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ABSTRACT 

The basic experimental characteristics of incoherent in

teractions of 400 Gev protons on emulsion nuclei, such as 

multiplicity of charged secondaries, one-particle distributions 

and two-particle correlations, are reported and discussed in 

detail. They are compared with results of other experiments on 

hadron-nucleus interactions of more low energies. We have shown 

from the comparison, both qualitative and quantitative, of the 

data presented with predictions of various model approaches 

suggested recently for nuclear production that most of cannot 

explain the complete set of experimental observations. 

An analysis of the experimental data obtained, gives 

strong support to the idea that the production mechanism in 

hadron-nucleus interactions has two- or multicomponent 

character. 
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1. Introduction 

There has been a growing interest in the study of high

energy hadron-nucleus interactions in recent years, based 

on the idea of the possible use of 8. nucleus as aD. analy

ser of the space-time etructure of multiple production to 

discriminate between various theoretical approaches. Al 

tbough a considerable effort • both experimental and theo

retical, has already been devoted to the understanding of 

nuclear production, it should be emphasizad that 'the 80 

cumulation ot accurate experimental data 1s still a cur 

rent problem. 

This work is one in a series of emulsion exper~ents 

on hadron-nucleus (bA) interactions performed by our col
:. 

laboration in the Fermilab energy range and it is concer... 
J, 

't	 ned with tb~ analysis of various characteristics, such as 

multiplicity of charged secondaries, angular distributions 

and correlations, in inelastic proton-nucleus lnteraetions 

at 4(~ GeV. Also. we shall consider here the energy depen

dence of 50me basic eharacteristics of hA collisions using 

f'xperimen 1;:\] tin t." on J'A and :If-A collisions· at 'lower ener-
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gies available with us, and a comparison, both qualita _ 

tlve and quantitative, w11l be performed of these data 

with predictions of some popular models suggested recent

ly for production on nuclei. 

Our paper is organized as follows. Section 2 describes 

the experimental material used. Sections 7-5 contain mul

tiplicity, one-particle distributions and two-particle 

correlations, respectively. Finally, in section 6 we 
•

briefl;y sWlIlDarize the reeul te of our investigation•. 

Before discussing the data, it is useful to note that 

earlier we published itt preprint form {1] some prelimi 

narr results based on a a.all amount of the pResent eta 

tistic • 

2. ExpQrlmental, material 

Stacks of GOSNIIBIMFlTrOrnOEK BR-2 emulsion, each 

containing pellicles of dimensions 10cII x 20em x 600 JAm, 

were exposed to the 400 GeV proton beam at the Fermi 1~11

tiona! Accelerator Laboratory. The ben flux was choson 

to be (2 + 4) .104 p~otons/cm2. By along-the-trock scan

ning, whleb has been in part performed doubl,., 3628 i08 

lastlcevents were recorded without any discrimination 

~ong the total effective length of 1269 m , leadIng to 

'be mean :tree path for inelan'ic inter:lct ion in ";nnInion 

A. :c (3'5.0 .t 0.6)_. that is Vf~r-:f cl oce tl.' ,/:.}'tE-tJ obtai

ned at more low energies. 

In order to eompare the nuclear' production with that 

in proton-nucleon (pH) collisions we selected and measu

red additionally (along the larger length of primary 

track) 1064 inelastic events satisfying the criteria of 

interactions on the free and quaslfree emulsion nucleons. 

The coher~nt interactions of protons on nuclei were sepa

rated trom odd prong pH collisions follOWing the criteria 

described in reference [2] • 

The tracks associated with each one of the interacti

ons were classified I in accordance with the traditional 

emulsion terminology, into the following types I 

a) black or b-particles with the range in emulsion 3ft m< 

< 1 < 'mm, that corresponds to the kinetic energy of p~ 

tons Tp ,5 26 MeV; 

b) grey Or g-partlcles haVing the range 1) ~mm and ioni

zation I > 1.410 (1 being the ionization due to the in0 

cident particle); this value of ionization corresponds 

to the velocity of singly-charged particle..l1;6 0.7; 

c) shower or s-particles haVing I < 1.41 (jj> 0.7).
0 

MUltiplicity of these particles are designated as ~, 
< ng and ns' respectively. The black and g~y particles 

together are referred to as heaVily ioniZing or heavy pa~ 

ticles and ~ =~ + n • 
g 

'I'he emission aneles of shower particles were measured 

carefully, so that, according to our estimate, the special; 

method uncd for unf,Ular measurements gave an accura~7 for 

- ------ -.~---- - -_. -_. __ ..• -_._,_.--- . 
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small angles not worse than 5 • 10-4• 

In the following we will consider tllree somewhat dL:

terent samples ot proton-nucleus interactions in emulsi

on. 

1. The total ensemble of inelastic interactions .pt"V(,~ed 

by incident protons 1n emulsion, in all 3628 inelastl~ 

eVents. 

2. Ensemble of interactions without coherent r~action3 

and events due to the free emulsion hydrogen (the 80 

called tlp-free-p" events) This sample of events consists 

ot }}S} incoherent Interac'tions corresponding to colli, 

sions with C, N, 0 ("'2'7%) and Ag, Br (""73%) nuclei and 

hereafter will be referred to as pA interac~iOI~. 

3. Ensemble of incoherent eveLts (pEm collisions, in all 

}482 events), i.e. the first sample purified from the co

herent production. 

As a rule, we will be analyzing in this paper the se

cond sample ot incoherent pA collisions containing exact

ly the same reactions as our 1f-A and pA interactions 

at lower energies (Eo ~ 200 GeV), which are used here 

for comparison purposes. In all cases, when we shall con

sider the ensemble of pEm interactions with inclUSion of 

coherent or p-free-p events (for the sake of comparison 

with data ot other authors), this will oe specially noted. 

In conclusion of the Section, we would like to note 

that the coherent production by 400 GeV protons on emul

5
 

sion nuclei is discussed in detaila in our paper [2], and 

the stntintical separation of p-free-p interactions from 

pEm collisions has been performed in accordance with the 

method used in ou~ previous works on hA inte~actions at
 

lower energies (see. e.g. [}] ).
 

3. Multiplicity of charged secbndarie~ 

3.1. H~~yily ioniZing particles 

?isure 1 shows multiplicity distributions of black, 

~rey and heaV"J particles for all considered ensembles of 

proton-nucleus interactions at 11-00 GaY and Table 1 pre

sents the ave r-age multiplicities <~> ,<ng > I <~> and 

the rat.io < fib> / c ng > in comparison with those in pA 

and~-A interactions at 200 GeY [3-5] • 
The remarkable stability of the mean value < ~> and 

"h diatributions in a wide energy range was observed and 

d i.acusued in many experimental papers published earlier 

on hA interactions. Besides, in reference (4] it has 

been pointed out, as a result of an analysis of large sta.. 

tistical material on pA collisions in the range 7 - 200 

GeV • that, although the multiplicity ot b-particles 

does Dot change with energy, < n 
g
> r owl,. decreases wltlt 

E (frow <n > :: 3.6 at 7 GeV to<n > .. 2.7 at 200 G.V).o l~ 5 
Our data ('fable 1) demonstrate, in agreement with the re

cent res,11 ta of other experiments at 200,. 300 and 400 G~V 

[6]. that the average multiplicity of all.. typeaof_~ 

_.'--'---=-~---.--...---- -~._-.-. .., ----;:---::::--.
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f lyl~z1ns particles in pA coll18i~ is independent of 
t· . ellarD at Eo~ 200 GeV. !1'aking into account the data ot 

t r$terenoe (4] ." one Cfln extend. this atate.ent to tho re
r gion of Eo 1a 50 GeV. It is interesting to note, 11,. the 

t wq • that just in this :region of 1D.cldent energies a 
I 

I _bel' of approximate soal~ reguJ.aritie,s were ob.e....04 

tor multiplicity ot particles produced in hadronlc colli 
,I . 

I elon8 (.e., e.g. revi.w. [1.8J ).
I The other interesting conclusion. folloWing t~. theI 

pta ot 'lable 1, 1. that the mean JIU1tiplicities at g 

and b-part1eles (and of h-particles as well) in high-eDeN 

Q ". A collisions B.rfi! 10we1' than in p1 interactions. 

!rhia olrculUltance is explained well by model approachea 

(ot .ikona! t1l>e. for instflnce). in which the difference 

~etween inelastio pio~nuoleon and proton-nucleon cross 

•eoUona1a taken d1.rectly into acoount. One oan note al

80 1lhat an amount ot "large stare" (i.e. events beloD&

181 'io ~ so-called total apHtting ot heaVJ target nuc

leu wl~ ~). 28 ) 1s different in pA and :II'-A co1l1s1" 

ODS and at 200 GeV equals (2.6 :!:O.2)~ and (1.2 :!: 0.2)". 

respeotiVely. 

The l1,JaitiDg behaViour ot IIll1tlplic1tl~s of nuclear 

t~Jit·.1i1on prodUcts in interactions of eleaentary oar

\1olee wlt1l nuolei contradicts the cascade-eyal>ora:tion 

! .. 

?
)
 

model .) 8.J1cl is consistent with "modern approaches to 

the theol"7 of nuclear production, whleh are based on the 

consideration of space-time evolut1onln multiple produo

tion [7.8)
3.2 Shower"particles 

In Figure 2a we have plotted Os c1stribut1ons for all 

coil8idered saJllples of interactions at 400 GeV and in Fi

~re 2b that for the pA ensemble ~n the scvJ.lng vari _ 

abIes. Table 2 gives the uverage value o~ shower partic

le multiplicity and the ratio R =< n > ;J,I<n > pp,wherea ch
...for the latter we used'" nCh ) pp = 8.99 - 0.11 obtained 

in pp interactions at 405 GeV [10J • Figure 3 5hows the 

energy dependance of < no> and. R ..n n.l';rn ir.teractions 

at high energies; for coeapur-taon tne dl\ta on <nell> in 

bp collisions are plotted too (t~e data compiled in the 

review [a] were taken for these plotoj • 

We can conclude from theae dntn: 

1. In the energy range considered (~o~ ~OO GeV) , multi _ 

pliclty of shower particles in hEm interactions 1ncrea _ 

ses with primary energy steeper than < nob> • The norma

lyzed multiplicity R increases too. though at ~o> 200 

GeV n rate of ~rowth decreases no~iceabl7. being conais

.) In fact. one can ln1'er from re:ference 9 that the 
cascade-evaporation model with many-body interaotions pre
dicta :fO!' pt. collisions at 400 GaV tb,at <nlt):!9.Z,<')')~3.7, 
and -c nIl> ~ 12..9 . 
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tent witl1 many models of bA interactions. predicting the 

a.s,mptotio independence or R on Eo. Moreover, if one ta

kes into account that < nch> containS :recoil prowns,whe

reas .. oonsiderable. -.mount of them 1s not included in, 

<'Q >, theQ. as well known from several papers. R ceces . 
mea a constant at much low energies (Eo"" 50 GeV, see, e.g. 

(3,- ;] ) ~ 
2. n distribution at 400 GeV can be satisfactorily 6.es s
 
cr1Qed by tbe same RNO scaling function. which bas been
 

deter.m1ned by fitting experimental data on pA 'interacti 

~. in elllU1s10n at Eo" 50 GeV (,) (see Figure 2b). 

3~ We hilve perfo=ed at our energy a calculation of ns 
distribution acoording to a silllple version or two-stage 

model (8ee~ tor details [3) >. part1.cu1ar realizations of 

which oorrespond to the energy-tlux cascade model (EPe) 

[12J end the two-phase model of hadronlc matter (T.AO(11). 

AlSO, we compared n. distribution with predictions of 

the e1ko%Ull model developed by Shabelsky [1'1 . I t is seen 

trom P1gUre 2a, tbatGottfried's model is explicitly ru 

184. Qut b7 the data,whereu tor models [11, 1}] one can 

etRte more or less satisfacto~ agreement. 

4 .. Compar1.ns the energy dependences of < n » and R in JI'"Em . s 

and pim ool11sions one can conclude that shower particle 

lIlUlt1pl101t7 in the former 1s considerable lower. Again • 

th1a circumstance has a silllple explanation in the frame

.ork of eikoual type IIOdels, in which the intranuclear col

lisions of an incident particle and/or fast "cluster'·pla7 

the decisive role in particle multiplication. 

In order to determine the A dependence of < ns'" one 

can parametrize c I1 >= > Ak and by using the ex-
S

< Nch 
pression 

R .. ~ Nl crt. A7/ ~ Ni. G/. (1) 
l t 

Ni being a density of i-th type nuclei 1n emulSion , 

0' i being the corresponding cross section, one gets that 

+ ' 
the experimental value or R '" 1.86 ± 0.03 leads to the 

result that 0( .. 0.15 - 0.01. This valuo of oc. GOlncides 

within experiRn~l errors with that obta1.ned recently 

tor interactions ot 400 GeV protons on pure metals [}4J. 
So. we conclude, this dependence 1s weak just as at IIiOre 

low energies. Indeed. it has been claiaed earlier [3-5] 
. . 

that such value of 0(. is consistent' with practicall7 all 

the theoretical predictions, except for that of tbe naive 

cascade-evaporation model. 

Let U9 now consider the beha.viour of the normal.7eed 

and the central moments or shower particle multiplic1.t,. 

distribution with the incident eners7.which 1s well ~ow.n 

for ncb distribution in hp collisions.Figure 4 presents , 

the k-th roots of the central lilOJIIents "ip~= 1<.lns - <rts>{ ) 
and the values of the noI'Dla1yzed lIIOIIlents C,,-=<rt~>/"I1$:>" 

(for 1<='l-lf.) as fUnctions of < n '> 8J1d Bo' respect i ve17 •s
F-or compa.r-Lson th<> straight lines representing the 

smnt' qlwnl;lt.ies in pp interactions are plot

-----_..._.- ---~ -~.--~---~ ~-::-. -~:--;-- --~.---__ ~=--'="::""::=-":::"'~"-""""""-""... .~.---:.-.-
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I 1s larser noticeabl1 than <!lob> PI' and the dittertlDbSj 

teo.. It is seen :fro~ these plots tha.ttbere 1s at least I ee bS j -<nch>pp· sro.a with Eo (4.J • This aeans. in 

the qualitative similarity between pA and pp collisions. 

T\h1s may be considered as an indication to the s1llilarlty 

ot the production ~echaniBme in both interaction classes 

'"	 and obviously should. :>8 explained by any IIlOdel pretendiAf 

to de~cribe the nuclear production. 

3.' My.J,tiplicit:y correlationa 

In ~igure 5 correlationdependenoes between multipli 

cities of di~erentparticlesot the type ~ n1 (nj» 

(ni.nj '" n8tnb,ng'~; i~;l) are shom tor pA. interactiolUl 

at 400 GeV. It is seen that like the datIL ILt IIOre low 

energies [:;-5] such c'Otrele:t1ons may be t1tted sat1s.tac .: 

_ torily by linear functions witb positive slope. 

<rt( (11.J ; >= cltj·n.J + b,ij t Ct i j ~ 0 . (2) 

~able 'pre8~nt8 the values ot coefficients a i j t b1 ;1 ob

tained by fitting .experimantal data. it sbouldbe noted 

tat for n dependencos tbe fit bas been doDe only up tog 
11 • 9, s~ce they show there a challge in tile slope (the

8
 
8~lad "saturation" e:rfeet).
 

OoapariDg the data of Table 3 and Figure 5 with those 

at ener'61e8 ~ 200 GeV ~5] t we can Bea 1;bat; coefficients 

Il ;1 and D remain to be growiLJ with l1lO1dent energy •B S j 

~1s 1s easy to undo:t"stand remembering that c n > increas
••a for heaT;y particle multiplicities, .b1cll are alrelld7 

1n4ctpendent of lilo. However, 1t should be Jaentioned, that 

\	 particular, the criterium used U1 .lIlUlsion cosme ray ex

periments to se1eot hadron-nuoleon interactions in accor

dance "ith sJUllJWss ot r;,. is not sat18tactor'7 in tho 

\ range of very high.nergie". 

The -data obtained do not cor\tradlct the important aa

sumption that there 18 the positive correlation betw.en 

the average number of target frapenh aDd the eo-called 

mean nUlllber of intranuclear coll1Blons < V). Ho"eYer , it 

was shown [4.51 t that due to ditfe~Dt j: d6pendena. ot 

these quantities « n > J<~> ,< ~> rv A ¢l3 and <" >,. 
A1/;	 

g
) in a "ide energy range, tbe relation bet_.tn 

them should be non-linear. Sinoe the dependenoe <n. (ng). 
18 tbe strongest among c ns (D.,» • tv. can usu. that t~ 

best experillleintal aeasU1'$ of the number of intranuolear 

collisions ,< LJ>. is given b:r ng• title nWllber of sr&Y 
\ 

particles.
J 

4. Angular distributiQns ot showerpartiolep 

Angular spectra of particles produced are still one of 

the bas1c sources ot1nto~t1on about one-particle die

tributlons in high-enel'S7 bA intera-ctiou. We wUl be 

using bere as angular variable the peeudorapidit:r ,tt. 
-:In tg	 ( () /2), where II iB the polar angle ot a shower 

particle	 in the laboratory frame. As 1s .ell knoWn, it g~ 

vee	 for rolativistic plons Q gOod app;roximatlon of .~ 

~.
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longitudlnal rapid1 ty y= (1/2. ) en [( E + P )/(E - Pe )J e 

AC}cording 'to mIJIlY. theoretical approaches, the parame

ter determining ahA collision is the value ot v , which, 

in the framework of models. with repeated in10ranuelear col

lisions (where an interaotion could pe considered as some 

superposition of intranuclear collisions with separate 

nucleons) has the meaning of the effective number of on 

counters inside the nucleus or of the thickness of nuclear 

matter interactine with the incident particl0·in the fra

mework of models where the target should be considered as 

stI'Uotureless medium. It is common belief, justified by 

many experimental findings (see, e.g. (9) ). that the 

number ot nuolear fragments, especially those having mo 

menta tar from the evaporation region, is a good measure 

ot JJ J indeed, it has been pointed out:in several. papers 

that 1t 1s reasonable to use the number ot grey particles 

oomposed moetly of recoil protons fo~this purpose.Below 

.8 are using n as the main parameter characterizing a 
g 

nuclear interaction in the sence considered. However, we 

have directly tested that all our qualitative conclual 

ons concerning D dependence of tbecharacterlstics aeu g 
died also remain true tor ~ d.ependence. 

Figure 6 shows inclusive ~ d1str~butlons for pA and 

pH collisions at 400 GeV ~ comparison with those tor pA 

interactions at 50 and 200 GeV (16] and tor rc-A interac

tions at 200 GeV [5}. Figure? presents 2 plots ~or the 

13 

n groups of pA interactions in cJmparison wi~h some seg 
lected data at lIlore low energies [16J • 

One can conclude from these data, that: 

1. 1. distributions in hA inter!lctions become wider 

with increasing Eo, but part of the distributions at 'L~1 

(target fragmentation region) remains unchanged. This is 

the phenomenon of limitin~ fragmentation, thaI; is well 

known from elementary collisions. However, it should be 

noted, that the limiting behaviour is alao characteristic 

of e~ent8 with any f1sed ng • i.e. or e~ents corresponding 

to the fixed impact parameters in terms or geometrical m~ 

dels. 

2. There is an indication, although rather weak. to the 

appearence of b i modaLt ty in inclusive 't distributions in 

pA collisions at 400 GeV (see Figul~ 6). This i8 of in 

terest in connection with the bimodal structure, which 

has been recently observed with coll:fidence in 'jf ~A 1ntera~ 

tiona at 200 GeV [5J • If the eXistence of sucb a atruc 

ture will be confirmed by further experiments (as well as 

the fact that it appears at more low energies for pion i~ 

duced reactions), this might be considered. in our opini~· 

on, as the strong support to the models or repeated intra~ 

nuclear collisions (see also the discussion of this top10 

i~ (16J ). 
3. When n increases 'L dic;tributions undergo deforms. 

g 

tion in ouch a WiiY t:hat contribution of shower particles 

,
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with low tl, increases too. A1 though in pA 1nteractions at 

400 GeV they do not demonstrate the bimodality so evi -. 

dently, as in ~-A interactions at 200 GeV, one can ub 

serve a shoulder at large n (see Figure 7) correspondingg 
to the position of the maximulll of 'L distribution (tt,~ 4) 

in pN iuteract10ns at the same incident energy. 

For the detail analysis of Eo and A dependences of 

angular speotra we have considered the differences 

et =.:L M PI? i M p/II (3) 
(JPAdtz. 6 pN d 'Z 

and the rat108 

d.Cf,.. =_ I _ d<5' PII / ---I -- pN (4) 

r5pll d't c1pltI d It 
~or the ne; groups of pA interactions, where the followinf 

no~iza~ion ia.used ._'1 d.. d d'1. _:: < not >Jcr dtz . "" 
for the corresponding subensemble. Figure 8 shows d and 

r as functions of ~. for the total ensemble of pA inter

e.ct:lons and. figures 9 and 10 the sue quantities for su

d.ivisions w1 th different ne; • For comparison in F1gures 

8a and 9 tha data are plotted at more low energies and 

the curves in Figure 8b correspond to two versions of 

the parton-cascade modell the curve 1 represents predic

tions of the model whlnh is based on the so-called fan 

type diagrams only (17) and the curve 2 belongs to the 

model including additionally two-ladder exchanges (18]. 

15
 

It is seen from the data th t the value of pseudorapldity 

(~ ~ 6.0 for pA interactions at 400 GeV) giving the 
o 

equality ., 
-i_ d <5' pA i cit[ P14 --- d 
crpil d. 'l. - <:5pN t 

within errors is independent or the number of slow par 

ticlas (i.e•.".) and increases with prima.ry energy. This 

is inconsistent with the particular version of the multi 

peripheral, model (MPM) of hA interactions [19} , which 

pre dI cba that the value of longitudinal rapidity ~ car

re sponding to 'l in the c.m. frame (~o ~ ~ -Arch r. t t 
o " C ( 

being the Lorentz factor of the c.m. frame in the labora

tory OM) should depend on Af being independent of Eo at 

high energies. 

The shape of the difference d changes and its centflr 

shifts towards low tj, with n (see Figures 8a,9). The sag 
me was observed earlier for nuclear production at Eo ~ 

200 GaV [5,16,20] and this is completely lnconaisten'l; 

with the energy-flux cascade model [12] • 1'he width ot d 

increases with Eo like the width of ~ distribution 

(compare with Figure 6). 

0) An can be seen from the recent electronic experiment 
performed a t the t'NAl, (33) f this is also true for neut
ron-I1ucleuu coIlis1.ons at high energies. 

-_.,",.,---. ----- ----

r.
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•• ;; ~ > 'to ' the ratio r decreases with ng in such 

a way that the lliU'ger 'uhe ~ , the smaller r becomes 

(Figure'iQ). This is the so-called "extinction" of 1ea

ding p&rtieles, imOVIIl from experiments at lower energies 

(see, e.g. the review [a] ). As is Been from .I!'lgur,· 8a 

and the co~pa.rison of the data on r at different ]~o 

(not shown here ). this effect does not weaken at least 

up to 400 GeV. 

At 't < 7. 0 ,r increases with l1g (and <. IJ> ), so 

that the smaller the 'L , "the larger r becomes • It is 

important that the A dependence ot the ratio r chan

ges with t monotonically, without any singularities, ex

pected. tor instance. in the :framework at' the EFC [12J 

MPM [19] and Bome other models of nuclear production. 

Assuming that shower particle multipliqlty 1n different 
«11 E. )

A f\. (It intervals may be paramelirized as 'l ,[o)ovA '0 t 

one can observe that the exponent ~ monotonically in

creases from negative values at maximal "l to values of 

aboutO.4-0.5 at minimal 7. • 1I'1gure 11 examplit'ies sueb 

dependenoes; heN it should be :temembered that lie quali 

ta~ive17 identify n and A dependences by using theg 
relation < ng ">""' A2/3. 

On. OIU'l. oonclude from the direct comparison of the ca

tawith quantitat1ve predictions of the parton-cascade 

modol (1~K) (17,18} that it cannot describe the ~ depen

denee ~tthe ratio r. I t ~B very important that. even 

a1; 400 GaV, the data do not demonstrate the "limiting" be

haviour (r ,-1) at large rapidities, which arises in the· 

se modele due to the fastest noninteracting part ot a par

ton ladder [211 • Also. it 8ho~ld be noted that inclusion 

of a small contribution of double scatterings doe. not 

inproYe the situation considerably (compare curves 1 and 

2 in Figure Bb). 

The disagreement of experimental data w~th predictions 

of the FCM. which assumes the predominance of fan type 

diagrams [1?,18,21J may be considered as an indication 

that probably the eikonal type models [22] are more pre 

ferable for deocrlption of nuclear production in the ran

ge of presently available energies and for actual nuclei; 

such an approach is close from the phenomenologi~al view

point to the celebrated Glauber theorr of multiple scatt~ 

ring. It should be Doted that earlier the same conclusion 

has been drawn from the analysis of nuclear production da

ta at go~ 200 GeV [16J • 
The most apparently the absence of the limiting beba 

viour discussed above follows from Figure 12. where the 

quantity Y - n (Y =In (2E 1m) is the kinematimax Lo DU1X 0 

cal limi t of rapidi ty) ia plotted versus the priI1lary ene:t' 

gy Eo • According to the FCM [17,18,21J • the limiting be-

haviour of ~ distributions at largest raplditles leads 

to the increase of Y. -" wi th E [18J On the othermax: (,0 ol j 

blUld, in tho Gla\loer-GriboY model [22) this quantity 

r
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1 

,1 
8Pould be a constant equal to ~2.6. The data givo the I 
.trona support to the second approach, although, of cour 1 

s., it 18 noc8.8ar,y to check model in many points to give 

.o~ confident and reliable conclusions ·abeut its appli-

IcabU1ty. 
J\ 

Let \18 now consider the A dependence of the centers 
I 
t and dispersions (more exactly standards) C1l 't) of showert 
~ 

particle lUl6\llar distributions. From Figure 'I~, where the

a. charaoteristic. of 'l. distributions are preo-ented in 

dependerioe OD D • we see that they decreases with increag
 
.~ n~b.r of grey particles.
 

It baa been. eho\m in reference [16) that the A depen
i 

denoe ot dispersions of inclusive ~ distributions provi 

I 
t 

4.s U8 with a good teat for models based on the assumption 

[ tbat • 1) an incident hadron collides simultaneously with 
! all the nucleons. containing in a tube of nuclear matter

! w1th a croaa seotion equal to CJ,,~ and the mass much 

I ereater than 'the nucleon mass. and 11) such an interaction 

looks li~e a badro~nucleon collision at Bome higher c.m. 

I
 enereY.· In the framework cf such models, the extreme rea


l1aat10A ot Which 1s presented by the coherent or col1ec

i ti". tube model [2}) , the dispersion of "longitudinal" 
I· inclusi". distributions must increase with increasing At 

this is the straightfOrward consequence of the logarith 

m10 growth of dispersions in elementary collisions (as is 

,...1l-~'Q(l~ c:f (y)"'" in 8). 

19
 

As is seentrom Figure 1~t the dependence of cr- (1. ) 

on ng contradicts that calculated according to the CTM. 

Obviously. the s~e is also true for r~lated aodels, such 

8S discussed in papers [24,25] • Of eoura_. it shOuld ~~ 

noted that thia conclusion cannot be extended to "tube" 

models in which a hsdron-tube co111810n is tnx8n to b. 

different from ha~n-riucl~on interection. For ~xamp1e t 

in the hydrod;YnaiB.lcal llll)del the finnl Iltate of produced 

51stell 1s coni11tioned not only by ll1rger C.III. Elt1ergy, but 

by larter Volume or ~he 1ncident Ryst~~ ao well; in other 

words, the final stabe 1s conditi~ne~ ~y the initial den

. sHies ot t.bemotlynalllie quantities [26) 

It 10 .ell known that the 5impl~ and attractive notl
onn of COllective interaction with a "tube" ot huc:le-llr 

matter and the passivity of fW1test secondaries tilda. 

tho nucleus are originated from the hypotl1eais thai the1'e 

exists some ch8r8ct;(~riatic length 1J N kJi;(E being t~ 

energy of 1I particle and k ~ 10-1 3 cm/CeV) Which is n...,· 

CCSfltlry to "material! se" that particle. The data onbA: 

internctiond at ~o ~ 400 GeV show that, evon if thishy

potheois 10 true, the region of ite fippiicabilityshould 

be shifted towards considerably higher energi&s. 

80me Indtc at Lon to the ener~ rnngs , where this lqpo

t;hcnh. 1~1 r'l'obnlll~ Lr-ue , followt1, mtt1bc, from FlgQn 14, 

whe i-o \-he ('II(H'gy dependence or rf (1) 1s plotted for 

J i.rfcrl~nl. n..
() 

C;f"('ltrlJ of f'J~ int;~racti·onA.Om~ can see that. 

r: 
~ 

f
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witb increasing E the dif'ferenee between q (~) toro 

dl:tferent li groups decreases (especially for eventsg 
wIth small D ) and has a good chance to disappear at

S 
l; "-'101 3 eV (if One usee tbe linear extrapolation). :.. t; is o 
poseible that only at such very high energies the collec

tive phenomena in hAinteractions will manifest themsel

us strongly. This suggestion, of course, needs the di 

1 2 reot experimental test in hA interactions at Eo> 10 eV, 

that 1s impos$lble to perform at present. 

5. '!wg-porticle corrdaticma 

.5 .1. Pseud.orapidit:vcorrelatiQns am9Q1!i showor particle, 

There are little data on correlations in hA interacti

OJUI [5, 8,16,2?-}O], although they are very uset'ul (a, 
1'6,,1] tor discrimination between various (not 1ntre

quantly conflioting in exiomatic approacbes) models sug

ge.ted tor: DUclear production. 

In order to 8~Qy two-particle correlations amons abo

'/fer partioles along the lOng!tudinal axis we bave used 

the well-known correlation functions 

C (it' *) __1_ d.2.(5' _ -L..r!£. d. (( 
t: 't." 'l.l. - (1. d ft d. It ",t- d • d*' (5) 

Ln. 't i 'l:l. "'lll ~1 '1.1. 
.1 ' R {tL- ,,*):l5 tier Ide! (J..<f. -i, (6) 

2. t'''z en cL'l.*d."it d: '7.,* d ",* 
1 '''t 1 t 

wh~re rr i. the pseudorapidity in the proton-intranuc

le~ nuuleon c ••• frame 

'l*=~- {l,..chr ~ (7) 

K: being the Lorentz factor of this frame in the .labora
<

tory one. 

As has been emphasized in references [5,8,2?J ,it 

the study of correlations by means of correlation funoti

oea (5,6) one is faced with the difficulties, which art"" 

se from taking quantitative account of pseudocorrelationa 

arjsing from the broad multiplicity distributions ot sho

wer particles, the dependence of the one-particle epec~, 

rum ( d ~ / d 'L) on D and the possible realization
S 

of different production Itechanisms. as well 8S trivial 

correlations due to kinematical coinstraints in individu

al events. While considering hA collisions. the obVioUS 

heterogeneity of events corresponding to different nuabe» 

of intranuclear co111s1'ons or "tube" lengths strengthena 

these difficulties even in the case of the exclusive chaw 

nel. Therefore, the precize model-independent search for 

dynamical correlations seems-to be impossible in bA in

teractlons (5) • 
The empirical information on correlation functions ani 

their dependence on the atomic number of a target. and on 

the incident energy is of great importance, although the 

reliable conclusions about the consistence ot some model 

approach with nuclea.r production data could be obtained. 

s\.rictly s peak Lng , only by the direct confrontation oj! 
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[, 
t 
! 
! 

.1 t~~ p. 4i.t>r:1.\.I~tionin6~ch en~ • .mple of lIon~e Carlo 

, .....ti.(ll XoeprodUous ,tho elllP'h.'1cal.' n 's~ct.rwa ot 1ibe real 
s 

~••plel 

.:u.) "~~~.,;particle apeetruJlid « /" d\ ,wltachone of 

, ,,,~~e,tie4 in~era~tions rep~duces t.l1e qplr1cal .-elli 

' ''It,ujly, d:t.eti-1l~.lt1Ona dO"/,.". d'l; in colli.lana wi ththe 

~~.pondln8 J:l. ' f~l' ,the ewunable un4er¢OP~4el"&tlonla 

l141 ~. ,...lfJ.iO~ ~ltIa of abower IJ84'Uclea, are In4epen
'. 

411111 iJ~~l • .tl(ta~l~~. 

.t'b..,~~8~t).8boWnin rete,rence {30J. conse.rvatlon 

1... 'in :t~ ~Ol!Sll inh~~nt, to ·the8tatiB~i~al 1;beory of 

2} 

aul tiple production weak17 di1rlJl1sh (:2 and ~ co.pared. 
EMwith Cl ,.,IBM at Arz.;: I'L -'ll~ 2 in the 1'&088 of , 2 '"'2, f z;. 

tens and hundreds GeV. Therefore, the omission of CODBe1"

vation laws in the IEII 0017 Increases the dynaaioal s1S

nifiC8Jlce of the inequalities 02 >,' 0, B2 ~ 0 at aa1l 

.12 •. For the reader, who, U7be. w111 be astonished by 

application of such crude aodel as the IEM for the anal7

sis of correlations in bA collisions. we can onl;r rvm±Dd 

that in nuclear interac~1oD8 the prvc1ze account of k1De

matical corrvlations 1s impossible due. to the imposslbli 

ty of determination of the real. _ss of the target and 

separation of secondaries into those "produced" during 

the production process 8Jld those emitted b7 the nucleus 

after the encounter - 1n any case one needs some model 

(l.e.	 speclllat1ve) a88Wlpt1orw. 

Let us now consider the experimental. data. Figure 15 

presents values ot the correlatora C2 • ~ tor argu 
~ 

ments ('l~, ~~ ~ ~:) (the diagonal ot correlation IUt 

ru, characteriziAg .the ugnltude of "short-range" corre

lations at different '1!) and (0. ~* ) in pA and pH 1D
I teractions at 400 GeV. The corresponding values of C2aa4I 

B2 are plotted in Figure 16. Figure 17 and 18 show 1011. 
\ 

I energJ dependence of the correlatore C2• B2 and 02 ' 82. 
j respectiYel;r in pA. collisions (the data at 24. (7 8D4 

200 GeVare taken froa reference [30] ). The aDBl)'818 o~ 
\ 

these data results 1n ~he following conclusions II 

! l 
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1. The values o-f the correlators in pA interactions dif _ 

fer significantly from those in pN collisions. The diffe

rence is large especially in the target fragmentation re

gion. It is clear, nevertheless, that the strong asymmet

ry of correlation functions in pl interactions has main 

lythe trivial origin ,. in contrast with the conclusion 

of [29J by the way, since it is described by the IEM. 

This asymmetrr oan be explained by pseudocorrelations cau

sed by large values and fluctuations of multiplicity and 

one-partiole distributions in the target fragmentation re. 

gion. 

Z. The corr.lator C strongly depends on Eo, whereas R2 2 

demonstrathe the remarkable, though approxLnate, stabi

lity to the Variation of energy in the range 2Q-1j00 GeV. 

These teatures of Rz and C2 are quite aimilar to those 

observed tor tWo-particle correlations in hN interactions . . . 
(soe, e.g. [~21 ). 
}. Values of the "quasidynamical surpluses" C2 and R2 
for small ~in pA interactions are positive everywhere, 

except the region of the largest 'l.* -the region of the 

leading partioles. The function C2 increases with 1ncrelt 

sing Eo' for the Hi one can observe the approximate ir.... 

dependence on Eo. Thus, the data exhibit the presence of 

positive short-range correlations in pA interactions (as 

well as in pN collisions), which cannot be explained by 

the simplest trivial and kinematio factors. Of course,we 

25 

have noted above, that the values (;2' H2 > 0 can also be 

caused by the heterogeneity of one-particle spectra for 

individual collisions with 1'1xed ns ' i.e. by the reason 

that is very trivial for nuclear production. Some quali 

tative considerations concerning the comparative signifi 

canoe of genuine dynamical correlations and those caused 

by the angular heterogeneity will be presented below~ 

4. Comparing the correlators R2, R2 tor pA interactions 

in the l'ange 2D-4oo GeV with those in ~- A co1l1sions at 

200 GeV [5] , one can conclude that correlations among ~ 

lativistic secondaries weakly depend on the nature of the 

projectile. 

Now we consider the dependence of correlatj~n tuncti 

ons in pA interactions at 400 GaVan the number of grey 

particles assuming the existence of positive correlations 

between<. n "> and < v> • Figure 19 presents values of the g 

correlator R2 ( ~ I ~~ ~ 7.~ ), R2 ( 0, '1"") and Figure 20 

shows R2 ( 'l.~, 1: ~ '1.~) tor some seleoted subensembles 

of pA collisions with different ng• One can conclude from r 

these data, that. 

(1) shapes of the correlators R2 and R2 in subensembles 

with different n qUalitatively are similar and differg
 
trom those in pN collisions;
 

(li) the values of H? and R' decrease with increasing n 
L 2 g 

at all pseudorapidities except the region ot leadin~ par

ticles. Her~ we took into account that the act1Qn of oon

,--'
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aervatiOD.iawa beco~es less with n at least due to posig 
tive oorrelation between < n :> and<ng> • so that the degs

.w. 
ree ot undel"stating of R2 at t''l~ 2 caused by employing 

the IEM increaaes .with decreasing ng • 

Although the quantitative model calculations are ab 

sent tor the correlatora in hA interactions, the data ob

tained allow one, in our opinion. to draw some qualitatiVe 

conclusions • 

The A dependence of the inclusive correlators in h1gh

energy hA interactions seems to be hardly consistent with 

the CTM and the related models (22-25) , in which a had 

ron-tube collision is identical entirely with a hadron

nucleon interaction at more high c.m. ~nergy s. In fact, 

8ince according to the CTM. the inclusive density of ra 

pldity distribution in bA interactions is given by the 

SUll of inclusive hN densities 

f 
h~ 

(Y, s) :; E 
J} 

P ( l1) f"N I y of· ! en v, os v, (8) 

the difference between whose centers at high energies 1s 

Jauch loss than their dispersions, and since R2 in bN in

teractions does not depend on s [}2] ,one should expect 

that in nuclear production the correlator R2 would depend 

Yery weakly (if at all) on the atomic number of a target. 

In order to prove this statement quantitatively we have 

calculated in accordance with the CTM the values of R2 b, 

the Yonte Carlo method for different nuclei and for the 

27 

composite target such 8S emulsion. In this calculation 

the WOOds-Saxon distribution was taken for nuclear densi

ties and we used the Gaussian for pseudorapidity distri

butions in hN collisions. The results of 8 calCUlation, 

which are represented in part in Figure 19 by the curves, 

in fact were found to be practically independent of A. So 

we conclude, the data of Figure 19 contradiot the predic

tions of the CTM. This conclusion, strictly speaking, c~ 

not be extended to tube models where hadron-tube and hN 

interactions are not taken ~o be similar • 

The decrease of R2 with increasing number at recoil 

protons agrees well, although qUalitatively, with predic

tions of the FeM, whioh takes into account the limited 

energies of particles participating in intranuclear col

11slons [31] • 
Also, it bas been claimed in (3~ , that the inequali

ty ~ < ~ in eikonal type models, wbere only tbe 

leading particle (or leading cluster) undergoes intranuc
J 

lear collisions, will be realized only in the projectile 

fragmentation region. The data show that this ineqUal1t 7 

is realized ·1n larger pert of the central region 8S well. 

Remembering that the prediction bas purely the qualitati~ 

ve character and due to uncertainties i~ definition or 
fl'ae;ment8tion and central regions at our energy, we thiAJr 

that this model in that point does not disagree enough 

wi th the d a ta to be ruled ou~. 

r---·
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'rhe comparison of the :tunctl0DS R~ in the total sample 

ot pA interactions and in different n groups (Iligure 20)g 
demonatrates, to our mind. the significant role or bete 

l'ogeneity of nuclear events in the formation ot "short

l'ange" correlations. In tact, if the idea about the rela.

tion between <n ? and <~> ie correct, then the full ene
aamble of pA events should be, especially in the target 

fragmentation region, more heterogeneous than comparati

vely narrow D g groups. Consequently, the corre1ators 

should be larger :tor the total &nseluble of pA interacti

ons. Just this 1s observed in the data. 

On the other hand, the decrease of R2 and R2 with 

:Lncreasing ng at. small e.'1.*" nu.y be considered as indica

tion ot genuane d,namieal correlationS. since the het~ 

~ogeneity of interactions probably does not decreases 

l'ii'l.:h increasing n [5] • In any ease. it seems to us.g 
that for more confident and reliable conclusions about 

the nature ofauch dynami¢al correlations it is necessary 

to have more aocurate data with pure targets as well as 

more suitable methods for analysis a:t correlations. 

5.2. Azimuthal corr~lal;lons 

The study of correalations in the trar.sverse plane 

(azimuthal correlations) is of great importanc~ since 

tbey C~ clarify· the production mechanism in high-energy 

interactions. For example. the large transverse ;nomBntuu: 

29 

of decaying system may lead to the asymmetrical emission 

~f part-Loles in the transverse pl8l),e; the large trans 

verse momenta of two clueters (Jets) or large angular mo

mentum transfer My result in the coplanar emission and 

so on. 

We stuaied two-partiole inolusive and semi-inclusive 

azimuthal correlations among particles produced in pA and 

pH interac~ions emploling the asymmetry and coplanaritl 

coefficients 

9i :'Itlt r, 

1I:=(I.p(E,)d.£- J f{tld.SJ/Jf{E..)d.£, (9) 

'lile. ~ 31r11,o 7i 

B :: (jill' (E-I d:« +J j'(E.}d.£ -J .P(t.)d.f.)/J.f{t.)d..~,(10) 
o 3Tr!It rr/ti 0 

wbere 

:f(e}:: d~/cL Eo,£.::f,carcco8(Ptl~2/l ~ f Pot.! I). (11) 

In order to take into account trivial effects rel.ted to 

the action of conservation 1a_6 we have performed calcu

lations for pA and pH interactions on the basie ot the 

cyl1ndricuphase-space lIodel (CPS) under the follow1.ng 

assumptions & 

1. the n distribution in eacb ensemble of simulated s 
events roproduces tbe empirioal DS spectrum of the real 

ensemble in pA and pN interactions; 

2. the multiplicity of neutral pions at fiXed n obeys. s 
the truncated binomial law with the mean value obtained 

at 405 GeV from the FNAL bubble chamber experiment. 

r- ---
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3 .. the presence of "non-observable" (i.el.not incoming us) 

recoil nucleons in pA interactions has been taken into ac

count by means of the simple model of repeated intra.uue

lear collisions described in C2]under the assumption that 

nuclear densities obey the WoodB-Baxon distribution. 

Figures 21 a, b present, as examples, the values of the 

asymmetry and coplanarity coefficients A,B in semi-inclu

sive pA and pN interactions for not very large n in coms 
parison with calculated dependences. It is seen tllSt tbe 

data agree quite satisfactorily with the calculations. 

Con~equently, the data do not demonstrate any anomalies 

which cannot be described by the simple statistical con

siderations. ~he s8Jll.e was con..:luded for hA interactions 

at lower en~rgleB (4,5,8,27] • 
Also, we have considered the dependence of A and B on 

the relative distance 4t along the pseudorapidlty scale 

for two particles considered (not shown her~). Similarly 

to W- A interac1;ions at 200 GeV [5] , we could not ob

serve any dependence ot these quantities on A~. that me

ans the correlations among secondaries in the aZimuthal 

plans have mainly tbe long-ran~e nature. 

6. Conclqd1AA rEtyrks 

Let us now summarize the results drawn from invastiga

tiOD of inelastic pA interactions at 400 GeV and from 

consideration o~ the energy and atomic number dependen

cas ox some basic characteristics o~ hA interactions at 

presently available energies. 

The detailed comparison of esperimental data with qua

litative and quantitative predictions of various theore _ 

tical approaches to multiple production on nuclei shows 

appa'rently that most at them cannot describe the complete 

set of existing data. First of all, we should attribute 

to them the fOllOWing models: the naive cascade-evapora

tion model, the energy-flux cascade model, the coherent 

tube and related models, some ~ell-developed in the quan

titative respect versions of the multiperlphersl and/or 

parton model, models which do not include any caocdding 

except tbe repeated collisions of the leading particle • 

The eikonal models based upon the Glauber-Gribov theo

ry and the hydrodynamical model have, to our mind, the 

best chances to survive. However, the question about the 

consistence of two these rather general approaches with 

the data should be considered as undecided since presen _ 

l~ we have only some semi-quantitative model predictions 

and any conclusion about their applicability may be con _ 

sidered as proven only afte!" the detailed quantitative 

comparison of their predictions with the data. 

The compl~te set of experimental data available allow 

us to assume that the production mechanism in hA interae

tiona has p rc uab.Ly two- or !Ilulti-cCiIll.;;onent character and 

contributiGr~ of separ~~e com~cneut8 may defend on the 

,
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energy and the atomic number of a target [a] • 
Finall,., we claim that the present status in the study 

of inelastic hadron-nucleus collisions does not exclude 

the posslbilit)' to obtain the fundamental information 

about the nature of strong interactions (in particular • 

about the space-t1.lle evolution of multiple production 4'U1d 

the intemal structure of badrona) and therefore, we be

lieve, this field remains to be interesting and fashio •• 

nable. 

ACknowledgeaen~s 

We Wish to thank the managements of the FNAL and the 

Division of Nuclear ~8ics of the Academy of Sciences of 

the USSR for the support ot the experiment and L\ Voyvo 

dich and I.V.Chuvilo for the help during exposition. We 

are var indebted to A.I.Bonda.renko and V.Sh.Navotny tor 

the invaluable help puring tbedata processing and compu

ting. Finally, the work carried out by technical staffs 

of our laboratories is gratefully acknowledged. 

PYKOflKCb aocryuHua B 

~3~aTeRLCKKR COB8T 

24 uaR 1978r. 

33 

REFERENCES 

1.	 Alma-Ata-Gatehina-Mosco_Taabkent collaboration,Leba

deY Iut. preprint 43, Moscow, 1977; Zh,ETi' Pis'ma ~ 

(1977) }09. 

2.	 Alma-Ata-Gatch1na-Moscow-Tashkent collaboration,Lebe

dey lut. preprint 61, Moscow, 1977. 

3.	 Alma-Ata-Leningrad-Moscow-Tashkent collaboration, 

Yadernaya Fizika ~ (1975) 736. 

4.	 A z i m 0 v S.A. et al., Proc.of the Topical Meeting 

on multiparticle production on nuclei at very high 

energies, Trieste, 1976, ed Bel I 1 n i G. et ill' l 

p.8}; Yadernaya Fizika l§ (1977) 346. 

5.	 Alma-Ata-Gatchina-Moscow-Tasbkent collaboration, Nucl. 

Phys. B129 (1977) 205. 

§.	 0 t t e r 1 u n d 1. et al., Lund Univ.preprint I,TTTP

7705, Lund, 1977. 

7. N i kit 1 n Yu.P., R 0 zen tal I.L. lind S e r 

I 
gee v F.M •• Uspekhi Fizicheskhikh Nauk 1£1 (1977) ). 

R.	 G u I a m 0 v K.G.. G u 1 yam 0 v !J.G. and C he:: 

u 0 V G.M., PartiCles anr Nuclei ~ (1978) No 3. 

9.	 Bar ash e n k 0 v V.S., TOll e e v V.D., Inter 

;H', t rona of nf.gh energy particles and. nucle L with l1UC-' 

lei (Al;omizdat. ~.l.oscow) '1972. 

1(',	 a l' c !n b e r eo c. et al •• Pb)'s.Rev.Le;;t., ...2.1. (19?3) 

15\:». 

FERMILAB-PUB-78-135-E



34 

11.	 F ish ban e P.M. and. T ref 1 1 J.S., Phys.Lett. 

B51 (1974) 139. 

12. Got t f r i e d K., Preprint TH-1735 CERN,1973; Phys. 

Rev.Lett • .£ (1974) 957. 

13.	 S h abe 1 sky Yu.M., Konstantinov Inst.preprint 

LBPI-248,Leningrad, 1976; Yadernaya Fizika :?:l. (1977) 

1084. 

14.	 Molle r K., Nucl.Pbys. ~ (1974) 1451. 

15.	 Wrob 1 e w ski A., Acta Phys.Pol. ~ (1973) 857. 

16.	 A z i m 0 v S.A. et 41., Yadernaya Fizika,27,1011,197~ 

17.	 N i k 0 I a e v N.N., Landau Inst.Preprint 18, Chema

golovka, 1975; Proc.or the Topical Meeting o~ multi 

particle production on nuclei at very high energies, 

Trieste 1976, edt Bel lin i G. et ~. 

18.	 N i k 0 1 a e v N.N. and 0 s tap c h u k A.V., Nucl., 
Pbys. B, 1}4, 729, 1978. 

19.	 K 0 p I i k J. and M u ell e r A.H., Phys.Rev. R15 

(1975) 3638. 

20.	 And e r 8 son B. and 0 t t e r 1 u n d I., Nuel.
 

Phys. B102 (1976) 238.
 

21. K.a n e h eli O.V., Zh!';TF Pis/ma.1§ (1973) 469.
 

~2. Cap ell a A. and K aid a 1 0 v A., Nucl.I'hys.
 

B111 (1976) 477.
 

?3.	 B e r ..I. a d G. et ol., Phys.Hev.DU ('1')76) 1(;1;
 

A f e k Y. et a1., Proc. of the Topical ~eetlng on
 

,--

,

multlparticle production on nuclei at very high enal' 

gies, Trieste 19'76, edt B all 1 n i G. at ale 

24.	 Men g T a - c hun g , H!ys.Bev.D15 (19'7'7) 19?1. 

25.	 Fr e d r 1 k S son S.Stockholm preprint TRITA-fFY

75-13, 19'751 B erg s t rOil L. and F red r 1 k

S son S.,Phys.Lett.W (1917) 17'7. 

26.	 Shu r yak E.V., Yadernaya l!'lzika ~ (1976) 630. 

27.	 G u 1 a II 0 v K.G., C her nov G.M. and Y u 1 d a

she v D.S., Proc .ot' the 4 th Intern Belll1nar on tbe 

Problems ot' High Energy fllysics, Dubna. 1915, p.233i 

A z 1 m 0 v B.A. et al., Multiple processes at ~1gb 

Energies (Fan_ Tashkent, 1976) p.120. 

28.	 Alma-Ata-Dubna-Lenlngrad-Moscow-Tuhkent collaborati· 

on, ZhETF Pis'llI& ~ (1976) 107. 

29.	 Bar 0 n i G. et al., Nucl.Phys. 8103 (1976) 2'1)i 

Lett.Nuov.Cim. 1§ (1917) 352. 

30.	 G u lam 0 v K.G. et al., Z.Fbys. ~ (1977) 107

31.	 N i k 0 1 a e v N.N., ZhETF Pis'llI& ~ (1976) 38}. 

32.	 K 0 11 •• Univ.of California preprlnt UCD-PPL-7-1'7-74, 

Davis 1914. 

33.	 Fer bel T. Univ. of ;;ochester preprint Uft-625, 

RocheSlOer 1977. 

34.	 Fum u reF. et al., Proc.or the 15 th Intern.Cos

mic Hay Conl., ~lovdiv 1~?7, v.7, p.59. 

35
 
FERMILAB-PUB-78-135-E



T
ab

le
 1

. 

T
he

 
m

ea
u 

m
u

lt
ip

li
c
it

ie
s 

o
f 

h
e
a
v

il
y

 i
o

n
iz

in
g

 p
a
rt

ic
le

s 
in

 

h
ad

ro
n

-n
u

cl
eu

s 
in

te
ra

c
ti

o
n

s 
a
t 

4
0

0
 a

n
d

 2
0

0
 G

eV
 

E
n

se
m

b
le

 o
f 

ev
en

ts
 

pA
 
c
o

ll
is

io
n

s 
(;

3
5

3
 e

v
en

ts
) 

pE
m

 
c
o

ll
is

io
n

s 
(3

4
8

2
 e

v
en

ts
) 

A
ll

 
in

e
la

st
ic

 p
ro


to

n
-n

u
cl

eu
s 

i
n
t
e
r
a
~

 
~
t
i
o
n
s

 
(3

62
8 

ev
en

ts
) 

pA
 
c
o

ll
is

io
n

s
 

(2
7

4
3

 e
v

en
ts

)
1-

J..
 

c
o

ll
is

io
n

s 
(4

8
5

3
 e

v
en

ts
) 

E
o,

 
&

eV
 

4
0

0
 

4
0

0
 

4
0

0
 

2
0

0
 

2
0

0
 

<.: 
n 

b 
>

 
, 

5.
Q

O
:tO

.Q
9 

4
.7

0
=

0
.0

9
 

4
.6

2
:0

.0
8

 

5
.0

 :
 

0
.1

 

4.
52

1:
0.

0'
7 

<
"9

->
 

c 
f'

lh
>

 

2
.9

9
.:

0
.0

6
 

7
.
9
~
0
~
4

 

2
.
8
~
.
0
6

 
7

.6
5

:0
.1

4
 

2
.
7
~
O
.
0
6

 
7

.4
1

:0
.1

3
 

2
.
7
~
0
.
0
6

 
7

.7
 :

 
0

.1
 

2
.3

S
:0

.0
4

 
6

.8
9

:0
.1

1
 

. 
( 

" 

c
n.

b
>/

<n
.,.>

 

1
.6

?
!o

.0
6

 

1
.6

5
:0

.0
6

 

1
.6

6
!o

.0
6

 

1.
86

:!
:o

.0
6 

1
.8

9
1

:0
.0

5
 

.R
ef

er
en

ce
 

th
is

 
ex

p
er

im
en

t 

-It
 

-

-.. - l6
 ] 

[5
 ] 

• .....
..
 

:IE ..

~ 

e
t 

a
' 

::r
 

(I
) 

0 
"1

 
~

 
t:

t 
0 .... 

0 0 
lI!

 
"1

::r
 

"1
.... 

(1
) 

0
0 

t:7
' 

t:
t 

!-
" 

!-
" 

0 
til

 
g 

(I
) 

.0
 

J:
 
~

 
/!? 

(I
) 

a 
t:

t 
0 

.0
t:7

'
n

s 
(I

) 

A
 
E


 
t:I

 
.... 

III
	 

r
t 

til
V

 • 
"C

l II>
 .... ~
 

cT
 

tr
' 

III
 

S
l 

CD
 ~ 

ti
lt

...
.>

 
"C

l 
1!

9 
.
.
.
.
~
I
-
'

 
~

 
::s

o 
III

 
I-

' 
~

 
III

 
(D

0 
...

. 
(>

 
t:I

 r
' 

o 
iii

,,
",

I-
'

"
"
'0

 
r:

t
""'

g::
s 

0 

V
iI

-'
 

I-
'

~
	 

l!. 
¥
'
~

 
V

i 
...

. 
CD

1\
) 

...
. 

\1
' 

co
 ..

.. 
V

Il
li
 

C
X

ll:
lll

l 
1

\)
0

l 
V

i 
...

. 
0 

cT
 

.... 
0 

I
;
 

C
D

S
 .

...
 

(
D

O
 

(I
):

:S
..:	

 
(
)
 

e1
11

1 
G

l
:g

(I
) 

(I
) 

<
tl

lD
n

 
::s 

I:l
 

ll>
 

cT
 

C
'f 

::l
c
T
~
O

III
	 

...
.. 

III
 

III
 

cT
 

...
...

.1
-' 

j 
.....

.. 
.....

..
 
III

, ~
~

 
..:

.
 
\1

1 
(J

l 
C

t,


·
· 

....
:J

\.{
;)

 
.p

 
A

 
· 

I\
) 

I\
) 

.p
 

t:l
 

III
1+

 
1

+
 

.... 
v

0 
0

0 
.... 

.... 
.... 

.....
..•


·
· 

· 
....

:J 
-..

:J
 

-..
:J

 

..,
lo

 
.... 

..,
lo

 

-..
:J · 

• co
 

· 
-..

:J 
V

i 
~


 
1+

1+
 

1+

 

l:C
 

0
0 

0
·0

0 
0

·
·
 

V
i 

V
i 

,>
l 

't
l "1
 

0	

e
rt

 
0 7 

't
:t

 .... 
g


 't
l


 
.....

 
n	

 
.... 

.....
	 

n 
(I

) 
.... 

~
	 

t:
t 

III
 

« 
....	

 
0 

t:l
	 

I
;
 

cT
 

C
f,

 
III

 
fo1

	 
g-

III
 

n <
't'

	 
~

 
.... 

"1
0 Iii 

't:
t ~
 

III
	 

c
t 

c
t	

 
.... n 

8	
 .....

 
(D

 
III

 

l;.
I	 

S-
It

(D
 •<
 

(D
 

a
' ... N • 

FERMILAB-PUB-78-135-E



FlGU;UE: Cl.Pl11DNS 

8	 '~ure '1. 1Itt:U.t.i,plici t&y d::ll:ltrt:tl.l'4t1GJ:l1:l c:f black (&). grey 
'<'4 

13 

• 
•	 EIt\ 

0 
~ u 
f. 

to .... 
e .... ora ..... 

,D$
 
i 
.p + 

ora 
~ 

.....IS '" 
0	 fI$ 

III 
.p " 
~ 1\ 

...,'"B
 1:1 
R ...... 
l!J ..... 
J:
 ~
 

4J	 V 
~ G) 
G) a 
0	 i.p 

g &.... 

! 
.p 

! 
~ 

~ g: t" 
III 

5
 
lH 
0 

10 
.p 

i 
0; " 

II 
~ 

0 
~•0 

+ 
R 

In 

U'\ 
~•0 

~ • c

+.. 
R

llO 

N 
1('1

•
N 

~ •0 

+ 
10 

IS 

~ •0 

N 
=t·c
+ 

R 
llO 

N 
1('1

• 
" 

'" 
• llO 
~ 

sf 

\ 

C'
~•0 

+ 

sf 
0 
lI'\
• c-

I 

I 

8
•0 

+ 
~. 

1('1 

ID•0 

1\ 

sf 
v 

~ 

lI{ A 

rf 
V 

0 
c-•0 

+ I 
m 
~ 

C'
e
0• 

~ 
t'"
• 

I ~ 

~lID 

0 ""
 
N• 

C'
::t ~ 

,; 
0 · " +	 "+ 

sf sf 
0 s11'\
•o · " 

8 '"ot 
0
• 0• 
+ "+ 

~ rf 
C'- ID 
1('1 

•C'

0· 0 

A 1\ 
lID f!jf1JR 

v v 

FlguI;'e 

'" " 
lID

R

8 
~ 
... 
1 
s 
.3 
g 
s 
10 

A 
.p 

(QJ. and. hea.vy (c J partic1es in proton-eaW.slon
 

Il tH;M i jI1ter'/iCUor..s at 400 GeV. S1D&l7 and dQui)-.
 

)~, shaded ar-e as show cout.r.-1butions or lOp-free-p"
 

&n¢ coheren~ events, ~espectlve1y.
 

2.	 SQpwer particle: lllllHlpl1.-:ity distribution plot>

ted in UBUal (a) and Iicaling (b) variabl.es.8ba

ded, and dot1;~ct ar-eas sbow contributi.ons of 

"p-free-plt and coherent events, respectively. 

'fbe curves 1,2.' repl'asent predictions ot tbe 

EFC (12} ,'rIll 'I, and ShabelskY's (13] models, 

respectivel:;. The curve 4 is the KNO ~caliDg 

function "Cor pA interactions in.elllul6ion [})..	 ' , . .. 

Curves 1 and 2 "to: Long to pA interactions, and 

tbe curve j .1.0 the total ensellble o(e~all)D 

events. 

.... lIigui"e }. <.n > hEm • < Ilc1? trp (ra) and \EiD(b) a8 t'unc'H s 

tio~ ot' the incident energ,-~ Tl;l~. (;urv8S. &J;e~ 
a htl,(lA-d,raWll fits to exper~~~t.\~~ ~ta. 

III 

"	 Figure 4. Deper.denc,S of D (a). Jeu; and tu; (b) ons::o


.3
 n and, ell: on Eo (c) for pA interactions •~ s 
PI 'l'be db.tll at. Ec ;:; 2GU GdV are tllltentroJl rer.4. 
III 

~ 
s;;/X}	 '!'he sol id 1 iI.es IU'~ hand-.lrS'MZl iits to PA in 

~	 
t~ra¢ l.1ons. th~' 'l&sbe:.l linea' represeae . reaw. t8o· 

Iltc 

'" • 

F---~-- -- ----- . I 

FERMILAB-PUB-78-135-E



rigure 11. D dependence of the ratio r{ ~): the data 
or an approximation of experimental data on pp g 

.ror ~~O, 0" ~ < 1, ••• ,6£ ~" 7 and ~> 7interactions (14,1S) • 
are plotted from the bottom.

Figure 5.Multlpllclty correlations in pA interactions at 
.~·:i.gure '12. The energy dep':tndence of' the quantity

400 GeY. The straight lines represent of an a~ 

.'. "max - ~o (see text). ~ data at B?200 GaVproximation with the lunction<ni > = 8 i j n j ... b i j • 

are taketJ. from ref. [16~]The curves 1.2 be Figure 6.Inclusive pseudorapidity distribution of a-par 

long· to the parton-cascade model [17,18].ticles in pA interaetions at 400 GeY in compari

Figure 'n. "s dependence of <:~> (a) and cJ (1) (b)son with those in pH (Eo =400 GeV), pA (Eo =50, 
in pA interactions at 400 GaV.200 GeV (4]) and3r-A (Eo = 200 GeV [S]) inter

I!'igure 14. The energy dependence or t5' ( ~) for the totalactions. 
ensemble of pA interactions and tor 41.tter$ntfigure 7. ~ plots for different u g groups of pA (Eo =50 
n groups. The data at E ~200 GeV are takenand 400 GeV) and ,,- A (Eo =200 GeV - the dotted g. a
 

:troll. ref. [16J.
histograms) interactions. 

Figure 15. Inclusive correlators C2(~"*::;';) (a:) ,Figure 8.(a) the quantity d 88 function of ~ in pA Intex
it il" .f I .~ 

actions at 400 (the solid histogram - this ex  H2('L" ~1~() (b). C2{O, 'Ill-} (c) and R2<O, '(> 
(d) in pA (the black points) and pD (the openperiment) and 50 GeV [16] (the dashed histogram); 

drclea) interactions at 400 GeV. Predictions(b)	 the quantity r in dependence on ~ for pA in

nt the IEM (see text) are plotted' the soUdteractions at 400 GeV. The curves represent pre

eurves - tor pA interactions, the dashed cur.dictions of the parton-cascade model [17,18] •
 

ves - for pH interactions.
figure 9.Dependenee of the difference d on? for dif

ferent n groups of pA interactions at 50 Figure 16. Inclusive correlators C2 and H2 for the exa
g 

mples shown in fir';lU'e 15. The curve.s are hand(dashed histograms taken from ref. [16]) and
 

drawn 1'its to gul.ie the eye.
a-l; 400 GeV. 

Pigure10.The rat;io l' as f'unc t t on of 't in different n ·	 .1?1gure 17. The energy dependence 01 the correlators 
f 

groups of pA interactions at 400 GeV.	 C;->( IJ*, fJ*~,n (a), R..,(.,J< J t; ::: ..1') (b), C W, 'llf) 
.- (, , C-l- -l/ c: t f Z. ''', 2 

( cJ and R (Q \ 'l~ ) (d) in pA. 1nter~t1ODB •2 

,--

FERMILAB-PUB-78-135-E



"rhe data at	 Eo ~ 24,67 and 200 GeV are taken 

from ref. [4] . The curves belong to the rEM. 
dN dN dt{fl'igure 18.	 Inclusive correlatorsC2 and H2 for the --Im 

5 

c) d(l~ b) dnslfOf1examples shown in fi~lrc 17.	 dn" .' a) 
Figure 19.	 Dependence of the correlation runctions .., 60ON 11 

R (1C, rz; Q::~) (8) and ~ (a, ~,.) (b) on the
2


number of grey particles in pA interactions
 
~ 

at 400 GeV.	 The curves reproduce results of 
50, 

a calculation perform!'!d in accor-dance with	 400 ~ 
the CT~ (sp-e text). ~ 1 • .L..L-.L-l n'i. '0 I '5' ' . '(0I , i5 b 

I (#I * -It • Figure 20.	 Correlators n, rr, ~ ,~~ ) ill c1l.ffl'rent n· 
"- Iff t:	 f g 

groups of pA inter'act:ions at I~OO GeV. ~~~ tozooFigure 21.	 DependenCp.8 of the 3x.imuthal Bsymmetry coef

ficient A (a) and the complanllrHy coeffici 

ent B (b) on n in pN (the .open circles) and s 
~~ 

pA. (the black data points) Interactlone. The 
.L~!.,I, II ,I. 't,I.L"'~ '1~-iP-

o 5 to 15 20 25 3D n hcurves plotted are obtain~d ~ccordlng to the
 

CPS model (see tax t) r or pH (tlJe curve '1) and
 

pA (curve 2) co111010no.
 

Figure 1 e 

.~ 

r:
 

I 

FERMILAB-PUB-78-135-E



• •

12
 8 

'fD
O 

P. 
r:

 
."D

O 
o.

,v
eV

/ c
 

2.0
 

{.5
 

1.
0 

6 2. 
8 

f2
<

rt J
,>c

) 
12

. 
1
6
<
n
s
~

 

t 
+

K
:4

 
• 

+
 

2 
.i

.A
. _

_IC
.=

}..... 
__

J>
 

-
.
~

 

.:.=
z

.--
_.

_-
....

....-
".,

.--
--

-s
-··

,..
-"


 
1 

jO
 

5
0

U
J
O

 .
~
,

 
IJ

(J
Q

 

~
f
&
e
V
/
c

 

FERMILAB-PUB-78-135-E



rr- d.<i--
-- (f d'l 

<"s'· 81 tt20I-<11.,,)-1 <n,,'p 

<n.,- f sa "~ jj,j 
3 

<"B" .)~ III 
1St- tt tt .*~ !:
 

2
-.
IO~ fl. '~J:'/ I!V o~, 

., 

~.~ -.t 
5 ~ ..'~ '.+. ·!i/ I{JL 1~-t~~----4-...,. . 

",J"".,.1114..u..,,.,tll •••. L".........,J...a,..",! •••• t, ••• 1
 

fa to • JOl1.s S fa (5'1-10 f
 
<ns>- 4("&>~


3 <rtb~ 0 ~2.cOt-<nll>-
~ <n ,. I b 2 4 6 8 ~dJ.P 

4<'"-9'· ~ 8-' H 
.+ J 

30~ ,J ,0 
E .•/ fi. 

3 
fOF / .~ 1 

~.".la'"II.~.L-I.~ 
15 ,0 f1b 

fO 20 ttl, ....•5 to 30 
-t 

2r 

Figure 5 1 
I ]I 

r4: 
-2. 0 

i 

2- I.( 5 8 ~ 

Figure 6. 

-""'_.~ _.~".....,~,~ .. ,~ ~.,._-.-.-, -_ ....,,-- 

r----------

Ji-Il, 200 
.... 1 .+.•" 

.~ ".• '-. .~: -l~U: ··........t,.r' it.. L.,,:. 
It-I ll.. 
I ....L 

_rr : L 

,/"pN,"OO ..! I 

r' 
I 

fat- I .,«; 

, 
,.I .. ,,' 

J'.. -,".r",. . ...... r- 5;;;':' .. 

.. 

I ._._.....-; 

FERMILAB-PUB-78-135-E



:, 
(.

 

\ 
1


 

\
 r " i
 

3

 

1

 

5 3 2. 6 

I I I o
n

 
u 

--
L

.-
._

 

4 
6 

~
 

:, 

n 
-D

-2
,...

6 

I I 

I I _...
., I I It

" 
-

If
. -
~
~
-

2. 

F
ig

u
re

 ?
 

• 

• -
~

 I
..

.-
_

-
-
.J

. 
...

.. 

O
'l . 

FERMILAB-PUB-78-135-E



I,
 

nt=O Jf.~ "-,.=4,5 13 
2 

It, I -'-J,_ ~f 

~ Ih --1_....,;:;.Jo~i<'-'oI~~--l 
'1. 'i 

'l, 1-·"'r.... T!.,., n =6-B 3 
o - I dr· a- z. 

1 
I 

~ I· "'-t IIln. n,.:9 tis 
"",=3 /: \ ~ r 

1 
c-, ~, ~ I I \ ~'d__, ~...,...k>o I 

+ i '  -J~"t4J;Jckco -'..1 ~ 
-..1'2 "~ '1. I' 

L--L I 1 I ...l-' , , , __.4. « • , • --L.. I ,. I I .. 

o Z 4 6 8~ 0 2., 4 6 8~ 

Figure 9. 

;.~t 
o.t 

I-=----r.;o'-""-.-..-1---to 

2.°r 
1'. 5r ,
tOl, 

I 

os; 

1.0 
0.5 

D.5 Ld 'l, 

\ 

1 

\ 

"I
II 
\,, 
1, 
\[ 

i 

~t' -~ 

"1+ n ~O fl+l ,. '4. nt:J.,:",5 .. . . ~ 

4]' I ,., ,. 1 • ' • I .~~, •3 t ,'lOr· 
2. 

+ /I :l .'"• 't 5! ! ! ,., , to 

6 + • • ' ~ • • ~&
4 ." I ~~.9 ~ • "9'=6--3 +:,
2. •. n ,,2. ,1 t • .~ 
6 

• If •• 
+ 

. . " 
~ .', I ,.,.",Il. SL·" '~"8• 3 l8 • n~9 • .Z • I"li= +,6 .~ +.&

• 2 • .il 
I , , , I I·!· I ,2 • o 2 4 G• 18 -l-_J-t. ,., I ~ 

t .6 0 2. 4 6. 1& 
,~ & 

Figl4re ',0. 

FERMILAB-PUB-78-135-E



2.6 z 
tf" Z 

12. 

6 

4 

H ~ 
O'f I 
0.6 

OJ 
o
 

jI 
f 

f + 
At l :t .6. ~ • 

to 

I 
o I 

o o • i 

I
I 

~ to•
6 

i 

If! 
I I f I 

f f I j j 
L-L.-L. ~ ---'-_ ...l-.i~ 

2 46 ~ ~~ 

Figure 11. 

3
 

2
 

9Il'KllC'lO 

" 

20 so faD "00 
Eo' GeV 

Figu.l'e 12. 
<Vii-----'------=3.5 • •• 

0)---~ 

3,0 

2.5 
••••••••••• • • 

. 
o 4 8 12. 16 n 

6('1,) bJ 

f.1 

'. l.S 

H 

j ............... ~_J. __~ • • ....A.--c.-.J
 

o it 8 it 1S "r 
Fig.lre 13 • 

._'- . __ .• ~ __.;;.._.:.._•••_~. _.,.,"'",/••••. _,.c __,••• .. ~ ...".-.'.'.k __rcc-_c.c . - - 

FERMILAB-PUB-78-135-E



1.6
 

t. 4
~ 

1.2
 

-5
 

1.
0 

I 40
0 

I 
I 

L
 

I 
! 

/ 

50
 

10
0 

0 
n
.
.
~

 a
 

• n
.,.

=0
-2

 
19

 
ft

 t 
: 3

)( 
n.

 t 
~
6

 

Po
 '

 G
eV

/c
 

I 
~

 

<.0
1 

~
 

-e
-
~

r'
\)

 

.£
 

n
I 1'
0 

i='
. 

..
 ~

l 

~
.

~
 

.... 
"!

l 
l"

,:)
 

~
 

.e
N

llI
: 
~

 
~ 


. 

, 
-U

\ 

-.
 

•
,j

. 
,...

70
.l:

:"
V

1 

-r
'• 

~
 

IC
". ff 

C
l:)

 
:t

\ 

"" t"
'\ 

~
 

.J:
:o 

FERMILAB-PUB-78-135-E



I I t \ i \ t i I 
";

l 
~
.

 

~
 
~

 
->

 .(j
\

<
::;

) 

"
c-

'1..
. 

, 
-e


~

 
1

':
0

 
I 
~

 

.
 • 

F
ig

u
.r

e 
1

7
. 

FERMILAB-PUB-78-135-E



6 
C"'l0 

.e

o 
00~ 

I::) 

I\a 

"II .... ~ 
~ ~ 

, ~ 

~ .e- .. 
~ .
Ql I. I\a 

l::::l 

I '" 
~ 

I
~ 

, 

I 

Rl(,,~l. :::.(1 el)2.0 

o ",,= 1 
K nrZ,3 
" "~: 4-6 
A rt~~r 

o. 

0 
0 

·as 
-It "'2. 0 2. 

0.4 
o ",,=01.5 

az. 

a 

-01. 

-0.4 

-I, -2. 

I 

!::::o-0 

~ 

~ .. 

0 

R~o,t) b} 

• 
0 

• t
* • 

a 0 

rt~ 

0 2 If?' 

FERMILAB-PUB-78-135-E



• • 

t,;g,.f, , to ' ,~ JL. 30~,1F

50 

R~-

0.2 fZ (4''l;-'::'l~) ng.~7 

A, t •• + 

o~" . n.t =4-6 I >.

0.2 t 
o I 

O.4t t "(i"'" J 1 
0.2 

o· . • , 
o.4f~ n~=f 
az + 

o:t. l'·.t :f=O t 
0.2 1+ + • • 

_~ · -z I 0 I Z T I; 1'~ ; 

Figure 21. 

Figure 20. 

, --_.~~.--- "-"." --------.......----

FERMILAB-PUB-78-135-E




