destruction at 4.5 A GeVic.



where Ap and Aqp are the mass numbers of the projectile
and target respectively. Fig. 22 illustrates the <ng>
versus Rpa. The experimental data are will fitted by the

relation <ng> = K RA, where & =.,78 + 0. 07 and K = 2.45
+ 0.22

f

To explain the number of shower particles producedh—\v
in the complete destruction events, we adopt a 51mple
geometrical model. To calculate the number of participatfng
protons from the target. We assume that one has to take
into account all protons from the target which 1lie in
the cylinder cut by the projectile. Approximate length
of this cylinder equals the diameter of the target nucleus
2Ry, the cross-sectional area of which is R therefore its

volume equals ZRT"‘LR2 Dividing this volume by that of
the target nucleus 4 ?tRT and multipling by 2Zg. We obtain
the number of partl%ipant protons equal ZBiiﬁZ(AB/AT)2/3.This
geometrical model was used to calulate the total free
energy in the center of mass system Ef. The value oflEf
is given by: '

k
Ef = [Mp + Mp)? + 2MpES1® - (Mg + Mg) (31)
where Mp and EE are the rest mass and the kinetic energy
of the projectile in the laboratory system. In this case

s ol
2/3 Ap m, is the mass

the effective mass of the trget, MT-f AB
of the cylinder cut in the target by the projectile at
impact parameter b=0, where m 1is the nucleon rest mass.
The calculated values of total free energy Ef are presented
in Table 14. A strong correlation between these values
and those of <ng> is observed. The average multiplicity

of showers <ng> increases regularly with Ef.

The values of <ng> drawn versus the calculated values
of Ef in Fig. 28. The experimental data were fitted to
the formula:

<ng> = A + BLn Ef + C (Ln Ef)?

g6
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Table (l14). Characteristics of complete destruction events.:

24

P+Ag (Br) P+Ag (Br) P+Ag(Br) d2+Ag(Br) |He4+Ag(Br) cl2+ag(Br) |0l6+ag(Br) | Mg-Ag(Br)
4.5 Gev/C 7.1 GeV/C |6.9 GeV/C H#.5 GeV/C/N |4.5 GeV/C/N ¢.5 GeV/C/N #.5 GeV/C/N #.5 GeV/C/N
<ng> 1.16+0.5 3.440.4 19.1+1.0 2.840.2 9.5+0.2 18.6+0.7 |25.1+1.1 28.8+0.8

<ng> 11.3+0.6 11.3+0.7 14.2+0.8 16.440.2 19.1+0.4 22.5+0.8 |26.1+1.1 25.0+0.6
<np> 18.3+0.9 18.9+0.8 15.8+0.5 16.240.3 14.4+0.3 11.940.5 |11.9+0.5 13.040.4

Ef 2.7 4.1 23.1 4.5 9.2 987 33. 47.




Ef (GeV)

tiplicity<ng>versus the tree energy E;4 The curve
=(-1.97201) + ( 107 +0.004)In Ef « (179

5,03): The average mul
represent the relation<ng>

019) (InE( )2 -
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The obtained values of A, B and C : A = -1.97 + 0.01
B=1.07 + 0.004 C=1.79 + 0.19 respectively this é
universal relation for this central collisions in the
interaction of hadrons and heavy ions with juclei.

According to ref. 50 the authors had shown that at
nearly zero impact  parameter the ng-distribution should
be a poisson one for thermodynamic fireball and a wide
range of dynamical models. It is interesting to compare
the experimental ng-distribution with the poisson one
Ping) <hs>nsexp - <ng>

Plng) = = where <ng> 1is the average

1
multiplicity of *showers in the present experiment. Fig.24

shows a good agreement between the experimental data and
the poisson distribution. In Fig. (24), we also show a
universal distribution of shower particles from P-emulsion
collisions, at all impact parameters rescaled for our
<ng> and the total number of events. The comparison of
the distributions shown in Fig. 24 indicates that the
ng~-distribution from nucleus-nucleus collisions at small
impact parameter 1is narrower than p-nucleus ones and
deviates' from KNO scalling. At small impact parameter
the ng-distribution is typically a poisson one.

' 171.9.3. The multiplicity characteristic of grey particles.

The main characteristic of complete destruction events
is the emission of unusually large number of grey particels.
The grey ?articles are thought to be cascade particles
or recoil nucleons. In the simple model proposed by us
to give an account for the <ng>, one can make estimation
of the average number of grey particles <ng>. The number
of protons in the cylinder cut by the projectile ;n the
target is given by:

3 - 2/3
Zg + Zp. p (RAB/AT)

100



72

P Y
! \
)
60 |— 1 \
| r—
|
| |
! \
| _L \
|
i \
! \
; 1
\
45 |— I :
l ‘
|
I
[
|
I

dN/dng

60

Fig.(24): The ng - multiplicity distribution of particles emitted from central
collision and having 1/1,<lé4, corresponding to proton energy
> 400 MeV. Curve (1)is the Poission distribution wilh < n>=28.8,

Curve (2)is universal multiplicily distribution of p-nucleus which

is rescaled to our < ng~

10 1



In the present case this amounts to 37 which is much
greater than the experimental <ng> (=25.0-+ 0.6). Howevér,
the <ng> is much greater than the prediction of the cascade
evaporation model. Table 15 and Fig. 25 shows the dependence
of <ng> on the mass number of the incident nucleus Ag.
The experimental points were fitted by the relation <ng>
= Kde. The results of fitting gave that ® = 0.14 + 03.
It has been argued in the literature that <ng> is a measure
of the number of interacting nucleons. Fig. 26 and Table
15 presents the average grey particles <ng> as a function
of the number of interacting nucleons from both of the
colliding‘xnuclei. The data were fitted by the relation
<ng> = KrR , where & was found to be equal to 0.17 + 0.04.

Table (15). The average number of grey particles <ng> as
a function of the number of interacting nucleons

Rp from both of the colliding nuclei.

The projectile P Number of interacting
n
nucleus 9 nucleons
i :
He 19.8+1.4 5.48
cl? 22.3+0.8 15.85
ole 26.2+1.1 18.58
NZ2 24.3+0.3 22.10
mat 25.0+0.6 23.15

In ref. 56, the authors claim that they observe
a KNO-type scaling in the multiplicity distribution of

medium energy protons emitted in central M;A

-Ag(Br) inter-
actions at 4.5 A GeV/c Fig. 27 shows the ng—distribution
for our complete destruction events. The curve is the
universal distribution claimed in ref. 56, rescaled for
our <ng> and, normalized to the same area. Our data contradict
the results of the paper 56. The ng—distribution seems

to follow a poisson like one.
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I1.9.4. The multiplicity characteristic of black particles.
Fig. 28 displays the 'np-distribution from Mgzq-Ag(Br)
complete destruction events.. A piosson 1like distibution

is observed which significantly differs from np-distribution
at all impact parameters.

The average multiplicity of black particles <np>
which is a possible measure of the exitation energy of
the residual nucleus is not sensitive to the wvariation
of the incident energy and the beam nucleus. This fact
is reflected in Fig.29,c where the relatio%l between <np>
and Ag is fitted by the power law <np> = KA , ¢lwas found
to be 0.040 +0.002 which is very small value.

II.9.5. Conclusions. The study of complete destruction
of Ag (Br) nuclei i.e., events of Ny 28 shown that:

1. The probability of complete destruction events is
nearly independent of  the incident energy and it
increases linearly with A%/B up to Ap=1l2 where it

becomes constant. ‘

2. The <ng> is proportional to Ag and Ap by the relations<ng>"
0.63 . ,0.36
~ Ap . - Ap .

3. The <ng> is proportional to the number of interacting
nucleons Ra from both nuclei by the relation:
. & 0.07)
cng> = 2.45 + 0.22) R{O:7TE T
4. A model was put to explain the <ng> values obtained
in these events. It was found that <ng> is proportional
to the free energy in the CMS of the interacting
particles by the relation:

<ng> = (-1.97+.01) +(1.07+.0% )Ln Eg+(1.79+.19) (LiFg)?
5. The ng-distribution is a poisson like one. '

6. The average number of g-particles is greater than

the prediction of the cascade evaporation model.
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7. The <ng> is related to the mass number of the beam
nucleus by the relation

<ng> ~ 3Q-1420.04.
sangs o Rg.l?_-l;o.otl

where Rp is the average number of interacting nucleons.

8. The np-distribution is independent of any of the
considered variables.

I1.10. Fragmentation of Ne,22 Mgzt1 and ‘Sizgin emulsion at

4.1-4.5 A GeV/c.

IT.10.1. Introduction. In nucleus-nucleus collisions,

the nucleons in the overlap region are called participants.
The remaining nucleons are spectators. Large impact
parameters lead to "gentle" reactions while small ones
give "violent" interactions. The spectators are the
'prefragments which further decay into fragments. The
mechanism of this process is still a matter of debate.
Fragmentation is one of the historical and fundamental
questions in high energy nuclear physics. The author
of /57/ schematically distinguished three main mechanisms
for the fragmentation of A> 200 prefragment nucleus: the
first mechanism is spallation which leads to one fragment
of mass near that of the prefragment nucleus, the second
one is fission which gives two heavy fragments, each of
mass close to half the prefragment nucleus mass.
Multifragmentation is the third mechanism which provides
several fragments. Injgy/ the fragmentation processes are
divided according to the temperature, T, of prefragment
nucleus as follows: at T<5 MeV the mass yield distribution
is localized near the minimal and maximal masses

corresponding to single nucleons and ~ residual nuclei.
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At T ~ 5-7 MeV the mass distribution has ay'shaped form
which indicates the multifragmentation threshold. At
T>7 the inclusive mass vyield distribution becomes a
monotonously decreasing function, the stéepness of which
increases with increasing T.

Many theoretical models have been devoted to the
study of the multifragmentation processlsgL In some models,
the prefragment nucleus heats up and then condensates
into dropletslzjl. In others, it simply evaporates the
fragments sequentially/;g/ " Zn1[23/, the fragments are
statistically emitted from an intermediate excited nuclear
system. Other statistical approaches/fs3/ try to explain
the multifragmentation without any reference to thermal
equilibrium, i.e. as shattering of the prefragment nucleus
into many pieces. A detailed description of different

multifragmentation models is given in the review articles

/58,58 / .

To study the mechanism of multifragmentation,

a huge number of experiments has been carried out. These

experiments dealt with heavy target nucleus fragmentation
induced by energetic protons and ions °’ The wuse
of heavy ion beams has an important experimental advantage:

one can study the fragments produced by the disintegration-
of the projectile nucleus. The fragments of the projectile
nucleus are fast, distinguishable and can be easily measured
in detectors and/or spectrometers while the target fragments
are slow, difficult to be measured and often fragmentation
experiments gave one-particle inclusive measurements,
e.g. the charge d & /dz or mass d 6°/dA yield of the
fragments. Various models predicted nearly the same form
of d6&’/dz and 4§’ /dA. Thus, these data turned out to be

inconclusive with respect to various models.

In the present experiment all projectile fragments

(PFs) were recorded, and their charges and enission angles



were measured. Thus, we have exclusive data which enable:
one to study different types of fragment distribution,
correlations and comparison with theoretical models. It

is of particular interest to test whéther fragments are emitted
from one source at a single excitation energy.

In the present study, two samples of 4.1A GeV/c 22Ne-

emulsion <collisions have been used. The first sample
consists of 4307 events measured in this experiment (EXP)
and the second one is 4976 events simulated in a computer
by the cascade-evaporation model (CEM) under the same
experimental conditions. Another two samples were used,
each consists of 1000 events, of . 4.5 A GeV/c MaZ4-and

Siz&emulsion collisions.

II.10.2. Selection criteria. We selected events having
the total charge of PFs, Z*=Z, i.e. those conserving
the charge of the beam nucleus. Here we study the charge

yield distribution for the projectile fragmentation, the
fragment-fragment correlation and the relation between

PFs and TFs. This enables us to distinguish between
different theoretical .models

I1.10.3. Results and discussion. The multiplicity

characteristics of the events selected from EXP and CEM
are presented in Table l6. The value of <ng>s<np> in CEM

are systematically higher than the corresponding values
in EXP. Light and heavy PFs are produced in CEM more.
copiously than in EXP. The PFs of medium charge Z=4§ are
nearly absent in CEM. This can be explained by the fact
that in CEM the light fragments are produced by evaportion
and the heavy ones are just residual nuclei of the
prefragment systems. Table 16 demonstrates that there is
a great deviation between CEM and EXP in all average
multiplicities of fragments. Tablel7 shows the catalogue
of 855 selected evetns, i.e. those having the total charge
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Tablel&.The multiplicity characteristics of the selected events of the total chuarge of m,
Z* =10, from EXP and cim.

EXP CEM
(n) 1.30£0.06  1.91£0.09
(nJ 0.96x0.06 1.46x0.10
(ny) 1.4420.07 2.34%0.13
(g, I 0.99£0.05 1.59x0.11
2 0.8120.04 0.3620.04
3 0.02+0.01 0x0
4  0.03£0.01 0.01x0.0]
5  0.04£0.01 0.01£0.01
6 0.12£0.01 0.02x0.01
7 0,15£0.01 0.02x0.01
8- 0.2320.02 0.05£0.01
9 0.10£0.01 0.12x0.01
10

0.26£0.02

0.59£0.02

N
Table47 The cataloguc of the sclected events. Dillerent ch.mm.ls of fragmentation are
ordered according to Z,,.x.

Frequency Fragmcnlulion channel

112

Fragmentation channel Frequency
Ne 222 H+Be+ B 2
H+F ; 82 SH+ B 4
He+O 142 2B l
2H+0O 49 2H +"H\c+Bc 9
" 4H+He«Be S
H+He+N 102 3He+Be 4
JH+N 24 H+He+Li+be I
2H+He+C 54 3H+2He+Li" 7
.2He+C .29 H+3He +Li 4
4H+C 14 TH+ Li l
H+Li+C 2 H+3Li l
Be+C l SHe .10
; 2H + 4He 30
3H+He+ B’ 14 +H +3He 14
H+2Hc+B 13 6H +2Hc 5
SH + He 3



of PFs, 2*=10. One can see different channels of
fragmentation ordered according to Zmax the charge of
the heaviest PF emitted in an interaction. 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 nucleus which cools down
forming a heavy fragment. This process is characterized
by low excitation energy and temperature. On the contrary,
at the end of the table one can notice a "violent" process
in which the prefragment Ng' nucleus has been. destroyed
into H and He fragments. Fig.3¢ shows the charge yield

curve for fragment production from the 22Ne, Mg24 and
5i28 projectiles in the case of collision with emulsion.

The distribution has a characteristiclU shaped form. In
the region of small Z, the curve decreases, then it rises
for large values of 2Z. The number of target fragments
N, can be used as a measure of the "violence" of a
collision. To demonstrate the correlation  between PFs
and Ny, Fig.341 shows the charge distribution of PFs for
a sub-class of events of Np=1 and Np=4. In the former
case a nearly symmetric U-shaped distribution is obtained
which 1is connected with the ‘"gentle" low temperature'h
process. In the latter case the distribution decreéses
from light to heavi@er fragments. The class of Np=1 events
cannot be totally attributed to the "gentle" peripheral
collisions. Fragments of small Z, in this class of events,
are mostly the products“of "non-peripheral” collisions bet-
ween bean1nucleus;Vékand emulsion. In these events a target
nucleon dives into the' projectile nucleus destroying it
into small fragments. The size of the 1largest fragment
which can be formed from the projectile spectator nucleus
decreased with decreasing the impact parameter. At Np=1,
fragments of large 2 are the evaporation residues of
peripheral <collisions. Thus, 1light fragments (Z=1 and
2) are the products of either "gentle" evaporation or
"violent" multifragmentation.
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The degree of "violence" of a collision can be
characterized by the number of ‘sig'nly charged projectile
fragments Nj. These fragments are from different sources:
direct pick up during the intranuclear cascade, evaporation,
and the smallest fragments of the multifragmentation
process. In any of these cases the production rate should
increase with the degree of "violence" of the collision
or with the excitation energy of the emitting source.
Table‘|8 shows the charge distribution of PFs as a function
of Nj. Fig. 32 shows that the charge distribution takes
the U-shaped from in the case of Nj < 2 while it decreases
for N7 > 3. This behaviour is more pronounced in the class
of Np=0 events. Fig.33%3displays the charge distribution
for N = 0 and Nj; > 4 events. The transition from the
U-shaped distribution to the monotonously decreasing one
is more obvious in this case.

Another measure of the "violence" of a collision
is Zypax, the charge of the largest PF emitted in the
interaction. Table 19 shows the dependence of the charge-
distribution of PFs on Zpzx. At large values of

Zmaxs
i.e. "gentle" collisions, the charge distribution of PFs

is a nearly symmetric U-shaped one. At 1low values of

Imaxs i.€. "violent" collisions, the charge distribution
is a decreasing function. These features are seen better
in Fig.3l—i where the charge distributions are presented
for 2Zpmax > 6 and Zpax events. The analysis of Figs.3o_qd
and . Tables 16-]9 show that the inclusive charge yield
distribution of fragments is a superposition of different
mechanisms. One can at least distinguish two main classes
of mechanisms gentle evaporation and - violent
multifragmentation. The authors of /59/ have interpreted
the mass yield curve in the frame of liquid gas transition.
The present analysis ‘shows that this claim is not
conclusive; singly and doubly charged fragments are

obviously -due to different mechanisms. The violence of
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Table18-The charge distribution ol pr; as a function of the number of singly charged ri-

N

0 l 2 3 4 S 6 7. 8

| 207 284 135 132 20 30 7 24
200262 141 192 28 47 1) - 3
3 10 7 11

4 5 3 9 5 '

5 2 15 14 4

6 30 2 54 14

7 102 24

8 142 49

9 82

2
2
2

Table19. The dependence of the charge distribution of pron Z,,.

1

Z

2 180 225
3 33 26 15
4 39 36 l 19
) 71 H) 2 35 .
6 176 112 2 l 100
7 174 102 126
8 DL 142 vl
9 82 - 82
10 27
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the interaction can be measured by the multiplicities
of target fragment associated with a projectile fragment.
Table2P presents <ng> and <Np> as a function of the number
of PFs. The first column represents the average number
of PFs . The second column is the excitation energy per
nucleon (in MeV) of the prefragment nucleus calculated
according to the statistical model/5§8/. The third and fourth
columns represent the average multiplicities of the
associated s and h particles, respectively. The correlation
between the multiplicities of PFs and TFs is clearly seen
from Table20 . The values of <ng> and <Np> increase
systematically with Npp,

The class of events of" Nh=0, i.e. those without
target fragmentation, were studied in detail for lzc-
emulsion collisions at 4.5 A GeV/c and at 2.1 A GeV

It is interesting to compare the present data with these
results. The production frequency of events in 22Ne-

Em collisions as a function of Zpsy is shown in Fig.1§

and Table 2] . It should be noted that the maximum
probability is for events having Zpsx=2. In the case of
4.5 A GeV/c l2CEm collisions , the fraction of such

events is (62+9) % of all NLpL=0 events. For 4.1 A GeV/c
22Ne-Em, the coressponding ratio. is only (24+2)%. This
experimental fact can be interpreted by two main reasons:
(i) The 12C nucleus is an even-even one of total zero
spin, i.e. an ® -cluster nucleus. (ii) The main channel
of fragmentation is a two—part‘icle one. In the case of
22Ne-Em collisions, Ne—>» He + 0’ predominates, and both
He and 0 are stable nuclei. The corresponding channel
in 12¢-Em collisions is 1l2Cc=—» He + Be, but is an unstable
nucleus which directly decays into 2 He nuclei. In fact,
the percentage of He for 12C-Em collisions is (62+9)%.
If this percentage is divided by two, it will be nearly

equal to the corresponding value of 22Ne-Em collisions.
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Table 20(n) and (N,) as a [unction ol the number of ey,

(Nl'r) 1A _(‘k) : (Nn)

1.51 5 0.64+0.08  1.9420.18
335 . 7 1.82+0.15  2.69£0.31]
547 15 2444038 3.19%0.61
7.62 18 2814097 4.04£1.38

-

Table 21.The production frequency in percentage of events in emulsion as a function of .
Z...., the charge of the heaviest PF in an interaction.

Zmux

Beam 1 2 3 =4

2.14 GeV C 7+2  59x10 83  26%12
454 GeV ?C 134 6219 15£4  10%3
41A GeV®Ne  2+1 24%2 4+1 704

Table 22, The catalogue of the observed prin events of Ny, =0 and n, =0 ordered according
[0 anin\'

Fragmentation channel  Frequency

Ne 3
H+F 18
He+ O 56
2H+0O 8
H+He+N | (0]
JH+N 3
2H+He+C 3
2He+C 6
4H+C |
He+Li+B |
H+2Hc+B 3
3JHe + Be 2
2H+2Hc +Be l
2H + 4He l
SHe 4
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Table 2| shows that the production frequency of events
in emulsion as a function of Zpzx is independent of energy
in the range of a few GeV/c per nucleon. It is remarkable
that 2=2 énd Z=8 are the first two magic numbers. This
explains the peaks observed at these values in Fig.3%.
The results show that the nucler structure of the
prefragment nucleus plays an  important role in the
fragmentation process. More ‘"gentle" fragmentations of
22Ne projectile nuclei are the events of Np=0 and ng=0,
i.e. those without target fragmentation and generation
of shower particles. Table QApresents a catalogue of the
observed PFs in the 120 events of Njp=0 and ng=0 ordered
according to Zpax - T,rw. Out of them, the number of
single and déMﬂeﬂﬁbng stars 18 77 (64.2%). This shows

a low excitation energy of the prefragment nucleus, T exc/a
3-4 MeV

I1.10.4 Conclusions. In 22Ne, Mg24 and Si28 + Em collisions
at (4.1-4.5) A GeV/c, events having the total charge of
PFs, Z* , equal to the beam charge, have been selected

for studying the fragmentation of 22Ne, Mgz4 and SiZ28
in emulsion.

The inclusive charge distribution of fragments is
a superposition of different mechanisms. The heavy fragments
(z= 8-14) as well as some of the 1light ones (2=1,2)
originate mainly from "“gentle" peripheral collisions.
They show a distribution characteristic for evaporation
from the compound nucleus. This process is characterized
by ‘low exitation energy. These fragments are associated
with a low multiplicity of target tracks. The medium mass
fragments as well as the measurable part of 2Z=1 and 2
fragments are due to nonperipheral "violent" collisions
characterized by associated large multiplicities of the
target. The charge distribution of these fragments has

a monotonously decreasing shape. Thus, the mechanisms
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claiming one hot source at a certain excitation energy-
for explaining the inclusive charge distribution conflict

with the present analysis.

The presented cascade-evaporation model does not
reproduce the average multiplicities of projectile and
target fragments in the selected class of extreme peripheral
collisions.

1I1.11. Sideward flow of nuclear matter in nucleus-emulsion
collisions at (.4.1-4.5) A GeV/c

II.11.1. Introduction. In recent years, many activites

were devoted to the detection of a "collective sideward
flow" predicted by hydrodynamical calculation of nucleus-
nucleus collisions]22[ . The experimental investigations
were basically directed to the observation of the collective
flow of nuclear matter which appears in angular
distributions of the fragments of colliding nuclei. Of

particular interest was the dependence of the "flow angle"

on the impact paramter. The sideward flow is usually
called "bounce off" for projectile fragments and
"side splach" for target ones . A collective flow of

nuclear matter has been first reported in refrence/@b/ using
nuclear emulsion and AgCl nuclear track detectors. It
has been shown that the angular distribution of alpha

particle target fragments, emitted from central 12¢ +
108apg collisions, peaks at an angle predicted by shock

wave calculation . A series of subsequent experimental
data has shown either less evidence for this peaking or
its absence, e.g.lél/ A few years later another hint has
peen observed ing broad sideward maximum in the angular

distribution of low and medium energy protons form 393

40py + 208pp collisions exhibited signatures of the
"bounce off" effect. A 4% detector has been required. The
exclusive data, obtained by the plastic ball have

shown: the ‘“"bounce off" of projectile fragments (PFs)
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and = the "side splash" of target fragments (TFs) in
400 A Mev 938b + 93Nb and 40ca + 40ca collisions. 1In

. the streamer chamber data the collective flow has
w?een a%;? seen in 1.8 A GeV 4OAr + KC1 and in 0.9 A GeV
U+ U collisions (see fig. 36 a,bV@%ﬂRecent results

have been obtained by emulsion groups. The authors have

studied the correlation between different secondary charged
particles in the azimuthal plane of central 12¢  +208pp
collisions at 4.5 A GeV/c. They have pointed to a possible
hydrodynamical collective effect. The transverse momentum
data of projectile fragments have been analysed in
interaction of Au and Xe with emulsions at energies form
0.5 to 1.2 A Gev/zz{ . Evidence for the collective f£flow
has been reported. Another group studied the angular
distribution of projectile fragments and target fragments
and correlations between them in high multiplicity

preipheral collisions of 0.85 A GeV 238

U nuclei with Ag(Br)
, the observations is consistent with the collective flow.
The authors of [zk/' analysed the azimuthal angles . of
secondary particles and the transverse momentum  of
projectile fragments. It has been shown that the residual
of Ne nucleus receives a transverse momentum of = 0.4
GeV/c in 4.1 A GeV/c 22Ne + Ag(Br) collisions, the side
flight of produced particles and target fragments has
been observed. In reference N!/ we studied the collective
flow of nuclear matter in central collisions of 4.5 A
GeV/c Mg24 emulsion nuclei. The aim of the this study
was to investigate the sideward flow of nuclear matter
in heavy ion collisions. The reslts from this study shows
that, the increase of projectile nucleus mass number leads
to, the increase of the number of single-charged
relativistic particles with ﬂ> 0.75 and the increase of
sideward emission of b-particle and the angular distribution

-of target fragments is not isotropic and the position
of the maximum of the angle of flow ( 6 F) distribution

shifts to higher wvalues with decreasing the impact
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shifts to higher wvalues with decreasing the impact
parameter which 1s consistant ‘with the hydrodynamical
calculations.

I1.11.2 Transverse momentum analysis. We have chosen

for the present analysis the events which fulfil the

following criteria: (i) the number of projectile fragments
Ng>4; (ii) the nubmer of target fragments Np>8. In the
following, the projectile fragments f are analysed.

In the present experiment, the momentum per nucleon
of the incident nucleus P; =4500 MeV/c. Assuming that
after collision of the interacting nuclei the momentum
per nucleon of a projectile fragment equals Pj, the
transverse momentum per nucleon of an ith fragment Pj
= P;, tan ® , where 0O ,is the emission angle of the ith
fragment. The vector P] points in the azimuthal direction
of this fragment.

According to the method used in the reaction plane
is defined by the direction of the incident nucleus and

the vector RP which is_giygn by

N
RH:EwiNIiPI' ;1.=1,2,...,Nf
where -
0 if P;>240 MeV/c
e if P, <240 MeVic.

The coefficient “Y; is introduced to exclude fragments
of very large transverse momentum. The gquantity Mi=§:k
Wik Bik where Aj .k is the mass number of the Kth isotope
of the ith fragment and Wj ,x is the corresponding fractional
yield of the isotope

The projection of Pj on the vector Ry, is given by

P}=P,,'R,‘/IR,.|1 u= 1', 2,,__,Nf, . » The mean transverse momentum
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per nucleon projected onto the reaction plane <P*>,is obtained
by averaging PIJ* over all fragments (each of weight Mu) and ov-
er all the selected interactions. The <P=|= > will be equal to
zero if Pi is randomly distributed in the azimuthal plane and
it will differ from zero if the energy flow of particles devit-
es from the zero-angle direction,i.e. if bounce-off of project-
ile fragments takes place, If it is. assumed that the residual
projectile nucleus receives a transverse momentum during the
collision process,the wvalue of <P*> will represent the transve-
rse momentum transfer per nucleon.

Figure 37a shows the dependence of <P*> on the emission angle
@ of projectile fragments in Ne22 +Ag(Br) interactions at 4.1A
GeV/c. Figure 37b represents the corresponding dependence for
012+Ag(Br) collisions at 4.5A GeV/c. Each point of Figs.37a,b
represents the average transverse momentum per nucleon project-
ed onto the reaction plane. Averaging is taken over all projec~
tile fragments in a given interval. The experimental data in
Figs.37a,b show that <P*> differs significantly from =zero. This
observation displays the bounce-off of projectile fragments.The
shape of the dependence of <P*> on 8,for CEM-simulated events
in Figs.B?a,b shows that the intranuclear cascade may make a
small contribution to the effect.This contribution in the case
of 012 data has insignificant role and is smaller than that df
the Ne22 events. This is probably due to the smallness of the
C12 nucleus.The experimental data in these figures show that
<P*> #0.

e
It is clear that the resultant wvector R=2i=1 wiMiPi reconstr-

ucts the geometry of the collision with a certain
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accuracy; it gives the reaction plane, which is determined
by the direction of the incident nucleus and the 1line
connecting the centres of the colliding nuclei. This
commonly known fact can be usefulinthe setting up of
experiemnts for which it is necessary to know the reaction
plane. For example, in the case of studying emission
of light fragments (deutrons, tritons and alpha particles)

from reactions with relatively heavy nuclei, it is
interesting to draw the distributions of fragments in
the azimuthal plane as a function of their emission angles
with respect to the vector R. Obviously, the side splash
would increase the role of coalescence in the formation

of fragments and consequently this would affect their
angular distributions.

II1.11.3. The analysis of flow angle. Insight . into

interactions can be gained by using event shape analysis.
Event-by-event a tensor is constructed using the c.m.
momenta of the all particles, essentially fitting an
ellipsoid to the event. Each event can be characterized
by the 1lengths of the axes, the angle of the major axis
to the beam ( Bp) and the orientation with respect to
a fixed plane (é). There are several ways of constructing
such a tensor, depending on the weighting that is used:

.



Energy Flow >°

n
tot

P §
F,, = z O T (33)
7

Momentum Flow(SS)
n
tot
- b b)
‘j-z (P Pj/P ) LN I B I O I ) LI . (3&)
1
Angular Emissiontsn
ntot :
" : b b
“_z (P, P/ P ) e, (35}
7
Thrust has also been used , where the thurst vector n is |

chosen such as to maximum ’

tot

T (R = 2 Bon (3¢)
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Because the thrust vector cannot be calculated

analytically the sphericity method generally has been used.

The sphericity tensor equation 35 is calculated from® the

momenta of .all measured particles for each event. It 1is

appropriate to choose the weight factor w (¥) in such a

way that composite particles have the same weight per nucleon

the individual mucleons of the composite particle at

the same velocity. The sphericity tensor approximates the
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| event shape by an ellipsoid whose orienttion in space
' and whose aspect ratios can be calculated by diagonalization.
;iThe shapes predicted by hydrodynamical and intranuclear
' cascade calculations are quite different . The
hydrodynamical model predicts prolate shapes along the
beam axis for grazing collisions. With decreasing impact
paramter the flow angle increase and reach 90 degree (with
oblate shapes) for zero impact parameter events. This
behaviour is independent of projectile and target mass.
Cascade calculations on the other hand predict zero flow
angle at all impact parameter. In the present experiment,
the momenta of detected fragments were not measured. We
adopte another method for the particle flo;w analysis. A
unit vector in space is assumed in the direction of flight
of each b-particle. These unit vectors were summed to give
the resultant vector R. In the present case, the beam
direction was taken as the X-axis, the perpendiculars to
it are the Y-axis and Z-axis. Thus, we define the angle
of floweF such that

X
i P
GF - Cos R\ |
=
where R=iX + JjY + kZ and X, Y, Z are the components of
R vector along the axis. The hydrodynamical calculations
predict that the position of the maximum of BF distribution
increases systematically with decreasing the impact
parameter and consequently with  increasing the
multiplicity. So, it is interesting to investigate the
dependence of QF distribution on the impact parameter.
Since the impact parameter is difficult to measure
accurately, we consider the multiplicity of target
fragments Np, as a measure of impact parameter. The higher
the Nj is the lower the impact parameter b and vice versa.
Qualitatively the events are divided into two intervals
of (Np). Thus, the 61:‘ -distribution are plotted for (N
7) and for (N >. 7). The peak position is shifted to
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higher wvalues of GF with increasing the multiplicity
i.e. with decreasing the impact parameter. It has been
shown 1in reference that the anglular distribution
has less fluctuations if the flow angleep is properly

weighted by the Jacobian (sin 8). From the present analysis

we see that there is a clear angle of flow of (side splash)
of target fragments different from =zero value. The
dependence of e F on the impact parameter is seen in

Figures = 38-40. The Oy distributions for Np . <7 andNp37

‘events from -Mg24 and Si28 - Em interactions are shown
'in Figs. 38 and 39. We found that theEﬁiverage value of ¢is
| 24
| < e, > =252.3%1.9 for Mg +
and F o

<o, > =250.0 0.5 for Si° + Em

while in the multiplicity of (Np > 7) we found that the
average value ofeF is.

<o > =82.6%1.1 for Mg’'+ Ag(Br)

F

i

and ,

<6F>

70.2 = 0.4 for 1%+ Ag(Br)

Figure Z-I-O shows the dependence of dN/cos e F o©on
BF for N < 14 and Nn > 1l4. The shift of peak position
with increasing the multiplicity or with decreasing the

impact parameter is clearly seen in Fig. 4o -

This agree with the observation of the side-splash
of target fragments in plastic ball experiments and in
streamer chamber. Also, it 1is ~consistent with the
hydrodynamical calculaitons. From the present analysis
we see that the hydrodynamical calculations predict that
a maximum in flow angle distribution systematically
increases with decreasing impact parameter and,
consequently, with -~ increasing multiplicity. The shift
of the peak position with increasing multiplicity or

decreasing impact parameter is clear in figures 38-40-
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II.11.4. Azimuthal alignment. The determination of the

reaction plane allows us to obtain information on the
azimuthal bounce-off of projectile fragments. It shows
what the bounce-off looks like when it is projected onto
the azimuthal plane. The azimuthal angular distribtion
of particles should be isotropic in the absence of bouce-
off. The bounce-off effect leads to deviation from
isotropy. The degree of this deviation can be estimated
from formula of P if P; is replaced by its unit vector
and the sum runs over i from 1 to Ng. Thend P* )per nucleon
is calculated. The possible values of {P*) are from-lito
+1 .. In the case of isotropy, (P*»=0. The azimuthal
sideward flow can be measured by the azimuthal alignment
which is defined here as A = N(P*), where N is the number
of particles.

The azimuthal alignment, A(8)= Ng (P*)@ , is
calculated as a function of the emission angle g of
fragment £, where Ng and < .P*’ >6are correspondingly the
number of paricles and the mean{ .P* » for fragments with
angles of emission in the given interval of the angle

Figure represents the dependence of A on for
projectile fragments. '

Figure 4l shows that the azimuthal alignment of the
projectile " fragments in the experimental data is much
more pronounced than that in the CEM-simulated events.
This is expected from the dependeces in figures 3773 .
where it was shown that the cascade. has a small
opportunity to be developed in such small nuclei due
to the limited nuclear matter. The flow of the projectile
fragments is maode mainly by the transverse momentum
transferred to the projectile nucleus as a whole. The

CEM provides an isotropic angular distribution for the

r : . ' '
' projectile fragments in the azimuthal plane of the

deviation between
One may conclude from the analysis

considered reactions. This leads to
the CEM and the experiment.
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of figs3fHthat the reflections of side splash on the
angular distribution of target fragments are better seen
if the reaction plane 1is considered. The CEM can describe

the general behaviour of these experimental angular
distributions.

By analogy, the azimuthal alignment of target
fragments is studied. The value of {P{} per particle
is calculated for different ~ intervals of & . All
22Ne+Ag(Br) inelastic collisions of Ny >7 are used. They
are divided into groups according to the value of Z*
and the type of fragment (h,b and g).

Table 33 represents the mean values of  P¥ for: h
particles; the averaging runs over all § intervals. These
values are calculated for the experimental and simulated

data; the quantity A =CP*Dpxp-®*>» ceu- The values of
{ P* Pincrease with increasing 2¥. This could have been

expected because the increase of Zmeans the increase
of the impact parameter. Then the amount of nuclear matter
increases along the path of the secondary particles,
inside the target nucleus, i.e. in the transverse

" direciton, opposite to that of the projectile nucleus.
This leads to a correspondingly more developed intranuclear
cascade.

* - |
raple 23< P > Per particle and O =(P*Ppxp-CP*DceM calculated .
for the h particles.

7% Experiment CEM

PV L P* D JAN
0-2 0.178+0.005 0.138+0.004  0.041+0.007
3~0 0.207+0.006 0.177+0.005  0.030+0.008

7-10 0.224+0.006 0.235+0.006 -0.011+0.011
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The difference /A reflects the effect of transverse
momentum transferred to the target nucleus. Naturally,
its value 1is small because the momentum transfer 1is

distributed among a large number of the target nucleons.

Multiplying the value of {P*)} for the given @ interval,
by the number of particles Ng in this interval, the
azimuthal alignment A ( B)= Ng (P*) g is obtained. Figure42

shows A (@) as a function of cos for b particles (NL=5969)
from Z_g-:: 0,1 and 2 events. The azimuthal alignment IRy

for g particles (N: = 12730) from the same events is
shown in figure 43,

The azimuthal alignments of target fragments from
CEM-simulated events are not presented in figures 42,43and
This is due to the fact that figures. 42 andas , in
addition to table 23 , have shown that the flow of target
fragments is mainly described by cascade processes. If
the distributions from the CEM data corresponding to those
presented in figures42and 43 are blotted, they will nearly
reproduce the experimental data.

The analysis of figures 42,43 and table 23 shows the
difference between the projectile and target fragments.
In the case of projectile fragments, the flow of particles
is conditioned . by the transverse momentum transferred
to the projectile nucleus, whereas the flow of nuclear
matter is mainly (nearly all) conditioned by the cascade

processes in the case of terget fragments .

A similar study of the collective azimuthal alignment
of charged particles was reported in/zwn where data from
the "plastic ball", for Ca + Ca, Nb + Nb and Au + Au
collisions at energies from 0.4 to 1.05 GeV per nucleon,

were analysed.
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II.11.5. Angular distribution of target fragments. As

an illustrtion of the possibilities arising from the

determination of <the reaction plane, one can study the
angular distribution of b particles of the target neucleus.

Using the Nj > 7 criteria, the collisions with heavy
emulsion nuclei 22Ne + Ag(Br) were selected from the
total inelastic 22Ne + emulsion interactions. The total
charge of projectile fragments Z*was determined in each
event. The space angle @ and the azimuthal angleé were
measured for each h particle.

The side-splash effect of slow fragments (b particles)
of the target nucleus must be reflected in their
distributions. The effect is clearer if one plots the
angular distribution for those b particles which are
emitted at small angles with respect to R (the reaction
plane) in the azimuthal plane. Taking this into
consideration, the resultant vector of the h particles,
R, was found for each event by formula (1), where the
coefficient4j=1,M{=1 and instead of Pj a unit vector
in the azimuthal direction of '@j was considered. The
sum runs over all h particles in the given event. A b
particle is selected for the following distributions,
only if its unit vector has an angle §\<30° with respect
to R.

The distribution (1/N) dN/d cos@® for b particless
(N=1418) from central (2Z* =0,1 and 2) 22Ne + Ag(Br)
collisions is shown in figure 44 (a). The total number
of particles is normalised to 10. The distribution of
CEM-simulated events (N=1340) is denoted by crosses.
The error bars of the CEM data points are shown. Since
the error bars of the experimental points are nearly
equal to the corresponding ones in the CENM, they are
not presented in the figure. A maximum which corresponds
to the side splash of particles can be observed from

the experimental data. The CEM reproduces the general
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features of the distribution observed in the experiments.

For comparison, figure qt{b' taken from our paperﬂﬂﬂb

represents the angular distribution of b particles
from central (2*=0 and 1) 22Ne+emusion interactions
(without selecting events according to Np). No reaction
plane has been determined; consequently the selection
of b particles according to the angle§> was not used.
The contrast between the experimental distributions (solid
histograms) of the present work and that ofuqbis clearly
seen. The peaking in the angular distribution is more
prononced when the reaction plane is taken into
consideration.

The corresponding distributions from 2* =5,6 and

7 events are presented in _figurellﬁt,b.The statistics in

the experiment is N=1196 and N=1951 in CEM-simulated

events.  The difference between the experimental

distribution, represented by solid histograms in figures
uyla) andhi(b) is obvious.

II.11.6. Ranges of slow fragments. In referenoa/ﬁhf,

it was shown that the average +tramsverse momentum
trggsferred to a nucleon of the 22Ne projectile nucleus,
in- Ne+Ag(Br) collisions, equals about 50 MeV/c. Taking
into consideraiton the difference in mass of Ne and Ag(Br) -
nuclei, one can expect that the average transverse momentum
per nucleon is a few MeV/c; consequently for slow target
fragments (b paarticles of range L & 3 mm) the
corresponding difference in the range can be observed.
A relative increase should be observed in the range of

fragments emitted in the direction of the side splash.

The inelastic interactions of 22Ne+Ag(Br) at small

impact parameter (2*=0,1 and 2) are used. For each event,
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the resultant vector R which determines the reaction
plane is found as described before, All b particles are
divided into two groups. The first contains the unit
vectors of particles which have angles in the azimuthal
plane <30° with respect to the vector R. In the second,
>150°. In both groups, in order to strengthen the effect,
only b particles within the interval of emission angle
-0.2<cos B <0.4 were considered. The mean ranges are (ﬁ)
¢<30°=77+28 wum and (L) s3150° =635+4%9um. The difference
between the mean values is A ;= 142+57 um. The deviation
of ILIJ from the =zero value may be due to the momentum
transferred to the target nucleus in the direction of
the side splash of the particles.

I1.11.7. Angular distribution of 2=2 projectile fragments.
Figure 46 shows the azimuthal angular distribution dN/dqx
of 2=2 fragments of the 22Ne projectile nucleus. Here,

9&§enotes the angle between the vector R and the direction

of the Z=2 projectile fragment in the azimuthal plane.

The resultant vector R was determined wusing the h.
particles. The distribution dN/dBd ~ is plotted for

22Ne+Ag(Br) inelastic collisions of Np>7 and 2Z* =2,3

and 4. The total number of Z=2 fragments in these events

is N=197.

As a consequence of the sideward flow of particles,
the angular distribution dN/d® shows an increase in
the emission of 2=2 fragments at large values of@p
i.e. Dback-to-back <correlation between projectile and .
target fragments. Accordingly, one may think that the
sideward flow creates suitable conditions to strengthen
the role of <coalescence in the formation of alpha
fragments, i.e. due to the concentration of particles
in small angular intervals. This can partially  explain
the observed 1large yield of alpha particles in - the

fragmentation on 22Ne in emulsion .
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11.11.8. Distribution of Pseudorapidity Intervals of Shower
Particles

Another method of searching for sideward flow of nuclear
matter is the method of pseudorapidity intervals An. For
this purpose the pseudorax-)idityl n= -In tan (6/2) was

calculated for_ each shower particle in C12 24

Ne?? + Ag(Br) and Si%°

+ Pb,Mg +Pb,
+ Ag(Br) central collisions. For the
validity of the An method ,the N - distribution was found to
be flat,within experimental errors, in the range of N = 1 -

2 . This enables us to use the quantitative method of An, in

the given range,where

The quantity Ank means the pseudorapidity interval between
ij
the ith and jth particles such that k-particles are lying

between them.The value of 1 were rescaled in each event such
that ni':(ni - le)/(nmax - ﬂl) takes values from 0 to unity,
where N and M ax 2T the minimum and maximum wvalues of n.
The histogram is the experimental data while the curve is
due to independent particle emission (IPE) and its form is
given by

k k

n-k-1
n-1 A" (1 - A)

dNnk /dA = n C
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where Ckn =(n-1)!/k! (n-k-1)! . The IPE distribution has a

-1
maximum at Amaxz k/{n-1). It is seen that in Fig.47,the
experimental An distribution is shifted to the left with
respect to the IPE one. The same procedure was repeated for
g-particles using the azimuthal angle ® as variable instead
of n. Fig a,b shows the normalized azimuthal angular

interval A® - distributions, for M324

+ Ag(Br) collisions
respectively. It is seen from these two figures that
there is a shift of experimental A@g—disribution to the
left from that of the IPE one.

The above mentioned method was used by many physicists
to search for clusters in nuclear interactions. The nature
of these clusters were not explained, in the present work
such correlations are recognized as due to sideward flow of
nuclear matter. This was more confirmed in Fig . This
figure shows the (ps—g - distributions for the given
reactions, where 4)8_.8 .
is the angle between the resultant vectors of s and g
particles in the azimuthal plane. A peak is clearly observed
at ¢s~g ~ 180° ,which means a back to back emission. This

kind of distribution is characteristic for sideward flow of .

nuclear matter /22-24/.
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IT.1° . THE CHERENKOV HADRONIC LIKE JETS

II.1°.1 INTRODUCTION

An electron moving in a medium with velocity
greater = than . the wvelocity of 1light in this
medium, radiates light (Cherenkov effect) at a

definite angle given by the relation
cosf =1/ PBn . (37)

where n>1 1is the refraction index of light_ in the
medium and P is the electron velocity, in units of c.
In a plane perpendicular to the axis of motion of the
electron,one observes an illuminated ring whose
radius is determined from equation (37). A new idea of
multiparticle producticon at high energies was first
proposed in/63/ This idea implies that when a hadron
passing through nuclear active medium(a nucleus or
a nucleon) may emit coherent hadronic radiation (pions)
when its velocity 1is greater than the velocity of
emission in the medium. Later,a series of papers
appeared/64/. These papers were devoted to the study of
hadronic Cherenkov radiation.These studies faced some
troubles : first,it was assumed, not proved yet that
the hadronic refractive index of nuclear-active medium
can exceed unity;secondly,the strong interactions were
treated in terms of perturbation theory;thirdly,an

infinite hadronic medium was considered,whereas the
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range.of the nuclear forces was finite. These troubles
were surmounted in/65,66/,where it was proved that the
hadronic refractive index of nuclear-active medium can
exceed unity and the concept of a hadron as a medium
consisting of quarks and gluons was taken into account.
In this case the problem is reduced to the passage of a
point constituent(a quark or gluon carrying color
charge) through a quark-gluon medium of finite
dimensions. Radiation of gluons analogous to Cherenkov
radiation becomes possible. Then each of the radiated
gluons, evolved according to QCD and subject to the
confinement mechanism, is converted into hadronic jet.
Collisions between nuclei at high energy may create
a finite volume of high density hadronic ﬁatter. The.
lattice gauge theory | of | strong
interactions/67/,suggests that above a critical
temperature of about 250 MeV,the hadronic state of
matter is channged into a new phase consisting of
deconfined quarks and gluons with eﬁergy density

e> €& ~ 1-3GeV/fm>

(38).

Such conditions could be reached in central nucleus-
nucleus collisions at high energy. The energy density €
is 1linearly related to the rapidity/68/ p ,by the

relation

Ex My P, (39)

161



where: p= dn/dy and m 1is the transverse mass of the
emitted secondary particle (in most cases a pion).At
high energies, the rapidity y is approximated by the
pseudorapidity,n,
y=1 = -1ln tan (8/2) (40)

where 0 is the emission angle in the laboratory system.

The mechanism of hadronic Cherenkov
radiation,predicts typical features for such process
that is the appearance of secondary particles with
almost coincident polar angles i.e to lie within narrow
rings on the target diagram ( ring-like events )
The pseudorapidity diétribution for event of such type
usually exhibit spikes higher than the overall
distribution for the events of the same multiblicity.ln
/69/ the existence of the Cherenkov hadronic radiation
was proved by analyzing experimental data in heavy ion
collisions at high energies. In /70/ a systematic and
statistically significant study of the phenomenon,its
dependence on the projectile mass number and itsr
probability, were presented.The hadron formation length
was estimated from the determination of the ring radius
or Cherenkov emission angle.
ITx13:2s Analysis of experimental data
The investigated interactions were picked up from

emulsion plates by along the track scanning. The plates
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of 600um thickness were exposed to 4.1A GeV/c Ne22 and

others to 4.5A GeV/c Si28

beams at the Dubna
synchrophasotron. The total numbers of inelastic
interactions of these beams with emulsion are 1100 and
1360 respectively. The space angle 0 and the azimuthal
angle ¢ were measured for each secondary track. The
details of the exposure,scanning and measurements may
be found in/71,72/. For the present study,we have
chosen events without any observable projectile
fragment and with number of target fragments larger
than seven. These events are central collisions of the
given beams with Ag(Br) nuclei. Moreover, we began with

the highest value of multiplicity of charged

secondaries (almost pions),nch,descending to lower ones.

Thus 27 Ne22+Ag(Br) events of nn >38 and 48
Si28+Ag(Br)-events of nh >39 were analyzed.

To select unusual events (candidates) for
investigation, we adopted a Monte Carlo (MC)

procedure/73/. For each experimental event,a Vv MC
events were produced with the same multiplicity and
pseudorapidity density. This amounts to shuffling, for
each multiplicity, the tracks from different
events, conserving the mean distribution but removing
any correlation between tracks. The mN-distribution of

.28

one of Ne22+Ag(Br) and Si° +Ag(Br) events are shown as

163



histograms in Fig.50a,b. Where m is the normalized

pseudorapidity

M=0N = Mpin)/ Mpax™ Min! (41)
which takes values from zero to unity. The Li I and-
nmin are the maximum and minimum pseudorapidity for

individual events. The available N-range is divided
1nto 10 equal bins.The smooth  curve is the
corresponding distribution from MC events. A spike 1is
considered to be significant, if the differencee
between the experimental peak and the corresponding MC
value is greater than five standard deviations.This has
been carried out to increase the level of significance
and the ratio of effect to background. Thus,only 13
events, three from Ne22 and ten from Si28 have passed
the above criteria. Statistically significant narrow
spike are seen in the Fig.50a,b. The numbers of
particles withi;'l the spike,nsp,equal 15 and 17
respectively. Correspondingly, the rapidity
densities,p,at the spike are 38 and 29. These values
are large enough to satisfy the equation (38). Then
~particles which lie within the spike are plotted on M -
¢ target diagram. The angle ¢ is the azimuthal angle
i.e. the angle of the secondary track in the plane
normal to the beam,measured in anticlockwise direction

and it takes values from 0° to 360°. Fig.51 displays
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three events of total Hmltipliéities nch=65,70 and 39
respectively from Si28+Ag(Br) interactions. The
rapidity density,at the spike,p is 30,41,and 29
respectively. These values give energy density €
consistent with cénditions necessary to phase
transition to quark-gluon plasma.Fig.52 shows three

ring-like events from Ne22

+Ag(Br) collisions. The
multiplicity of charged secondaries in any of these
three events is greater than 39. The general
Characteristics of the 13 ring-like events are given ih
table 23. The first column presents the multiplicity of
the event,the second one gives the number of particles
within the spike , the third column is the rapidity-
density p and the last one represents lthe Cherenkov
angle of emission of hadrons. It is cleary seen that if
we substitute mp by 0.14 GeV, which is less than the
actual value in our case,the condition (38) 1is
satisfied.

II.13.3. Discussions and Conclusions

The most probable interpretation for the features of

the ring-like events is that the particles within the
ring are produced by some process of a formation length
which is rather short. Actually,the large emission

angles of Cherenkov gluon radiation were predicted

in/65/, as a result of the thinness of hadronié
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Table .23

Neh Nyp P 9Lab
54 17 .18.6 13.9
44 17 26.9 41.9
41 15 37.8 40.5
70 29 41.4 37.1
65 31 314 24.2
63 24 35.5 20.3
56 19 32.0 27.3
54 17 30.1 21.7
52 18 29.4 35.5
49 15 32.1 27.5
44 11 21.0 14.8
44 14 32.3 14.8
39 17 29.0 23.6
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targets. Later,it was shown/66/ that the deconfinement
of quarks within the hadronic targets can provide
stronger effect at the same emission angles. The
maximum of forward (in CMS) emission of gluon Jjets
appears in the Laboratory System at angle
Orap= (21/ wt)1/? (42)

where ® is the energy of a gluon jet(i.e. of a group of
particles) and ¢ is the formation length which is close
to the length of deconfinement. From the previous
relation and the target plots shown in Figs.51,and
52,the angle of emission Opgp = 35° - 60° . If the
values of 0r5,, deduced from Figs.51 and 52 are
interpreted as ones due to gluon emission by deconfined
quarks,and considering the mean transverse momentum
equals to 0.4 GeV/c, one can calculate ® £from the
angles of emission of particles,then from(42) one can
get £ = 1fm. The probability of this phenomena 1is
about 1% of total inelastic events of Si28 and Ne22
with emulsion nuclei at 4.1-4.5A GeV/c. This
probability increases with the mass number of the,'

projectile nucleus.
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Chapter III

Neutrino charged current Interactions

with Emulsion

This chapter_is divided into two main parts. The first
part deals with the characteristics of slow particles emitted
in the charged current interactions of neutrinos with
emulsion. In this part, we test whether there is a
difference in the average multiplicities of gréy particles
produced in "charm" and "non-charm" events. These results
were compared with the calculations of Suzuki/1-3/ which
were carried out in the framework of the cascade model.
In the second part we tried to estimate the hadron "formation
time" within the framework of a modified intranuclear cascade
model (IcM)/4-6/, |

Part I

III.1. Characteristics of slow particles emitted in the
charged current interactions of neutrinos with

emulsion

ITT.1l. Introduction.

The neutrino beams-became available at CERN, Serpukhov
and Fermilab/1/ charged hadron multiplicities have been
studied in detail in neutrino-nucleon, antineutrino-nucleon,
neutrino-nucleus and antineutrino-nucleus interactions/7'l6ﬂ
It was found that many features of these kinds of
interactions are very similar and depend only on the quark
content of beam and target particles and on the hadronic
center of mass energy W. No data have been presented yet
about emission of slow particles in neutrino-nucleus

interactions.



In néutrino induced reactions on nuclei, a quark
hit by a virtual photon or a weak boson propagates inside
the nucleus either singly or after immediate recombination
into a mesoh. The quark or the meson, in this case,
is called leading particle system (LPS) which may interact
further with a nucleon inside the target nucleus with
an effective cross section 0;. The value of q: may
depend on whether the LPS is composed only of a single
gquark or a meson. Moreover, it may depend on whether
it is ¢ quark, u quark, charmed meson oOr non-ch;rmed
meson. In each of these cases, the value of 9, is expected
to be reflected in grey particle multiplicity distribution

and its average value, observed in the final state.

In this part we mainly report, for the first time,
on study of multiplicity and angular distributions of
slow charged particles (target fragments) emitted in

the charged current interactions of neutrinos with

emulsion nuclei ( Vv-Em) at average incident energy
<KE,> = 54 + 4 GeV. These interactions’ are classified
into: (1) events without charm production "noncharm"

and (II) events with produced charmed particle "charm".
Both are compared to each other and to a third class
of events which is proton?emulsion (P-Em) at energy
22.5 GeV. |

The aim of the present work is to test whether there
is a difference in the value of average multiplicity
of grey particles produced 1in "charm" and "non-charm"
events and consequently the difference in U; in both
cases. Also, to shed light on the general characteristics
of slow particles emitted in the different classes of

events and their physical implications.

This part is organized such that in Sec. 2 a brief

description, of the set up and experimental conditions,
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is presented. Sec. 3 deals with multiplicities of
secondary particles and Sec. 4 is devoted to their angular
distributions. The energy distribution of g particles
is discussed in Sec. 5. An account of theoretical
calculations of average number of g-particles <ng>
and their multiplicity distribution in comparison with
the present experimental data, is carried out, in Sec.6.
The main conclusions of this part are presented,

in Sec.7.

III.1.2. Experiment. The charged current interactions

of neutrinos with emulsion nuclei were picked up from
those observed in a hybrid emulsion spectrometer which
was used in the Fermilab experiment E-531 to study charm
particle and their production cross section/i7‘194 The
apparatus shown schematically in Fig. 1 was exposed
to the Fermilab neutrino beam, produced upstream by
350 GeV/c (first run) and 400 GeV/c (second run) protons
and is incident from the left of the figure. The
apparatus, starting from the upstream: end, consisted
of veto counters, an emulsion target, a time-of-flight
counter I, upstream drift chambers, a magnet, downstream
drift chambers, time-of-flight counters II, lead glass
shower detectors, a hadron calorimeter, and a muon
identifier. The details of the performances of the
apparatus and exposures were presented in references/17‘19[

Events were recorded on magnetic tape if no signal
was seen in the veto upstream of the eﬁulsion target,
and two or more charged particles left the emulsion
and registered in the TOF hodoscope downstream of the
magnet. This trigger does not distinguish between neutral
and charged current interactions. A charged particle
in an event was identified as a muon if it penetrates
the muon counters which consisted of two hodoscopes
of scintillator counters behind 1.3 m and 2.3 m of steel,

respectively.
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The energy required for a muon to reach the first
hodoscope was 1.9 GeV and was 3.4 GeV for the second
hodoscope. A net muon detection efficiency was 69 t+ 5%.
The incident energy of neutrino E, is calculated to be
the total energy of an event visible in the calorimeters
plus the energy of the identified muon. ‘The uncertainty
of Ey is about 10% in the range from 0 to 30 GeV and
increases with the increase in muon energy.

The 23 liter (35 liter in second run) emulsion target
was contained in a volume 86 cm wide by 71 cm high by
5 cm (7 cm second run) deep. It was divided into two parts,
the upper part with the emulsion surface parallel, and
the lower part with the emulsion surface perpendicular
to the incident neutrino beam. Neutrino and antinutrino
interactions recorded in the downstream detectors have
been located in this target. Only those events located
in the lower part were used in the present study.

For the present study, the following selection
criteria have been applied: (i) the event vertex must
be at least 20 mm apart from the stack edges. (ii) the
event should include identified negative muon. Applying
the above mentioned criteria 260 events were selected,
out of them 192 events with Np> 1. It is appropriate to
divide the secondary particles into: (i) relativistic
particles or showers s of B> 0.7 or I* ( =I/I,) < 1.4
where I is the particle track ionization and I 5 is the
corresponding number for minimum ionizing particle track.
These particles are almost charged pions of kinetic energy
(K.E.) > 60 MeV and fast protons of K.E. > 400 MeV. (ii)
grey track particles g are those of range in emulsion
R > 3000 pm and I* > 1.4. They are mdinly protons in the
energy range 27-400 MeV. (iii) Black track particles
b of R < 3000 pym. These are low-energy singly and multiply
charged fragments p,d,t ’He and 4He corresponding to proton
energy Ep < 27 MeV emitted mainly due to evaporation.
Altogether b and g particles are called heavy track
particles h. ‘
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In each event, +he number of showers ng was counted.
In the N > 1 event, for each h-track particle the space
angle © between the direction of the incident neutrino
and that of the emitted h-track particle, the azimuthal
angle ¢ between the projection of y~ ° muon and that of
the h-track particle in the plane perpendicular to the
incident neutrino direction, and the range in emulsion
R were measured accurately. Consequently the numbers:
of heavy track particles Np, of grey track particles ng
and of black track particles np were defined in each event.

The same measurements were carried out for 73 charm
associated events/l7_19/. These are events in which
charmed particles were produced and W~ Wwas identified
without applying the geometrical cut mentioned in the
criterion (i). If this criterion were applied the main
trends of physical results remained the same but charm
events statistics are drastically minimized increasing
the statistical errors. Thus, the following study considers
two sets of data: (I) 260 events without charm production
"non-charm" and (II) 73 events with charm production
"charm". These two sets are compared to each other and
to a third set (III) which is proton-emulsion (P-Em)
collisions at 22.5 Gev /22/,

TII.1.3. Multiplicities of secondary particles. It is

interesting to study the dependence of average
multiplicaties of differrent particles on the incident
neutrino energy. Fig. 2 presents the dependence of <ng>,
<Np> r <ng>r and <np> on incident neutrino energy Ey for
non-charm events. It shows that only <ng> increases slowly
with Ev whereas the other average multiplicities are
nearly constant. According to the cascade model, the
leading particle system may further interact inside the
target nucleus and ng is a measure of the number of

inranuclear collisions. Thus, the present data indicate
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that the number of showers produced per intranuclear

collision increases with the incident energy.

Table 1 presents the average multiplicities of s,h,g
and b particles emitted in "non-charm" v —-Em charged current
inelastic interactions. These values are compared to the
corresponding ones from P-Em collisions at 22.5 GevV, the
nearest available hadron energy to the mean hadronic energy
in v -Em interactions which is about 25 GeV. The value
of <ng> for "charm" events is less than the corresponding
one for ‘"non-charm" events by about unity whereas <Np2,
<ng> and <np> for these two classes are consistent. This
effect can be observed in Fig. 3, where a pronounced peak
at ng=1 exists only in "charm" events. The ng and Np-.
distributions for these two classes of events are
consistent. This 1is attributed to the fact that charmed
particles are heavy particles -which are usually produced
with a relatively. high momentum and a small fraction of
energy is remained for the production of other shower
particles. Excluding the muon track, <ng> for P-Em is higher
than for v Em "non-charm" interactions. It is to be noted
that there 1is a measurable deviation in the values of
<Np>, <ng> and <np> for v Em and P-Em interactions. Table 1
:;shows that for P-Em these values are about 1.5 times
the corresponding ones from v -Em events. Also, the ng-
and Np-distributions Fig. 3 (b),(c) show that at low
multiplicity v —Em events are higher than P-Em ones whereas
at high multiplicities there is no significant difference.
This observation can be explained by the known fact that
hadrons tend to interact as soon as they enter the hit
nucleus and after the first collision, there is still
a considerable nuclear matter for the 1leading particle
to propagate through it Neutrino can interact at any
point inside the target nucleus and it usually penetrates
for a measurable distance inside the nucleus. Thus, the

degree of intranuclear cascading in case of hadrons is
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Table.l. The average multiplicities in the charged current neutrino emulsion

interactions for “charm®and “non-charm” eveants in comparison with

the corresponding values in P - Em collisions at 22.5 GeV.

.

Averagza multiplicity eep

¢ Y

<y Y

Number of events

g
Class of events w
“non charm » 5.52+0.15 3.99+0.30 1.35+0.13 2.64+0.25 260
. * ,

4.52+0.15

“ charm * 4.67+0.26  |3.60+0.50 1.31+0.21 2.31+0.33 L
%
3.67+0.26
“ P - Ea» 5.61+0.01 8.60+0.25 3.38+0.14 5.2240.29 915

* excluding the muon track.




more than the neutrino one. In "charm" events, obvioﬁsly,
the LPS is either a ¢ quark or a c meson whereas in "non-
charm" ones, it is either a u quark or a non-charmed meson.
For these different cases the cross section of LPS inside
the nucleus og is expected to have different values
correspondingly. This difference of c; should be reflectd
in <ng>.and consequently <np> and <Np>. The experimental
data show consistency between values of <Np> , <ng> for
"charm" and "non-charm" events. Moreover, in Fig.3 (b),
the ratio of ng = 0 events can be calculated roughly
from simple consideration of the quark theory, neglecting
the cascading effects. It is known that nuetrino interacts
with d-quark, so the neutrino -neutron cross—-section is
considered to be twice as large as the neutrino-proton
one. In case of heutrino-neutron interaction the recoil
particle is either a proton or a neutron with equal
probability. Taking into consideration the emulsion
composition, the ratio of events with recoil neutron is
calculated to be 6.4 which agrees with the experimental
value 0.5 + 0.1.

These observations show that LPS, inv Em interactions
at Evy = 54 + 4 GeV, does not contribute significantly
to the production of recoil nucleons. In P-Em collisions
the ng—distribution and the ratio of events with ng=0,
were successfully reproduced by theoretical calculations

depending on internuclear cascadingl'3/.

The correlations betweenlmultiplicities of different
types of particles, for the considered three classes of
events are presented in Fig.4. These correlations are
fitted with straight line equation. The results of fitting
are given in Table 2. It is seen that the correlation
<Np> -ng has nearly the same slope ‘for "charm" and P-
Em events and this slope is about two times that of "non-

charm" events. It is interesting to notice that in all
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Table.2. Equations resulting from linear fitting of data, presented in FiG.4.

Line I for"“non-charm" events, 11 for'charm'ones and I11 for P - Em

data; ...
Flig. Numbe/line No Lquation

- - w(5.33+0.06) + (0.15+0.02

4-a I <ns>,_ (5 3t ) + ( 3 )ng
Il {n>=(4.0510.08) + (0.48£0.03) n

4=b I (;ig)-(o.u;n_-o.ss) # (0.12:40.05) n_
Il <ng7=(-0.23;_k_0.48) + (0.33£0.09) n_

b-¢ - I | ¢n=(5.1610.17) + (0.0940.03) N
II | {n)=(4.0210.16) + (0.18+0.03) N

4-d I | (NY=(2.09£1.17) + (0.37£0.19)mn,
II (Nh\),=(0.05_-_l;0.78) + _(0.78_-!—_0.],4) o
1L <NIP= 2.22 + 0.83 g

b-e | I,IT [<n»=(0.9410.08) + (1.1640.09) n,
1L |{n)= 1.59 + 1.36 n
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correlations including ng the "charm" events have a slope
greater than that of "non-charm" ones. The energy transfered
to the target nucleus is usually measured by ng or Np.
This energy transfer in "non-charm" events is more than
that in case of "charm" events at low values of ng, however
the rate of its increase with ng is much slower than in
"charm" events and at high wvalues of ng the energy
transfered to the hit nucleus in "charm" events is more
than in "non-charm" events. Fig. 4(e) shows clearly the
strong dependence of evaporation particles on the number
of recoiling nucleons ng, both inv -Em and P-Em data.
This means that the number of recoiling nucleons ng in
the hit target nucleus determines the excitation energy -
of the residual nucleus. The correlation in Fig. 4(e)
is completely independent of the number of produced
particles (pions or charmed particles) i.e. these produced
particles do not transfer any significant energy to the
target nucleus. In v Em interactions, this correlation has.
a universal shape independent of being "charm" or "non-
charm" events.

III.1.4. Angular Distribution. Grey track particles are
mainly protons in the energy range 27-400 MeV. The angular
distribution of these particles, in hA collisions, was
found to exihibit a forward peak and a universal shape

1 dn
of the form NtOt dcos @g = exp (0.96 cos Gg)/20,21/_

This distribution is nearly independent on the variaiton
of projectile masé, primary energy and target mass.Fig.5
presents Cos ( Og )distribution from neutrino-emulsion
collisions in comparison with the corresponding one from
hA interactions/20,21/, 1In this experiment, the cos (684)
distribution is less peaked in the forward direction than
in hA collisions. It is a remarkable feature that grey

track particles from "charm" and "non-charm" events have
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the same angular distribution and the universality, observed

in hA collisions, has a corresponding one in v-Em

interactions in a shape of the form

1 dn ~, ex (0.83 + 0.13) cos .
Neogr dcos 65 P - (og)

The forward-to-backward ratio F/B i.e. the number
of such tracks emitted at angles <90° to those emitted
at angles > 90°, in laboratory system, was calculated
for g-tracks and found to be F/B = 2.39 + 0.37 which 1is
less than the corresponding wvalue . in ha interaction
F/B = 3.37/21/, '

It is interesting to study the dependence of F/B
ratio on the range of grey tracks. In Table 3 only g tracks
stopped in emulsion were used for the calculation of F/B
ratio. Although the statistical errors included in these
values are high, it is noticed that there is a systematic
increase in the value of F/B with increasing the range
of g-track particle. More direct evidence for this
experimental fact can be seen in the same table in the
relation between the average angle of emission 'Bg and
the range of grey tracks. The average emission angle Og
decrease systematically with increasing the range of grey
track particles. The forward peaked behaviour and the
increase in the value of F/B with the increase in the
range support the assumption that grey particles are knock-

on recoils.

Black track particles, are low-energy singly and
multiply charged fragments (P,d,t, He and 4He with energy
corresponding to proton energy Ep < 27 MeV) emitted almost
isotropically. Fig. 6 shows the angular distribution
of black track particles in comparison with the coresponding
distribution for P-Em interactions/21:22/, Aan agreement

is observed between the distributions. The F/B ratio for

190



Table.3. The values of F/B ratio and average emission angle o mw functions

of the range of grey track particles.

‘.H:w F/B Ratio Range The average Range

( Ea.v .‘mqﬁ,mmu..ow angle 9
1.12. T 0.31 < 9 mm’ 84.2 R<10 mm .
1.40 £ 0.31 < 15 mm 80.2 <20 mm
1.68 ¥ 0.36 < 18 m 77.7 <30 mm
1.72 ¥ 0.35 < 30 mm 76.9 <69 mm
2.39 * 0.37 all |
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vV ~emulsion experimental data is 1.26 + 0.13. As shown
in Table 4 the value of F/B for black track particles is
range independent. This confirms that b track particles,
as defined in this paper, are emitted isotropically from
a statistical equilibrium system. Table 4 shows that F/B
values are very near to each other in neutrino-emulsion,

proton-emulsion and nucleus-emulsion interactions.

Fig. 7 (a,b) shows the azimuthal angular distributions
of g and b tracks measured relative to the projection
of the u~ track in the plane perpendicular to the incident
neutrino direction. Both distributions are isotropic, within
experimental errors. Within errors, the present data show
that u~ has no effect on the direction of grey and black

particle emission.

III.1.5. Energy Distribution of grey track particles. In

this  experiment all h-track particles .are followed

either to the stop or to the exit of the stack. The
g-track particles stopped in emulsion are almost protons
of well défined ' measured range, so their energy could be
determined from the energy-range relation for protons,
e.qg./22/, The energy distribution of these  .stopped
g-track particles from non-charm events is shown inFig.8.
This distribution .. is fitted to a formula N (E) dE =E"YdE
where y = =1.15 + 0.18 . This result agrees with the
corresponding one in hA collisions/21/, It is worthwhile
to mention that the data used in the fitting of Fig. 8
are unbiased ones i.e. all tracks of range < 3.5 cm could
be picked up and measured completely. About 30% of g-tracks

escaped the range measuring. This value is consistent with

Fig. 8.
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Table (4). The values of F/B ratio of black track perticles for different incident

particles and energies.

PEAET <Eheams Target Range F/B
(Gev /A)
Neutrino | 54 * 4 emulsion R < 3 mm 1.26 + 0.13
Neutrino | 54 * 4 emulsion R < 2 mm 1.30 + 0.15
Neutrino |54 + 4 emulsion R < 1 mm 1.30 + 0.16
P 2.2 emulsion R < 3.5 mm 1.32 + 0.05
P 2.0 emulsion Ege<50 MeV 1.15 + 0.09
P 5.0 Ag <80 MeV 1.17

P 24.0 emulsion emulsion 1.28 + 0.09
Age 2.1 AgBr R < 4 mm 1.46 + 0.04
1609 2.1 AgBr R < 4 mm 1.37 + 0.05
lay 2.1 emulsion R < 3 mm 1.40 + 0.06
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III.1.6. Comparison with theoretical calculations.

In ref./z'%/, Suzuki studied the multiplicity
distribution of grey track particles in the framework of
the cascade model. He considered two types of the cascading

models. The assumptions adopted in model I are:

(i) A primary particle incident on a nucleus at impact
paramter b collides with a proton with 'a cross section
g, ©Or with a neutron with r 05. When the primary particle
collides with a proton, a proton recoils with a probability
aj, and a neutron recoils with ajz. In the collision with
a neutron, a proton recoils with a probability by and a

neutron recoils with bj.

(ii) Charge exchange processes are taken into account
only in the first collision of the primary particle with

a nucleon.

(iii) The LPS formed in the first collision of the
primary particle collides with a nucleon (proton or neutron)
with a cross section G;. The nucleon 1is considered to

be a recoil nucleon of the FG.

(iv) Shower particles make a negligibly small

contribution to the production of gray particles.

(v) A recoil nucleon hit by the primary particle
"collides with another nucleon, which is also counted in
the recoil nucleons. The Cross section of a recoil nucleon

with a nucleon inside the nucleus is shown by o .

(vi) Colliding with another nucleon, a recoil nucleon
loses some portion of its kinetic energy. We denote Dby
¢ @ the cross section corresponding to the process that
the kinetic energy of the recoil nucleon goes down below
the threshold value of gray particles in the collision.

This nucleon is excluded from the gray particles.

(vii) The recoil protons which come out from the target

nucleus are considered to be gray particles.



In model II,'assumptions (i)-(iv) are also adopted. Instead
of assumptions (v)-(vii), he considered that only the recoil
nucleons of the FG can produce other recoil nucleons. The
ratio is designated by P that the recoil nucleons of the
FG enter into the energy window of grey particles. Recoil
nucleons of the second generation cannot produce other

recoil nucleons.

Applying these two models for charged current
interactions of neutrinos with emulsion nuclei, the author
of ref./3/considered the diagrams given in Fig, 9 a,b,c
and d, where a diquark in a nucleon, absoring a W+ boson,
changes into a u- quark or a c-quark, which forms a leading
particle system (LPS). The remalnlng guark is assumed to
recombine immediately into a nucleon, which 1is considered

as the recoil nucleon of the first generation (FG).

In this process, %o denotes the neutrino- proton Cress~-
section of the charged-current interactions and.cb indicates

the cross-section of the LPS with a nucleon. From simple

quark counting, r = 2. Other parameters are chosen as aj
= 1, ap = 1, by = 0.5 and b, = 0.5. Taking into
consideration the emulsion composition, ¢ =28.0 mb and

@& =15.8 mb for model I, for model II P=0.55 and o =40.0 mb

the following - relations were obtained.

'd

<ng > = 0.0360 o0, + 1.0251 (1)
7’

< v = 0.0485 0o (2}
I

= c
<ng > = 0.0369 o + 0.9929 (3)

Moreover taking into consideration the additive quark model,
he expected that one can distinguish £from <ng> whether
the quark (u or c) produced in neutrino- -nucleus collisions
propagates singly inside the nucleus or in a state of meson.

If the observed mean number <ng> . of grey particles per

event with a charmed meson is about 1.0, the LPS is to
be composed only of ¢C quark. It propagates singly through

the nucleus and then recombines into a meson. If the value
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of <ng>c is about 1.5 the ¢ quark recombines into a meson
at the instant of its production and propagates inside
the nucleus in a state of a meson. As for the mean number
<ng>o of grey particles per event without charm, the u
gquark propagates singly through the nucleus if the observed
value of <ng> is about 1.5. If the value of <ng>b is about
2.0, the u quark is to propagate inside the nucleus

<ng>o is about 2.0, the u quark is to propagate inside

in a state of meson.

To compare the present experimental data with the
theoretical calculations of/3/, the <ng> vlaues for "charm"
and "non-charm" events, presented in table 1, were
substituted in equations 1-3. The obtained values of leading
particle system cross-section are tabulated in Table 5.
The comparison of the experimental ng-distributions with
the predictions of model I and II, is given in fig. 10.
(a,b) respectively. The analysis of Table 5 and fig. 10
shows that the cascading calculations of/3/can not reproduce
the experimental values. In the ng-distributions the
experimental points are scattered all over the set of given
curves and no preferable value of 6, could be chosen.

Moreover, there is no difference between the experimental
values of <ng>cand <ng>p as predicted by the theoretical

calculations. The experimental results are inconsistent
with the theoretical calculations of/3/.

III.1.7. Conclusions. (i) In the charged curent interaction

of neutrino with emulsion, the average numbers of grey
and black track particles are nearly independent of the
incident neutrino energy. The average multiplicity of showers
increases slowly with energy. This indicates that the average

number of intranuclear collisions is very small.

(ii) The average multiplicity of shower track particles
associated with charm production is 1less by about unity
than that with non-charm events and the ng-distribution
for charm events exihibit a statistically significant peak

at ng=l. These phenomena are explained by the fact that



Table (5). The ‘wvalues of cross section of leading particle system (LPS), o , and

o

the number of intranuclear collisions, <v >, obtained substituting

experimental <ng> in equations (1)-(3)

Class of events . Model No. ¢, (mb) < v >
I 9.0+3.6 0.4+0.2
non-charm .
II 9.7+3.5 0.5+0.2
I 7.9+5.8 0.440.3

Charm
I1 8.6+5.7 0.4+0.3
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charmed particles are heavy and they are usually produced
with a relatively high momenta. Thus the remaining energy
for production is limited. The Nh, ng and np-distributions
as well as their average values for charm and non-charm
events are completely consistent. This means that there
is no measurable difference between a leading charmed or

non-charmed particle.

(iii) Comparing the ng—distributions for v -Em and P-Em
interactions, the ratio of events with ng = 0 4is 0.5 %
0.1 and 0.27 + 0.02 respectively. These two data are
consistent with simple quark counting taking emulsion
composition into consideration and neglecting cascading
in ¥ -Em interactions.

(iv) Comparing the correlations between multiplicities
of different particles the following conclusions could
be drawn out: (a) in non-charm events, the energy transfered
to the target nucleus, measured by(Np), 1is higher than in
the case of "charm" events at low ng but the increase in
it is much slower than "charm" events. (b) the degree of
cascading, measured by (ng), in v -Em interactions is less
than in P-Em ones. (c) the number of recoiling nucleons
in the hit nucleus determines the average excitation energy
of the target nucleus and this excitation is independent

of the number and nature of produced particles.

(v) The angular distribution of grey track particles, emitted

in charm and non-charm events, is the same and it is peaked

in the forward direction as in case of hadron-emulsion
1 dn

interactions. It follows a formula Neot  dcosog = BXDP

(0.83 + 0.13) Cos Og. The average emission angle of grey

track particles systematically decreases with energy. These
observations indicate that grey track particles are knock

on nucleons.

Black track particles, for charm, non-charm and P-
Em events, are emitted isotropically from a slowly moving

statistically equilibrium system.



(vi) The energy distribution of 'grey track particles, in
v Em interactions, 1s similar to that from hadron-nucleus
collisions and it has a shape of the form N(E)dE - B\ dE
wherey = -1.15 + 0.18. ‘ '

(vii) The theoretical calculations based on the cascade
model can not reproduce the experimental ng-distribution
in Y-Em interactions. The values of cross-section of leading
particle system, for charm and non-charm events, obtained
by substituting the experimental <ng> in the theoretical
calculations give a contradictory, result about the nature

of this leading particle system.

Part 2

III.2. Neutrino charged current interactions with emulsion

and an estimate of hadron formation time:

111.2.1. Introduction: In the absence of a reliable

calculation scheme, phenomenological models have been built
in order to incorporate the ideas of quantum chromodynamics
(ocp) as far as possible. In QCD one finds a situation
which formally resembles many aspects of cosmic ray electron-
photon cascades. Since at the present time it is not possible
to calculate accurately the space time characteristics
according to "first principles" the parton evolution in
OCD can be regarded as a cascading process in the leading
log approximation/23/. In practice, the results of
phenomendlogical models are usually used in multiparticle

production processes.

In the present work, the experimental data obtained
of charged current interactions of 9“ with emulsion (Em)
have been analysed using the version of the intranuclear
cascade model (ICM)/4-6/, A trial was made to ‘estimate

guantitatively the value of the formation time (sometimes
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called "formation zone"). The concept of a formation zone
was considered by Landau and 'pomeranchuk Goldhaber/25/
and Kikolaev/26/.

III.2. The intranuclear cascade model. In the ICM, the

interactions of high-energy particles with nuclei are
described in the following way. The incident primary particle
interacts with a nucleon of the target nucleus. The
particles, generated in these interactions, move inside
the nucleus and scatter on separate nucleons. The process
of generation of particles 1is simulated by the Monte

Carlo (MC) method.

The cross section (CS) of the intranuclear cascade
(1C) and the characteristics of secondary particles
(multiplicities, angular and momentum distributions) at
different energies are taken from experiments with free
nucleon/4/. Elastic and inelastic interactions, charge
exchange and absorption of slow pions, inside the nucleus,
are taken into account. Nuclear effects such as Fermi
motion and the Pauli principle are all taken into

consideration as before/4/.

Since the interaction cross section of neutrino with
nucleon 1is small, we assume that a neutrino can interact
with any nucleon of the nucleus with equal probability,
i.e. A

0(\J+A)=.Z Ul(V'I'N)
i=1

where %3 (v + N) is the interaction @s of a nuetrino with
a separate nucleon. Following from experiments and from
the quark parton model, we take into account that the
interaction: CS of neutrino with a neutron is twice that

with a proton, i.e. ¢ (v * n)/% (v+ p) = 2.

The Fermi gas model of the nucleus is utilised. The
- nuclear density is taken from the Woods-Saxon expression.
Plr) = 1/(1 + alr=c)/e )
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« = 0.54 fm and ¢ = 1.19al1/3-1.61a"1/3 fm. In practical
caléulations, the nucleus 1is divided into three =2zones.
The nuclear density in each zone is supposed to be constant.
It is calculated according to the Woods-Saxon expression,
where r is the distance from the middle point of the zone
to the centre of the nucleus. Moreover, three-dimensional

geometry is used in our calculations.

According to emulsion composition, a nucleus (of mass
number A) with which the neutrino would interact is drawn
randomly. Then, knowing the density of nucleons in the
spherical zones, we can place A nucleons inside the nucleus
in a random way. For each simulation of A nucleons, we
fix the coordinates of the centres of the intranuclear
nucleons throughout the process of developing the IC. The
characteristics of charged particles, produced in the first
VvN interaction inside the nucleus, are taken from
experimental data/4/. These data were obtained from reactions
induced by the same neutrino beam used in the present work.
The multiplicities of neutral particles (pions) are taken
to be equal to the corresponding ones from the previous
experiment/4/. These multiplicities are

<ngo> = 0.72 + 0.22n ; - for n
and -
<nyo> =0.14 + 0.73n4f- for y p interactions,
where, nqﬁ- is the multiplicity of negatively charged

. particles. The angular and momentum distributions of neutral
particles are assumed to be the same as those of positively
and negatively charged particles.

The calculations were carried out almost with the
same program and assumptions of our previous work/4/. The
space-time characteristics of particles produced in lepton-
nucleon (LN) interactions inside the target nucleus were
taken into consideration. After time Tt from the LN
intranuclear collision the interaction CS of a produced
secondary particle with a nucleon inside the nucleus is

given by . = ¢ SXP (3

hN y (LT T T (4)



where ¢ eﬁg is the experimentally determined total

interaction CS of a hadron with a free nucleon at the
corresponding energy of the secondary particle produced.

Thus, only after a relatively long time does the CS reach

the value of g iﬁ?. In equaiton (4), the parameter ‘fo is
a constant equal to 1/my, where mg 1is  a certain

characteristic mass corresponding to the formation time
of the secondary generated hadron in its rest frame of
reference. The time is equal to L/ By ¢ where L is the
secondary particle range inside the nucleus (the distance
traversed by the secondary particle of velocityg (=v/c)
from its generation point to the point of interaction with
a nuclear nucleon). The Lorentz factor of the generated
secondary particle is vy = (1l- 62)“1/2_ Equation (1) can be
rewritten in the form

It is to be noted that when mg -»« , this model will reduce
to the o0ld ICM in which secondary hadrons are produced
instantly in the intranuclear interactions. In the present
model, at a finite value of mg, secondary particles (e.g.
pions) are not formed instantly but after a certain time.
According to equaiton (5), the CS of the IC is calculated
as a function of the formation length L and the velocity .

From (5), it 1is seen that slow secondary particles
interact: . inside the target nucleus more frequently .than
fast ones. The most rapid secondary particles may fly

out without interacting with the nucleons inside the target
nucleus.

IITI.2.3. Results and discussion. The average multiplicities

of shower and grey particles, produced in the present
experiment, compared with the corresponding quantities
which were calculated according to the modified ICM at
four values of mg= =, 0.94 0.4 and 0.2 GeV are represented

in table 6 . One can see from this table that the



Table (6): The average multiplicities of s and g particles
in ¥,, + Em interactions obtained in the present
experiment compared with the corresponding values

calculated according to modified ICM.

Present Calculations of the modified ICM

experimental e
mp =< msy =0. m~=0.40 ma=0.2
data 0 o] o 0

&

<ng> 5.28+0.26 | 6.45+0.06 | 5.60+0.04 |5.12+0.03| 4.08+0.02
<ng> 1.33+0.15 |2.08+0.03 | 1.7140.02 |1.35+0.02| 0.82+0.01

experimental and calculated data at mg = 0.4 GeV are in
good agreement. This indicates the existence of a finite
formation time for the secondary hadrons produced in the
intranuclear interactions. Eliseev et al pointed out/4,5/
that the formation time may differ for particles of different
quark structure. El—Naghy/2r4/ showed that the formation
time is different for the produced secondary charmed and
uncharmed mesons. The agreement between the experiment
and theoretical model, observed in the table is reproduced
in figures 1 and 12. These figures present the ng- and né
-distributions, respectively. The <curves are due to
theoretical calculations. The points are the experimental
data of the present Qu Em interactions. All distributions

in figures lland 12are normalised to unity.

The model predicts not only- the multiplicity
distributions but also angular distributions; Figure 13
shows the angular distribution of grey particles. The points
are the experimental data while the histogram is the model
calculation at mg = 0.4 GeV. The agreement between the

experiment and simulated'data is also confirmed from figurel3

I1I1.2.4. Conclusion. The present analysis shows that the

experimental data of ﬂp Em interactions are reproduced
by ICM which includes finite formation time of secondary

hadrons produced inside the target nucleus.
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Iga\and co-workers/2 7/oted . the importance of introducing
the concept of a formation 2zone in the ICM. Their
characteristic values of formation =zone are the formation
length g¢ (=1 fm) and the parameter mg =fc/ g (0.2 Gev).
These values agree, in order of magnitude, with our values
mg = 0.4 GeV (gg=hc/mg=0.5 £m).

However, it is seen/27/ that the value of formation length
is slightly larger. This may be due to the method of
calculation. for the 1leading particle effect. In oury-Em
interactions the 1leading particle is a muon which flys
from the nucieus without interaction. In the case of hA
interactions/27/, the leading particle is a hadron which
carries an average of 50% of the primary energy. This hadron
may colide further with nucleons of the target nucieus
and may give an additional contribution in the nuclear

reaction.

For a more accurate determination of the formation
zone and for investigating the possible differrences in
the mechanisms of LA and hA interactions, it 1is necessary
and worthwhile to carry out further experiments using pure
targets in LA interactions.
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DISCUSSIONS

The study of hadron nucleon, hadron-nucleus. and nucleus-
—nucleus interactions have shown that the multiplicity characteris-
tics and their regularities indicate the validity of the superpo-
sition models. The hadron nucleus and nucleus-nucleus interactions
are considered as strings of hadron-nucleon collisions.

The insight of the dependence of the average multiplicity on
the energy of centre-of-mass of nucleon-nucleon collisions, led to

the following formula:

2

Ny vy=d +b Lae . C lne
The results of measuring the interaction mean free path and/or
cross section in hadron-nucleus and nucleus-nucleus collisions
show that the interaction cross—section of nuclei are essentially
independent of the incident energy in the few GeV region. The
interaction cross-section of nuclei are successfully explained by
the geometrical cross—section including-an overlapping parameter.
This parameter depends on the size of the interacting nuclei.

From the angular distributions, one could naively expect that
the pions produced with rapidities less than the beam rapidity
could impose a difference when they travel through the target
matter. Assuming the validity of the string picture one could
explain why this is not the case: this is due to a finite formation

time fto , fast particles are formed at
N =, Cosh CTgap)

which exceeds the radius of the target for Ylab‘> 2. The faster
particles are thus produced outside of the target nucleus i.e.

they can not rescatter.

From the above arguments, one may conclude that the energy



dependence of the target fragmentation gives experimental evidence
that particles are not instanteously formed in a collision but,
they require some Wformation” time until they exist and can rein-
teract.

The analysis of 7 -—emulsion interactions have shown that

52

secondary particles inside the nucleus will have a cross—section

where T, 1is the formation time, which corresponds to a length
about one fermi. _

Thus, the whole data of hadron-nucleon, hadron-nucleus, and
nucleus-nucleus, and neutrino-nucleus interactions have shown that
particles are not produced instanteously inside thae nucleus but
require some "formation" time untill they exist and can then
reinteract.

In section (I.6.), from the study of the dependence of the
associated multiplicities on the longitudinal rapidity of the
given inclusive qfl meson. Considerable correlation is indicated,
different for the two regions AY (the rapidity interval between
the two inclusive particles) { 1.2 and AY > 1.2 but qualita-
tively identical for 4 N and 91 A4 collisions.

From the study of analogous dependences in PP collisions it
is known that there are strong constraints due to the conserva-
tion of longitudinal momentum and energy. In hA collisions
these constrains can be strongly "suppressed" by a cascade mecha
nism of multiplication. The deep analysis of the dependence of
<.ﬂth}on the rapidity scale is of the same order as in an

elementary act. This means that expected effects of multiplica-
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tion by tHe cascade mechanism were not observed. This is another
proof for the previous argument that fast particles may be
produced outside the target nucleus. However, the slight increase
in the multiplicity of shower particles in9’ A relative to?f]f
shows that that target nucleus is not simply a spectator of the
multiple production process. This is the subject of the next part
of the discussions.

In section II.11, the study dealt with the flow of nuclear
matter. It was found that the struck nucleus receives a transverse
momentum as a whole..This fact was displayed in the angular dis—
tributions of projectile and target fragments, this is called
"bounce—off" of projectile fragments and 'side splash" of target
ones. The determination of the reaction plane had proven to be a
powerful tool for studying the collective effects such as the
"bounce off" and the "squeeze out" of nucleons. The dependence of
sideward effect on the impact parameter was studied and it was
shown that the effect decreases with the decrease of the impact
parameter while the flow angle increases. It was found that the
average energy of slow target particles increases in the direction
of "side¥splash" which indicates the increase in the transverse
momentum transfer during the collision process. The comparison
with the cascade evaporation model (CEM) had shown the relative
contribution of CEM to the sideward flow of nuclear matter. This
enables one to assume that the sideward flow, in its general fea-
tures. can be described as superposition of two mechanisms: momen-
tum transfer to the struck nucleus as a whole and development of
intra-nuclear cascade.

Fragmentation is one of the historical and fundamental ques-
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tions in nuclear physics. Recently, the multifragmentation process
acquired great attention. Many theoretical models have been devoted
to the study of the multifragmentation'process. In some models,
the prefragment nucleus heats up and then condensates into drop-
lets. In others, it simply evaporates the fragments sequentially.
In certain models, the fragments are statistically emitted from
an intermediate excited nuclear system. Other statistical approaches
try to explain the multifragmentation without any reference to
thermal equilibrium i.e. as shattering of the prefragment nucleus
into many pieces. The correlation study carried out in section
I1.10. had excluded the models assuming one hot source at a certain
excitation energy. The yield currye is a superposition of different
mechanisms depending on the impact parameter of the collision.

In the neutrino induced reactions on nuclei, a quark hit by
a virtual photon or a weak boson propagates inside the nucleus
either singly or after immediate recombination into a meson. The
quark or the mesoﬁ, in this case, is called (conditionally) leading
particle system (LPS) which may interact further with a nucleon
inside the target nucleus with an effective cross section GJ’ .
The value of QJ' may depend on whether the LPS is composed only
of a single quark or a meson. Moreover, it may depend on whether
jt is W quark, C quark, charmed meson or non—bharmed meson.
In each of these cases, the value of 6“‘ is expected to be ref-
lected in grey particle (most of them are recoil nucleons) multi-
plicity distribution and its average value, observed in the final
state.

The analysis of the data cannot reveal the difference bet-
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ween the values of the effective cross-section 6’i for charmed
and non-charmed mesons. Moreover the cascade ealculations without
the consideration of formation time could not reproduce the expe-
rimental distributions.

Another variant of the cascade model, assuming that the
effective c¢.s. inside the nucleus changes with time according to

the relation
/ -’C/qf
(o)
6 =6, ({—e %)
reproduces the experimental distribution with a formation length

7z 1 fm.

CONCLUSIONS

1. The average multiplicity of shower particles increases
with the incident hadron energy. In nucleon-nucleon collisions,
in a wide interval of energy, the dependence of the average multi-
plicity of shower particles <-nch> on energy & , in the centre
of mass system, agrees with the multiperipheral model and KNO
scaling.

2. The average multiplieity, <_n87' , in hadron-nucleus inte-
ractions follows the KNO scaling, and the experimental points lie

on a universal curve fitted by the formula

- : 3473 5 ]
W(Z“'ns/(hs);"@ 427 + 14°342° - 1-06Z° + 0-0927)
exp (-3:28Z)

3. The normalized multiplicity K= <H5>/<nch>, agrees

with predictions of energy flux cascade model (EFCM) which gives

the relation R = % + %—{'})> where <'9> is thé average number
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of collisions of primary particle with nucleons inside the nucleas.

4, The asymmetry in the forward direction decreases with the
increase of the multiplicity of hadron-nucleon interactions.

5. Studying the hammer—tracks in proton emulsion interactions
at 69 GeV/c, the production ratio of 8Li fragments was found to
be 1.2%. The anisotropy in emission of 8Li fragments is stronger
than in angular distributions of slow fragments (b-particles) and
cannot be explained by the motion of residual nucleus.

6. Studying the energy and angular characteristics of secon-
dary charged particles from interactions of 50 GeV ‘jf_ mesons
with emulsion one can observe the well-known effect of leading
particle which is characteristic for hadron-nucleon collisions.

The number of QY‘ mesons is greater than that of'Tf+ in the region
of large rapidity.

7. The P, distribution of pions shows the validity of
models of hadron-nucleus collisions where the production mechanism
resembles an elementary act. The effects of multiplication by a
cascade mechanism was not clearly observed. However, the slight
jnerease in the multiplicity of shower particles in ¥ A relative
to GT}V shows that the target nucleus is not simply a spectator
of the multiple production process.

9. The interaction cross—section of nuclei are essentially
independent of the incident energy in the few GeV region.

10. The systematic study of the multiplicity characteristics
and their regularities had proved the validity of the incoherent
superposition models. This means that the nucleus-nucleus and
nucleon-nucleus interactions are generally superposition of nucleon

-nucleon- interactions.
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11. From the study of complete destruction of Ag(Br) and Pb
nuclei one may conclude that:

(a) The probablity of complete destruction is nearly indepen-
dent of the incident energy and it increases linearly with A§13
up to AB = 12 where it becomes constant. Where AB is the mass
number of the beam nucleus.

(b) The {ngy is proportional to AB and AT by the

relation <;n;>fu Ag'63 : Ag'36 in case of proton-nucleus

0.11
<ns>N AT .

(e¢) The (ng>H 1is proportional to the number of interacting
nucleons RA from both nuclei by the relation
Cng> = (2.45 + 0.22) R{C:7820-07),

(d) A simple model was put to explain the { ng values
obtained in these events. It was found that L ng > is propor-
tional to the free energy in the C.M.S. of the interacting particles
by the relation

{n; = (-1.9740.01) + (1.07+£0.01) 1n E;
+ (1.7920.19) 1n°E,
(e) The value of <:ng‘> follows the relation

_ 0.14+0.01
<ng>- const - AB - '

<:'ng)'= apat RAO.1710.04
0.62
in case gf proton-nucleus <ng> ~/ AT

: 22Ne, euMg and 2831 in

12. The study of fragmentation o
emulsion at (4.1 - 4.5) A GeV/c lead to the conclusion that, the
inclusive charge distribution of fragments is a superposition of
different mechanisms, depending on whether the process is "gentle"

or "violent" collision. The study had shown that mechanisms clai-

ming one hot source at certain excitation energy can not explain
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the experimental yield distribution. The presented cascade-evapor-
ation model does not describe the charge distribution of fragments.

13. The study of sideward flow of nuclear matter in nucleus-
—emulsion collisions at (4.1 — 4.5)A GeV/c have shown that:

(a) The bounce-off of projectile fragments and the side-splash
of target fragments were observed by investigating their projec-
tions on the reaction plane and by other methods also.

(b) It is the first time, to attract the attention of scien-
tifiec community to the importance ﬁf reaction plane determination
for studying different aspects of AA interactions.

(¢) The data obtained on sideward flow in the azimuthal plane
reflect the relative contribution of the intranuclear cascade in
the formation of the sideward flow. The relative increase of the
ranges of slow target fragments emitted in the direction of the
éide splash can give evidence for the transverse momentum trans-
ferred to the target nucleus;

The sideward flow, in its general features, can be viewed as
the superposition of two mechanisms: The transfer of momentum to
the residual nuclei and the development of the intranuclear cascade.

14, The ring-like events were observed in interactions of

22 28

Ne and ©Si with Ag(Br) emulsion nuclei. These events were.
interpreted as ones due to gluon emission by déconfined quarks.
The formation length was determined and found to be 2~ 1 fm. The
probability of this phenomena is about 1% of total inelastic
events.

15. The study of :2uEm interactions had shown no difference

in the general characteristics of events associated with charmed

particles production and those without. The Dubna cascade model
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which includes finite formation time can reproduce the experimental
data of multiplicity and angular characteristics of secondary
charged particles. According to this calculation the formation
length was estimated to be about 1 fm.
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