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ARSTRACT

Detailed studies of u'Ne and v Ne interactions at 10.5
GeV/e have been carvied oul. Multiplicities, carrelations, and
inclusive momentum and rapidily spectra for -‘. «, »?. and P
are reporied. Average mulliplicitien for K and A® production
are also determined. Comparisons are made (0 results from ep
interactions. Relative to mp collisions, pion production is enhanced
in the target Fragmentation region but ot m the central or projectile
fragmentation regions. Many of the pion production properties can
be understood in termu of a simple kinematical model in which the
cllvctive target mass is greater than 4 nucleon mass. A surprising
number of cnergetic protons are shscerved (liboratory momentun
$1.3 GeV/c). For shower-track multiplicities ~ R, the produced
nucicons are found to carry away an average of 40% of the incident
momentum, indicating the poseible existence of previously unrecognized

merhanione for the efficient mmomentum tranefer to pucleons in pasticle-

nucleus coilisions.
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1. INTRODUCTION

During the past several years there has been a growing interest
in hadron-nucleuns collisions in the multi-GeV energy region. ! Much of
this intercst steme from the pousibility that a nuclear target, haviug a
thickness of several fe, might serve as an analyzer for the space-time
development of hadranic u.t;ues paesing through nuclear matter. The
possibility also exists that the experimental study of these calligions
might yield new information, not readily accessible in hadron-nucleon
interactions, concerning the internal structure of hadrons.

A great deal of experimental information on hadron-nucleus
coltisions has been gathered over a period of 25 or more years. In the
early years of this period, most of this work was accompiished using
cosmic rays incident on photographic emulsions. } Reacent experimenta)
work, using proton and pion beame from accelerators, has been done by
means of em\llsiun.z-7 bubble (:hamluzr.“.lz and electronic tecllni(|m-n.l3-l5
o these experiments, particles over a wide range of incident energy have
been used to strike targets having atomic numbers from A <1 to A = 238,
Several important features of these collisions have been established,
among which are: (1) RA {defincd as the ratio of mean multiplicitirs
for p-A or v-A interactions to that for p-p or w-p interactions) is a small
number that depends only weakly on the incident encrgy, (2) “A grows
very slowly with A, (3) hadron-micleus interactions exhibit an approxi-

6,17
mate scaling of the Koba-Niclaen-Olescn type, 16,1 {4) the mean shower



multiplicity grows nearly linearly with the maltiplicity of identificd pro-
tons, (5) scveral energetic nucleons are sometimes ejected from the
collision, and {6) particle production, relative to that from hadron-nucicon
interactions, is appraoxitnately unchanged in the projectile fragmentation
region but is significantly enhanced in the target fragmentation region.

A varicty of theoretical and phenomenological ideas have been
advanced in attempts to understand hadron-nucleus collisions, One very
simple scheme supposcs that particles are produced iinmediately at points
of collision and that these particles cascade independently as they procced

8,19

through the nu(-leuu;l however, this model is completely refuted by

the experimental results on multiplicities. The parameterizations pro-
20 21,22

posed by the energy-flux-cascade madel ' and the coherent-tulic model

both enjoy some success in explaining the existing data, although the

philosophica of these two madels arc quite different. The nced to Include

the effects of special relativity in these collisions bas long been recog-

0,23.2
20, 5 In particular, one expects that a hadronic state produced

nized,
at the first collision should behave approximately as a single particle as it
proceeds through the remainder of the nucleus, provided that it has a

mean decay length, yeT, which is large comparcd to the nuclear diameter,
it is interesting that thus idea alone accaunts qualitatively for many of the

observed experimental facts, However, a comprehensive, quantitative

treatment aof thies coinplex subject does not appear likely in the near future.



In the present experimeit we have made a thoruugh study of wNe
interactions at 10,5 GeV/c using the full analyzing power of a bubble
chamber. We note severa) advantages of (he bubble chamber over other
methods: a single nuclear target (Ne) may be studicd; the vharge and
momenta of produced \racks can be determined in the maguetic ield;
tracks can he detected over the (il 4 » steradians; track density infor-
mativn is available; y ray convcreions and v° duocays can be ohsesved.
Preliminary accounts of portions of this work may be found an Refs. 1)
and 26. The outline of the paper is as follows: in Sect. I, a briel sum-
mary ie given of the experimental technigues and andlysis methods nsed;
in Sect. I, multiplicities and corxrelations for -', n and p are prescoted;
in Sech, 1V, the production properties of n.. » , anl p are covered; in

Sect. V, resultaon &', Ku. and A® production ave presented; amd in Sect.

VE, a brief acy and lusi are given. We Lrust that this com-
prehicnsive experimental investigation using one nuclear target at one hown -
barding energy will prove helpful in the attempt to improve the wnderstanding

of complex inelastic hadron-nucleus interactions,



1. EXPERIMENTAL TECHNIQUES AND METHODS OF ANALYSIS

A. Bubble Chamber Expusure and Pion Beam

Table | presents a summary of the data sample studied for this
paper. The Stanford Linear Acceleraior Center 82-inch hulible chamber
wae filled with a inixture of 32 molar percent Ne and 68 molar percent
“}.' and exposed w w and s’ beams having central momentum values
of 10. 46 GeV /e and 10. 39 GeV /¢, respectively. 28 The ||sz mizture

had a radiation leagth of 125 cm.
. Scanming and Measuring Procedures

‘The (il was scanned for any interaction of a beam track in the
wpstream two-thirds of the bubble chamber. Scanned cvents were ctlass:-
fied by the numbiers (n,, n, Nl\" where NI\ is the number of visually
identificd heavily ionizing proton trrcks, n_is the numher of negatively
charged tracke, and n s the number of ponttively charged tracke which
remain when al) visually identified proton tracks are removed  The
number of "shower tracks” is n, =n, t n_. Ansociated vertices, arising
cither from y conversions or from the decay of K or A’ particlies, were
alao recaorded,

Five pereent of the (ilm was inflependently rescauned 1o determine
scan elliciencies: 94% for events with two or more charged tracke; S0
tor events with 0 or § charged track; 91% tur associated secondary

verticeas, Theae elliciency faclors have been aned 1o correct all multiplicity



data presented in this paper. We note that aNe clastic scattering cvents
are elfectively mucluded trom detoction brcause of the very simall scaticring
angle involved.

Both wp and alle reactions occur.  The exproted nwnbers of cach
kind of interaclion ave given in Table 1. From the acan intarmadtion, an
approximate scparation of events into wp and sNe calegories wae nade.

An event was classified as “hydrogenic" if Nh < 2 and il the nrt charge
was consistent with a up collision; olherwise, an event was classificd as
“nevnic.” The resuits of these classilications are shawn in Table I. We
find that approximately 20% of the sNe interactions are classificd an
hydrogenic by this procedure. These excess hydrogenic svouls arise from
pion interactions with a quasi-Iree nucloon in the Ne uuclews, where the
remaindsr of the nucleus acts as a "spoctator.” Because wo find these pesiph-
eral collisions to be sumilar (v ap collisionns, apprapriste fractions ol the bydro-
genic everte have been added to the sevnic events in order 1o pravide an
inclusive sample of "uNe interactions. " Throughout tine paper, we will

- use the terms “sNe interactions' and “up interactions' t: denute the properly
renonnalized samples, whercas "neonic” and "hydrogenic® wall he nsed
tu denute the categories defined atwove.

A sample of ~ 7500 eveimts were mirasurrcd on the semi-automatic
meanuring system, RIPPLE. o All 1ieanuared events were retained for
analysis even though many events hud une or more tracks which fabed
in meanarenent of 10 resonstructiun.  For (racks longer than 10 cm in

cpace, the gverage probabibity (ur crceesnlul measurcment amd recon-



structiun was 0.92. This prabability depended sumcewhat on multiphicity,
ranging trom 0. 96 fur two-pronged events to U. 87 for twelve -pronged events.
Weights have been applied to the final sample to compensate for these track
lusses and also (o agsure that the multiplicity distribution frem measured
esents corresponds (0 thal of the scanned events.  Proton tracks having very
low momentum were processed rather inefficiently.  Averaged over the in-
terval 0.15 < p<0.25 GeV/e, approximately 45% of the scanned protons
farled measurement ur reconstruction. Becauac these losses are confined
to well-defined kinematical regions, we have made no corrections for them
in the distributions presented in this paper. The secondary neutral vertices
{v. Ko. A”) trom these events were measurcd separately on a conventional
image plane digitizer.  All tracks were spatially reconstructed using the
program TVGE, which was madificd to deal with the M‘Ne mixture.
Whenever possible, curvature, range, and track density information
have been nsed (o separate »! tracks from praton tracks.  This method is
quite reliable below ~0.9 GeV/e, but is not usablr above ~ 1. 3 GeV/c for
the present Illﬂr mixture. Conscquently, Nh often is smaller than the teur
number of protons and n, oftrn includes same protons. On 4 statistical
hasts, this ambignity between x! and proton can be resolved Ly the wnospin
symmetry of the -.Nc- and u Ne isteractions (e Selow), therclore, in the
multaplivaty and inclusive paiticle distributions, a separation between 1.
and p can be mnade.  The presence of K" tracks has been ignured s
this study. Fluw 18 justified becaune the ratio of k! I-! 18 only appraxi-

mately 3.5 % . as determined by vur study of K" peodurtion (see Section V).



C. Imospin Sytnnetry of e Ne.and -'Ne lnteractions

We have made use of the isospin Symmetry of ' Me anil & Ne
systems in order to unlangle the ambiguities between . and proton

distributione. Under reversal of the third ¥ t of i pin, we

3 -
have s 4o 5, p 4=, apd Ne - Ne (Ne is an 1= 0 aucleus).  For

example, the lollawing relations {and similar relutions} snust hold:
<n.'> eNe <.-'> #"Ne
<Np>-’Ne ® <Nn) u"Ne

where, e. g, <Np>I'Ne is the average number of protons produced in

] . o
n Ne collisions. More generally, we have the relation

“".'- l"-n NG Np' Nl‘l’l’"e = ‘('l'-. n'.. "'or N". N'I)I'N!

where f{- .- ’n'Ne represcnls any ‘unction of the produced particles lor
w'Ne collisions. Further details of our use of isospin Aymmetry are

given with the prescntation of the data in Sections Hif-VI.
1. Weights and Corrections for vy, Ko, and A“ PParticles

Each observed y conversion {or decay of K" or A°| was weighted

by a laclor w = P-., where P is the probability for vbservation:
P= enp(-l.mmf ) up!-Lm.“I) ).

In this expreasion A is the conversion [or decay) Jength, and l‘min

“'nan) is the minimumn (maximum) allowable neulral track length. In
»



order to avoid confusion with tracks Irons the prunary intecraction,

. wa® chusen to be 2 e, For y canversions, L was chosen
min max
to be the smaller of 120 cm or D .- where D 18 the maximam
max max
potential length to the edge of the fiducial volumie. For K." or A® decays,
1. was chosen to be the smaller of 2.5 or D . The average
max max
probability of an e‘.-- conversien within the Giducial volume is approxi-
mately 0 20
[ S

Approximately B4 of the ¢ e pairs were rejecied after meas-
urement on the basis of puinting tests or hremsstrahlung arigin tests.

. D o o R
Approximately 6/, of the K~ and A particies alao failed a pointing test.
Corresponding corrections have heen made tu the weights of the sur-
viving pairs or decaye.

* -
Corrections for radiative {osses tor the ¢ e pairs were also made.

The typscal correction 19 3-5% in the energy of the pairs.



ifl. CHARGED PARTICLE MULTIPLICITIES AND CORRELATIONS

A. Averaged Multiplicitiens of Charged Particlea

The averaged particle multiplicities are given in Table II. In
abtaining these averages, it has boen assumed that the charged particles
are l., %, or p (that is, K!, 2:!. p, etc, have been ignored). Applying
the requirements of charge eynnmetry, we then find the (ollowing rela-

tiona:

<“'.>|th = <n">l;NG = <“-)I;Nh '
M)y - GV W Clatner OV utne

Thus we are able to find (n.-\/,<n.,>, and (Np) for hoth reactions by

and

meanuring the quantities <n_) R (n& , and <Nh> for both reactiung,
in Table lll, we summarize the values for (n-> = <n',> + <n'_> ’
the average number of pions produced In inclastic o’Ne iteracuons, and

the values of R, deflined as

. <n )lNe

RN

The values of R arc (ound to be near unity. Averaging uver »*Ne and =" Ne,

we have R =1.08 0.0

Ne
Much attention hys becn given to the ratio R in hadron-nucleas

interactivns. The resvlis of many experiments have shown that R 18

small, grows very slowly with increasing atomic number, and s nearly



. 2.6,11-
independent of bombarding encrgy for 1ixed atamic number. H11-14

Thede facts clearly rule out modela in which all produced particles are
atluwed to cascade independently in the nuclc.-u-.""'” However, the
behavior of R can be accomodated by several quite different models in
which the evolutiun thine of the scattered projectile fragments i8 comn-
purable to or Jonger than the time between successive collisions inside
the nucleus. In the "energy flux cascade” model of Gottlried,
RZ 1 va (V) -1), whered is the number of collisions of the projectile
systein in passing through the nucleus, and where the usual value of the
parameter a {8 approximately 1/3. For sNe interactions, we have
<1’>Ne = A %inel ('P”'inel {wNe)2 1.6, The present result, RNc: 1.08,
therefore implies that a 2 0. 12, which is sumewhat lower than the con-
ventional value. The "coherent tube' model of Berlad, Dar, and Eilam“
predicts R5<1l|“> where the evaluation of <‘V”4> depends to sume
extent on the assumed nuclear shape. Taking the nucleus to be a uniform
aphere, we find that "Ne= (yl"‘)Ne: 1.1, in good agreement with the
data, provided that a value of <'y>Nc= 1.6 is used, 3

We note that the models discussed in the previous paragraph are
designed for high-encergy collisions, and therefore inay not be wholly
apphicable at energics as low -:u 10.5 GeV. At thas relatively low energy,
a complete dessription of hadron-nucleus cotlisions would have to conaider

the eftedct of absorption and would have to account for some 1imlependent

cascading of the wide-angfe particies.



B. Multiplicity Distributions Corrected for Ambiguitien

+
botween p and w

The absesved scanncd events for -t Ne interactions provide multi-
plicity distributions in the variables P, n_, and Nh‘ Theee distributions
are denuted by gt(n*’. n_. Nh ). We now discuas the procedure used to
determine the corresponding dlltrillu!h.ml,ht (n.,. L Np ). These latter
distributions will he called the "carrected” distributions.

in Table IV we present the euperimental distributions, Gt n,m)
where

Gt(n,.n.) = lt(n'. n, N

b

Ny,

That is, utln’. n_} 13 just the distribution of pasitively and negatively

charged shower tracks, summed over N.'. If atl produced protons had

been classified among the Nh heavily ionizing partictes, thun we would

expecl to find nEny andm_ = n-. Am a consequence of isospin require-

mecnls, we wuuld then expect to find G' (n',n_l = G-(n_, n‘). However,

it is evident from Table IV that this relation is pourly satisfied by

the raw acan data. We are therefore forced to conclude that a significant

fraction of the positively charged shower tracks are protons, The number

of these "fast knockout” protons in an cvent is Nl : Np - Nh. From Table I,

we find {N(Y 20.78 £ 0.13 (or w'Neand (N =0.46 1 012 for » He.
Further evidence for the presence of protons amnong the shower

tracks i3 seen in the average net charge of the shower tracks.  For rach
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cvent, we define the net beam-like charge of the shower pa~ticles, L\S,

an follows:

+
A =4 -n for » Ne

"

n -n for » Ne

Figure la shows the dependence of the averaged values, A.. a8 a
function of shower multiplicity, n, {Recall that n,cm, tn_ I i §
there were no protons among the shower tracks, then the values of Z\a
would be the samc for -*Ne and = Ne events. The effcct of the unidenti-
fied proton tracks is readily apparent; the average number of such proton
tracks per event grows from ~0 for ng © Ito ~I for n, =8

In order to determine the corrected distributions, ht(n'f. n o Np ),
it is noceasary to redistribute the n, tracks from the ohserved events.
That is, the observed events in gt (n*, n_, Nh) must contribute to the

evanls in h‘(u. -m, n_, N, +m), wherem =0, |, 2'+» , We have found

h
frum the data that this redistribution appears to be independent of N,

Thua we define

i =g 1t
H (n.‘, .-.'_) = }ﬁp h~ (n". "o NP) .

That in, lI! (u',, n - } is the innltiplicity cistribution, summed aver NP.
for producing L pusitive pione and L negative pivna.  As discussed
an detail in Appendix A, a suitable parameterization was devised tr

'
determine a least-squares fit far the ll'(n". n ) distributions {rom



the Gt (nf, n_) distributions. The fit was subjected bin-by-bin to the
iaotopic spin constraint,
W 0 1=Hta a0 ),
L w w w

for Osn',& Tand 0 ‘\:n'_‘: 7. The fit wae further constrained such that
the final averaged pion multiplicitios, (n.') + <n'_> , Were consistent
with the reaults given in Table II. In addition, the vverall net charge of
the fitted pion multiplicitios were required to be consistent belween wNe
and »"Ne interactions.

The [litted llt (n. (TN ) distributions, which are herveafter called

the “corrvected" pion multiplicity distributions, are displayed in Table V.

The |} three di tonal distributions, ht {n 4om N ) are
L L] P

somewhat voluminous and are not presented in this paper. llowever, in
Table VI we do show the collapsed distributions in the variables NP and
n where nEny + LI Results based on these corrected distributions
are presented In Section [l C below.

The excellient agreviment between ll'ln",. L ) and ll‘(n.-, n',)
in Talle V attests to the adequacy of the correction procedure. A Murther
check of this method Is shown in Fig. ib, which is a plot of the average

net charge of the pion tracks versus " In this figure, we define ,'-' by:

A

Eh

[
n.,=-n for 5 Ne
L] [ 3 L]

En__-n_, for n Ne
w 1



th

Excellent agreement s again found between the corrected ! Ne and »~ Ne
results. We conclude that the preaent correctinn procedure is quite re-
tiable. Wt is perhaps worth stressing again that the success of this procedure

has depended crilically on the stringent requirements of charge symmetry,

C. Resulte from the Corrected Multiplicily Distributions

The multiplicity distributions in n. the number of charged shower
particles per event, and in L the number of charged pions per event, are
given in Table VII. Thesc distributions are readily obtained from Tables
IV and V. The dispersion parameter for the charged pion multiplicity is

/2 . : .

‘ (n"") - <"'>Z) =1.99 +0.03. In Fig. 2 , the n' distribution {averaged
over the n' Ne and »” Ne results) is dinplayed in the KNO scaling (urm“" v
and is compared to # Ne results at 200 GeVIc“ and to w'p and v"p data
mterpolated to 10.5 Gth?.'b'o""l'hc scaled w Ne distributions are in very
good agreement with each other, and are consintent with KNO scaling.
Agreement with KNO scaling for particle-nucleus interactions has becn
found previously. The wNe and sp distribut. =18 are also sunilar, although
the aNe shape is clearly broader. This broademng could be caused by
mulliple collision processcs in the nucleus, bat it also could result from
kinematic limitations at the relatively low energy of the present experiment.

In Fig. 3 we display the distribution w A.. the net charge uf the pion

tracks. The 1’ Ne and 5~ Ne data have been averaged in this piot. Multiple
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collisiona involving charge exchange can cause the net chacge of the
piona to migrate to a final value considerably different from the charge
of the incident beam particle. However, this does not appear to occur
very often aince only 12% of the events have IA'- l' > 1. The hand-
drawn dashed lines show an exponential decrease proportional to

exp(~-2. ) ,A' - 1)) tor A'>o and propertional lo expf-1.7 |A.- Yy ) for
A' <o,

The multiplicity distributions in N, the number of identified

b’
heavily ionizing protons, and in NP, the corrected number of protons,

are given in Table VIII. The Np distributions are alno plotied in Fig, 4.
The Np distribution for I.Ne is somewhat broader than that for x Ne,

as required by the values for (Np) given in Tahle Il. An Np incregsos,
bath apectra Iall in & sinoath way somewhat faster than exponentialiy.

The numbers of protons produced per event reflccts the disruption of

the struck nucleus, and in an average way, should measure the number

of elementary collisions of the beam or beam fragments with the nicleons
in the nucleus. It is interesling to observe that in ~ I°/. of the events,
nine or more protons emerge (all having laboratory momenta abuove ~0. 15
GeV/c); such events are likely to result from a combination of several

{~ 3) elementary collisions of the heam fragments in conjunclion with
several secondary cullisions of particles prudull;nd at wide angles. Note
that isospin symmelry implies that the Np digtribution for s Ne is identical

+ .
10 the neutron distribution for v Ne, and vice-versa, Thorefore the dashed



(sohd) lustogram in Fig. 4 can also be viewed as the neutron multiplicity
distributica lor w' Ne [» Ne) interactions.

The correlations between " and Np are of considerable interest
since threy are sensitive 1o the details of the intranuclear cascade pra-
cesscs. » In Fig. 5a we present the acaled charged pion muliphcity
versus Np. For N < 5, the pion multplicity is found to grow roughly as

(n.(Np)) / <n'> 20.8+0.1 Np fdashed Jine). Similar correlat-ans

3-6
have been observed in proton-nucleus studies 12 and in w-ndclcus
nmlir:.l 1.13 ‘This lincar growth is likely to be caused by an increase

in the average number of interactions within the nucleus. fleyond Np" S.
there appears to be a saturation in <n.(NP’> that is perhaps caused by
the finite size of the Ne nucleus.

In Fig. 5b we show, as a function of Np. the ratio of the dispersion
paramneter divided by average number of charged pions. A lincar
relationship is found: D(Np)/ <n'(Np)> ~ 0.62-0.02 Np' This means
that, as a function of Np' the dispersion of the multiplicity grows more
stowly than the average inultiplicity. This cffect, at least in part, may
be canned by kinematic restrictions at 10.5 GeV/e since it is difficalt to
produce more than ~ 10 piona at thi.. relatively tow encrgy, especially in
central {high Np) collisions. It would he of interest to examine the be-
havior of this ratio at higher encrgies, We alsv note that the present
results imply that the same KNO scaling function cannot deseribe exactly

the charged pion multiplicity spectra for all values of Np {at 10.5 GeV/c).



In Fig. 6, the average number of protons per event, <Np(n=b> .
ia plotted versus n . Again, a nearly linear growth is found. The ccsults
of Figs. 5 and 6, taken together, imply that events with large values of
n_ tend to have larga values of NP. and vice-vcrsa. In olther words, as
the violence of a particle-nucleus collision i8 Increased, a simultanevus
growth of n and Np is (ound.

Andersson! hae suggested that it should be interesting to examine
the correlations between ", and the number of lightly-ionizing (fast knock-
out) protons, N(. because N‘ {rather than NP or Nh) might provide the best
measure of the number of elementary collisions of the projectile or its
fragments with the nucleons in the nucleus. Although a fast knock-out
praton cannot be distinguished {rom a positive plon on a track-by-track
basis, the correction procedure discussed ahove doee provide a statistical
method for obtaining charged pion multiplicity distributions corresponding
to varicus values of N'. The teader is cautioned that the parameter N‘ de-
(ined in this way averestimales the number of energetic protons {p> 1.0 Gev /<)
by a factor of approxinmately 1.5 because unrecognized low energy prolons are
also included. In Fig. 7a and Fig. 7b, vespectively, we shaw the averaged
multiplicity, (n'(Nl». and the ratio, D(N'H (n'(N')>. as functions nf N‘.
The w'Ne and n Ne resulls have been averaged in these plota,  The bebavior
of these quantities as (unctions of Nr is quile Bimilar o their bebavior an
{unctions of NP {see Fig. 5). Apparently both N' and NI' are reasoundbile

measures of the number of elementary colhisions.
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IV. PRODUCTION OF CHARGED PIONS AND PRO'TONS

A. Introduction

In this section we present data on charged particte production in
wNe interactions and compare them to the results of wp interactions,
These data should provide insight into the characteristics of hadron sh:ower
development within a nucleus and should be useful for testing moadels of
hadron-nuclceus collisions.

For convenlence of expression, we define 'favored' and wnfavored"

pione to be produced as follows:

I’NL‘ ~— n!k {lfavored)

and

t

R *Ne ~—» "X funfavored) .

That 18, the favored (unfavored) pions have the same (opposite) charge
48 the cadent particle. These terms will also be used to reference wp
mteractions.

We ase the symbols Pye Py E. and y to vepresent, respectively,
the lungttadinal momentam, transverse momentuit, ecnergy, ond rapidity
variables i the laboratory systemn. Symbols with an asterish le. g, , y“ }

wre used to represent vanables in the center of nass system of the ine

sogning pron aied o gingle nucleon,



2t

Extensive use is again made of the wsoepin aymmetry between w! Ne
and w Ne. For example, the longitudinal momentum disteibutions of

favored (or unfavored) pions for ' Ne and ™ Nc should e cqual:

::—:-Lh' )-! Ne ﬁ_“"‘ "’ Ne
Thas the inclusive " disiributions can be found for Loth reactions by
measuring both of the inclusive »~ distributions, [Note that we have assumed
that all negatively charged tracks are pjons.) We also can determine the
inclusive momentum spectrum of the unidentified lightfy 1wonizing protons

{fast knockout protons) by subtracting the spectrum for negatively charged

shower lracks from that for positively charged shower Lracks. For examnple:

;‘—,;:J(p,).xN, . d—“',—,;c-' hotNe © ,‘,L;Lt-' Wine
where p refers g0 an unidentified protan and s* {87) refers o a pusitivaly
{negatively) charged shower track. This subtraction techntque 1o valid “or
any variable or combination of variables that do not depend upon the masnos

of the particles  f[e.g. . valid for mumenta but not for rapidity).
R. Charged Pion Mistributions

We find that the most significant differences between wNe and »p
single pion distrilbutions occur in the target {ragmentation region.  This s
shown in Fig. B, where the invariant structure function for charged pions,
integrated over p.:. ia plottcd versus Py in crder ta (acstilate the com-

parison between sNe intersctions (salid histograms) and sp interactums
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(danhed hintagrams], the tavariant structure functions have been divided
L)

by the apprapriate melastic croas seclions.  In the target Iragmentation

region (pl 21 GrV/c), there 18 a clear excess of the wNe disti ihutiaon

over the np distribution.  For both the favored and unfuvored pons, the

rativ of production from wNe to that (rom s p s sern to grow from ~\

to ~#Yas p is decreased (ram ~) GeV/c to 2zero.  This large relative

1
mcrease tn pion production in the arget (ragmentation region appears to
be a fundainental fcature of h.dron-nnr.lenn collimions. We also note that
a purtion of this excess ¢ production iz expected on the busis of charge
conservation hecause the proceas -* new X {which occure innide the
N« nucleus) 18 lavored relative 1o the process -! pen X

The inclusive aingle pion rapidity epec’ =a from wNe and ap inter-
actions are shown and compared in Fig. 9. For both the {avored and
unfavored pron distribution, we find: (1) for y* < 0, pion production from
sNe s two or three times as large as that from sp; (2} the aNe and sp
spectra converge near y' 2 0; and {3) the =Ne and wp disteibutions re-
main nearly equal for the entire forward hemisphere, y" > 0. These
trends are turther illustrated by the satios of the ~Ne to sp distributions
in Fig. 10. (n the projectile fragmentation region (y~4), this ratio is
approxumately 6,8 for the favored pions, and is in mild disagreement
with resuite at higher energlies where a ratio near umty is fmmd.b'7' 115
It 18 possible that the absurption of projectile {ragments 18 greater at

luw encrgice than at high energics Lecause there ia more time for the

projectile system to develop before leaving the imcleus,
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¥ >a implied that the frag-

The similarity seen in the region y
ments of the projectile system must act nearly as a single particle as
the system proceeds through the nucleus. That is, the evolution time of
the projectile saystem must be long relative to its transit time across the
nucleus, and repeated collisiung within the nucleus have little effect on the
final projectile fragmentis. QOn the other hand, the target fragments arc
significantly enhanced by the multiple collisions in the nuclous, and it is
thie portion of the rapidity spectrum (hat contributes to the rise in multi-
plicity from a nucleus relative to a nucleon.

it 15 of interest to ask whether there is a leading particle effect
for the favaored pions produced in wNe colligions. As is seen from Table 2,
there are 0.71 t 0,03 more favored pions than unlavored pions per event.
The kinematic regions into .which these excess favored pions are produced
are evident in Table IX, where we give the average number of x~ per event
observed in various intervals of y and Nh. Large excesses of favored
pions are found in the cencral and projectile rapidity regions when th ),
but only small excesses are seen clsewhere. Thus we can conclude that
the leading particls effect is present for the peripheral wNe interactions
(Nhé 1} but not for the aon-peripheral interactions |Nh> 2).

Mauy of the properties of hadron-nucleus collisions can be related
to those from hadron-nucleon collisions by assuming that in a nucleus the

incident hadron can collide conjointly with more than one nucleon.

The effective inass of the target, and therefore the available center-of-
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mass cnergy is increased in a nuclear target relative to a nucleon target.

. . 24,35
‘These idcas have been considered for some time.”

21,22

The "coherent
tube' model is a recent extension of thesc ideas. In order to make
definite predictions for the aNe rapidity data, we assume that the incident
particle cotlides with 3- nucleons in the nucleus in auch a way that the
effcctive target mass is YM, where M ia the nucleon mass. The produced
spectrum is then assumed to be equal to that for a single nucleon collision,
but at an elevaled energy given by

8 = m2 + (yM)Z +2 yM(pZ + mZ'IlZ

€2¥Mp

where p is the laboratory momentum of the incident pion and m is the pion
mass (which may be ignored at the present energies). The rapidity distri-

bution in yX must then be boosted 1o the laboratory system for each value

of v, as follows:

= 3
Y, =y g,
where
1+6,
1 { 2
€P= Eln =Eln(u‘-ll§4— .

l~@y

@y ig the transformation velotity betweern the laboratory and the center-
of-mass frames. The resulting rapidity distributions can then be summed
to obtain a delinite prediction for a particle-nuctens colligion.
We have tested such a prediction against our data for the reaction
' - ¢ o
n Ne ~» 7 X. [norder to average over x p and v n distributions, we have

¥ N
summed over n d data,”  as follows:
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1 do , ¥ -
—— Ne -+ » X; s,
‘inel"Ne’ dy (v Ne * X; 8 y)
=] 2 ot % (e w N, )
ST ~ Y A - v 'y
winel‘"“ y=i dy v

where the tf,, factors represent the fraction of aNe interactions involving
P nucleons. On the basis of a 'miforin Ne nuclous, we estimate ), = 0. 59,
0.30, and 0. 11 for ¥ =1, 2, and 3, respectively, (Contributions for »> 3
have been ignored.) The resulting prediction, which has no adjustable
paramelors?., is shown in Fig. 9b and is in remarkablv good agreement
with the data.

In Fig. 11, we plo¢ the rapidity spectrum for the unfavored pions
schdivided into three groups accorﬂing to the number of heavily ionizing
proton tracks: Nh< 1 (53% of duc events), 2 €N, €4 (38% of the events),
and 5€Nh2 10 {9% of the events). Since N|l secms to be a rough measure
of ¥, we expect that theuve divisions should correspond approximately to
=1, 2, and 3, respectively. The curves imposed on the data are the
component distributions which make up the prediction of Fig. 9.

These curves provide a qualitatively good description of the data. As

i8 tacreased, the component spectra are broadencd {because of higher
effective center-of-masw anergies) and shifted to lower rapidity (becausn

of amaller transformation velocities, Pﬂ)' The data also show these trends.

fn Table X, we give the mean vatne# of laboratory pupidity corresponding to theae

sclections on Nll together with the calculated boost factorsa, !y .

We have also examined the rapidity distributions for the following



26

subdivisions: n’( 5, 6?n82 8, and 9i‘ns. Since n and N, have 2
nearly linear correlation, we also expect these divisions to correspond
approximately to ¥ = 1, 2, and 3, respectively. The resulting rapidity
distributions (not shown) exhibit trends similar to those seen in Fig. 1).
‘The mean laburatory rapidity values for the n, selections are given in
‘Yable X, and are in good agreement with the corresponding values for the
Nh selectians.

{t is possible that the present agreement at 10.5 GeV/c could be
a fortuitous reosult caused by kinematical restrictions at this encrgy.
Definitive tests of these ideas arc needed at higher encrgies, where at present
there is same controversy over whether or not the "'coherent tube' model prcdn}
lionsl' 22 agree with the available data. 14 Detailed comparisone are
dilficult at high energies both because of experimental measurement
prablems and becanse of uncertainties in the nuclear modeling and in the
hadron-hadron rapidity distril.utions.

We turn now to the examination of distributions in transverse
momentum. The principal result is that the wNe data are nearly indis-
tinguishable from the wp data. In Fig. 14, we show the p,rz distributions,
normalized so that the same number of tracks are pioited for the aNe and
np data. In the interval pT2< ] (GeVlc)z. there are no significant differ-
ences between the data from the two targets; this helds both for the favored
and the unfavor -4 pions. The averages, (p_r) and (p,l_?7 ., are given in
Table X and also show that the differences between np and slNe are small.

The values for (p,r> and (p,l,z> are larger for the favored pions than
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for the unfavored pione; thig is true for both wNe and wp Interactions.
We also naote that the averages found for wp arc in good agreement with
previously reported results. i

It might be conjectured that the transverse momentum epectrum
should become broader as Nh is increased because more nucleons then
tend to participate in the wNe collisions. In order to aearch for such an
effect, we have plotted (p,r> as a function of Nh (see Fig. 13). The
surprising result is that <p’l'> appears to be independent of N, for N, 51
this is true for both the favored {solid triangles) and unfavored {solid
circles) pions. For Nh €1, differences between the favored and unfavored
pions do occur; however, these <pT> values are in guod agreement with
the corresponding xp values {open triangle and open circle). Also plotied
in this Figure are values of (pT(Nh)) for the most energetic {leading)
w_ produced in v Ne events (solid diamonds) and in % p events (open dia-
mond), The lcading n~ particles clearly have significantly larger <p'l‘>
values than those found by averaging over all favored pions, but again the

nNe values for <PT> are independent of N, and are in good agreement

h
wilh the np value.

We have also examined the behavior of (p,r> as a function of
rapidity, and show thesc results in Fig. 14. The corresponding wNe and
np data once more exhibit almost identical behavior. The data also reveal
gome intereating trends. Kinematical limitativns apparently restrict
<P'l> for very small and very large rapidities, For the unfavored pions,
(p.r> is roughly symmetric about y*= 0. For ¥ €0, the <P'I‘> values

for favored asd unfavored pions are similar, but for y* >0, they are



conaiderably larger for the favored pions. The differences seen for y*)O
.are evidently due to leading particle effects in both the up and sNe data.

In summary. the most significant differences at 10.5 GeV/c hetween
the inclusive pion distributions from uNe and wp interactions occur in the
terget fragmentation region. The enhancement of charged pion pruduction
in this region stems from cevents which have large Nh values and which
generally involve multiple collisions within the nucleus. These features are
campatibie with the notion that the incident hadron can undergo an elfectively
simultanrous cotlision with two or more necleons in the nucleus. There are
no significant differences found between the traneverse momentum spectra

for wNe and mp interactions. Moreover, the transverse momentum distri-

butions for sNe appear to be independent ol Nh' for Nh> 1.
C. Proton Distributions

It is of considerable interest to cxplore the proton production in
hadren-nucleus interactions. At least two distinct processes for proton
production from a nuclear target are expected: (1) recoil protens (rom ap
or nn collisions inside the nucleus {having taboratory momecntum, p"(' 1.5
GeV/c), and (2) “spectator' protons ejected by Fermi motion {having p% 0.3
GeV/c). Whether or not other protun production mechanisms act in hadron-
nucleus collisions is an important question. We note that the presence of
(fast-knock-oit) protons among the shower tracks {sec Scct. [l B} dues
sugpest that suchk mechanisms must exist,

The reader is reminded that there are substantial losses of low mo-

inentun proton tracks below about 0. 25 GeVfc (see Sect. 1. 1B). Although
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no corrections have been made for these losses, they are coniined to well-
defined kinematical regions.

In order to examine proton production, it is neceasary to determine
the characteristics of the unidemtified energetic protuns as well as those of
the identified protons. Throughout thia section, the isospin aubtraction
technique diecussed in Sect. 1V. A is used to delermine the proton distri-
bution of interest. In Fig. 15 for example, we display the Py, distributions
for the positive and negative shower particles {denoted by n' and 8™,
respectively). The difference between these distributions is cqual to the
Py, dietribution for the unideatified protons. it can be scen in thess plots
that the ?, diatribution for protons extends out to e~ 5 GeV/c; this occure
both for *Ne = pX and for s 'Ne - pX.

The inclusive nroton distributions in p,: are shown in Fig. 16, and
the values for <p_r> and <p,:> are given in Table XI. The a'Ne and
w Ne results agree within the experimental uncertaintics.

In Fig. 17. we display the inclusive proton rapidity distributions.
Theac distributions have been extracted from the P, and p,: data. in the
region y €0, which is entirely in the target fragmentation region, the
4y

distributions rise very sharply vith y, approximalely as de/dy ~ e For

y >0, the distributions fall more slowly, approximately as dofdy ~ e_" 3 Y,
We aloo note that 6 + 2% of the protong are praduced with a rapadity
corresponding to y* > o

In Fig. 18 we show the inclusive proton spectrum for laboratory
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msmentum, p, summed over all produced protons. The sub-histograms
for identified protons are shaded. The distributions for hoth reactions
fall rapidly with ircreasing momentum, but the proton tracks persist out
to ~ 5 GeV/c. For p<) GeV/c, there are more protons proaduced in ' Ne
interactiuns than in v He interactions. It is probable that this dilference
arises from a combination of s-nucleon rcaction effects, such as diffcring
rateca for AH’ produ<tion and charge exchange for I‘*p. Or: the other hand,
for p> 1 GeV/c, the proton spectra from the two rcactions are the same
within the experimental uncertainties.

It is also interesting 1o look for a corrclation between the shower
multiplicity, n. and the total moementum carried away by nucleons in a
uNe collision. A significant correlation of this type is expected in view of
the observed multiplicity correlations between n' and Np (see Sect. II).
The averages of the longitudinal momentum per cvent carried by charged
shower particles (s t) and identified slow protons (p‘), as a function of n_.
are displayed in Fig. 19. The requirements of charged symmetry imply that

the average longitudinal momentum per event carricd by protons is given by:

<pL‘P» wiNe ” <pb"*, wine” <Plal’-,>I,Nc ¢ <',L"'¢» wipne
This expression is strictly true only l:‘)r inclus.ve averages (i.e., when
summed over ns), but it is approximately valid for each n category provided
that the average number of encrgetic praotons per event is equal to the average
number uvf cnergetic ncutrons per event, a condilion which is reasonably

satigfied for nss 4.
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Table XIi gives the results for the partition ol longitudinal momen-
. + - a o {«] .
tum per event carriecdby v, w , w, p, n, A", and K, as obtained by the
method outlined in the preceding paragraph. The fraction of longitudinal
momentum taken away by protons, shown in Fig, 20, is seen to grow dra-
matically from 5 t 1% for n,=2tw2)¢ 2% for n, =8. It seems remark-

able that an average of approximately 40 % of the incident um is .

acquired by the produced nucleons in high multiplicity {n,~ B) collisions.

It is clcar that in many individual cases the fraction received by the produced
nucleons must substantially exceed this average, These spectacular col-
ligsions certainiy merit further experimental and theoretical investigation.

We find l!uat the spectrum of momentm transfer to nucleons ab-~
served in mNe interactions cannot be understood in terms of a sum of
independent w-nucleon collisions inside the nucleus. On the basis of the
t*p dala near 15 GeV/c of Pisello” and Delay et al, ,40 we have deduced
a nucleon momentum apectru;n for w-nucleon collision at 10,5 GeV/c. 4
From this apectrum, we estimate that ene. two, or three independent
collisions inside the nucleus would transfer an average total of 0.7, 1.4,
or 2. | GeV/c to the struck nucicons, respectively. For the low multiplicity
events (nsi 5) which are presumably dominated by cases of ane or two
cotligivns, this procedure estimatcs that an average of 0.9 GeV/ie should
be transferred to the nuclvons, wicreas 1.7 GeV/c is observed,  FFor the
high multiplicity events (ns) 5) which arc presumahly dominated by cases

of two or more collisions, we egtimate that an average of 1.7 GeV/e should
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be trannferred to the nucleons, whereas 3.8 GeV/e is ohaerved. Our esti-
mates are probably over-est mates of the probability of transferring a given
amount of momentum since we do not take into account the loss of primary
energy by the projectile in successive collisions. In addition, the high
multiplicity events camprise nearly 30 % of the total sample whereas the
independent collision procedure estimates that the probability of transferring
more than 3.8 GeV/c is only 2.5%.

We can unly speculate on the mechanisms for efficiently transferring
momentum to the nucleons. DBecause the interactions of pions with nucleons
in a nucleus are always in some sense multi-nucleun collisions, this might
give ride to larger than anticipated momentum transfers. [t is also probable
that there is some type of cascading v’ «ch enhances nucleon production at
wide angles in the laboratory. Another possaibility is that the projectile
“fireball® may have quantum numbers that would make it easily absorbable
by the nucleons. It is also possible that the quark structure af the projectile
is alterced and is apparent in the short-time interval of the traversal of the
nucleus. Clearly, this phenomenon warrants (urther investigatian. In this
regard, we nole that a combined study of wta and # d interactions, using the
isospin symimetry requirements discuased above, would atlow a camplete
measurcment of the inclosive proton production in n!p interactions. it would
be of nariienlar interest to cxplore, as a function of A and of beam energy,

the properties uf protons produced with momenta above~ 2 GeV/ic.
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V. NEUTRAL PARTICLE PRODUCTION

A. Neutral Pion Production

We have studied ° production in aNe interactions by examining
the c'e' paire converted frum y-rays. As discusecd in Section I, each
¥ conversion is aseigned a weight basud on the chammber geometry and the
convervimm length in the IlzNe mixture. Further detaits of the analysin
techniques used may he found in Rels. 26 and 30. [n what fullows, we assume that
all observed y rays are produced by the decay of ¥° mesons, and we have
combined the »” data from the isospin-symmetric recactiona, -tNe -’ X.

The «° multiplicity distribution is shown in Fig.21. Thie distri-
bution has been extracted from the observed y-ray multiplicity distributions
in the reactions:

-t Ne » nV' t anything,

where n_ is the number of y-ray cunversions abserved in the event |nY 26
in the present experiment]).  The mcthods used to extract -(n'o) from w‘“y'
are outlined in Refs. 26 and 30 , For comparison, we also show in Fig. 2)

the multiplicity distributi lor charged pions in wNe interactions., The

bebuvior of o(n'“) VErsus n_, appears to be intermediate hetween that of the
favored and unfavored charged pion multiplicites, The average number of
«” mesonw produced per « Ne interactivas, <n.n> = 1.77 ¢+ 0.45, may be
cumpared to the corresponding averages f(or favored pions, 2.08 § 0,02,

and unfavored pions, 1.37 ¢ 0.0 {(ace Table IlI). Wc therelore vbscrve
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an approximate cquality, <".o> 22142 (n"> + (n"-> ), as has bieen

12.43 in thie

noted previously in v~ C interactions® and in wp interactions
energy region. The ratio of average =’ maultiplicity from sNe to that
from wp is R{x7) = (n'o> 'Nel (n.o>.p =3.09 + 0.06, a valuc which 18
in good agreement with the charged pion multipticity result {see Tabte 1ft).

The inclusive single -a° distributions have been determined from
the inclusive single -y processes:

lth —+ y t anything.

In Fig. 2¢, the longitudinal momentum distribution of the produced y-rays
is displayed. The solid curve imposed is the result of a fit made to obtain
a smooth rcpresentation of the data.‘“ The dashed curves provide upper
and lower uncertainty estimates for this smooth represcatation. Following
the method of Glasser.l‘b we have determined the »° longitudinal momentum
epectrum by ditferentiating thie smooth curve. The result is shown as the
solid curve in Fig. 23. The corrssponding charged pion P, distributionna
are also included for comparison. It is interesting to note that, over
nearly the entire pL region, the 'o distribation lies below that of the
favored pions but ahove that of the unfavored pions.

A comparisun between the rapidity distributions for the neutral and
charged pions 18 shown in Fig. 24. The "’ rapidity spectrum is approxi-

mate and has been ¢ stermined from the distribution together with e

P

2 .
assumption that {for cach P, vin) the P’y diatributions for neutral pions and
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unfavared pions are identical. We again ace that the «* diatribution is
bracketed by the charged pion distributions.

We conclude that the propertiecs of 2° pawdution are similar to,
but intermediate between, those of the favored and unfavared charged
pions in aNe interactions. The relationship between neutral and charged
pion production in wNe interactions is thus similar to that found for »p

interactions in this encrgy n:giun.”' 42

B. Neutral Strange Particle Production

We have determined the average multiplicitics of K (ar K?) and
A° {or Ea) particles by obeerving their decays in flight. The resulls pre-
sented here are based on a sample of 214 \{° decays. As discussed in
Section I, each zu:cepted v” was weighted for detection efficiency in the
finite chamber. Corrections have also been applied (or decay modes in-
volving all neutral particles, No separation was attempted between A°
and 2° hyperons,

The average neutral strange particle multiplicities found in this
experiment are given in Table XI[[. Within the rather large uncertainties,
the K° production from wNe appears to be equal to that from np. The I\n/.‘lo
production from wNe is somewhat larger than that from = p, although the
uncertainties are again rather large.

The ratios of (K° + l-(o)l(nf +w ) production, given in Table XIV
are in agreement between the wp and #wNe interactions. These values also
agree well wiph previously reported results in w!p interactions in this vnergy

regiun.‘n
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Note that isaspin symmetry implies that

alniNe += K'X) = e(s*Ne + K°X),

and t . N -0
ofs Ne == K X) = of{u!Ne - K X).

t - -
Therefore the ratios of (K ¢+ K )I(v‘ + u ) for aNe are also given by
Table X1V. Since these ratios are smmall, we can uow justify our previous

neglect of charged kaons among the charged pivns (sce Section I1.B. ).
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Vvi. SUMMARY AND CONCLUSIONS

We have undertaken a atudy of sNe interactions at 10, & GeV/c
covering a wide range of particle production topics. Mulliplicities and
correlations for charged pions, neutral pions, protons, and neutral strange
particles have been cxamined in some detait. The inclusive prodaciion
properties of charged pions, neutral pions, and pratons also have been
thoroughly investigated. By studying both ntNe and wNe interactions,
we have been able to apply the principle of isospin symmetry as a powerful
taol to untangle the troubleaome ambiguities of particle identification be-
tween protuns and positive pions. Where possitie, the aNe resulla have

been compared with the corresponding wp results.

Below, we list and $ona ber of results found in this

work:

I. The ratio of the average number of charged pions produced in
inelaatic wNe collisions compared to that produced in wp
collisions is RNe(-t) =1.08 § 0.03. For nentral pion produc-
tion, a similar result is found, an"o’ =1,07 ¢t 0,06,

2, 'The charged pion multiplicity distribution, when expressed
in a KNO scaling form, is consistent with the distribution
from 200 GeV/c wNe interactions (Fig. 2).

3. A positive correlation between (N') and (n'> is found

(Figs. 5-7).
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The inclusive produciion of charged pions in »ive is two

or three times as large as that for wp in the target frag-
mentation region, but ia ncarly equal to the wp result in

lhe central region and the projectile fragmentation region

{Fig. 8-10),

The enhancement in the target fragmentation region arises
mainly from ovents with large valucs of Nh (Fig. 1), Nh

{or NP) therclore appears to be a measure of the number of
atruck nucteons inside the nucleus and a measure of the

overall violence of the collision.

The leading particle effect is secn in aNe interactions Lut

it {« limited to peripheral collisions having Nh< 1 {Table IX).
The transverse momentumn distributions of charged pione are
nearly identical for sNe and wp {rigs. 12,14, T» e XI).
Furthermore, the values of <P'I‘> show little dependence on

Nh {Fig. 13).

The properties of ° production are similar to, but intermediate
between, I" and w production in wNe inleractions (Figs. 21 -24).
Many of the qualitative features of inclusive pion production

can be understood in terms of a simple kinematical moded in
which the ¢ffective target mase is taken to be 1, 2, or 3 nucleon
masses in 59%, 30%. and ll%uf the nNe collisions, respectively

{Figs. 9, 11). In this model, the cnhancement of the target
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fragineatation region arises from events involving multiple
collisions within the nucleus.

10. Our study of inclusive proton production covers the com-
plete itinematical region, except for pi 0.25GeV/ic. A
rather large fraclion of the produced protone are tou epergelic
in the laboratory {p 1.3 GeV/c) to be visually ideatified by
track density {(Figs. 1, 15-18).

ti. The average fraction of the incident momentum that is carried
away by nucleons rises sharply with the shawer-track mulli-
plicity, from approximately 10% for n = 2 to approximately
40% for n = 8 (Figs, 19-20, Table XII}. Such large moncntum
transfers are not expected on the basis of known wp interaction

properties. This effect merits further investigation.
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APPENDIX A. Details of the Fitling Procedure Used to Find the Corrected

Multiplicity Distributions

In this Appendix, we provide dctails of the fitting procedure outlined

in Section lIl. B. In order to si~olify the notation, we use

i=u+ »

j‘“'fc

and K=n=n._
- L]

Other notation, unless defined here, is the same as in Section II1.

In the least-squares fit we have defined 7(.2 as follows:

Xa xlz‘ ZZ?. N 132 ,

]

where ' R z
d H'(G. k) - Mk, '))
- ——L*——J—-
X, i ( SHT, W
X 2 ) 2
12 (O 02)" | (@ )
2 ° b 4
<"'> & n,
- + -— - 2
x 2 =(A-(w Ne)-A'(l Ne))
3 Iy A' '
& H{j, k) = statistical error on 1’ {j, k) - N[, }),
b <n') = statistical error on <n.> .
and

- ]
hA“ = statistical error on A'(l'l\'c) .

2
We note that X ! enforces the constraints of charge symmetry, x; can-

slrains the corrected distributions to be consistent with <n"> of Table I,

and X.f forces the average net beam-like charge to he consistent between
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the #'Ne and v Ne distributions.
The parameterization ueed for ut ok} in
jmi‘

wtin - £ o clin .

where TE(i,j, k) ia a binomial cocfficient:
& ~ it t i-j LRI Y |
TN T TN e (I Y ()

and where Pt(l,n Is the probatility that a positive ehuwer track is a proton.
PL(i, k) is parameterized a8 followa:
Prk=afeafivafi®ralinadd

This formulation therefore required 10 parameters. However, in praclice
it was found necessary to allow more [reedom in the fit, and the five
probability clements, P'(1.0), P’ (2,0, P (2,1), P71, 00, and P"(1, 1) were
allowed to vary independently from the functional form.

There were 52 non-zero bins in the final Ht {}. k} distributions for
0$)€$ 7and 0€ k<7 (i.e., 12 of the 64 posaible bins had less than | event).
A total of 55 quantities (52 for X‘l, 2 for X:. and I for X : } were thus

fitted vith 15 parameters. The final lz wan 38. 3 (or 40 degrees of freedom.
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Table I. Suminary of Data Sample

Beam Particle l.' »
Avg beam momentum {GeV/c) 10. 46 10,39
Number photographe analyzed 26,600 25, §00
Number eventy obaerved 13,360 16,268
Number wNe events expm:le(la 9,620 12,2285

(12%) (71 )
Number wp events le)tpuctmla 3,740 4,043

{289 ) (294 )
Number of events classified 7,152 8,904
as neonic® (58 %) (55 )
Number of events classilied 5,608 7,364
as hydrogenict (42 ¢/») (4570 )

a. The liquid mixture in the bubble chamber consisted of
32 molar percent Ne and 68 molar percent Hy. The inelastic
wNe cross sectiun is taken to be 270 mh (See Ref. 27 ).

b, A scanned event was classificd as "hydrogenic' if it had
0 or | identified proton track and net charge consistent with a np
collision. Otherwise it was classi(ied as "neonic.' As noted in
the text, aome collisions involving a peripheral profon (rom a Ne

nucleus were claasilied as hydrogenic.



Table II. Averaged charged particle multiplicities in s Ne interactions at 10.5 GeV/c

e
) |

\ . Averages

|Rea:txon

] a a a

“ <n_> <n_> <Nh> <nch> (n",> <n”-> Np)
[

{‘ # Ne |2.80:0.04 1.37-0.02 1.71:0.09 5.9440.10 2.08+0.02 1.37£0.02 2.49-0.10
!; n Ne § 1.83%0.02 2.08%0.02 1.50:0.08 5.4140.09 1.37+0.02 2.08+0.02 1.96+0.09

a. It is assumed that (“,,-) = <n_) The valyes for (n"4> and <NP> then follow from

1$0topIC 3pIn s¥YINmetry (see text).



Table IIl. Charged-~pion-multiplicity distribution paramcters
fur inelaatic sNe interactions and comparisap to inelastic

up interactions at 10.5 GeV/ec.

Disperaion
a,b ("l>-Ne 2 a&
Reaction > Re ——"% ‘,“L)‘ n
u
<n.).P (\ " ( .>)
»t e 3.45 £ 0.05 i.99 ¢ 0,03
+ € ;
wp 3.33+ 0,07 1.04 ¢ 0.03
wpt 3.12 40,07 511 10,03

a. Elastic events have been removed from all interaclions.

b. Proton tracks have been removed from the v Nc data by
the requirements of charge symmetry, as discussed in the text.
Proton tracks have been deleted from the »p data by assuming an
average of 0. 65 or 0. 60 proton per inelastic u'p or % p interac-
tions, respectively.

c. Interpolated from the compilation of Ref. 3).



Table VL.

{continued}

B. 7 Ne Interactione
n_ N
0 1 2 3 4 5 6 T 8 9 10 11

V] 127 44 16 9 6 4 2 1 1
1 799 500 219 96 44 27 14 8 3
2 580 359 239 158 75 47 28 15 5 5

3 633 534 336 217 132 97. 57 26 13 5 1 1
4 414 370 311 231 152 108 65 42 i9 8 4 2
5 205 250 251 168 147 9% 74 36 19 12 6 2
[ 124 133 122 114 91 76 49 34 20 21 3 2
7 40 61 63 61 53 47 34 23 15 4 3 2
8 19 27 26 27 29 25 19 15 3
9 6 8 12 15 iz 12 10 3 3

10 2 5 7 5 4 2 1

11 1 1 2 2 2 2 2 1

12 1 1 1 1

13 1




‘Fable V.

Event populatione for inelastic I!Ne interactions corrected for the
presence of misidentified proton tracke. The » Ne results are tabu-
lated within parentheses below the corresponding w+Ne rcesults. Both
samples »v¢ normalized to 16 900 events to (acilitate comparison.

The number of :' or w_ tracks per event arc denoted by noporn .

respectively, Eventeé arising from np interactions have been subtracted.
1. for w¥Ne n_y for m*Ne or {n _ for n”Ne)
L or L n
n_4 for n“Ne) 0 1 2 3 4 5 6 1
L
Py 202 1564 402 76 12 1
(z10)  {1627) 419} (87 (14) (2)
1 137 1044 1812 650 104 11 I
(83) (1075)  (1672)  (583) (113}  {16) M
P 29 308 9ia 898 327 51 5
(18}  (287) (1071)  (97)  (272)  {55) (5)
3 5 58 235 350 272 8b 13 H
(7} (58) 229y (449)  (256) {19y () (1)
4 2 10 12 90 100 54 14 2
1) {8) {40) 88) (100) (52) (12) (&)
5 1 2 9 23 20 1?7 6 \
© o G 0 2o g8 ®) o
6 1 2 3 [ 1 [
) 2) “1 (5) 1y
0 0
! Mmoo




Table L. Charged-pion-multiplicity distribution parameters

for inelastic aNe interactions and comparison tu inelastic

wp interactions at 10.5 GeV/ec.

Dispersion

(\, n'z 5- (n'>2)%

. a,b
Reaction < n.>
3
w*Ne 3.45£0.05
+ C
wp 3.33 0,07
p¢ 3.1240,07

.99 0.93

a. Elastic evente have been removed [rom all interactions.

b. Proton tracks have been removed from the v Ne data by

the requirements of charge symietry, as discussed in the text.

Proton tracks have been deleted from the wp data by aszuming an

average of 0.65 or 0. 60 prolon per inelastic urp or » p interac-

tions, reapectively.

c. Interpolated from the compilation of Ref. 31.



Table VI

Multiplicity distributions of charged shower particles and

charged pions. ng i8 the number of shower particles per event

uncorrected for the presence of unidentificd proton tracks; n,

is the number of charged pions per event corrected for the mis-

identified proton tracks.

10000 cvents.

The distributions are normalized to

No. Uncorrected Events No. Corrected Events

n, »* Ne w” Ne n ut Ne v~ Ne
0 74+ 9 210 ¢ 33 ° 202423 210433
i 1297 £ 63 1400 ¢ 70 i 1701 + 73 1719 ¢+ 77
2 1198 ¢ 57 1488 ¢ 67 2 1475 1+ 68 1511 ¢ 66
3 1769 + 87 1684 + B2 3 2201 t 96 2052 + 91
4 1604 + 87 1617 ¢ B4 4 1632 t 68 1726 § 74
5 1332 + 47 1186 ¢+ 11 5 1248 ¢ 46 1269 + 44
6 1054 1 46 1033 ¢ 42 6 761433 779432
17 655 t 26 575 + 22 7 422 t 2% 406 ¢ 18
8 455 + 23 397 ¢+ 18 8 214 t 15 199 ¢ 13
9 _ZJI'QIS 219 +13 9 95 ¢t 10 86+ 8
10 158 + 13 9t 9 10 64+ 6 34t 5
11 100 £ 10 60t 7 n 10t 3 13¢ 3
he “s 7 22t 4 12 2t 4t 2
13 21t S 6t 2 13 el




Table IX. Average number of favored and unfavored pions produced in

various kinematical regions.

F

N, 32 (non-peripheral)

1< y<2,.2 (central)
Nhf t {peripheral)
Nh$ 2 (non-peripherat)

y >2. 2 (projectile)
Nhé 1 {peripheral)
Nh$ 2 (non-peripheral)

0.34 £ 0.01

0.40 1 0.02
0.39 4 0.01

0.41 ¢ 0,02
0.23 4 0.0)

n,- per event Average num-|
Kinematical Regone r ber excess
" Ne w» Ne favored pions
per event
y <! {target}
Nhe 1 (peripheral) 0.24 0.0l 0.16 £ 0,011 0.08 + 0.02

0.24 £ 0,01

0.28 1 0,0
0.33 +0.0)

0.18 + 0.01
0.1440.0)

0.06 { 0.02

0,20 + 0.02
0.06 ¢ 0.02

0.23 ¢ 0.02
0.09 ¢+ 0,02




Table XI. ‘Transverse momentum averages for s Ne

and wp interactions at 10.5 GeV/c.

Reaction <"'l‘) GeV/e (p,rl)(GuV It)‘

wNe - o X 0.309 ¢ 0.004 0. 158 § 0.005
Ne—» "X 3, 348 § 0. 204 0. 187 ¢ D. 005
stp = ' X 0. 10b § 0. 006 0.139  0.007
wp X 0. 368 ; 0,006 0.198 ¢ D.vod
oo px* | 0.09530.008 | 0.214¢ 000

# Ne—> px* 0.401 § v, 008 0.238 ¢ U.OUN

a. Corracted to include onorgetic, unidentified,

pratons. The correction procedurc usus the repive-
ments of {solopic spin symmetry as dincusecd in the taxl.
Protons having lahoratory momenta below 0. & GeV/e arc

umitted {rom thene averages,



‘Table XIH. Average multiplicities of neutral strange partictes.
The results have been corrected for neutral decay
modes, [inite chamber volume, and other ineffi-

ciencies.

uNe L] 4

Beam | K®and K°| A%anaz® K®and K° A%and 2°

w 0.1040,.02 0.07:0,uU2 | 0.0330.00

0,07£0.012
" 0.1410.03 0.1410.04 | 0.0510.02

[ -
a. Avcraged over the iscspin-symmetric w Ne and s Ne

interactions.

Table XIV. Ratio of (K®+K°}/(x' + a™ ) production,

Beam aNe up

" 0.029 ¢ 0. 005 0.022 ¢ 0. 006

» 0.040 } D. 008 0.043 } 0,010




Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Distribution of th.e net charge, A'. of the pion tracks from
wNe interactions at 10. 5 GeV/c, averaged over '*Ne and

» Ne interactions, and normalized to 10 €00 events. A. is
defined in the caplion for Fig.1.  Proton tracks have been
removed (see text). The dashed curves illustrate an approxi-

mate exponential fall-off for hoth positive and negative values

of A'.

Distributions of the corrected number of protons per event

+ -
in w Ne (8nlid histogram) and w Ne {dashed histogram) inter-
actions at 10. 5 GeV/c. Both histograms are normalized to

10 00U events.

(a) Average charged pion multiplicity veraus NP for .’Ne (@)
and v Ne (¥) interactions at 10. 5 GeV /c.
(b) Ratic of the diapersion parameter divided by the average

charged pion multiplicity as a function of NP.

+ -
Average proton multiplicity versus n' for » Nc (®) and v Ne

(V) interactions at 10.5 GeV/e.

{a) Average charged pion multiplicity versus the number of

fast knockout protons, N‘.



Fig. 12.

Fig. 13.

Fig. 14,

Fig. 15.

the number of nucleons participating in the collision. The
rapidity boosats, E,, » between the laboratory and the center-
of-maés of the incident pion and & nucleons are indicated by

the vertical arruwa. See text for 2 more complete explanation.

Distributions in p: for #Ne (solid histograms) and » p (dushed
histogramas) interactions. (a} Favored pions. (b} Unfavored
piony. The data are normalized so that equal numbers of

tracks are plotted for wp and wNe.

Average values of the transverse momentum as a funclion of
Nh' The solid {open) symbols refer to w Ne (wp) interactivns.
The triangles {circles) are (or the favored {unfavored) piona.
The diamonds represent the values found for the most energetic

favored pion.

Average values of the transverse momentum as a function of

rapidity. {a} wNe interactions. (b} =p interactions.

Distributions in longitsdinal momentum for {a) favored and

{b] unlavosred shower particles. The solid {dashed) hislograms
are far the positively (negatively) charged shower particles,

as indicated. The longitudinal momentum distribution for unident:-
fied protons is obtained by the dilference {golitl minus dashoed)

between the plotted distributions.



Fig. 21.

Fig. 22,

Fig. 23.

Fig. 24,

® multiplicity distribution in wNe interactions at 10,5 GeV/c
{W). The charged pion multipticity distributions at this energy

are also shown for favored pions () and unfavored pians (O).

Inclusive longitudinal momentum dietribution (or y-rays pro-
duced in the procese ]!Ne —» yX at 10.5 GeV/c, The solid
curve is a smooth representation of the data; the dashed

curves provide uncertainties in this smooth representation.

Inclusive longitudinal momentum distribution for »° from

the —~~ |r°X {smooth curve) comparcd to those for charged
pions [rom w Ne —~» w X (solid histogram) and from

n"Ne — 3 X (dashed hissogram). The #»° distribution has been
obtained from the smooth representation of the y distribution

{preceding (igure) by using the method of Ref. 46,

|4
Inclusive rapidity spectrum for »° from w"Ne —»~ s°2 (smaoth

curve) compared to thase for charged pions fxom = Ne —=~» X

{solid histogram) and from '*Ne —>= u X {dashed histogram).
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