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Detailed studies of m Ne and m Ne interactions at 10.5 GeV/e have been carried out. Multiplicities,
correlations, and inclusive momentum and rapidity spectra for m+, m, m, and p are reported. Average
multiplicities for K and A production are also determined. Comparisons are made to results from m p
interactions. Relative to my collisions, pion production is enhanced in the target-fragmentation region but not
in the central or projectile-fragmentation regions. Many of the pion production properties can be understood
in terms of a simple kinematical model in which the effective target mass is greater than a nucleon mass. A
surprising number of energetic protons are observed (laboratory momentum & 1.3 GeV/c). For shower-track
multiplicities -8, the produced nucleons are found to carry away an average of 40% of the incident
momentum, indicating the possible existence of previously unrecognized mechanisms for the efficient
momentum transfer to nucleons in particle-nucleus collisions.

I. INTRODUCTION

During the past several years there has been a
growing interest in hadron-nucleus collisions in the
multi-GeV energy region. ' Much of this interest
stems from the possibility that a nuclear target,
having a thickness of several fm, might serve as
an analyzer for the space-time development of had-
Ionic states passing through nuclear matter. The
possibility also exists that the experimental study
of these collisions might yield new information, not
readily accessible in hadron-nucleon interactions,
concerning the internal structure of hadrons.

A great deal of experimental information on had-
ron-nucleus collisions has been gathered over a
period of 25 or more years. In the early years of
this period, most of this work was accomplished
using cosmic rays incident on photographic emul-
sions. ' Recent experimental work, using proton
and pion beams from accelerators, has been done
by means of emulsion, ' ' bubble-chamber, ' "and
electronic techniques. "" In 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 the following: (1) R„(defined as the ra-
tio of mean multiplicities for p-A or w-A interac-
tions to that for p-p or w-p interactions) is a small
number that depends only weakly on the incident
energy. (2) R„grows very slowly with A. (3) Had-
ron-nucleus interactions exhibit an approximate
scaling of the Koha-Nielsen Olesen type. "" (4)
The mean shower multiplicity grows nearly linear-
ly with the multiplicity of identified protons. (5)

Several energetic nucleons are sometimes ejected
from the collision. (6) Particle production, rela-
tive to that from hadron-nucleon interactions, is
approximately unchanged in the projectile-frag-
mentation region but is significantly enhanced in the
target-fragmentation region.

A variety of theoretical and phenomenological
ideas have been advanced in attempts to understand
hadron-nucleus collisions. One very simple
scheme supposes that particles are produced im-
mediately at points of collision and that these par-
ticles cascade independently as they proceed
th~o~gh the nucleuses, ig. however, this model is
completely refuted by the experimental results on
multiplic ities. The parameterizations proposed by
the energy-flux-cascade model" and the coherent-
tube model"" both enjoy some success in explain-
ing the existing data, although the philosophies of
these two models are quite different. The need to
include the effects of special relativity in these col-
lisions has long been recognized. 'O'" " In particu-
lar, one expects that a hadronic state produced at
the first collision should behave approximately as
a single particle as it proceeds through the re-
mainder of the nucleus, provided that it has a mean
decay length, ye7, which is large compared to the
nuclear diameter. It is interesting that this idea
alone accounts qualitatively for many of the ob-
served experimental facts. However, a compre-
hensive, quantitative treatment of this complex
subject does not appear likely in the near future.

In the present experiment we have made a thor-
ough study of vNe interactions at 10.5 Gev/c using
the full analyzing power of a, bubble chamber. '@le

note several advantages of the bubble chamber over
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other methods: A single nuclear target (Ne} may
be studied; the charge and momenta of produced
tracks can be determined in the magnetic field;
tracks can be detected over the full 4m sr; track-
density information is available; y-ray conver-
sions and V decays can be observed. Preliminary
accounts of portions of this work may be found in
Hefs. 11 and 26. The outline of this paper is as
follows: In Sec. II, a brief summary is given of the
experimental techniques and analysis methods
used; in See. III, multiplicities and correlations
for m', m, and p are presented; in. Sec. IV, the
production properties of n', m, and p are covered;
in Sec. V, results on m', Ko, and A production are
presented; in Sec. VI, a brief summary and con-
clusions are given. We trust that, this comprehen-
sive experimental investigation using one nuclear
target at one bombarding energy will px'ove helpful
in the attempt to improve the understanding of
complex inelastic hadron-nucleus interactions.

II. EXPERIMENTAL TECHNIQUES
AND METHODS OF ANALYSIS

A. Bubblewhamber exposure and pion beam

TABLE I. Summary of data sample.

Beam particle

Average beam momentum (GeV jc)
Number of photographs analyzed
Number of events observed
Number of vrNe events expected

Number of 7|P events expected~

Number of events classified
as neonie

Number of events classified
as hydrogenic ~

10.46 10.39
26 600 25 800
13 360 16 268
9620 12 225
(72%) P1%)
3740 4043

(29%)
7752 8904
~58%) ~55%)
5608 7364
H2%) (45%)

The liquid mixture in the bubble chamber consisted of
32 Inolar percent Ne and 68 molar percent H2. The in-
elastic xNe cross section is taken to be 270 mb gee Ref.
27).

A scanned event was classified as "hydrogenic" if it
had 0 or 1 identified proton track and net charge consis-
tent with a 7rp collision. Otherwise it was classified as
"neonic. " As noted in the text, some collisions involving
a peripheral proton from a Ne nucleus were classified as
hydrogenic .

Table I presents a summary of the data sample
studied for this paper. The Stanford Linear Accel-
erator Center 82-in. bubble chamber was filled
with a mixture of 32 molar percent Ne and 68 molar
percent H„and exposed to m+ and m beams having
central momentum values of 10.46 and 10.39 GeV/
c, respectively. " The H,Ne mixture had a radia-
tion length of 125 cm.

B. Scanning and measuring procedures

The film was scanned for any interaction of a
beam track in the upstream two-thirds of the bubble
chamber. Scanned events wex'e classified by the
numbers (n. , n, N„), where N„ is the number of vi-
sually identified heavily ionizing proton tracks, n
is the number of negatively charged tracks, and n,
is the number of positively charged tracks which
remain when all visually identified proton tracks
are removed, The number of "shower tracks" is
n, =n, +n . Associated vertices, arising either
from y conversions or fx'om the decay of Ko or Ao

particles, were also recorded.
Five pex'cent of the film was independently re-

scanned to determine scan efficiencies: 94/q for
events with two or more charged tracks, 50% for
events with 0 or 1 charged track, and 91% for as-
sociated secondary vertices. These efficiency fac-
tors have been used to correct all multiplicity data
presented in this paper. %'e note that n'Ne elastic
scattering events are effectively excluded from de-
tection because of the very small scattering angle
involved.

Both mp and n'Ne reactions occur. The expected
numbers of each kind of intex'action are given in
Table I. From the scan information, an approxi-
mate separation of events into mp and nNe cate-
gories wRS mRde. An event wRs clRss1f led Rs
drogenic" if X~&2 and if the net charge was con-
sistent with a nP collision; otherwise, an event was
classified as '*neonic. " The results of these clas-
sifications are shown in Table I. We find that ap-
proximately 20% of the vNe interactions are classi-
fied as hydrogenic by this procedure. These ex-
cess hydxogenic events arise from pion interac-
tions with a quasifree nucleon in the Ne nucleus,
where the remainder of the nucleus acts as a
"spectator. " Because we find these peripheral col-
lisions to be similar to mP collisions, appropriate
fractions of the hydrogenic events have been added
to the neonic events in order to provide an inclu-
sive sample of "mNe interactions. " Throughout this
paper, we will use the terms "7t'Ne interactions"
and "~P interactions" to denote the properly renor-
malized samples, whereas "neonic" and "hydro-
genic" will be used to denote the categories defined
Rbove.

A sample of -7500 events was measured on the
semiautomatic measuring system, HIPPI. E ." All
measured events were retained for analysis even
though many events had one or more tracks which
failed in measurement or in reconstruction. For
tracks longex' than 10 cm in space, the average
probability for successful measurement and recon-
struction was 0.92. This probability depended
somewhat on multiplicity, ranging from 0.96 for



I296 W. M. YEAGER et al. I6

two-pronged events to 0.87 for twelve-pronged
events. Weights have been applied to the final sam-
ple to compensate for these track losses and also
to ensure that the multiplicity distribution from
measured events corresponds to that of the scanned
events. We have assumed that these weights are
independent of track momentum, and have made
checks to ensure that this assumption introduces no

serious bias (for example, see Figs. 8 and 9).
Short proton tracks having very low momentum
were processed rather inefficiently. Averaged
over the interval 0.15 &P &0.25 GeV/c, approxi-
mately 45/o of the scanned protons failed measure-
ment or reconstruction. Because these losses are
confined to well-defined kinematical regions, we
have made no corrections for them in the distribu-
tions presented in this paper. The secondary neu-
tral vertices (y, K', A') from these events were
measured separately on a conventional image-plane
digitizer. All tracks were spatially reconstructed
using the program TVGP, which was modified to
deal with the H,Ne mixture.

Whenever possible, curvature, range, and track
density information have been used to separate w'

tracks from proton tracks. We have found in the
present H,Ne mixture that this method is reliable
below 0.8 GeV/c (where approximately 80/o of the
protons are identified}, less reliable in the range
0.8 to 1.2 GeV/c (where approximately 40%%uo of the
protons are identified), and not usable above about
1.3 GeV/c. Consequently, N„often is smaller than
the true number of protons and n, often includes
some protons. On a statistical basis, this ambigu-
ity between m' and proton can be resolved by the
isospin symmetry of the w'Ne and m Ne interactions
(see below); therefore, in the multiplicity and in-
clusive particle distributions, a separation between
m' and p can be made. The presence of K' tracks
has been ignored in this s tudy. This is jus tif ied
because the ratio of K'/v' is only approximately
3.5%O, as determined by our study of K' production
(see Sec. V).

C. Isospin symmetry of n Ne and n 'Ne interactions

We have made use of the isospin symmetry of
m'Ne and n Ne systems in order to untangle the am-
biguities between 7t' and proton distributions. Un-
der reversal of the third component of isospin, we
have v' —v, p n, and -Ne Ne (Ne is an I=0 nu-

cleus}. For example, the following relations (and
similar relations) must hold:

(n, ),.„,=(n;),-„,,
(Ne). +we = (Ne)e se~-

where, e.g. , (Ne), ,s, is the avera. ge number of pro-
tons produced in m'Ne collisions. More generally,

we have the relation

f(n, , n;, n, o, Ne, N„),+N, = f(n;, n, +, n, oN„, N&);„, ,

where f( ~ ~ },,s, represents any function of the pro-
duced particles for w'Ne collisions. Further details
of our use of isospin symmetry are given with the
presentation of the data in Secs. III-VI.

D. Weights and corrections for y, K, and A particles

Each observed y conversion (or decay of K' or
A'} was weighted by a factor w =P ', where P is the
probability for observation:

P = exp(-L „/X) —exp(-L ~/X} .

In this expression X is the conversion (or decay)
length, and L „(L ) is the minimum (maximum)
allowable neutral track length. In order to avoid
confusion with tracks from the primary interaction,
L,„was chosen to be 2 cm. For y conversions,

was chosen to be the smaller of 120 cm or D
where D is the maximum potential length to the
edge of the fiducial volume. For K ~ or A' decays,
L was chosen to be the smaller of 2.5~ or D
The average probability of an e'e conversion with-
in the fiducial volume is approximately 0.20.

Approximately 8% of the e'e pairs were rejected
after measurement on the basis of pointing tests or
bremsstrahlung origin tests. " Approximately 6%
of the K' and A particles also failed a pointing
test. Corresponding corrections have been made to
the weights of the surviving pairs or decays.

Corrections for radiative losses for the e'e
pairs were also made. The typical correction is
3-5% in the energy of the pairs.

III. CHARGED-PARTICLE MULTIPLICITIES AND

CORRELATIONS

A. Averaged multiplicities of charged particles

The averaged particle multiplicities are given in

Table II. In obtaining these averages, it has been
assumed that the charged particles are m', w, or
p(that is, K', Z', P, etc. , have been ignored). Ap-
plying the requirements of charge symmetry, we
then find the following relations:

(n, ).eN (n ) N (n)eNe
and

(N&) e& = (N&) eeN + (n+) e Ne (n ) eeNe'

Thus we are able to find (n, -), (n,+), and (Ng for
both reactions by measuring the quantities (n ),
(n,), and (Ng for both reactions.

In Table III, we summarize the values for (n,)
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TABLE II. Averaged charged-particle multiplicities
in m Ne interactions at 10.5 Gev/c.

m' Ne

2.86 ~ 0.04
1.37~ 0 ~ 02
1.71+ 0.09
5.94 ~ 0.10
2.08 + 0.02
1.37 + 0.02
2.49 ~ 0.10

1.83 + 0.02
2.08+ 0.02
1.50 ~ 0.08
5.41 + 0.09
1..37+ 0.02
2.08 + 0.02
1.96 + 0.09

~lt is assumed that (n;) = &n ) . The values for &n, +)

and &N&) then follow from isotopic-spin symmetry (see
text}.

= (s„+)g(n;), the average number of pions pro-
duced in inelastic n'Ne interactions, and the values
of R, defined as

TABL E III. Charged-pion-multiplicity distribution
parameters for inelastic nNe interactions and comparison
to inelastic mp interactions at 10.5 GeV/e.

Reaction
Dispersion

(&.,') —&.,&'}'"

7t'Ne
n'p'
np'

3.45 + 0.05
3.33 + 0.07
3.12 + 0.07

1.04 + 0.03
1.11 + 0.03

1.99 + 0.03

~Elastic events have been removed from all inter-
actions.

~Proton tracks have been removed from the xNe data
by the requirements of charge symmetry, as discussed
in the text. Proton tracks have been deleted from the np
data by assuming an average of 0.65 or 0.60 proton per
inelastic 7('p or m p interactions, respectively.

Interpolated from the compilation of Ref. 31.

The values of R are found to be near unity. Aver-
aging over m'Ne and m Ne, we have R„,= 1.08 +0.03.

Much attention has been given to the ratio R in
hadron-nucleus interactions. The results of many
experiments have shown that R is small, grows
slowly with increasing atomic number, and is near-
ly independent of bombarding energy for fixed atom-
ic number. ' '" " These facts clearly rule out
models in which all produced particles are allowed
to cascade independently in the nucleus. "" How-
ever, the behavior of R can be accommodated by
several quite different models in which the evo-
lution time of the scattered projectile fragments is
comparable to or longer than the time between suc-
cessive collisions inside the nucleus. In the en-
ergy-flux-cascade model of Gottfried, "R = 1
+a((v) -1), where v is the number of collisions of

the projectile system in passing through the nu-
cleus, and where the usual value of the parameter
a is approximately 3. For nNe interactions, we
have (v)„,=Ho„„(vp)/o„„(wNe) =1.6. The present
result, R„,=1.08, therefore implies that a =0.12,
which is somewhat lower than the conventional val-
ue. The coherent-tube model of Berlad, Dar, and
Eilam" predicts R = (v'~'), where the evaluation
of (v'~') depends to some extent on the assumed nu-
clear shape. Taking the nucleus to be a uniform
sphere, we find that 8„,= (v'I')„, = l.l, in good
agreement with the data, provided that a value of
(v)„,= 1.6 is used. "

We note that the models discussed in the preced-
ing paragraph are designed for high-energy collis-
ions, and therefore may not be wholly applicable
at energies as low as 10.5 GeV. At this relatively
low energy, a complete description of hadron-nu-
cleus collisions would have to consider the effect
of absorption and would have to account for some
independent cascading of the wide-angle particles.

B. Multiplicity distributions corrected for ambiguities

between p and n'

The observed scanned events for m'Ne interac-
tions provide multiplicity distributions in the vari-
bles n, n, and X„. These distributions are de-
noted by g"(n„n, N„). We now discuss the proced-
ure used to determine the corresponding distribu-
tions, h (n, +, n, -, N&). These latter distributions will
be called the "corrected" distributions.

In Table IV we present the experimental distri-
butions, G'(n„n ), where

That is, G (n„n ) is just the distribution of posi-
tively and negatively charged shower tracks,
summed over N, . If all produced protons had been
classified among the N„heavily ionizing particles,
then we would expect to find n. =n,.and n =n,-. As
a consequence of isospin requirements, we would
then expect to find G'(n„n ) =G (n, n, ). However,
it is evident from Table IV that this relation is
poorly satisfied by the raw scan data. We are
therefore forced to conclude that a significant frac-
tion of the positively charged shower tracks are
protons.

Further evidence for the presence of protons
among the shower tracks is seen in the average net
charge of the shower tracks. For each event, we
define the net beamlike charge of the shower par-
ticles, h„as follows:

h, =n. -n for m'Ne

-=n -n, for m Ne.
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TABLE IV. Event populations for inelastic ~ Ne interactions based on raw scan information
uncorrected for the presence of misclassified proton tracks. The n Ne results are tabulated
within parentheses below the corresponding n'Ne results. Both samples are normalized to
10000 events to facilitate comparison. n is the number of negative tracks per event and n, is
the number of positive tracks per event that remain when all visually identified proton tracks
are removed. The disagreements between the n'Ne and m Ne populations are attributed to the
excess positive charge of the misclassified proton tracks. Events arising from 7tp interactions
have been subtracted.

n for m'N

(n, for 7f N
, for 7t'Ne

for g Ne) 6 7 8 9

77 1278 669 158 52

(210) (1322) (212) (12) (1)

20 528 1563 1159 362
(78) (1257) (1322) (203) (18)

1 47 386 905 786
(18) (340) (1307) (730) (94)

1 5 48 167 323
(10) (104) (412) (793) (256)

308 118 53
(41) (3) (0)

24 2

(0) (0)

15 8 3
(0) (0) (0)

89 36 3
(2) (0) (0)

282 90 19 7 5

(10) (0) (0) (0) (o)

1 1 4 12 48 89 77 50 24 8
(2) (26) (140) (277) (257) (79) (10) (1) (0) (0)

0
(5)

0
(32)

6 8 19 22 15 12 1
(89) (107) (48) (14) (2) (o) (0)

0
(1)

0
(10)

0
(2)

0
(1)

0 2

(27) (31)

0 1

(10) (»)
0

(3)

0 4 1 2

(34) (8) (1) (0)

0 0 0
(8) (2) (2)

0
(2)

0
(1)

0
(2)

0
(3)

Figure 1(a) shows the dependence of the averaged
values, b,„as a function of shower multiplicity,
n . (Recall that n, =n, +n .) If there were no pro-
tons among the shower tracks, then the values of
Z, would be the same for m'Ne and n Ne events.
The effect of the misidentified proton tracks is readi-
ly apparent; the average number of such proton
tracks per event grows from -0 for n, = 1 to -1 for
n, = 8.

In order to determine the corrected distributions,
h'(n, +, n;, N~), it is necessary to redistribute the

n, tracks from the observed events. That is, the
observed events in g (n„n, N„) must contribute to
the events in h'(n, -m, n, N„+m), where m
= 0, 1,2, . . . . We have found from the data that this
redistribution appears to be independent of X„.
Thus we define

H'(n, +, n;) =g h~(n, +, n, , N&)

N~

That is, H (n,„n, )is the mul. tiplicity distribution,
summed over N~, for producing n,+ positive pions
and n, negative pions. As discussed in detail in

the Appendix, a suita'ble parameterization was de-
vised to determine a least-squares fit for. the
H'(n. ..n, -} distributions from the G'(n„n } distri-
butions. The fit was subjected bin-by-bin to the
isotopic-spin constraint,

H'(n, +, n, -) =H (n;, n, +),

for 0-n+-7 and 0-n --7 The fit was further
constrained such that the final averaged pion multi-
plicities, (n,+)+ (n,-), were consistent with the re-
sults given in Table II. In addition, the overall net
charges of the fitted pion multiplicities were re-
quired to be consistent between m'Ne and m Ne inter-
actions.

The fitted H'(n, „n;) distributions, which are
hereafter called the "corrected" pion multiplicity
distributions, are displayed in Table V. The com-
plete three-dimensional distributions,
h'(n. ..n, , N~}, are so-mewhat voluminous and are
not presented in this paper. However, in Table VI
we do show the collapsed distributions in the vari-
ables N~ and n„where n, = n,++n;. Results based
on these corrected distributions are presented in
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C. Results from the corrected multiplicity distributions

The multiplicity distributions in n„ the number of
charged shower particles per event, and in n„ the
number of charged pions per event, are given in
Table VII. These distributions are readily obtained
from Tables IV and V. The dispersion parameter
for the charged-pion multiplicity is ((n, ') —(n,)')'~
= 1.99+0.03. In Fig. 2, the n, distribution (averaged
over the v'Ne and v Ne results) is displayed in the
KNQ scaling form"'" and is compared to m Ne re-
sults at 200 GeV/c" and to v'p and v p data inter-
polated to 10.5 GeV/c. " The scaled vNe distribu-
tions are in good agreement with each other, and
are consistent with Koba-Nielsen-Olesen (KNO)
scaling. Agreement with KNO scaling for particle-
nucleus i:nteractions has been found pre-
viously. '""&" The 7tNe and 7tp distributions are
also similar, although the mNe shape is clearly

I I

f A
~o xg

~ f 0
~O

0

FIG. 1. (a) Average net charge of the shower parti-
cles, 3, , versus the number of shower particles, n, ,
for 7I+Ne (0) and ~ Ne(V) interactions at 10.5 GeV/c.
b,, =—+(n+-n ) for 7I' Ne interactions, where n+ (n ) is
the number of positively (negatively) charged shower
tracks in the event. The excess positive charge is evi-
dence for the presence of misidentified proton tracks
among the shower tracks. (b) Average net charge of
the pions, Z „, versus the number of charged pions,
n ~, corrected for the presence of misidentified proton
tracks. b, ~—= + (n~+ —n „)for ~ Ne interactions, where
n + (n~ ) is the number of positively (negatively) charged
pions produced in the event.

O. l

b c
ab

0.01—

~ v Ne 10.5 GeV/C
o vr+P 10.5 GeV/C
o ~-p 10.5 GeV/c

vr Ne 200 GeV/-c

Il
C)

Sec. IIIC below.
The excellent agreement between H'(n„, n;) and

H (n;, n,.) in Table V attests to the adequacy of the
correction procedure. A further check of this meth-
od is shown in Fig. 1(b), which is a plot of the aver-
age net charge of the pion tracks versus n, . In this
figure, we define b,, by

p, =—n, -n; for n'Ne

=-n, -n,. for 7t Ne.

Excellent agreement is again found between the cor-
rected n'Ne and 7I Ne results. We conclude that the
present correctionprocedure is quite reliable. It is
perhaps worth stressing again that the success of
this procedure has depended critically on the strin-
gent requirements of charge symmetry.

0.001
I

n n
2

FIG. 2. Scaled pion multiplicity cross sections for in-
elastic i Ne interactions (0) at 10.5 GeV/e. The ~+Ne
and ~ Ne results are averaged. Proton tracks have been
removed from the 7rNe data by the requirements of
charge symmetry, as discussed in the text. The open
circles result from removing nuclear coherent production
in one-, three-, and five-pronged events. Also plotted
for comparison are n Ne data at 200 GeV/c (X) from
Ref. 11 and n'+p (0) and ~ p (&&) data interpolated to 10.5
GeV/c. Protons have been removed from the xp data by
assuming an average of 0.65 (0.60) protons per inelastic
7I.+p (n p) interaction.



M. YEAGKR et aI.

TABLE V. Event populations for inelastic 7( Ne interactions corrected for the presence of
misidentified proton tracks. The 7("Ne results are tabulated within parentheses below the cor-
responding ~'Ne results. Both samples are normalized to 10000 events to facilitate compari-
son. The number of ~' or 7). tracks per event are denoted by n, + or n;, respectively. Events
arising from 7(p interactions have been subtracted.

n~- for m'N

(a+form N

n, + for 7('Ne

g,- for ~ Ne)

202 1564
(210) (1627)

402 76 12
(419) (87) (14)

137 1044 1812 650 104 11 1

(83) (1075) (1672) (583) (113) (16) (1)

308 910
(287) (1071)

898 327 51 5

(917) (272) (55) (5)

5

(7) (58)
235 380 272 86 13

(229) {449) (256) (79) (12) (1)

10
(8)

42
(40)

90 100 54 14 2

(88) (100) (52) (12) (2)

1

(0) (0)
23 26

(14) (20)
17 6

(18) (6) (1)

2 3 2 1 0
(2) (4) (5) (1) (1)

broader. This broadening could be caused by multi-
ple collision processes in the nucleus, but it also
could result from kinematic limitations at the rela-
tively low energy of the present experiment.

In Fig. 3 we display the distribution in b,„the
net charge of the pion tracks. The m'Ne and m Ne
data have been averaged in this plot. Multiple col-
lisions involving charge exchange can cause the
net charge of the pions to migrate to a final value
considerably different from the charge of the in-
cident beam particle. However, this does not ap-
pear to occur very often since only 12/o of the
events have

~
n, —1

~

& 1. The handdrawn dashed
lines show an exponential decrease proportional to
exp(-2. 1 ~n, -1 ) for n, &0 and proportional to
exp( —1.7 6, —1 ) for h, &0.

The multiplicity distributions in N„, the number
of identified heavily ionizing protons, and in N~,
the corrected number of protons, are given in
Table VIII. The X& distributions are also plotted in
Fig. 4. The X& distribution for m'Ne is somewhat
broader than that for m Ne, as required by the val-
ues for (Ã~) given in Table II. As N~ increases,
both spectra fall in a, smooth way somewhat faster
than exponentially. The number of protons pro-
duced per event reflects 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 nucleons in the nucleus.
It is interesting to observe that in -1/o of the

events, nine or more protons emerge (a,ll having
laboratory momenta above -0.15 GeV/c); such
events are likely to result from a combination of
several (-2) elementary collisions of the beam
fragments in conjunction with several secondary
collisions of particles produced at wide angles.
Note that isospin symmetry implies that the N& dis-
tribution for n Ne is identical to the neutron distri-
bution for w'Ne, and vice versa. Therefore the
dashed (solid) histogram in Fig. 4 can also be
viewed as the neutron multiplicity distribution for
v'Ne (v Ne) interactions.

The correlations between n, and N~ are of con-
siderable interest since they are sensitive to the
details of the intranuclear-cascade processes. "
In Fig. 5(a) we present the scaled charged-pion
multiplicity versus N~. For N~& 5, the pion multi-
plicity is found to grow roughly as (n, (N~))/(n, )
= 0.8+ 0.1%& (dashed line). Similar correlations
have been observed in proton-nucleus studies'
and in m-nucleus studies. '"" This linear growth is
likely to be caused by an increase in the average
number of interactions within the nucleus. Beyond
N~- 5, there appears to be a saturation in (n, (N&))
that isperhaps caused by the finite size of the Ne
nucleus.

In Fig. 5(b) we show, as a function of N&, the ratio
of the dispersion parameter divided by the average
number of charged pions. A linear relationship is
found: D(N~)/(n, (N~)) = 0.62-0.02N&. This means



x Ne INTERACTIONS AT. . .

TABLE VI. Event populations from inelastic ~ Ne interactions for events having n, charged
pions and N& protons. This table is corrected for the presence of misidentified protons, and is
normalized to 10000 events. Events from np interactions have been subtracted.

6 7 9 10

A. x'Ne Interactions

0
1
2

3

5
6
7
8
9

10
11
12

51 76 35 19
667 438 273 155 74
229 366 353 222 129
521 544 421 255 168
227 349 293 240 182
171 231 212 178 154
92 103 125 114 92
29 62 65 54 62
16 22 22 32 31
4 5 12 13 15
1 3 3 5 8

1 1 3 2

2 1

8 6
53 21
77 50

126
139 84
97 83
85 61
51 37
28 22
16 12
7 4
1 1

3 1
11 5
27 12
43 27
58 33
57 35
41 21
23 18
17 18

8 5
3 2

1

1
3
6

11
17
16

11
7
3

B. 7r Ne Interactions

0
1
2
3
4
5
6
7
8
9

10
11
12
13

127 44 16 9 6
799 500 219 96 44
580 359 239 158 75
633 534 336 217 132
414 370 311 231 152
205 250 251 168 147
124 133 122 114 91
40 61 63 61 53
19 27 26 27 29
6 8 12 15 12
2 3 5 5 7
1 1 2 2 2

1 1 1
1

4 2
27 14
47 28
97 57

108 65
99 74
76 49
47 34
25 19
12 10

5 4
2 2

1

1
8 3

15 5 5
26 13 5
42 19 8
36 19 12
34 20
23 15 4
15 5 4

5 3 3
2 1
1

Number of
uncorrected events

n'Ne n Ne

Number of
corrected events
n'Ne n' Ne

0
1
2
3
4
5
6
7
8
9

10
11
12
13

VV+ 9
1297 + 63
1198+57
1769 + 87
1604 + 87
1332 + 4V

1054 + 46
655+ 26
455+ 23
233+ 15
158 + 13
101 + 10
44+ 7
21+ 5

210+ 33
1400 + 70
1488 + 67
1684 + 82
1617+ 84
1186+ 41
1033+ 42
575+ 22
397+ 18
219+ 13
99+ 9
60+ 7
22+ 4

0 202+23 210+33
1701+73 1710+77

2 1475 + 68 1511+ 66
3 2201 + 96 2052 + 91
4 1632 + 68 1726 + 74
5 1248 + 46 1269+ 44
6 761 + 33 779+ 32
7 422 + 21 406+ 18
8 214 + 15 199 + 13
9 95+10 86+ 8

10 36+ 6 34+ 5
11 10+ 3 13+ 3
12 2+ 1 4+ 2

13 1+ 1

TABLE VG. Multiplicity distributions of charged
shoulder particles and charged pions. g~ is the number
of shower particles per event uncorrected for the pres-
ence of misidentified proton tracks; n„ is the number of
charged pions per event corrected for the misidentified
proton tracks. The distributions are normalized to
10 000 events.

Number of
uncorrected events

7r'Ne 7r Ne

Number of
corrected events
vr' Ne 7r Ne

0 3484+ 59
1 2136+ 46
2 1650+ 40
3 1078 + 33
4 736+ 27
5 421+ 20
6 276+ 17
7 139+ 12
8 52+ 7
9 25+ 5

4050 + 58
2091+ 42
1482 + 35
948 + 28
611+22
431 + 19
221+ 13
103+ 9
39+ 6
19+ 4

0
1

3
4
5
6
7
8
9

10
11

1960 + 57
2175 + 60
1856 + 56
1307 ~ 47
937+ 39
688+ 34
460+ 27
292+ 22
171+17
90+ 12
40+ 8
26~ 7

2950+ 64
2290+ 57
1603 + 47
1103+ 39
751+ 33
549 ~ 27
359+ 22
207 + 17
104+ 12
51+ 8
22+ 6
10+ 4

TABI K VIII. Multiplicity distributions for heavily
ionizing particles QVz) and for protons (N&). NI, is the
number of proton tracks having laboratory momenta less
than -1.0 GeV/c. N& is the corrected number of protons
including more energetic protons not identified by the
scanners. The distributions are normalized to 10000
events.
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FIG. 3„Distribution of the net charge, 6„, of the pion
tracks from ~Ne interactions at 10.5 GeV/c, averaged
over m+Ne and n Ne interactions, and normalized to
10 000 events. E„ is defined in the caption for Fig. 1.
Proton tracks have been removed (see text). The dashed
curves illustrate an approximate exponential falloff for
both positive and negative values of E~.

that, as a function of N&, the dispersion of the mul-
tiplicity grows more slowly than the average multi-
plicity. This effect, at least in part, may be
caused by kinematic restrictions at 10.5 68V/c
since it is difficult to produce more than-10 pions
at this relatively low energy, especially in cen-
tral (high N&) c-ollisions. It would be of interest to
examine the behavior of this ratio at higher ener-
gies. We also note that the present results imply
that the same KNO scaling function cannot describe
exactly the charged-pion multiplicity spectra for
all values of N& (at 10.5 GeV/c).

In Pig. 6, the average number of protons per
event, (N~(n, )), is plotted versus n, . Again, a
nearly linear growth is found. The results of Pigs.
5 and 6, taken together, imply that events with
large values of n, tend to have large values of N~,
and vice versa. In other words, as the violence of
a particle-nucleus collision is increased, a simul-
taneous growth of n, and N~ is found.

FIG. 4. Distributions of the corrected number of pro-
tons per event in 7t'+Ne (solid histogram) and n Ne
(dashed histogx am) interactions at 10.5 GeV/c. Both
histograms are normalized to 10 000 events.

Andersson' has suggested that it should be inter-
esting to examine the correlations behveen n, and
the number of lightly ionizing (fast-knockout) pro-
tons, N&, because N& (rather tban N~ or N„) might
provide the best measure of the number of elemen-
tary collisions of the projectile or its fragments
~ith the nucleons in the nucleus. Although a fast
knockout proton cannot be distinguished from a
positive pion on a track-by-track basis, the cor-
rection procedure discussed above does provide a
statistical method for obtaining an approximate
correlation between n, and N&. To do this, we de-
fine N&

—-—N~ —N~. This definition unfortunately
overestimates the number of energetic protons
(having p&1.0 GeV/c) by a factor of 1.5 because a
fraction of the low-energy protons are not properly
identified on the basis of track density (see Sec.
IVC llelow). Neveltlleless 'tile appI'oxlInate tl'elide
in the data can be established by using this defini-
tion for N&. From Table II, we find (N&) =0.78
+ 0.13 for v' Ne and (N&) = 0.46 + 0.12 for v Ne. In
Figs. 7(a) and 7(b), respectively, we show the
averaged multiplicity, (n, (N&)), and the ratio,
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IV. PRODUCTION OF CHARGED PIONS AND PROTONS

A. Introduction

In this section we present data on charged-
particle production in wNe interactions and com-
pare them to the results of wP interactions. These
data should provide insight into the characteristics
of hadron shower development within a nucleus
and should be useful for testing models of hadron-
nucleus collisions. The wp data shown in this sec-
tion, unless otherwise specified, are obtained
from the nP interactions in the present exposure
of film.

For convenience of expression, we defined
"favored" and "unfavored" pions to be produced
as follows:

v'Ne —v'X (favored)

and

w' Ne - v' X (unf avored) .

0.2
0

Np

FIG. 5. (a) Average charged-pion multiplicity versus
N& for m+Ne (0) and m' Ne (V) interactions at 10.5
GeV/c. (b) Ratio of the dispersion parameter divided
by the average charged-pion multiplicity as a function
of Np.

D(N&)/(n, (N&)), as functions of N&. The correlation
betweenn, and N& is seen to be similar to that be-
tween n, and N~ (see Fig. 5). Apparently both N&

and iV~ are reasonable measures of the number of
elementary collisions.

n /(n)

That is, the favored (unfavored) pions have the
same (opposite) charge as the incident particle.
These terms will also be used to reference mP

interactions.
We use the symbols P~, P» E, and y to repre-

sent, respectively, the longitudinal. momentum,
transverse momentum, energy, and rapidity
variables in the laboratory system. Symbols with
an asterisk (e.g. , y*) are used to represent vari-

Z'.

4—
C

~ 7r+Ne

v 7r-Ne

Z'.

Cl

0.2

0 2
Nf

0
0

FIG. 6. Average proton multiplicity versus n ~ for
n'Ne (0) and m Ne Q) interactions at 10.5 GeV/c.

FIG. 7. (a) Average charged-pion multiplicity versus
the number of fast knockout protons, N&. (b) Ratio of
the dispersion parameter divided by the average charged-
pion multiplicity as a function of N& . Results from 7f+Ne

and x Ne have been averaged.
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ables in the center-of-mass system of the in-
coming pion and a single nucleon.

Extensive use ls again made of the lsospin sym-
metry between m'Ne and ~ Ne. For example, the
longitudinal momentum distributions of favored
(or unfavored) pions for w'Ne and v Ne should be
equal:

I

b cL
CJ C3

Llj

I I I I I I

(a)

Qrp
l

Q. l

Thus the inclusive m' distributions can be found for
both reactions by measuring both of the inclusive
w distributions. (Note that we have assumed that
all negatively charged tracks are pions. ) We also
can determine the inclusive momentum spectrum
of the misidentified lightly ionizing protons (fast
knockout protons} by subtracting the spectrum for
negatively charged shower tracks from that for
positively charged shower tracks. For example,

da' do' dc
dp

(f I)....= „-. (&'):N. dp—

where P& refers to amisidentifiedproton and s+

(s } refers to a positively (negatively} charged
shower track. This subtraction technique is valid
for any variable or combination of variables that
do not depend upon the masses of the particles
(e.g. , valid for momenta but not for rapidity).

—7r+Ne 7r -X

a 7T' p~7r X

IB GeV/c

O.OOI
I

I I I

2
PL

I

I
I I I I

O l

(Gev/c}

FIG. 8. Invariant structure function in the target-
fragmentation region. The solid (dashed) histograms
refer to mNe (nP) interactions. (a) Favored pions. (b)
Unfavored pions. In order to compare mNe and + re-
sults, the distributions have been divided by the inelastic
cross sections. The circles are representative points
from 7( p interactions at l8 GeV/c (Ref. 35), and are
included for comparison.

B. Charged-pion distributions

%e find that the most significant differences be-
tween mNe and mP single-pion distributions occur
in the target-fragmentation region. This is shown
in Fig. 8, where the invariant structure function
for charged pions, integrated over p~', is plotted
versus P~. En order to facilitate the comparison
between vNe interactions (solid histograms) and

vP interactions (dashed histograms), the invariant
structure functions have been divided by appro-
priate inelastic cross sections. " In the target-
fragmentation region (P~ 6 1 GeV/c), there is a
clear excess of the mNe distribution over the nP
distribution. For both the favored and unfavored
pions, the ratio of production from mNe to that
from 7' is seen. to grow from -1 to 3 as P~ is
decreased from -j. GeV/e to zero. This large rel-
ative increase in pion production in the target-
fragmentation region appears to be a fundamental
feature of hadron-nucleus collisions. %e also note
that a portion of this excess m production is ex-
pected on the basis of charge conservation be-
cause the process v'n- v X (which occurs inside
the Ne nucleus) is favored relative to the process
n'p- m X. For comparison, we also show in Fig.
8 the spectra from w'P- w X at 18 GeV/c. "

The inclusive single-pion rapidity spectra from

wNe and nP interactions are shown and compared in
Fig. 9. Portions of the 18-GeV/c spectra ' are also
shown in Fig. 9 for purposes of,comparison. For
both the favoI ed-pion and unfavored-pion distri-
bution, we find the following: (1) For y*&0, pion
production from nNe is two or three times as large
as that from vp. (2) The vNe and vp spectra con-
verge near y*=0. (3) The vNe and vP distributions
remain nearly equal for the entire forward hemis-
phere, y~& 0. These trends are further illustrated
by the ratios of the m'Ne to n'p distributions in Fig.
10. ln the projectile-fragmentation region (y-4),
this ratio is approximately 0.8 for the favored
pions, and is in. mild disagreement with results at
higher energies where a ratio near unity is
found. '7"'" lt is possible that the absorption of
projectile fragments is greater at low energies
than at high energies because there is more time
for the projectile system to develop before leaving
the nucleus.

The similarity seen in the region y~ & 0 implies
that the fragments of the projectile system must
act ~early as a single particle as the system pro-
ceeds through the nucleus. That is, the evolution
time of the projectile system must be long rela-
tive to its transit time across the nucleus, and
repeated collisions within the nucleus have little
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FIG. 9. Inclusive single-pion rapidity distributions for ~Ne (solid histograms) and ~p (dashed histograms) interactions.
(a} Favored pions. (b) Unfavored pions. The vertical dashed line labeled by y~ =0 corresponds to the zero of rapidity
in the pion-nucleon center-of-mass frame. The curve placed on the unfavored-pion spectrum is a prediction of the
coherent-tube model (see text). The circles are representative points from +p interactions at 18 GeV/c (Ref. 35), and
are included for comparison.
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FIG. 10. Ratio of the n'Ne to wP rapidity distributions
from the preceding figure. The triangles refer to the
favored pions (m beam), and the circles refer to the
unfavored pions (m+ beam).

effect on the final projectile fragments. Qn the
other hand, the target fragments are significantly
enhanced by the multiple col1.isions in the nucleus,
and it is this portion of the rapidity spectrum that
contributes to the rise in. multiplicity from a
nucleus relative to that from a nucleon.

It is of interest to ask whether there is a leading-
particle effect for the favored pions produced in
inelastic mNe collisions. As is seen from Table
II, there are 0.71+0.03 more favored pions than
unfavored pions per event. The kinematic regions
into which these excess favored pions are pro-
duced are evident in Table IX, where we give the

average number of m" per event observed in vari-
ous interva. ls of y and N~. Large excesses of
favored pions are found in the central and projectile
rapidity regions when N„~1, but only small ex-
cesses are seen elsewhere. Thus we ean conclude
that the leading particle effect is present for the
peripheral wNe interactions (N„~ 1) hut not for the
nonperipheral interactions (N„& 2).

Many of the properties of hadron-nucleus colli-
sions ean. be related to those from hadron-nucleon
collisions by assuming that in a nucleus the in-
cident hadron ean collide conjointly with more than
one nucleon. The effective mass of the target,
and therefore the available center-of-mass energy
is increased in a nuclear target relative to a nu-
cleon target. These ideas have been considered
for some time. ""The "coherent-tube" model"'"
is a recent extension of these ideas. In order to
make definite predictions for the mNe rapidity data, ,
we assume that the incident particle collides with
v nucleons in the nucleus in such a way that the
effective target mass is vM, where M is the nu-
cleon mass. The produced spectrum is then as-
sumed to be equal to that for a single nucleon col-
lision, but at an elevated energy given by

s = m'+ (vM)'+ 2vM(p'+ m')'~'

where P is the laboratory momentum of the in-
cident pion and m is the pion mass (which tnay
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TABLE IX. Average number of favored and unfavored pions produced in various kinematical
regions.

KUlematlcal regions
n»- per event

m' Ne n' Ne

Average number of excess
favored pions

per event

y &1 {target)
+& «1 (peripheral)
/&~ 2 (nonperipheral)

1 &y & 2.2 (central)
Ni, «1 (peripheral)
N&~ 2 (nonperipheral)

y &2,2 (projectile)
NI, «1 (peripheral)
NI, » 2 (nonperipheral)

0.24 + 0.01
0.34 + 0.01

0.48 + 0.02
0.39 + 0.01

0.41+ 0.02
0.23 + 0.01

0.16+ 0.01
0.28 + 0.01

0.28 + 0.01
0.33 + 0.01

0.18+ 0.01
0.14+ 0.01

0.08 ~ 0.02
0.06 + 0.02

0.20 + 0.02
0.06 + 0.02

0.23 + 0.02
0,09+ 0.02

be ignored at the present energies). The rapidity
distribution in y* must then be boosted to the lab-
oratory system for each value of v, as follows:

P„ is the transformation velocity between the lab-
oratory and the center-of-mass frames. The re-
sulting rapidity distributions can then be summed
to obtain a definite prediction for a particle-nu-
cleus collision.

%e have tested such a prediction against our data
for the reaction m'Ne- m X. In order to average
over m'P and n'n distributions, we have summed
over ~'d data, "as follows:

1 do—(v'Ne-v X;s,y)

dG
Z „o(n' -dvX; s„,y„),o'q„, (m'd j „.~ dy

where the n„ factors represent the fx'action of nNe
interactions involving v nucleons. On the basis
of a uniform Ne nucleus, we estimate a„=0.59,
0.30, and 0.11 for v =1, 2, and 3, xespectively.
(Contributions for v&3 have been ignored. ) The
resulting prediction, which has no adjustable
parameters, "is shown is Fig. 9(b) and is in re-
xnarkably good agreement with the data.

In Fig. 11, we plot the rapidity spectrum for the
unfavored pions subdivided into three groups ac-
cording to the number of heavily ionizing proton
tracks: N„» 1(53% of the events), 3 ~N~~4 (38%
of the events), and 5 ~ N„10~(9% of the events).
Since X„seems to be a rough measure of v, we
expect that these divisions shouM correspond ap-
proximately to v=1, 2, and 3, respectively. The
curves imposed on the data are the component

TABLE X. Mean laboratory rapidities for m+Ne m X
corresponding to various event selections.

Selection Selection

0 «N, «1 1.67+ 0.03 0 «n, «5 1.68+ 0.03 1 1.58
2 «N„«4 1.30+ 0.03 6 «N, «8 1.30+ 0.03 2 1.25
5 «NI, 1.13+ 0.05 9 «N~ 1.16 + 0.05 3 1.07

distributions which make up the prediction of Fig.
9(b). These curves provide a qualitatively good
description of the data. As v is increased, the
component spectra are broadened (because of
higher effective center-of-mass energies) and
shifted to lower rapidity (because of smaller trans-
formation velocities, f(,). The data also show

these trends. In Table X, we give the mean values
of laboratory rapidity corresponding to these
selections on N„ together with the calculated boost
factors, („.

%e have also examined the rapidity distributions
fox' the following subdivisions: R~ ~ 5, 6 ~Pl~ ~ 8,
and 9~n, . Since n, and N„have a nearly linear
correlation, we also expect these divisions to cor-
respond approximately to v= 1, 2, and 3, x'e-

spectively. The resulting rapidity distributions
(not shown) exhibit trends similar to those seen
ln Flg. 11. The mean laboratory rapidity values
for the n, selections are given in Table I, and are
in good agreement with the corresponding values
for the N„selections.

It is possible that the present agreement at
10.5 GeV/c could be a fortuitous result caused by
kinematical restrictions at this energy. Definitive
tests of these ideas are needed at higher energies,
where at present there is some controversy over
whether or not the coherent-tube model predic-
tions'" agree with the available data. ' Detailed
comparisons are difficult at high energies both
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FIG. 1l. Inclusive single-pion rapidity distributions
for m+Ne x"X subdivided according to the number of
heavily ionizing proton tracks, as indicated. The curves
imposed are the expectations of the coherent-tube model
for v=1, 2, and 3, where v is the number of nucleons
participating in the collision. The rapidi. ty boosts, („,
bebveen the laboratory and the center of mass of the
incident pion and v nucleons are indicated by the vertical
arroz&a. See text for a more complete explanation.

because of expex imental measurement problems
and because of QnceI talntles ln th8 nucleax model-
ing and in the hadx on-hadron rapidity distributions.

%'8 tux n now to the examination of distributions
ln transverse momentum. The px'lnclpal I'esult ls
that the m'Ne data are nearly indistinguishable from
the mP data. In Fig. j.2, we show the P~' distribu-
tions, noxmalized so that the same number of
tracks are plotted for the m'Ne and mp data. In the
interval pr'& 1(GeV/c)', there are no significant

differences between the data from the two targets;
this holds both for the favored and the unfavored
piotls. The RverRges, ( pI) Rlld ( p r ), Rl'8 given
in Table X and also show that the differences be-
tween wp and wwe are small. The values for (pr)
and ( Pr') are larger for the favored pions than
for the unfavored pions; this is true for both mNe

and wP interactions. %'8 also note that the averages
found for wP are in good agreement with previously
reported results. "

It might be conjectured that the transverse-mo-
mentum spectrum should become broader as N„
is increased because more nucleons then tend to
participate in the wNe collisions. In order to
search for such an effect, we have plotted (Pr)
Rs R function of Nl (see Flg. 13). Tile sul'pl'lslllg
result is that (PP appears to be independent of N„,
for N„&1; this is true for both the favored (solid
triangles) and unfavored (solid circles) pions. For
N~ ~ 1, differences between the favored and un-
favored pions do occur; however, these ( pr) values
are in good agreement with the corresponding &P

values (open triangle and open circle). Also plotted
in this figure are values of (P r(N„)) for the most
energetic (leading) w produced in w Ne events
(soUd diamonds) and in w p events (open diamond).
The leading w particles clearly have significantly
larger ( Pr) values than those found by averaging
over all favored pions, but again the mNe values
for (Pr) are independent of N„, and are in good
agreement with the mP value.

We have also examined the behavior of ( pr) as
a function of rapidity, and show these results in

Fig. 14. The corresponding wNe and mp data once
more exhibit almost identical behavior. The data
also reveal some interesting trends. Kinematical
limitations apparently restrict (pp for very smaH
and very large rapidities. For the unfavored pions,
(Pr) is roughly symmetric about y*=0. For y*&0,
the (Pr) values for favored and unfavored pions are
similar, but for y~ &9, they are considerably
larger for the favored pions. The differences seen
for y*&0 are evidently due to leading particle ef-
fects in both the mj and n'Ne data.

In summary, the most significant differences at
10.5 GeV/c between the inclusive pion distributions
from mNe and m'p interactions occur in the target-
fragmentation region. The enhancement of
charged-pion production in this region stems from
events which have lax ge N„values and which gen-
erally involve multiple collisions within the nu-
cleus. These features are compatible with the
notion that the incident hadron can undergo an ef-
fectively simultaneous collision with two or more
nucleons in the nucleus. There are no significant
differences found betv~e~n the transverse-momen-
tum spectra for m'Ne and mP interactions. More-
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FIG. 12. Distributions in pz for xNe (solid histograms) and 7rp (dashed histograms) interactions. (a) Favored pions.
(b) Unfavored pions. The data are normalized so that equal numbers of tracks are plotted for mp and ~Ne.

over, the transverse-momentum distributions for
wNe appear to be independent of N„, for N„& 1.

C. Proton distributions

It ls of considerable interest to explore the p1oton
production in hadron- nucleus interactions. At
least two distinct processes for proton production
from a nuclear target are expected: (1) recoil
pFotons from Tfp oF Ps colll81ons inside the nucleus
(having laboratory momentum, P & 1.5 Geg/c),
and (2) specta'tol' pI'D'tolls 8]ected by Ferllli Illoiioll
(having P &0.3 GeV/c). Whether or not other pro-
ton, production mechanisms act in hadron-nucleus
collisions is an important question. %'e note that
the presence of (fast-knockout) protons among
the shower tracks (see Sec. III 8) does suggest that
such mechanisms must exist.

The reader is reminded that there are substantial
losses of low-momentum proton tracks below about
0.25 Gep/c (see Sec. II 8). Although no corrections
have been, made for these losses, they are con-
fined to well-defined kinematical regions.

ln order to examine proton production, it is nec-
essary to determine the characteristics of themis-
identified energetic protons as well as those of

the identified protons. Throughout this section,
the isospin subtraction. technique discussed in

Sec. Dt A ls used to determine the pl oton dis-
tribution of interest. In Fig. 15, for example, we

display the Pz distributions for the positive and

negative shower particles (denoted by s' and s,

I I I I I I IO.

0 5 6

PIG. 13. Average values of the transverse momentum
as a function of NI, . The solid (open) symbols refer to
mNe (&) interactions. The triangles (circles) are for
the favored (unfavored) pions. The diamonds represent
the values found for the most energetic favored pion.
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In Fig. 18 we show the inclusive proton, spectrum
for laboratory momentuxn, P, summed over all
produced protons. The subhistograms for identified
protons are shaded. The distributions for both
reactions fall rapidly with increasing momentum,
but the proton tracks persist out to - 5 GeV/c.
For p & 1 GeV/c, there are more protons produced
in w'Ne interactions than in m' Ne interactions.
It is probable that this difference arises from a
combination, of w-nucleon reaction. effects, such as
differing rates for &"production and charge ex-
change for n'P. On the other hand, for P&1 GeV/
c, the proton spectra from the two reactions are
the same within the experimental uncertainties.

It is also interesting to look for a correlation be-
tween the shower multiplicity, n„and the total
momentum carried away by nucleons in a wNe

collision. A significant correlation of this type is
expected in view of the observed multiplicity cor-
relations between n, and tV~ (see Sec. III). The
averages of the longitudinal momentum per event
carried by charged shower particles (s') and iden-
tified slow protons (P,), as a function of n„are
displayed in Fig. 19. The requirements of charge
symmetry imply that the average longitudinal mo-
mentum per event carried by protons is given by

I l l I I l I I

Q 2

FIG. 14. Average values of the transverse momentum
as a function of rapidity. (a) nNe interactions. (b) ~p
interactions.

respectively). The difference between these dis-
tributions is equal to the P~ distributionfor the mis-
identified protons. It can be seen in these plots
that the P~ distx'ibution for protons extends out to
P~-5 GeV/e; this occurs both for w'Ne-PX and
for w Ne~ pX.

The inclusive proton distributions in P~ are
shown in Fig. 16, and the values for (PP and (Pr')
are given in Table XI. The m'Ne and n Ne results
agx'ee within the experimental uncertainties.

In Fig. 1V, we display the inclusive proton rapid-
ity distributions. These distributions have been
extracted from the p~ and p~' data. In the region
y & 0, which is entirely in the target-fragmenta-
tion region, the distributions rise very shaxply
with y, approximately as do/dy-e4'. For y& 0,
the distributions fall more slowly, appx oximately
as do/dy-e '". We also note that 6+2% of the
protons are produced with a rapidity correspond-
ing to y*&0.

This expression is strictly true only for inclusive
averages (i.e. , when summed over n, ), but it is
approximately valid for each n, category provided
that the average number of energetic protons per
event is equal. to the average number of energetic
neutrons per event, a condition which is reasonably
satisfied for n, & 4.

Table XII gives the results for the partition of
longitudinal momentum per event carried by n',
m, m, p, n, Ao, and Eo, 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 dramatically
from 5 a 1/0 for n, = 2 to 21 + 2'fg for n, = 8. It seems
remarhaMe that an average of apProximately 40%
of the incident momentum is acquired by the pro-
duced nucleons in high-multiplicity (n, 6) &»-
liion+. It is clear that in many individual. cases
the fraction. received by the produced nucleons
must substantiaHy exceed this average. These
spectacular collisions certainly merit further ex-
perimental and theoretical investigation.

We find that the spectrum of momentum transfer
to nucleons observed in mNe interactions cannot be
understood in texms of a sum of independent w-

nucleon collisions inside the nucleus. On the basis
of the v'p data near 15GeV/o of PiseUo39 and
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FlQ. ].5. Distributions in longitudinal momentum for (a) favored and (b) unfavored shower particles. The solid
(dashed) histograms are for the positively (negatively) charged shower particles, as Dedicated. The longitudinal mo-
mentumdistribution for misidentifiedprotons is obtained by the difference (solid minus dashed) between the plotted dis-
tributi. ons.

Delay et a/. ,
"we have deduced a nucleon momen-

tum spectrum for m-nucleon collision at 10.5
GeV/c. " From this spectrum, we estimate that
one, two, or three independent coH. isions inside
the nucleus would transfer an average total of 0.7,

IO

—vr'Ne —pX
—7r-Ne —pX

l 4, or 2. l GeV/c to the struck nucleons, re
spectively. For the low-multiplicity events (n, ~5)
which are presumably dominated by cases of one
or two collisions, this procedure estimates that an
average of 0.9 GeV/c should be transferred to the
nucleons, whereas 1.7 GeV/c is observed. For the
high-tnultiplicity events (n, &5) which are pre-
sumably dominated by cases of two or more colli-
sions, we estimate that an average of 1.7 Geg/c

TABLE XI. Transverse-momentum averages for nNe
and ~p interactions at 10.5 GeV/c.

Reaction (P T ) (GeVf c) (P~'& I:(GeV/c)'j
C:

b
CX

Ol—

0.4
I l

0.8
p~ [(Gev/c)~l

T

l.2

FjG. 16. Distributions in pz for protons produced in
~'Ne pX (solid histogram) and & Ne pX (dashed
histogram.

m'Ne —7t X
71'"Ne —vr X
m'p Yt' X
7t p 7t'X
7t' Ne pX
7r Ne —pX~

0.309 + 0.004
0.348 + 0.004
0.306 + 0.006
0.368 + 0.006
0.395 ~ 0.008
0.401 + 0.008

0.158+ 0.005
0.187 + 0.005
0.139 ~ 0.007
0.198 + 0.008
0.214 + 0.008
0.238 ~ 0.008

Corrected to include energetic, midisentified, protons.
The correction procedure uses the requirements of
isotopic-spin symmetry as discussed in the text. Pro-
tons having laboratory momenta below 0.2 GeV/c are
omitted from these averages.
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FIG. 17. Inclusive rapidity spectra for protons produced in (a) m+Ne PX and (b) & Ne pX. The vertical shaded
bars enclose a region in vrhich low-momentum proton tracks are detected inefficiently. The dashed line marks the
zero of y*, the rapidity in the mp center-of-mass system.
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FIG. 18. Distributions in laboratory momentum for protons produced in (a) m+Ne pX and (b} x"Ne pX. The shaded
subhistograms shoe& the distributions for the visually identified proton tracks.
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FIG. 19. Averages of the laboratory longitudinal mo-
mentum per ~Ne interaction carried by charged shower
tracks (s ) and by heavily ionizing slow protons (p~)
versus the shower-track multiplicity, n~ . The 7t'+ Ne

{m Ne) results are given by the solid (open} circles.

should be transferred to the nucleons, whereas
3.8 GeV/c is observed. Our estimates are probably
overestimates 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 comprise nearly 30% of
the total sample, whereas the independent-collision
procedure estimates that the probability of trans-
ferring more than 3.8 GeV/c is only 2.5/p.

%e can only speculate on. the mechanisms for
efficiently transferring momentum to the nucleons.
Because the interactions of pions with nucleons in
a nucleus are always in some sense multinucleon
collisions, this might give rise to larger than anti-
cipated momentum transfers. It is also probable
that there is some type of cascading which en-
hances nucleon production at wide angles in the
laboratory. Another possibility is that the pro-
jectile "fireball" may have quantum numbers that
would make it easily absorbable by the nucleons.
It is also possible that the quark structure of the
projectile is altered and is apparent in the short-
time interval of the traversal of the nucleus.
Clearly, this phenomenon warrants further in-
vestigation. In this regard, we note that a
combined study of w'd End n d interactions, using
the isospin symmetry requirements discussed
above, would allow a complete measurement of the
inclusive proton production. in m'p interactions. It
wouM be of particular interest to explore, as a
function of A. and of beam energy, the properties
of protons produced with momenta above 2 GeV/c.

V. NEUTRAL-PARTICLE PRODUCTION

A. Neutral-pion production

%'e have studied z' production in 7tNe interactions
by examining the e'e pairs converted from y rays.
As discussed in Sec. II, each y conversion is as-
signed a weight based on the chamber geometry and

the conversion length in the H,Ne mixture. Fur-
ther details of the analysis techniques used may be
found in Befs. 26, 30, and 42. In what follows, we
assume that all observed y rays are produced by

TABLE XII. Longitudinal-momentum partition for inelastic x'Ne interactions. These aver-
ages have been determined by using charge-symmetry requirements, as discussed in the text.
The corresponding results for m Ne interactions may be read from this table by interchanging

and p n.

Produced
particle

Average
multiplicity

(n)

I.ow-multiplic ity events
(n, «5)
Average longitudinal
momentum (GeV/e)

(zp~)

Average
multiplicity

(n)

High-multiplicity events
(n, &5)
Average longitudinal
momentum (GeV/e)

(zp~)

1r'

p'
n'

A' and Z'
K andK

1.83 + 0.02
1.00+ 0.02
1.67 + 0.09
1.67+ 0.10
1.08 + 0.08
0.06+ 0.02
0.17 ~ 0.03

4.08 + 0.10
1.49 + 0.05
2.34+ 0.12
0.74 ~ 0.12
0.93 ~ 0.10
0.07 + 0.01
0.28 + 0.07

3.35 + 0.04
2.45 + 0.05
1.98 + 0.16
2.39+ 0.10
2.19 ~ 0.12
0.08+ 0.03
0.05 + 0.02

3.30 + 0.09
1,99 + 0.07
1.60 + Q. 14
1.83 + 0.14
1.99+ 0.13
0.12 + Q. Q4

0.05 + 0.03

~The averages for the nucleons are based on measured and reconstructed tracks. Many
of the low-momentum proton tracks (pub~ 0.2 GeV/c) were measured inefficiently and
are omitted from these averages. We estimate that the systematic error introduced by
these losses is less than 0.2 GeV/e for (Zp&).
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FIG. 20. Averages of the laboratory longitudinal mo-
mentum per ~Ne interaction carried by all protons as a,

function of ns. The ~+Ne (m Ne) results are given by the
circles (triangles) .

the decay of m' mesons, and we have combined the
m' data from the isospin-symmetric reactions,
m'Ne-m X.

The K multiplicity distribution ls shown in Fig.
21. This distribution has been extracted from the
observed y-ray multiplicity distributions in the re-

7t' Ne Pl~ p+ anything q

where n„ is the number of y-ray conversions ob-
served in the event (n„~ 6 in the present experi-
ment). The methods used to extract o(n, o) from
o(n„}are outlined in Befs. 26, 30, and 42. For
comparison, we also show in Fig. 21 the multipli-
city distributions for charged pions in wNe interac-
tions. The behavior of o(n,o} versus n, o appears to
be intermediate between that of the favored- and
unfavored-charged-pion multiplicities. The aver-
age number of m' mesons produced per mNe inter-
action, (n,o) =1.77+0.06, may be compared to the
corresponding averages for favored pions, 2.08
+0.02, and unfavored pions, 1.37+0.02 (see Table
II). We therefore observe an approximate equality,
(n,o) = ((~n,.)+(n;)}, as has been noted previously
in m C interactions' and in mP interactions"*" in
this energy region. The ratio of average m multi-
plicity from wNe to that from vP is B(v ) =(n,o),„,/
(n,o),~=1.09+0.06, a value which is in good agree-
ment with the charged-pion-multiplicity result (see
Table III).

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

n'Ne —y + anything .

In Fig. 22, the longitudinal-momentum distribution
of the produced y rays is displayed. The solid

IQ

I

0

CU
C

,
b

O-O l— ~ ~-Np ~ rl~o
o ~ Nt'

0~ N|.—n„ Q.QI =.

Q

P„(('ev/c)

FIG. 21. m multiplicity distributi, on in ~Ne inter-
actions at 10.5 GeV/e (0). The charged-pion-multiplicity
distributions at this energy are also shove for favored
pions (V) and unfavored pions (0).

FIG. 22. Inclusive longitudinal momentum distribution
for y rays produced in the process ~~Ne yX at 10.5
GeV/e. The solid curve is a smooth representation of
the data; the dashed curves provide uncertainties in this
smooth representation.
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FIG. 23. Inclusive longitudinal momentum distribution
for 7(0 from vr~Ne m OX (smooth curve) compared to
those for charged pions from r Ne m' X (solid histo-
gram) and from ~+Ne r X (dashed histogram). The

distribution has been obtained from the smooth repre-
sentation of the y distribution (preceding figure) by us-
ing the method of Ref. 46.

curve imposed is the result of a fit made to obtain
a smooth representation of the data. ""The
dashed curves provide upper and lower uncertainty
estimates for this smooth representation. Follow-
ing the method of Glasser, "we have determined the
m' longitudinal-momentum spectrum by differentia-
ting this smooth curve. The result is shown as the
solid curve in Fig. 23. The corresponding charged-
pion p~ distributions are also included for compari-
son. It is interesting to note that, over nearly the
entire p~ region, the m distribution lies below that
of the favored pions but above that of the unfavored
plons.

A comparison between the rapidity distributions
for the neutral and charged pions is shown in Fig.
24. The mo rapidity spectrum is approximate and
has been determined from the p~ distribution to-
gether with the assumption that (for each P~ bin)
the p~' distributions for neutral pions and unfa-
vored pions are identical. %e again see that the m'

distribution is bracketed by the charged-pion dis-

tributionsns.

%'e conclude that the properties of w' production
are similar to, but intermediate between, those of
the favored and unfavored charged pions in mNe in-
teractions. The relationship between neutral- and
charged-pion production in wNe interactions is thus
similar to that found for mp interactions in this en-
ergy 1 eglon.

O.OI

FIG. 24, Inclusive rapidity spectrum for mo from
m+Ne —n OX (smooth curve) compared to those for
charged pions from ~ Ne ~ X (solid histogram) and
from n+Ne x X (dashed histogram).

8. Neutral strange-particle production

%e have determined the average multiplicities of
K' (or K') and A' (or Z') particles by observing
their decays in flight. The results presented here
are based on a sample of 214 V' decays. As dis-
cussed in Sec. II, each accepted V' was weighted
for detection efficiency in the finite chamber. Cor-
rections have also been applied for decay modes
involving all neutral particles. No separation was
attempted between A' and Zo hyperons.

The average neutral-strange-particle multiplic-
ities found ir.. this experiment are given in Table
XIII. %'ithin the rather large uncertainties, the K
production from mNe appears to be equal to that
from wp. The A'/Z' production from wNe is some-
what larger than that from np, although the uncer-
tainties are again rather large.

The ratios of (K +Ko)/(w'+w } production, given
in Table XIV are in agreement between the np and
mNe interactions. These values also agree well
with previously reported results in w'p interactions
in this energy region. ~7

Note that isospin symmetry implies that

o(w'Ne-K'X) =o(w'Ne-KOX)

o(w'Ne -K X) = o'(w'Ne-K'X).

Therefore the ratios of (K'+K }/(w'+w' } for wNe

are also given by Table XIV. 3ince these ratios
are small, we can now justify our previous neglect
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TABLE XIII. Average multiplicites of neutral strange particles. The results have been cor-
rected for neutral decay modes, finite chamber volume, and other inefficiencies.

Z' and g' A and Z
7tP

X' and g'

0.10 + 0.02
0.07 ~ 0.01'

0.07+ 0.02

0.14 + 0.04

0.03 + 0.01

0.05 + 0.02

~Averaged over the isospin-symmetric 7f'Ne and 7r Ne interactions.

of charged kaons among the charged pions (see
Sec. II Il).

VI. SUMMARY AND CONCLUSIONS

TABLE XIV. Ratio of (%0+go)/(7t'+ 7t ) production.

Beam

0.029 + 0.005
0.040+ 0.008

0.022 + 0.006
0.043 + 0.010

We have undertaken a study of wNe interactions at
10.5 GeV/c covering a wide range of particle-pro-
duc tion topics. Multiplicities and correlations for
charged pions, neutral pions, protons, and neutral
strange particles have been examined in some de-
tail. The inclusive production properties of
charged pions, neutral pions, and protons also
have been thoroughly investigated. By studying
both m'Ne and n' Ne interactions, we have been able
to apply the principle of isospin symmetry as a po-
werful tool to untangle the troublesome ambiguities
of particle identification between protons and posi-
tive pions. Where possible, the mNe results have
been compared with the corresponding wP results.

Below, we list and comment on a number of re-
sults found in this work.

1. The ratio of the average number of charged
pions produced in inelastic mNe collisions com-
pared to that produced in mP collisions is R„,(w')
= 1.08+ 0.03. For neutral pion production, a simi-
lar result is found, Rz, (wo) =1.09+0.08.

2. The charged-pion multiplicity distribution,
when expressed in a KNQ scaling form, is consis-
tent with the distribution from 200-GeV/c vNe in-
teractions (Fig. 2).

3. A positive correlation between (N&) and (n, )
is found (Figs. 5-7).

4. The inclusive production of charged pions in
wNe is two or three times as large as that for wP in
the target-fragmentation region, but is nearly
equal to the np result in the central region and the
projectile-fragmentation region (Figs. 8-10).

5. The enhancement in the target-fragmentation
region arises mainly from events with large values
of N„(Fi g. 11). N~ (or N~) therefore appears to be
a measure of the number of struck nucleons inside
the nucleus and a measure of the overall violence
of the collision.

6. The leading particle effect is seen in mNe in-
teractions, but it is limited to peripheral collisions
having N„~ 1 (Table IX}.

7. The transverse-momentum distributions of
charged pions are nearly identical for mNe and wp

(Figs. 12, 14, Table XI). Furthermore, the values
of ( pr ) show little dependence on N„(Fig. 13).

8. The properties of m' production are similar
t;o, but intermediate between, n' and m production
in vNe interactions (Figs. 21-24).

9. Many of the qualitative features of inclusive
pion production can be understood in terms of a

simple kinematical model in which the effective
target mass is taken to be 1, 2, or 3 nucleon
masses in 59, 30, and 11/0 of the wNe collisions,
respectively (Figs. 9 and 11). In this model, the
enhancement of the target-fragmentation region
arises from events involving multiple collisions
within the nucleus.

10. It is not clear to us whether the eoherent-
tube model can account simultaneously for both the

pion and nucleon production (see comments 11 and
12 below). It is clearly important to try to find a
model of hadron-nucleus collisions which ean do
this.

11. Qur study of inclusive proton production cov-
ers the complete kinematical region, except for p
(0.25 GeV/c. A rather large fraction of the pro-
duced protons are too energet;ic in the laboratory
(P 2 1.2 GeV/c) to be visually identified by track
density (Figs. 1 and 15-18}.

12. The average fraction of the incident momen-
tum that is carried away by nucleons rises sharply
with the shower-track multiplicity, from approxi-
mately 10% for n, =2 to approximately 4090 for n, = 8

(Figs. 19 and 20, Table XII). Such la, rge momen-
tum transfers are not expected on the basis of
known mP interaction properties. This effect merits
further investigation.
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APPENDIX: Details of the fitting procedure used to find the
corrected multiplicity distributions

In this appendix, ere provide details of the fitting
procedure outlined in Sec. III 8. In order to simpli-
fy the notation, me use

5H(jk, ) = statistical error on H '( j,k)

-H (k, j),
5(n, ) = statistical error on (n, ),

5h, = statistical error on h, (v'Ne).

Vfe note that X,
' enforces the constraints of charge

symmetry, X,'constrains the corrected distribu-
tions to be consistent with (n, ) of Table III, and X',

forces the average net beamlike charge to be con-
sistent between the m'Ne and m Ne distributions.

The parameterization used for H'( j,k) is

where T'(i, j, k) is a binomial coefficient:

Other notation, unless defined here, is the same as
in Sec. III.

In the least-squares fit we have defined X' as

X =X&+X&+X&

H(j, k) —H-(k,j) '-
5H( j,k)

()+a), „.—(n, ))'
5(n, )

T'(i, j,k) =-, .), [P'(i, k)]' '[I —P'(i, k)]',

a,nd where P'(i, k) is the probability that a positive
shower track is a proton. P'(i, k) is parameterized
as follows:

P'(i, k) =a', +a2i ~a,'i'+a', k+a,'k'.
This formulation therefore required 10 parame-
ters. However, in practice it was found necessary
to allow more freedom in the fit., and the five prob-
ability elements, P'(1, 0), P'(2, 0), P'(2, l),
P (1, 0), and P (1, 1) were allowed to vary indepen-
dently from the functional form.

There were 52 nonzero bins in the final H'( j,k)
distributions for 0 & j & 7 and 0 &k & 7 (i.e., 12 of
the 64 possible bins had less tha, n 1 event). A total
of 55 quantities (52 for )I'„2 for g2, and 1 for X,')
mere thus fitted with 15 parameters. The final X'
was 38.3 for 40 degrees of freedom.
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