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CHAPTER I

INTRODUCTION

A. Motivation
One of the most important problems in physics during
the last few decades has been the search for a description of
elementary particles and their interactions. While a better
understanding has been achieved of processes involving photons
and electrons, the nature of the strong interaction Processes
involving hadrons has been very elusive., Hadron-hadron inter-
actions, and in particular proton-proton interactions, have been
the subject of extensive study during the last two decades.
The multiple production of particles is the main process in
high energy proton collisions since the cross~section for mule
tiple production accounts for about 75% of the total cross-
sections. The earliest information about multiparticle produc-
tion in p-p collisions came from cosmic ray experiments which
suffered from an incomplete knowledge of the important para-
meters in the collision process. But the results from these
cosmic ray experiments served as guides or hints for subse=-
quent experiments at accelerators where the parameters were

controllable and the precision was of much higher order.



The general philosophy of the earlier cosmic ray ex-
reriments was to understand p-p interactions by a study of
hadron~-nucleus interactions (1 - 7). Lower energy experiments
(E<Q1014ev) were done with cloud chamber and emulsion tech-
niques. VWhile the events in emulsion experiments were clag-
sified as p=p or p-A (proton-nucleus) interactions by means
of several stipulations, the experiments with the cloud cham-
bers used targets of light nuclei. The higher energy experi-
ments dealt with the phenomena of Extensive Air Showers where
the target was the air nucleus.

The necessity of doing high energy Physics with cosmic
ray beams and pure proton targets was stressed at the Case
Institute Conference (8) in 1964. The first experiment with
cosmic ray protons and a proton target was conducted in 1968
at Echo Lake, Colorado, and the results have been well docu-
mented (9-15). Apart from providing the first systematic data
on p-p interactions, this experiment was also of considerable
influence in the recent growth of interest in multiparticle
production processes (16-22),

In spite of the nuclear targets in the earlier cosmic
ray experiments, they had been treated and analyzed as though
the targets were protons and thus there was no systematic data
on proton-nucleus interactions. It has been realized in the
past few years, that a detailed study of proton~nucleus inter-

actions is relevant to both high energy physics and cosmic ray



physics. Several authors have stressed that the more fundamen-
tal p-p interaction could be understood better by using the
nucleus as a microscopic laboratory (23-30). Extensive Air
Shower and other cosmic ray phenoﬁena could be more clearly
interpreted with the knowledge gained from a study of proton=-
nucleus interactions (31-40),

After the conclusion of the p-p experiment, a new
series of experiments was started by the Echo Lake group in
1969. The liquid hydrogen target was replaced by targets of
Al, Fe, Sn and Pb. The motivation was to study the differences
in interaction characteristics with the variation of the nuclear
size of the target. Thus, the aim differed very markedly from
those of the earlier cosmic ray experiments. The thesis to
be presented here deals with these Echo Lake hadron-nucleus
experiments. In the remainder of this chapter, a brief review
of proton~proton collisions and proton-nucleus collisions and
their relevance to the study of high energy physics and cosmic
ray physics will be presented. The second chapter deals with
the experimental apparatus and the data reduction. The various
experimental biasses and Monte Carlo programs developed for the
correction of these systematic biasses are presented in the
third chapter., The corrected results on the average charged
multiplicities and the angular distributions are presented in
the final chapter. Comparisons with other data and theoretical

predictions are also given in the final chapter.



B. Previous Data on Hadron-Nucleus Interactions

Hadron-nucleus interactions can be represented by
1
h+A- X+ Y + 2 + eeesecee + A (Iol)

where the beam particle is represented by h, the initial and

the final states of the target nucleus by A and A' and the final
state particles by x, y and z. In coherent production reactions,
the initial and the final state of the target nucleus are iden-
tical. For our purposes, we will deal only with reactions

where there is no knowledge of the final state of the nucleus.
The discussion will be further limited to the multiplicity dis-
tributions and the angular distributions of the fairly relati-
vistic particles in the final state. Most of the cosmic ray
experiments and some recent exposures of emulsions at Serpukhov
and FNAL belong in this particular category.

1) Technigues: Most of the data are from emulsions
exposed to either the cosmic ray beam or the beam at accelera-
tors. The targets in emulsions are composed of three groups
of elements: a) hydrogen (the mass number A = 1), b) carbon,
nitrogen and oxygen (mean atomic weight of 14) and ¢) silver
and bromine (mean atomic weight of 94)., The observed tracks
are labelled according to their ionizations: a) black tracks
with (3 ( = v/c) £ 0.3, V) grey tracks with 34 B& .7 and
c) shower tracks with ) 0.7. The black and grey tracks are

lumped together and the multiplicity of these so-called heavy
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prongs (Nh) is observed to be independent of the incident energy.
Nuclear fragmentation results in the appearance of these heavy
tracks and a low or zero value of‘Nh was taken as an indication
of 'hydrogen-like interactions'. This assumption was refined
later to include low value for the multiplicity of shower tracks
(Ns) as & criterion for p-p interactions. Interactions are also
clagsified as belonging to the light nuclei or the heavy nuclei
depending on their Hh values. Another way to treat the inter-
actions in the emulsions is to weigh the probabilities (here

the cross-sections are assumed to be proportional to A?/B) for
collisions with nuclei of different atomic weight and treat the
target as a composite nucleus of average atomic weight 69. The
latter approach is more relevant in the light of our interest
in hadron-nucleus interactions.

Apart from the uncertainty about the nature of the
target, emulsion experiments suffer from other incomplete infor-
mation when they are done with cosmic ray beams. The energies
are determined with the aid of the observed angular distribu-
tions and with certain theoretical conjectures regarding the
mechanism of the collision process. The nature of the projectile
is also uncertain since cosmic ray beams are basically admixtures
of protons and pions and identification of these particles is
not possible in emulsion experiments.

Data on these interactions are also available from

experiments which employed scintillation counters and either



cloud chambers or spark chambers. As opposed to the emulsion
experiments, this class of experiments has almost always used
pure targets. Targets of low atomic weight have been charace
teristic of these experiments and the analysis procedures were
heavily influenced by the methods used in the emulsion experi-
ments. The comments made earlier about the uncertainties in

using cosmic ray beams also applies to this class of experi-

ments,.

2) Average charged multiplicities: The most reliable

emulsion data are from emulsions exposed to proton beams at
accelerators. The average charged multiplicities as measured
by Hebert et al.(41), Babecki et al.(42), and Florian et al,
(43) and Gurtu et al.(56) are shown in Table I. Some of the
earlier measurements done by Lord et al.(44), Meyer et al.
(45), and Gierula and Wolter (46) are also shown in the table.
This table also shows R, the ratio of the average charged mul-
tiplicity in proton-nucleus interactions to the average charged
multiplicity in p-p interactions,

(5) ,oa

R = —— (1.2)
(7)) p-p

A cloud chamber was used to study cosmic ray interactions in
Carbon and Brass by Lal et al (47). A carbon target was also
used by the Echo Lake group before the experiment with the 1i=
quid hydrogen target and after the experiments with the metallic

targets. These experiments, as reported in the doctoral theses



of K. N. Erickson (12) and R. J. Wilkes (15), used a spark
chamber for the study of the interactions. Results of lal, .
et al, Erickson and Wilkes are shown in Table I along with
the other enulsion results.

Vilkes found a weak dependence of the average charged
multiplicity on the atonmic weight of the target. His results
on the carbon target, along with the emulsion results, sug-

gest a value of 0.1l3 for X where X is defined by
R  a¥ (I.3)

The ratio R is also remarkably independent of energy at ener-
gies greater than 100 GeV.

3) Angular distributions: Angular distributions have

also been studied by many of the authors referred to in Table I.
Systematic studies of angular distribution characteristics in
hadron~emulsion nucleus collisions vere also done by Rybicki
and Wolter (48). Angular distributions are usually presented
as log tan © plots, where © is the angle between the direction
of the incident proton and the shower rarticle. This wvariabdle
is proportional to the rapidity when the secondary is a rela-
tivistic particle. Hebert et al. (41), by comparing the disw-
tributions in emulsions and hydrogen, observed that the angular
distribution has a strong anisotropy in the center of nass
system. The whole excess in the nultiplicity in relation to

hydrogen is in the target hemisphere. Lal et al, also found



TABLE I
AVERAGE CHARGED MULTIPLICITIES IN
HADRON=-NUCLEUS COLLISIONS
ey rembeny Meirtens® ® Reference
50 c (12) 5.60 + 0.30 l.02 + 0.06 47
50 Cu (64) T+80 + 0,50 1,43 t 0.14 47
200 c (12) 6.45 + 0.42 1.10 + 0.08 12°
290 ¢ (12) T+17 + 0.58 l.15 + 0.11 12
400 c (12) Te57 + 1.26 1.16 + 0,21 12
120 c (12) 10.13 + 0.42 1.48 ¢+ 0,09 15
173 c (12) 11.44 + 0.64 1.55 + 0.10 15
379 c (12) 12.28 + 0.83 1.40 + 0.11 15
200 W (184) 16.80  3.80 2.19 £ 0.56 43
27 Em (69) 6.20 + 0,20 1.49 + 0.20 45
30 Em (69) 6.96 + 0.07 1.50 + 0.20 44
67 Em (69) .73 + 0.23 1.65 + 0,04 42
200 Em (69) 15.31 + 0.28 1.75 ¢ 0.04 42
200 Em (69) 12.90 + 0.40 1.68 + 0.06 41
200 Em (69) 13.00 + 0.40 1.71 + 0.06 56
200 Em (69) 13.90 + 0.60 1.82 + 0.12 43
1000 Em (69) 19.16 + 1.85 1.71 + 0,31 46

8 p. MJP=4 o o 55t 4o the latest ISR data

Chyr=3

has been used

to compute the average charged multiplicity in p-p col-

lisions. The errors on R are statistical errors.

Since the spark chamber inefficiencies were not con=

sidered in this experiment, the value of R is possibly
lower than the true R.



that the average number of secondaries in the forward direction
was the same with their two targets, carbon and brass. Eighty
percent of the interactions observed by Rybicki and Wolter (48)
in emulsion targets displayed the.same angular distribution
characteristics as was expected from a hydrogen target. From
this observation, the relatively negligible role of secondary
interactions in the nucleus could be inferred since the pro=
bability of interaction with the hydrogen nucleus in the emul-
sion was only 5%. The leading particle effect, which is charac-
teristic of p=-p collisions, was also seen with nuclear targets
(5). This would lead to the conclusion that the inelasticity,
i.e., the fraction of the energy given to the secondaries, is
independent of nuclear size of the target.

The main inference from these results is that the
average charged multiplicity and the angular distribution
characteristics change very slowly with the nuclear size of

the target.

C. XNuclear Targets and High Energy Physics
1) Motivation for the study of hadron~-nucleus inter-

actions: When a complex nucleus is used as a target, it might

appear as though the complexity is added without providing any
additional insight into the nature of strong interactions. In
the past few years, many authors (23-30) have stressed the fact
that use of nuclear targets can contribute to a better under-

sténding of the processes in high energy physics. There are
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two main reasons for the pursual of hadronenucleus studies:

a) VWhen a hadron collides with a nucleon in the nu-
cleus, the projectile and/or the target is transmuted to an
intermediate state. These intermediate states cannot be studied
directly since they are highly unstable, Classic examples of
these states are vector mesons and some properties of these
mesons have been known mainly through studies of coherent re=
action in nuclei (23).

b) The second reason has its genesis in the recent
phenomenal growth of interest in multiparticle production in
p-p interactions, This imnpetus comes from the fact that it is
difficult to study many particle correlations in p=p interactions.
Many models have been put forth to explain multiparticle pheno=
mena and with the knowledge of correlations one could possibly
choose from these different models. A supplementary tool would
be the study of proton-nucleus interactions since reactions in
nuclei offer unique possibilities of studying the space-time
development of the initial production process. Gottfried's
(23) analogy that the nucleus is really a very dense bubble
chamber is very revealing in this context. Thus, it has been
suggested that a study of the variation of the interaction
characteristics with the mass number of the target nucleus
will permit us a glimpse of the underlying mechanism that is

not obvious in the fundamental p-p interactions.
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2) Experimental data on p-p interactions: An under-

standing of the experimental results on P-p collisions is
necessary for a comparison of the results on p-nucleus colli-
sions. Most of the information on p-p interactions has come
from the experiments done with the proton beams available from
the new generation of accelerators at Serpukhov, National
Accelerator Laboratory (NAL) and the CERN Intersecting Storage
Rings (ISR). The energies covered by these facilities range
from 50 GeV to 1500 GeV. The average properties of these in-
teractions come from 'inclusive! reactions, where 'inclusive!,
as opposed to exclusive, is a reaction where not all the re-
action products are observed., References 16-22 are recent
articles on the properties of proton-proton interaction.

a) DTotal cros-sections: Recent experiments have shown that
O¢or 1ncreases by about 105% over the ISR energy rate. C ot
and Og, vary appreciably with energy, falling from 2 to 20 GeV
and then rising again above 100 GeV, whereas G, rises mono-
tonically from threshold.

b) Average charged multiplicity (n_ ): The most recent fit to

the variation of n, with energy is given by

B, = =3.8 + 1.88 log s + 6.4/s0"7 (1.4)

where s, the square of centre of mass energy, is in GeV. At
higher energies, Extensive Air Shower experiments suggest a

pover law with an exponent greater than 0.25 and lesser than 0.50.
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¢) Topological cross-sections (0~(n)): For each value of n,

6 (n) rises from threshold and reaches a maximum and then
seems 1o drop off with increasing energy. The energy of the
maximum increases with increasing n. In the energy range Co-

vered so far, a drop off can be noticed only for n=2 and n=4.

d) Multiplicity distributionss: Experimental distributions are
not explained by any one simple Poisson distribution. Different
types of distributions are seen at different energies. The dis-
tribution is narrower than Poisson below 70 GeV, reaches a
Poisson distribution at about 70 GeV and becomes broader at NAL
energies. Several empirical formulae have been proposed to ex-
plain these distributions (22).

e) [Transverse momentum distributions: It had been known for

a long time that this distribution falls off rather steeply
leading to small value of average transverse momentum

(5tbn0.55 GeV/c). But according to recent experiments at ISR,
pions with large p, occur by several magnitudes more frequently
than predicted by an e-spt distribution. Also at high Piy pions
lose the dominant role they have at low values of Py and heavier
particles become more important.

f) Scaling and rapidity distributions: The concept of scaling,

which has attained great importance in the recent Years, refers
to the asymptotic energy independence of inclusive reactions,

A typical single particle inclusive reaction is symbolized by

P+p-> T + anything
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with momenta p, + Pp > Q% cecceces
Two popular variables are

1
Feynman's x = 2 q,/s®

and rapidity y = % log ((Eq+q,)/(Ea-q)).

For particles where (a,) a,» mq), ¥ = log tan 6/‘2 and under a
Lorentz transformation along the direction of the incident par=-
ticle, all rapidities are shifted by a constant amount. The
rapidity distributions can be roughly subdivided into three
regions: target fragmentation region, beam fragmentation re=
g8ion and central region. The central region, which is the in-
termediate region, is also called the pionization region, In

the x variable, scaling predicts
E, dd‘/dq5 A f£(q, , x) independent of s .

In particular, Feynman (the originator of the scaling concept
in these applications) sugzested that the rapidity distribu~
tions should have a central plateau. Scaling is now well es-
tablishéd, to an accuracy of about 10%, in most of the interac=
tions over the ISR energy range.

8) Correlations: Single particle inclusive reactions reveal
only a limited part of the underlying dynamics. A step further
in learning more about the dynamics is the study of correlations
which might exist among the secondaries. The simplest case, next

to the single particle distribution, is the study of two
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particle distributions and correlations. In the case of ra-
pidity correlations, two types of correlations are important:
short range correlations (SRC) and long range correlations.

If particles have their rapidities very close oy ¢ 2), the cor-
relation is termed a short range correlation. - The rapidity
space is evenly populated in case of a short range correlation.
The observation of a particle with a large value of x (say,

x ) 0.9) and a cluster of particles at small x (x -0) would be
the observation of a long range effect, In general, events with
SRC will have large multiplicities and low multiplicities are
characteristic of long range effects. Recent experiments at
ISR have demonstrated the dominance of SRC among high multi-
plicity events.,

3) ZITheoretical models for p-p interactions: A variety

of models have been put forth for the explanation of P-p inter-
actions, but three classes of models are more important.

a) Older models: These models, which were put forth two de-
cades ago, had been quite successful in the interpretation of
the early cosmic ray data. Fermi's Statistical Model and
Landau's Hydrodynamical Model are the most important older mo-
dels. Fermi's model, which was later refined by Hagedorn and
others, uses the statistical approach since the number of par-
ticles produced is quite large. All conclusions are drawn from
the thermodynamics of a volume V in which the equilibrium is

established. The variation of multiplicity with energy is given
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by
I

n « E (1.6)

where E is the laboratory energy of the proton. While this
variation had been noted in the earlier experiments, the wrong
rarticle composition was the weak point of the theory. An ad-
ditional defect was the prediction of angular isotropy in the
centre of mass system. Pomeranchuk pointed out that the vol-
ume V, which was kept constant in Fermi's theory, was in fact
dependent on the multiplicity. In 1955, Landau noticed the
inadequacy of the statistical approach and interpreted the
collision from a hydrodynamical approach. In his model, two
hadronic discs meet and coalesce into a single’body which ex-
pands until an optimum volume is reached in which there is no
strong interaction between the particles. After this stage is
reached, the particles in the system fly outward. This theory
also predicts a variation of multiplicity with energy which is
similar to the variation in Fermi's model. The progress made
by Landau's model was only in predicting the correct particle
composition, since it also did not predict correct angular dige
tributions. Some of the later versions of these models did pre-
diet correct angular distributions.

b) Multiperipheral models (MPM): These models have their
origin in the relatively successful one particle exchange model
(OPE), which had been put forth for the interpretation of quasi

two body reactions. Figure 1 shows a schematic representation
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O—O--O0—0-0-0

Fig. 1. Particle Production in P-P Collisions According
to Multiperipheral Models
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Fig. 2. Particle Production in P-P Collisions According
to Diffraction Dissociation Models
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of this model. The secondary particles are produced instane
taneously and come off a multiperipheral chain. The center of
mass longitudinal momenta of the secondary particles tend to

" be continuously distributed. The particles at the end of the
chain have the tendency to keep the direction and also carry

a8 large fraction of the energy. Table II shows the predictions
of these models for p-p interactions.

c) Diffractive Fragmentation Models (DFM): In these models,

the secondary particles are considered as fragments of two in=
cident particles. These models evolved from the explanation
of diffraction scattering phenomena. Figure 2 shows schematic
representations of different classes of diffractive models.
The particles are subdivided into particles which go forward
in the centre of mass system and particles which go backward,
The backward and forward tendencies become stronger with in-
crease of energy. Table II shows the predictions of these
models. From Table II, which also shows the corresponding ex-
perimental data, it is seen that neither the multiperipheral
models nor the diffractive models by themselves can explain all
the experimental data. To correct for this situation, models
have been proposed in which both the mechanisms have been in-
voked. In a typical two component model, the contribution of
the diffractive component is about 20% and is independent of
the energy.

4. Theoretical models for proton-nucleus interactions:

As opposed to the great variety of theoretical models for
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proton-proton collisions, there have been very few models for
proton-nucleus interactions.

a) Earlier models: The motivation for these models came from

a necessity to relate the energy determination from the angular
distribution in a p~nucleus collision to the true energy in

8 p=p collision., One of the most important concepits in all
these models is the idea of Intra Nuclear Cascade (INC). 1In
an INC, pions and nucleons from the first collision in the
nucleus undergo subsequent collisions with target nucleons
which results in a cascade. An auxiliary concept in these
models is the average number of collisions that is possible

for a beam particle inside the nucleus. A formula relating the
average number of collisions and the nuclear size will be given
at a later stage. Messel (2) had already shown in 1952 that
INC mechanism could explain the results on p-nucleus inter=
actions at low energies. With the increase in multiplicity
with energy, the INC mechanism gave too many final state par-
ticles at higher energies. The variation of the simple INC
model was the tunnel model, where the cascade was limited to

a central cylindrical region inside the nucleus, because of
the smaller emission angles of the secondaries. A further
variation of the tunnel model was the funnel model, where the
cross-sectional area of the tunnel increases and assumes a
funnel shape. As an extension of Fermi's statistical model,

Cocconi considered the collision of the incoming nucleon with
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& lump of n nucleons, where n is the average number of nucleons
involved in the collision., All these models can be seen only
in a historical vein, since these models did not have any de-

| tailed predictions. A good revieﬁ of all these earlier models
has been given by Hayakawa (2), The main inference from these
models for the present discussion is the failure of the INC
mechanism in explaining the data at higher energies.

b) Multiperipheral models: Since particles are formed in-

stantaneously in MPM, these models lead very naturally to cas=-
cade phenomena when extended to p-nucleus interactions.

Fisband and Trefil (26), Dar and Vary (27), Subramanian (25)
and Gottfried (23) have all shown that this class of models
does not explain the observed data. Gottfried has further
shown that even a restricted version of the cascade involving
only the leading particle also results in too many final state
particles. A schematic picture of particle production in MPM
is shown in Figure 3. Dar and Vary, with their version of MPHM,
predict a strong dependence of the charged multiplicity on both
the mass number and the energy of the beam particle. A linear
dependence of the multiplicity on energy is predicted by then
for heavy nuclei., 1In the incoherent production model (1PM),
which is the MPM version of Fishbane and Trefil, average charged

multiplicity is given by

n =A+3Blns (1.7)
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Fig. 3. Particle Production in P-Nucleus Collisions
According to Multiperipheral Models
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Fig. 4. Particle Production in P-Nucleus Collisions
According to Diffraction Dissociation Models
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where s is the square of the centre of mass energy and A and B
are larger than the fits for p-p collisions. Further, their
charged multiplicities are independent of the mass number for
mass number greater than 10, Table III shows some of the pre=-
dictions of these models.

¢) Diffractive Fragmentation Models: In these models the ex~

cited state of the projectile proceeds through the nucleus
exciting other target nucleons in its path. The target excitead
states are rather stationary and decay insice the nucleus. Be-
cause of time dilation, the projectile excited state escapes
from the nucleus and decays outside the nucleus. The essential
characteristics of these models are low multiplicities and the
logarithmic variation of the multiplicity with energy. The
observed angular distribution is also qualitatively explained
by these models. The predictions of these models are shown in
Table III., The ratio R is independent of energy in these models,
but Gottfried has pointed out that this is superficial, With
increasing energy, the target excited states decay into higher
energy secondﬁries which might lead to intra-nuclear cascades,
A schematic picture of the particle production in these models
is given in Figure 4.

d) Other models: Feinberg (3) has pointed out that proton-

nucleus collisions are more suitable than P-p collisions for
a hydrodynamical approach. According to him, the formation of

an overall statistical system, which is the basic condition for



25

*usAt? ueeq eABY SUOTLOTPexd TYNPTATPUT oY} 3uUeIOIFTP ©I8 Suofzorpexd oy} ueym puw
UOT}BIUdWIBII SATIOBIFITC Pus sTepow TexoydTIedT3nH U30q POUTWEXO OABY SIoyrne Auey «

8T9poN
1eaeydraedry Iny uUoT}
Jo 8ss) Ut SUOT408BISLUT ~00ITC PIBMNOBH
d-d o3 poxsdwoy d«d o3 pexwdwop uey} IeyTBvug d-d o9 pexedwo) 9Ys UT uoIgnNq
eggaxouy 9889IOUT ang 8swveIour 8s8aIoul oFxe]l =-TI18Tq L3Tprdey
(Tr3exy pue
ousqUeTJ) oswo
d-d o3 xeTTUIS UOT308IT([ PIBM
SUOT}0BISLUT SuoOT408ISIUT 8UOT}0BISIUT (saeyzo) eswey d-d =X0J UT UOTqnq
d-d o3 xerturs d-d o3 xeyturg d-d o3 xeTUTS 0} JIBTTWIS 30N ~TI3STC L3T7prdey
88% UoT3OTPOId ON 88) ON 300333 o190
_ ~I318d Jupee]
UOT3}BTIB) ON UOT3BTIB) ON UOT}BIXB) Of uoT48TIBA FUOXFS £8xoud Y IM
¥ JO uotrjetasp
(varxy3309)
(Ya+1)% = (TTyexy pue
(13041 oueqUsTI)OT< V I0J

pus eusquseTy) V¥ Jo juspusadepuy

v o (sxey3o) *3M OTWORY UITA
creo? ® ( 1-'@)¢/1+1=4 ( n\a¢@+ﬂvma.s juepuadeq A£T3u0I4s Y JO UOTFIBEIBA
8% B TOPO opeose) STOPON STOPONW £yxedoxg
18jusuwtTIedxy xntg £8xeug BAT}OBIJITA texeydrredry TR
L — - — ]

*mchao<mmBZH SNETOAN-NOLOYd ¥OJd STIAOW INTUIILIC 40 SNOILOICTYL
ITI T19VL



26

the applicability of hydrodynamical ideas, is well satisfied
in proton-nucleus collisions. In fact, Landau's model has pre-
dictions for multiplicities on nuclear targets and the variation

of R with the mass number is given by
R of 490°19, (1.8)

Landau's model also predicts an average shift in rapidity towards
target fragmentation regions. Gottfried (23) has recently pro=-
posed a model which is quite close in spirit to Landau's model.
The energy-momentum flux of the hadronic matter is the essential
variable that determines the early evolution in the model., The
energy momentum flux proceeds through the nucleus and then de-
cays outside the nucleus. For each extra collision in the

nucleus, the multiplicity increases by 1/3 n Thus, the

c(p-p)°
prediction for R is

R=1+1/3(D,-1) (1.9)

where <V is the average number of collisions inside the nucleus.

For an uniform density distribution for the nucleus (23),
Vp =4/31/n (1 + »/2r?)  (1.10)
A T » *

where r is the radius of the nucleus and N is the inelastic
mean free path. This formula holds good only when A2/5J9'1
(®r example, —:5,\ = 3.2 for A = 69, vhen )\ corresponds to a

Uinee ©f 32 mbarns). The observed angular distribution is
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also explained by this Energy Flux Cascade model (EFC) but the
absence of the leading particle may be the weak point of the
model.

Some amount of caution is necessary when the experi-
mental results are compared with the predictions of different
models. While all thec models use the concept of the average
number of collisions (i&), they differ in the formulation for

;i*. Equation (I.lO) is the only explicit formula for
in the recent literature. For the same D, , the ratio R in
Gottfried's version of the Diffractive Fragmentation model is
higher than R in the EFC model. For example, with a -giq of 3,
EFC model has 1.67 for R; the DF model gives an R of 2.0 with

——

the same i%. An earlier version of the Diffractive Fragmen=

tation model by Fishbane and Trefil predicted a value of l.4

for ;% of 3. From Table III, where the predictions of some of
these models are compared with the available data, it is apparent
that the Diffractive Fragmentation models and the EFC model ex-
plain most of the data.

D. Importance of Nuclear Targets in Cosmic Ray Phenomena

Most cosmic ray phenomena involve particles which are
the reaction products of several collisions of cosmic ray pri-
maries and secondaries with air nuclei in the atmosphere., A
significant percent of the primaries are not protons and majority
of the secondaries are charged pions and the decay products of

the neutral pions. Therefore, the types of interactions thaé
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are present in the cosmic ray phenomena are hadron-=nucleus in-

teractions and nucleus-nucleus interactions. The conclusions
drawn from cosmic rays for p~-p interactions are always affected
by the fact that the target, and sometimes even the projectile,
is not a proton, We will discuss two phenomena in which the
effect of nuclear targets is quite considerable.

1) Extensive Air Showers: The particles observed in

Air Showers (EAS) are the cumulative products of many hadron-
nucleus collisions in the atmosphere., By observation of
different properties of these showers, conclusions were drawn
about the primary interaction in the upper layers of the atmos-
phere. By observation of different properties of these showers,
conclusions were drawn about the primary interaction in the
upper layers of the atmosphere. Recent studies of several
parameters have indicated that the showers are developing

faster at higher energies. A logarithmic variation of the
multiplicity with energy is too slow to account for the observed
shower development (38). The type of variation that has been
proposed is a power law with an exponent greater than 0,25

and lesser than 0.50. Several authors (31, 32, 33) have com-
puted the multiplicities recognizing the importance of nuclear
targets and the presence of heavy primaries and possible changes
in the interaction characteristics at high energies (1ike rising
cross-gsections and nucleon-antinucleon production). Gaisser

et al (31), invoke all these effects but do not get an agree-

ment with the data. Greider (32) gets a value of 0.88 for X
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using a naive intranuclear cascade model and a value of 0,27
by letting only the leading particle cascade in the nucleus.
The lateral distribution of shower particles, which is an im-
portant parameter in EAS, is a reflection of the angular dis-
tribution and is also possibly affected by the presence of
nuclear targets.

2) Charge ratio of muons (4/i): The charged ratio

of muons is an important factor in distinguishing between dif-
ferent models of high energy interactions. Experimentally,
this ratio is known to be betwecen 1.25 and 1,30 and is almost
constant from 10 GeV to 4000 GeV. The conventional way to
deduce this ratio is to assume a charge ratio for pions in the
primary interaction and from ISR experiments, this charge ratio
is known to be between 1.15 and 1.17. By taking into account
the different types of primaries in the atmosphere, the muon
charge ratio has been computed by Frazer et al.(34), Morrison
and Elbvert (35), Garaffo et als (36), and Adair (37)e Without
considering the effect of nuclear targets, Frazer et al, get
a value of 1.56 and Garaffo et al, get a value of 1.58. With
nuclear effects in their computations, Adair gets 1.53, Garaffo
et al., get 1.36 and Morrison and Elbert get 1.26.

While we have discussed only two aspects of cosmic
ray phenomena, the importance of nuclear targets for many cos=
mic ray phenomena has been stressed by the various rapporteurs
in the most recent International Conference on Cosmic Rays held

at Denver (38, 39, 40).



CHAPTER II

THE EXPERIMENT AND THE DATA REDUCTION

A. Beam

The experiment was conducted at Echo Lake, Colorado,
at an altitude of 3230 meters elevation which corresponded to
a depth of 715 g/cm2 in the atmosphere. The beam consisted of
unaccompanied charged hadrons of cosmic rays and from earlier

studies the flux of these hadrons was known to be

-3 _-2:a
N(>e)= 6xI0 € cmt sy sect (11.1)

where N() E) is the flux of hadrons of energy greater than E.
This flux consisted mainly of protons and pions and an indirect
estimate of the flux of the pions was obtained by a study of
the charge to neutral ratio of hadron triggérs. The pion

flux was determined to be 30% of the proton flux and was a

function of this particular experimental setup.

B. The Apparatus

Figure 5 gives an overall view of the experimental ar-
rangement,

1) The top counter: This was the scintillation coun-

ter placed above all the other equipment in the experiment.

30
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2 and

The area of this scintillation counter was 1,83 x 1,83 m
employed eight photomultipliers. This counter served as the
sampler of the beam particles and was useful in the elimina~
tion of neutral particles~and particles entering from outside

the fiducial geometry.

2) The wide gap spark chambers: The wide gap spark

chambers have become useful tools in high energy research and
detailed descriptions and discussions of the chambers used in
this experiment are given in the doctoral thesis of B.W. Loo(14).
Two wide gap spark chambers were used, one above the target to
record the incident particle and one below to record the inter-
actions. Each chamber had two 20.3 cm gaps separated by a
central foil of .0051 cm Aluminium. The area of the chambers
wasg 2 x 2 m2 and the sides of the chambers were made of 1.22 cm
thick glass. Standard spark chamber neon (- 85% neon and w 15%
helium) was used in these chambers and this gas was continu=-
ously recirculated through a calcium oven at 300°c and a mole-
cular sieve at room temperature. This assured gas purity at
all stages of the experiment. The spark cﬂambers were pulsed
by an eight stage Marx generator with a delay of about 150 nsec
between the pulse from the electronics logic and the high vol-
tage pulse on the chambers. An evaluation of the performance
of these chambers will be made in a later section.

3) The shower counters: To eliminate the hadrons ac-

companied by air showers, an array of shower counters was
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arranged around the target in its mid plane. This array, which
was rectangular, had an area of 7.68 m2 and 24 photomultipliers
and scintillators were used in these shower counters. Very
small showers or events with one or more charged particle in
geomeiry but none in the shower counters were rejected in the
process of scanning the spark chamber film. A veto from these
counters for the final trigger was considered as an indication
of an unaccompanied hadron,

4) Targets: The main difference between this experi-
ment and the hydrogen target experiment was in the nature of
the targets. The liquid hydrogen target was removed in August,
1969, and was replaced initially by targets of Aluminium and
Iron. In March, 1970, the Aluminium and Iron targets were re-
placed by targets of Lead and Tin. All these targets were in
the form of six thin plates, each about 3% interaction mean
freepath thick. The spacing between the plates was about 15 cms
and the area of the plates was 105 x 210 cm2. The spacing was
provided by 160 x 160 cm2 frames of Aluminium channel and beams
which were bolted to the plates to form a rigid assembly,

Table IV gives the details of the target geometries and pro-
perties. Two runs were taken, one with targets of Al and Fe
plates side by side and the other with targets of Sn and Pb

plates side by side.
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TABLE IV
TARGET PROPERTIES

~Thickness “Thickness of the Total
Target of One P%ate 2 Target
Element GM/cM cM/CM Rad Lengths
Al 34429 20,674 0.857
Fe 4.997 ' 29.984 2,157
Sn 4.642 27.851 36133
Pb 5.405 32.430 4.974

5) The ionization calorimeter: As an alternative to

the ambiguous methods of energy determination in emulsion ex~
periments, the counter and cloudchamber physicists pioneered
in the measurement of hadronic cascades in heavy materials
which resulted in the socalled ionization calorimeter or total
absorption spectrometer. Here the energy of the incident par-
ticle is largely converted into ionization which is sampled

by several scintillation counters placed at convenient loca-
tions inside the material (50)., This ionization was then com=-

pared to the ionization produced by a minimum ionizing particle

such as a muon and a measure of the incident energy was obtained.

The upper 200 gms of this calorimeter included ten narrow gap
spark chambers in which the initial development of cascades
could be observed. Each of these chambers was comstructed from
two 203 x 254 cm2 copperclad iron plates of 1.37 cms thickness,

one of which was on either side of a 1.91 cm gap., These spark
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chambers were pulsed in parallel with the wide gap spark cham-
bers and were also photographed. The total amount of iron in
the calorimeter was 1170 g/cmz. In total, ten layers of plas-
tic scintillators were used in the calorimeter stack and the
separation between the layers in the lower part of the calori-
meter was one proton interaction mean freepath. Eight photo-
multipliers were used for each layer and the output voltages
from all these tubes were summed, which was then an indication
of the total amount of light observed in the layer. A measure
of the visible energy was obtained by summing the signals from
each layer.

6) fTrigger and electronics: A discussion of the

electronics is facilitated by classifying the electronic cir-
cuits into two parts: triggering electronics and recording
electronics.

A normal charged hadron trigger required a charged
particle in the top counter unaccompanied by any air showers
and which deposited an energy greater than the nominal threshold
energy. A muon trigger which was used for calibration purposes
(to be discussed in a later section) required a charged parti-
cle in the topmost layer, the first layer and the tenth layer
of the calorimeter and no accompanying air showers. The trig-
gering electronics was used to comply with these requirements
and is shown in the Figure 6. The summed outputs from the top

counter and the summed outputs of the shower counters were
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amplified separately and sent into two discriminator units and
the discriminated outputs were fed into the 'yes' and 'no! in-
puts respectively of a coincidence unit CCl. The summed out-
puts from the photomultiplier dynodes of layers 3-10 and the
attenuated summed outputs of layers 1 and 2 (RCA 6810 A photo-
multipliers which were used in layers 1 and 2 had more gain
than EMI 4518 photomultipliers used in the other layers) were
fed into a 'fan in', the output of which was fed into a discri-
minator. The output of the 'fan in' was a measure of the energy
recorded by the calorimeter and the discriminator allowed the
variation of the energy threshold. This discriminated pulse
was fed into another 'yes' input of the coincident circuit CCl
and the output of CCl was the so-called hadron trigger. For
the muon trigger, the pulses from the top counter, the first
layer in the calorimeter and the tenth layer in the calori-
meter were fed into separate 'yes! inputs of a coincidence
circuit CC2 which also had a *no! input to which the shower
counter pulses were fed. The output of CClL (CC2 for the muon
trigger) was used for pulsing the Marx generators and gating
the circuits in recording the data.

The recording electronics is shown in Figure 7. The
recording of the data involved the recording of the pulses
from the ten layers of the calorimeter, the recording of the
event, time and date, and photographing the events in the

spark chambers. The dynode signal from the first two layers
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and the anode signals from the other layers were fed separately
into ten logarithmic analogue digital converters (LADCs). The
main function of these LADCs was to provide an output channel
number which was proportional to the logarithm of the input
pulse area. The trigger mentioned in the previous paragraph
furnished a gate pulse to these LADCs. The LADC outputs and
other information (event number, etc.) were recorded on a mag-
netic tape for Al/Fe runs and on the film for Sn/Pb runs. The
trigger pulse also controlled the camera units and the fiducial
lights. Each event in the spark chambers, along with the other
informations, was photographed in 90° gtereo using two 35mm
Flight Research cameras. A system of front faced mirrors was
used to arrange the information on the film with a demagnifi-
cation of 65:1.

The experimental apparatus had a useful admittance of
0.94 m2 steredian and the rate of hadron triggers of energy
greater than 84 Gev was 20 per hour. In contrast, the rate of

muons was 4000 per minute,

C. Scanning, Measuring and Reconstruction of Events

1) Nature of events: The hadronic processes of in-

terest in this experiment fell into two categories: non-inter-
acting events and interacting events. In a non-interacting
event, a charged hadron traversed the whole length of the tar-

get without any interaction. These events were also called
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tgtraight through events'. An event was so classified when there
was only one track in both the ﬁide gap spark chambers and when
the track in the lower chamber could be related to the track in
the upper chamber in both the views. Interacting events were
events where there was an inelastic interaction of the beam
particle in the target resulting in the production of particles.
An event was labelled as an interacting event when there was
only one track in the upper chamber and more than one track in
the lower chamber and when the lower chamber tracks could be
related to the single track in the upper chamber in both the
vievws.

2) Scanning of events: The purpose of scanning was

to select these interesting events from all the film frames
collected during the runs and both the stereo views were con-
sulted for this purpose. When charged j}s:ticles pass through
matter, mn~hadronic processes are possible resulting in the
simulation of interacting events. The main contamination came
from a charged particle knocking off an electron giving rise

to pseudo-two prong events. Pseudo-two prong events with a

low energy electron could be recognized easily on the scanning
table since the electron suffered considerable amount of multi=-
ple scattering in the thin electrode of the lower wide gap spark
chamber. When the track did not show any appreciable scatteriag,
the penetration of the track in the first four gaps of the iron
plate spark chamber was studied. When the track did not pene-

trate deeper than three gaps, it was considered to be due to
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an electron. Since the performance of the iron plate spark
chamber was erratic and did deteriorate with time, one had to
resort to other methods after the reconstruction procedure to
reject these non-hadronic events. These methods, to be dis=
cussed in Appendix B, were also used to reject non-hadronic
events with more than two prongs. The kinky tracks in inter-
acting events were identified as due to the production of elec-
trons by secondaries and were rejected. Each interacting event
was assigned a 'scan multiplicity' which was the number of
secondaries in the interaction. If one view showed more tracks
than the other view, the 'scan multiplicity' was given by the
number of tracks in the view which showed more tracks. Table V
gives the number of total frames and the number of interacting
and non-interacting events selected for measuring. The multi=-
plicity distribution of events selected for measuring is shown
in the Table VI,

3) Measurement: The non-interacting events were mea-

sured on a flying spot digitizer connected online to a DDP 124
compute?. This system, called MASS (Miqhigan Automatic Scanning/
System), had a resolution of 10 M on film and measured eight
points in each gap of the two wide gap spark chambers. Measure-
ments along the tracks, the event number and the fiducials were
recorded separately for each view on a magnetic tape. Later
both views were merged, considsring events only when they had

been measured properly in both the views. The interacting
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TABLE V
RUN SUMMARY
Al/Fe Run Sn/Pb Run
Total number of frames 77156 86300
Number of frames selected
for scanning 61347 67880
Number of events selected
for measuring
a; Non-interacting events 32440 35344
b) Interacting events 2403 2072
Number of events after
reconstruction
a) Non-interacting events 16400 14933
b) Interacting events 2074 1809
TABLE VI
MULTIPLICITY DISTRIBUTION OF EVENTS
SELECTED FOR MEASURING
Multiplicity Al/Fe Run Sn/Pb Run
2¢n¢ 5 1235 1299
64&n¢lo 702 349
11 £n (15 346 219
16 4n ¢ 20 106 117
21 £ne&25 13 64
n )25 1 24
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events were measured at the University of Wisconsin on a micro=-
scope which had a least count of 1 M, Eight points were mea-
sured along each track and in each gap in both the views. The
measurement information was recorded on a magnetic tape via a
CDC 924 computer.

4) Optics program: Prior to the actual reconstruc-
tion of events, corrections for optical distortions had to be
determined for each measured point. A fiducial plate containing
32 equally spaced fiducial marks and 8 fiducials on the glass
of the spark chambers were measured with a 1 Al resolution micro-
scope. A X% fit was performed with these measurements to de-
termine the coefficients of a second order polynomial correc=
tion function. The minimization of this :[’ was done by using
GAUSHAUS, a subroutine which provided a least squares estimate
of the parameters using an iterative technique. Later the mea-
sured points were rotated, translated and applied a differential
magnification for purposes of proper orientation with respect
to the optical axis. The real coordinate system used in the
experiment had its origin midway between the centres of two
wide gap spark chambers. The diagram of the coordinate system
used to describe the experiment is shown in Figure 8,

5) Cosmic program: This program, which controlled

the actual reconstruction of events, used several subroutines.
INTAPE was a subroutine which provided the complete measurement
records after calling several other subroutines which picked

up different bits of information from the measuring tape. The
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program READ after having called INTAPE to provide a record,
separated and stored the track and fiducial reasureménts. As
the first step in recomstruction, READ called a) FITLIN which
performed preliminary straight liﬁe fits after eliminating
undesiréble points and b) ROT which transformed measurements
from one frame to another by least square fitting fiducial
measurements to assigned positions and which called CORREK to
compute constant correction terms for each measurement point

by interpolation from standard fiducial positions. With this
information, READ rejected the data if there were excessive
fiducial errors or too many bad points on a track. For good
data, READ projected the measured points as rays into the cham-
bers. At this stage, the main program called FITONE which used
non~-linear least squares algorithm to find parameters for the
line which is the best fit to the rays set by READ and made ex-
tensive use of SETA which set up the relevant matrices. FITONE
was called again for the lower chamber if the event was a non-
interacting_event. For interacting events, INTER was called
which performed vertex fits with all the information given by
the preceeding programs. Finally, the program OUTPUT was called
to set up the output records and to print the necessary output
information. The details of the function used for minimization,
etc., are given in reference 13. The events that could not be
reconstructed the first time were remeasured and reconstructed
again. Some of the events could not be reconstructed even after

three or four remeasures. The factors that were responsible
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were very faint tracks, bad fiducials and overall poor gquality
of those particular film frames. A discussion of the recon-

struction efficiency is given in the Appendix A.

D. Energy Determination

A brief description of the calorimeter and the recording
of the layer outputs was given in an earlier section. A descrip-
tion of the energy determination from the layer outputs is given
below,

1) Conversion of the observed ionization to the num-

ber of minimum ionizing particles: This conversion was done

through two calibration procedures. In the LADC calibration,
which was conducted with a pulser and a precision attenuator,

a standard pulse was attenuated in increments of 5 db over a
range of O to 80 db and LADC outputs at each setting were re-
corded. In the MU calibration, the system was triggered by
about 1000 muons and the summed voltages from each layer were
amplified and fed into LADCs whose binary output was recorded.
The LADC calibration provided the attenuation corresponding to
a standard pulse and the MU calibration gave the voltage of a
muon pulse after amplification. From these two calibrations,
which were conducted periodically, the attenuation corresponding
to an unamplified muon pulse was determined. Similarly the
attenuation corresponding to a hadron pulse was also determined.

The number of equivalent muons, N, was given by

N =2 (II.2)
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where
T = (ab,, - db,)/6.02.

The attenuation corresponding to a single unamplified muon pulse
vas given by db, and dbh was the similar quantity for a single
hadron, Table VII gives the number of equivalent muons for some

values of LADC channel numbers for layer 3.

TABLE VII
NUMBER OF EQUIVALENT MUONS

vs
LADC CHANNEL NUMBER

LADC Channel Number Number of Equivalent Muons
16 0.4
32 19.0
48 65.7
64 172.6
80 405.4
96 969.5
112 2381.3
128 6182.5

2) Corrections for the observed number of eguivalent

muons: The observed number of equivalent muons had to be cor-
rected for two effects connected with the thickness of the
scintillator., Since the total amount of light from a layer

depended on the thickness of the scintillator and the location
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of the particle traversal, the observed light was corrected for
the relative brightness of the observed light from various
parts of the layer. Since layers 1, 2 and 10 used better
scintillators (thickness 1.91 cm), the observed number was
not corrected for the outputs from these layers. For the other

layers (thickness 3.8l cm), following correction was applied.

N, = Ny (1-3.70 x 10° x x?) (II.3)

where Nc was the corrected number of equivalent muons and

NO was the observed number when the extrapolated trajectory

of the particle was at a distance X from the centre. The
second correction arises because the ionization was sampled

by the scintillators and not by the material of the calori-
meter. This transition effect (51), which is smaller for
thinner scintillators, results in the underestimation of the
energy. The observed number of equivalent muons was multiplied
by a factor f which had a value between 1.05 and 1.10.

3) Determination of the visible energy: E,, the

visible energy was given by

E, = jgn(ﬁ,t) dg  dt (11.4)

where N(P ,t) was the corrected number of equivalent muons
with specific ionization P at a depth t in Iron. For a finite
number of probes, this integral was approximated by a sum over
all the layers and was given by

Ng i3 19 (Ve e NE) W
O T o
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vhere fL was the average energy loss of a 2 GeV muon in Iron
and was equal to 1.72 MeV/gm cm-z, N; was the corrected num-
ber of equivalent muons in the i%® layer and wi was the thick-
ness of Iron between the i¥ scintillator and (i-1) scintilla=-
tor. The first layer included in the sum i = b was the first
layer from the top where the number of equivalent muons was
greater than 5, Wb was the depth of this first layer from the
top of the calorimeter. In case of the interacting events,

wb included the thickness of the target. An equivalent muon
tape was generated for all the events and the final data tape
was obtained by merging the reconstruction tape and the muon
tape. (Due to rarity errors on the tape used with the apparatus
for the recording of the observed ionization, about 30% of the
events in the Al-Fe run did not have useful recorded energies. )
This energy was only the visible energy and the corrections for
systematic underestimation of the energy will be discussed in

the next chapter.



CHAPTER III

EXPERIMENTAL BIASSES AND MONTE CARLO CORRECTIONS

Because of the limitations of the three main components
of the apparatus-~the target, the wide gap spark chambers and
the calorimeter~~-there were several experimental biasses. Some
of these biasses could be singled out at different stages of
the analysis and the events were either rejected or corrected
for these biasses and a final sample of good events was obtained.
The other biasses were difficult to identify in each event and
average corrections were obtained with a Monte Carlo model for
the primary p-nucleus interaction and the experimental response.

A discussion of these biasses will precede the discussion of

the Monte Carlo program.

A. Overestimation of the True Multiplicity

1) The observed vertex distribution of the events:

The overestimation of the multiplicity depends upon the amount
of the matter that particles traverse after leaving the vertex
of the interaction. The digitization of the events provided
each event with a vertex (x, y, and z) and z distribution of
the vertices for all the digitized events is given in the

Table VIIT. The observed distribution was very different from

50
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the ideal distribution which would have had almost the same
number of events from each plate. More than half of the events
were from the bottom plates and the number of events from the
bottom plates increased with the atomic weight of the target.
This observed distribution was a result of the energy under-
estimation and will be considered in a later section. Because
of this observed distribution, the overestimation turned out

to be considerably smaller than in the case of the ideal dis-
tribution.

2) r° decay and conversion of photons: According

to the conservation of isospin, 1/3 of the produced particles
are w°s and these i °s decay instantaneously into two photons.
The conversion probability for a photon in a single plate, the
total conversion probability for an ideal vertex distribution

and for the observed distribution are shown in Table IX.

TABLE VIII

OBSERVED VERTEX DISTRIBUTION FOR ALL
DIGITIZED INTERACTING EVENTS

~Total Number

Plate Location of the Vertex of Inter-

Target 1 2 3 4 5 6 Acting Events
Al 34,0 19.5 16.7 14.9 9.6 5.3 1100
Fe 40,9 22.7 15.1 9.4 T.9 4.0 1024
Sn 5642 21.8 T4 6.8 56 242 933
Pb 63.9 18.0 Te9 5.5 2.9 2.3 866

a The total number of interacting events was normalized to 100

to get the distribution.
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TABLE IX
PAIR PRODUCTION PROBABILITIES

For a For the Ideal For the Observed
Target Single Plate Vertex Distribution Vertex Distribution
Al 0.1051 0.3098 0.2419
Fe 0.2450 0.5816 0.3939
Sn 0.3371 0.7001 0.5067
Pb 0.4759 0.8210 0.5837
TABLE X

SECONDARY INTERACTION PROBABILITIES

For a For the Ideal For the Observed
Target Single Plate Vertex Distribution Vertex Distribution
Al C.0360 0.1170 0.0889
Fe 0.0396 0.1278 0.0729
Sn 0.0298 0.0978 0.0576
Pb 0.0293 0.0960 0.0406
TABLE XI

PROBABILITIES OF DELTA RAY PRODUCTION BY SECONDARIES

For_the Ideal For the Observed

Target Vertex Distribution Vertex Distribution
Al 0.0031 0.0035
Fe 0.0024 0.0034
Sn 0.0014 0.0025
Pb 0.0007 0.0019

a The minimum energies for electrons to simulate straight
tracks are discussed in Appendix B.
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3) Secondary interactions: The probability for secon-

dary interaction for a charged hadron is about 3% in each plate.
The total probability for secondary interaction increases with
the charged multiplicity of the cieated particles and the
height of the primary vertex. Table X shows the total secondary
interaction probability for a single charged hadron in the case
of an ideal distribution and the observed vertex distribution.

4) Delta ray production by secondaries: The produc-

tion of delta ray electrons by primaries has been discussed in
the section on scanning and in the appendix B. The mininum
energies needed for the electron to appear as a straight track
was given in Table Bl. The total probability of a charged se-
condary producing delta rays of energies greater than the mini-
mum energy is shown in the Table XI for the ideal and the ob-
served vertex distributions. Unlike the other two effects, this
process is more pronounced for the observed vertex distribution
than the ideal distribution because electrons travel lesser
amount of matter in the observed case and the minimum energies

are lower than in the ideal case.

B, Underestimation of the Multiplicity

There were three means by which tracks missed obser-
vation,

1) Loss of low energy particles: The low energy par-

ticles with this apparatus were nucleons which were the evapora=

tion products of & nucleus in a nuclear interaction and low



54

energy pions. The approximate energies for a particle to pene-
trate the target plates is given in the Table XII. The number
of evaporation products--~-the so-called black tracks with an
average energy of 25 MeV and grey fracks with an average energy
of 160 MeV-~is independent of the incident energy. From the
Table XII, it is evident that these particles will be stopped
by the target plates. The particles which are not stopped com=-
pletely by the target would lose considerable energy by ioniza-
tion and would suffer large multiple scattering in the target
plates. The amount of multiple scattering for the black and
grey tracks is shown in the Table XII. Thus, most of the low
energy particles, whether they be nucleons or pions, will be

at large angles and will miss the effective area of the spark
chambers altogether.,

TABLE XII

MINIMUM ENERGIES FOR TARGET PENETRATION AND
MULTIPLE SCATTERING ANGLES FOR LOW ENERGY NUCLEONS

_Thickness Al Fe Sn Pb
Minimum kinetic energy
needed for complete
penetratiog for
a) proton 1 plate 55,00 62.00 == 50,00
all plates 151,00 175.00 -= 145,00
b) pion 1 plate 24.00 28,00 ~-= 23,00

all plates 71.00 85.00 == 69.00

Average multiple scatw
tering angle fog

a) black track 1l plate 99.18 14.55 17.53 22,10
all plates 22.50 35.65 42.95 54.1l4
b) grey track 1 plate 1.39 2.21 2.66 3,35

all plates .41 540 6.51 8,20

a . . .. .
The energies are in MeV and the minimum energies were not

b available for the Sn target.
These are projected angles and are given in degrees.
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2) Limited resolution: When particles were created
very close to each other, only one track was observed (because
of limited resolution)., In this experiment it was found that
sparks less than 2 mm apart in thé lower chamber were not re-
solved., This separation corresponded to an angular divergence
of 2 mr projected angle and the Probability of missing a track
in both views was determined to be about 0.3%,

3) Angular and multiparticle inefficiencies of the

wide gap spark chambers: The average charged multiplicities

in the Echo Lake p=-p experiment (9), which were lower than the

values found in the accelerator experiments were corrected
later for the multiparticle inefficiencies of the wide gap
spark chambers (52) and the agreement between the corrected
multiplicities and the accelerator multiplicities was much
closer than it was before. This analysis had been conducted
by studying the inefficiencies of the upper and the lower gaps
of the lower spark chamber., A complimentary, and possibly com-
plete, approach would be to consider the overall efficiency as
& superposition of the multiparticle inefficiency on the angu-
lar inefficiency. The angular inefficiency would be the only
source of inefficiency when there was only one particle pre-
sent in the chamber, the evidence and the other details given
in the Appendix C, indicated that the available energy was
used up mostly by the tracks that were parallel to the field

direction at the expense of tracks which were at large angles
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to the field direction. The efficiency function given in the
appendix was applied to all the tracks generated by the Monte

Carlo models which will be discussed in a later section.

C. Energy Underestimation

The visible energy given by the equation (II.5) dif=-
fered from the true energy because of unsampled energy losses.

1) Nuclear disintegration energy: When a charged
hadron interacts with a nucleus, the struck nucleus disinte=
grates into nuclear fragments and this disintegration energy
has an average value of 800 MeV (53). G. Demeester (13) has
estimated that half of this energy is measured by the scintile
lators. In a hadronic cascade, the total energy going into
nuclear disintegrations is a function of the number of nuclear
interactions which in turn is a function of both the incident
energy and the amount of matter available for the development
of the cascade. Monte Carlo calculations on the unsampled
energy losses were conducted by W, V. Jones (54) for a shallow
spectrometer and for the calorimeter in this experiment. The
results of the Monte Carlo were parametrized by R. J. Wilkes (15)
and the results of the parametrizations are shown in the
Table XIII for some values of the incident energy and t, the
smount of matter traversed by the particle after its first ine-
teraction. At constant ¢, Fdis

disintegrations, decreases with increasing incident energy; at

y the fraction going into nuclear

constant incident energy, F increases with increasing t.

dis
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2) Energy leaking out of bottom of the calorimeter:

For any finite calorimeter, there is always the possibility that
the cascade is not completely contained by the amount of matter
in the calorimeter and some energy leaks out of the bottom. For
average shower development at large enough depths into the calo-
rimeter, exponential absorption prevails and the energy leaking

out of the bottom is given by
c(L) = N, A (111.1)

where L is the last layer traversed by the extrapolated inci-
dent track, NL is the corrected number of equivalent muons
(section) in the last layer and A is the attenuation length
and is equal to 240 gms/cmz. While this factor could be added
to the visible energy for hadrons which did not interact in

the target, the interacting events posed a problem. In the
latter case, there were many particles impinging on the calori-
meter at different angles and their cascades would exit from
the calorimeter at different levels resulting in many 'last!

layers. The results of the parametrization on F the frac-

out?
tion of the energy leaking out of the bottom, are shown in the
Table XIII for some values of the incident energy and t. At
constant t, Fout increases with increasing incident energy;

at constant incident energy, F decreases with increasing t.

out

The total unmeasured energy in a non-interacting

event is given by
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En=E ( Fout * Fdis/z ) (111.2)

where Eo is the incident energy. The total fraction which is
unsampled is given in Table XIII for some values of incident
energy and t and plotted in Figure 9. L. W. Jones, et al (55)
have determined that 28 I 5% of the energy is not sampled at
an incident energy of 300 GeV. Their calorimeter was 64 r.l.
thick which would correspond to a t of wb3 r.l.

3) Additional energy losses for an interacting event:

In an interacting event, some of the secondaries do not enter
the calorimeter at all and their contribution to the observed
energy is obviously zero. Some of the particles exit the ca-
lorimeter before they interact and some decay before they can
interact. The photons from decay of created T °s can lose
energy in the target material before entering the calorimeter.
The property of the interaction which is responsible for some
of these losses is the angular distribution of the event.
Table XIX shows the effect of angular distribution on the
energy recorded in the célorimeter. The angular distribution

characteristics are displayed by the variable q’p (,lp = loglo

tan BP) where ep is the projected angle of a secondary with
respect to the primary beam particle direction. Events were
classified as 'below threshold energy events' and 'above
threshold energy event'. The average angle of a track in a
'below threshold energy event'! was greater than in an 'above

threshold energy event'. Also there were more tracks at large
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TABLE XIII

UNMEASURED ENERGY IN A CALORIMETER
FOR A NON-INTERACTING EVENT

Incident Energy t2 in F b F P
in GeV rad len dis out
50 24 17.0 46.0 54
40 25.0 21,0 33
64 34.0 5.0 22
300 24 10.0 58.0 63
40 16.0 32.0 40.0
64 24.0 10.0
500 24 8.0 59.0
40 16.0 33.0
64 23.0 11.0

8 ¢ is the amount of matter traversed by the particle after
its first interaction in the calorimeter.
b

F.. s F

i%%fden%ugnergy.u Fdis is the fraction going into nuclear
disintegrations, F + is the fraction leaking out of the
bottom and Fum is tHE total unmeasured fraction.

TABLE XIV

ANGULAR DISTRIBUTION EFFECTS IN THE
ENERGY UNDERESTIMATION

and F have been given as the fractions of the

Below Threshold Above Threshold
Events Events
Fraction of Tracks
with N p)-1.0 in
a; Al target 0.36 0.25
b) Fe target 0.41 0.26

Average YLp in
a; Al target -1.37 -1.54
b Fe target -1.35 «1.50
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angles for 'below threshold energy events'. Thus energy under-
estimation was larger for events with more large angle parti-
cles. This was one of the major factors responsible for the

observed vertex distribution discussed earlier.

D. The Final Data Sample and The Observed Charged Multiplicities

The total number of digitized events was given in the
Table VIII for all the targets and cuts had to be made on this
raw sample to get the final sample of good events. While the
biasses discussed in the previous sections could affect any
event, the distortion of the data due to these biasses was more
serious in certain types of events. Thus, whenever the possi=-
bility of distortion of the final results was very high, the

events were completely rejected.

1) Out of geometry events: When the extrapolation of
the primary did not extend to the eighth layer in the calorime=-
ter, the event was rejected as an out of geometry event. Due
to spark chamber inefficiencies, the observed multiplicity was
smaller for a primary with a large zenith angle than for one
with smaller zenith angles (Appendix C). Also an out of geome-
try particle deposited less energy than an in-geometry particle.
When the extrapolation of the primary track crossed from one
target to another, the event was rejected because of confusion
resulting from the possibility of secondary vertices in another

target material.
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2) Events due to non-hadronic processes: As dis~

cussed in Appendix B, these processes distort the true distri-
butions by ¢ontributing mostly low multiplicity events. These
events were also rejected by the methods discussed in Appendix B.

3) Events with incorrect energies: Because of the

problems with electronics, some events were recorded with incor-
rect energies. A significant fraction (wv30%) of the events in
Al=Fe¢ run had t0 be rejected because of the problems with the
magnetic tape used to record the energy. The nominal threshold
energy demanded in the trigger was different from the true
enexrgy because each layer output was not used explicitly in the
trigger. This bias setting was expected to affect events with
recorded energy less than 1.5 times the trigger threshold energy.
Therefore, events with energy less than 1.5 times the threshold
energy were rejected. Events in vwhich there were signs of obe
vious misbehaviour of recording electronics, such as unrealistic
equivalent number of muons in some layers, were also rejected.

4) The observed charged multiplicities: For the final

sample, which was obtained after rejection of the events, the
endrgy of each event was increased by an amount which corres=-
ponded to 44% unsampled energy losses (Appendix E). The energy
bins used for the data were 50% wide and contiguous. Specifi-
eally, there were three energy bins: 100 GeV to 200 GeV,

200 GeV to 400 GeV and 400 to 800 GeV. . The observed final
charged multiplicity distributions for all the targets and the

two energy bins is given in Table XV. The average charged
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TABLE XV

OBSERVED MULTIPLICITY DISTRIBUTIONS

—

—
= s

Po
160 260 -

GeV GeV

Sn
160 260

GeV GeV

Fe
160 260

GeV GeV

Al
1602 260
GeV GeV

Tharged
Multi-
plicity

10

10

Al

13
14

a5

16

17

19

20
)»20

The energies are average energies.

B
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multiplicities were computed using
ol .
2 N
c. i (I11.3)

’ > M

“1

=0
n

where Nij was the number of events with i prongs in the j®
energy bin. The values of these raw observed average charged
multiplicites are shown in Table XVI. The errors shown repre-
sent the statistical error given by
P iy T (1I1.4)
r\ - .
6-:; =- (1 ‘-3
Na
TABLE XVI

OBSERVED AVERAGE CHARGED MULTIPLICITIES

Energy .
in GeV Al Fe Sn Pb

160 T.67 + 0.42 8.66 + 0.53 9.77 + 0.73 10.42 + 0.75
260 8.55 + 0,51 10.28 + 0.61 10,72 + 0.75 10.54 + 0.77
520 8.08 + 1.05 9.96 1,05 9.09 + 1.56 ——-

1+ 14

The raw data showed an increase in average charged multipii-
city with atomic weight for the first two energy bins. At
higher energies, and hence higher multiplicities, spark cham-
ber inefficiencies played a very significant role in distorting

the observed results.
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E., Monte Carlo Models for Proton-Nucleus Interactions

The most suitable approach for correction of the sys-
tematic biasses in the observed distributions was through
Monte Carlo models. Generation of‘the primary proton-nucleus
interactions and simulation of the instrumental response formed
the two major constituents of the correction program.

A model for p-target nucleon collision is a necessary
input in the consideration of p=-nucleus collisions and a Monte
Carlo model which incorporated the general features of the
multiperipheral models was used for each p-nucleon collision.
This model for p-p collisions has been described in Appendix D.
Any model for p-nucleus collision has to predict, at least
qualitatively, the inferences reached in earlier experiments.
These inferences, which were described in detail in the first
chapter, were the slow increase of the multiplicity with atomic
weight, with the major part of the increase coming in the back-
ward directions. All the models to be discussed here considered
the nucleus as composed of free nucleons and nuclear effects
like multiple scattering, etc., were completely ignored. The
number of collisions possible for &8 beam proton in the nucleus
was limited arbitrarily to a small number. This constraint was
needed because a full fledged intranuclear cascade would result
in too many final state particles. In all these models, Ceff
vhich was a measure of the number of collisions was limited to

be between one and six.
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The incident particle was always chosen to be a cosmic
ray proton with its differential energy spectrum given by an

-208

E (II.1) distribution and its zenith angle chosen from a

cos 7.6 @ distribution. The azimuth and the x, y co-ordinates
of the vertex were chosen from a random distribution. The z
co-ordinate of the vertex was chosen to be compatible with the
interaction mean free path in the target.

1) Model with C.pp = 1: The results of many of the

earlier experiments had indicated that the majority of the
collisions were with a single nucleon inside the nucleus. In
this model, p=-nucleus collisions were treated as p-p collisions

but with an increase in multiplicity given by

n, (p=A) = n_, (p-p) x a0-15 (I11.5)

While this model gave reasonable average multiplicities, the
increase of multiplicity was mainly in the medium angle regions
as opposed to the experimental observations. TFigure IQshows
Np Plots for p-p collisions and for p-Pb collisions with this
model. While 48.33% of the particles were in the backward
hemisphere in p=-p collisions, only 44.98% were backward for
p-Pb collisions. Here 'backward! and 'forward' refer to the
hemispheres in p=-p center of mass system. Since this model

did not duplicate the observed angular distributions, this

model was not considered for further anaslysis.
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TABLE XVII
COLLISION PROBABILITIES IN THE MONTE CARLO MODELS

Number of Collisions a P;:babilitigi o
1 1.0000  1.0000  1.0000  1.0000
2 0.8100  0.9100  0.9550  0.9750
3 0.5000  0.6650  0.7850  0.9000
4 0.2450 0.3750 0.5450 0.7250
5 0.0350  0.1300  0.2700  0.5000
6 0.0025  0.0300  0.0800  0.2750

2) Models with Cogr 2 1 (Models A and B): These

nodels used a modified and mainly utilitarian .version of the
Intra Nuclear Cascade mechanism. Only the primary particle
was allowed to have collisions inside the nucleus and half of
these collisions were with a target neutron. The minimum
energy for the beam profon to interact in the nucleus was
taken to be 5 GeV. The probability for each collision was a
function of the nuclear size of the target and was taken from
an intefpolation to the calculations of Fishbane and Trefil
(26). These probabilities are displayed in Table XVII for all
the targets. The momentum conservation for each collision
inside the nucleus and the overall momentum conservation for
the beam particle in the nucleus was maintained. The angular
distributions of all the subsequent collisions were obtained

with respect to the beam particle and also with respect to the
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experimental co-ordinate system. In Model A, the maximum num-
ber of collisions was limited to six. In Model B, the maximum
number was limited to five and the results were obtained by
taking in eaéh case one less interaction than in Model A.

The average number of collisions resulting from these
assumptions and the dependence of the multiplicity on atomic
weight are shown in Table XVIII for both Models A and B. Thg
dependences, though different from each other, were still com-
patible with the limited data reported in the first chapter,
An M p plot also shows the experimentally observed enhance=-
ments at large angles., A quantitative description of the re-
sults on angular distributions is given in Table XIX. The
fraction of backward (i.e., in p-p centre of mass system)
tracks increased with atomic weight in both Model A and
Model B.

While the agreement with the data generated confi-
dence in these Monte Carlo models, one should note that this
agreement was rather fortuitous. Since the excited states of
the nucleus were not considered, the emulsion results on heavy
tracks could not be reproduced. The leading particle effect
could not be duplicated for many events. The use of Poisson
statistics for the multiplicity distributions in p-p collisions
was in disagreement with the NAL-ISR data. But, these defects
of the models were not expected to affect the corrections in
any significant way. Since heavy tracks were not recorded by

the experimental set up, the absence of nuclear evaporation
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TABLE XVIII

AVERAGE NUMBER OF COLLISIONS AND A DEPENDENCE
IN THE MONTE CARLO MODELS

:Model Energy Al Fe Sn ®8
A 160 GeV 2.27 2.62 3.00 3,58 0,158 + 0.005
260 GeV 2.35 2,72 3,21 3,67 0.162 + 0.007
B 160 GeV 1.50 1.70 2.14 2.54 0.100 + 0.009
. 260 GeV 1.49 1.74 2.37 2,60 0.120 & 0.010
a . .V . X
X is defined by R{A",
TABLE XIX

MONTE CARLO RESULTS ON ANGULAR

DISTRIBUTIONS
Property Model H Al Fe Sn Pb
Fraction of
Backvard B 48.33 53,78 55.55 57.27  60.47
Tracks® A 48.33 59.03 60.77 61.99 65.13
Average log B -l.12 =1,02 =0.,99 ~=0.96 «=0.91
Tan O, c"i) A 1,12 =0.93 -0,91 =0.89 -0.84

® At 160 GeV, the tracks with N

be backward in p-p centre of
tracks was normalized to 100 in each case.

58

=-1.12 were considered to

The total number of
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products in the resuits will not affeét the corrections. The
leading particle effect and the multiple scattering effects
would act to increase the fraction of particles at large angles.
Since the spark chambers have been shown to be insensitive to
particles at large angles (Appendix C) these effects should not
affect the corrections. The only conceivable effect would be
on the simulation of the energy response by the calorimeter,
since the energy deposited was.strongly dependent on the an-~

gular distributions (Appendix E).

F. Corrections for Instrumental Response

The aim of the simulation program was to correct for
systematic biasses in the final sample of good events. Since
the final sample excluded out of geometry events and events
due to non~hadronic processes and had their energies corrected
for unsampled energy losses, these biasses were not considered
in the simulation program. Though an attempt was made to si-
mulate the energy underestimation (Appendix E), the results
were not used in the main simulation program. The simulation
progran used the events generated by the p-nucleus Monte Carlo
models which had been stored on a magnetic tape.

Specifically, the program considered two major biassese=-
the overestimation and the underestimation of the multiplicity--
for in-geometry events with energy greater than the threshold
energy. The secondary prongs from the primary event were fol-

lowed down from the vertex of the interaction through the
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remaining target plates. The charged particles were allowed
secondary interactions if they had energies greater than

5 GeV. When the particle interacted, the tertiary particles
were assigned momenta and energies just like in the primary
Monte Carlo models. The photons from the decay of yr°s were
allowed to produce electron pairs if the angle of the neutral
pion was less than the cut-off angle mentioned in Appendix C.
Since the photon energies were generally high, it was assumed
that only one track would be observed because of limited re-
solution. Delta ray production by secondaries was not consid-
ered explicitly since the probability of production of high
energy electrons which would simulate straight tracks was
quite small (Table XI),

Once all the creation processes were finished, the
biasses which underestimated the multiplicity were considered.
All particles which were at angles greater than the cut-off
angle to the field direction were not counted. Particles which
were closer than 5 mrad to each other were considered as contri-
buting only one observable prong. The energies of the electrons
from pair production were checked against the minimum electron
energies in Table Bl. If the energies were lower than the
minimum energies, the electrons were not counted.

For each event, the multiplicity of the Primary inter-
action, the final observed multiplicity and the energy were
recorded. The energy bins used in the data analysis were also

used for these Monte Carlo events.
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TABLE XX
MONTE CARLO CORRECTION PROCEDURES

The Vertex cjka cjk gb-k nCJk iEc,jk

Plate, k Model Model Da%a Corx,. Corr.
A 3B (obsvd) A B

1 1.16 1.21 —— - ——

2 1.28 1l.24 9.00 11.52 11.14

3 1.27 l.42 Te92 12,52 11.25

4 1.43 1.40 TeT5 11.05 10.83

5 1.40 1.39 8.92 12,52 12,40

6 1.74 1.63 6.62 11.52 10.80

all 1,47 1.46 T.67 11.31 11.20

a Cjk was the correction factor for the k® plate in the j®
energy bin, Here j corresponds to 1, the lowest energy bin.

TABLE XXI

MONTE CARLO CORRECTION FACTORS

ﬁhergy Correction Factors
Target in GeV Model A Model B
£l 160 1.47 1.46
260 1.48 1.53
520 1,67 1.80
Fe 160 1l.41 l.42
260 1.29 1.28
520 1.59 1.64
260 1.41 l.41
520 1.96 1.79
Pb 160 l1.42 l.41
260 1.51 1.45
TABLE XXII

COMPOSITION OF FINAL STATE PARTICLES
-———-__—-—————__—__'_————_—'—-:—,—_—————______—
Fraction of Particles From: Al I'e Sn Pb
&) Primary Interaction 0.8180 0.,7900 0,7180 0.7330
b) Secondary Interactions 0.0590 0.0400 0.0460 0.0360
¢) Conversion of Photons 0.1230 0.1900 0.2360 0.2310
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The correction procedures will be illustrated by con-
sidering the raw data in the 100 GeV to 200 GeV energy bin for
the Aluminium target. Cjk was the correction factor given by
the simulation programs for the k® plate in the j® energy bin.

Specifically,

(ﬁc ) for the primary interaction

c,, = —& (I1I.6)
J (nc ) after the biasses
Jk

where Ecjk vas the average charged multiplicity from the k®
plate in the j® energy bin. The raw average charged multi-
plicity from the k™ plate in the j® energy bin was nultiplied
by Cjk to get the corrected charged multiplicity. These values
are displayed in Table XX for both Models A and B. The final
corrected charged multiplicity was obtained by considering the
individuwal multiplicities from all the plates. The values of
Cj, the correction factor thus derived for the whole energy
bin, are given in the Table XXI for all the targets. cjk de=
creased with the height of the vertex since the loss of par-
ticles was compensated by the creation of new particles.

While the average multiplicities in the data showed an increase
with the height of the vertex, the corrected average multipli-
cities were not functions of the vertex plate. While the cor-
rections were quite model independent, they were dependent on
the energy and the observed vertex distribution. For the lowest

energy bin, the corrections for all the targets were almost
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-

equal; whereas for an ideal vertex distribution, the correc=-
tions for Al and Pb would have been very different., The ob-
served particles in the final state included particles from
+ primary interactions, from secondaiy interactions and elec=-
trons from J conversions. Table XXII shows the composition
of the final state particles ags given by Model A. In all
targets, at least 70% of the observed prongs were from the

primary interactions.



CHAPTER IV

RESULTS AND CONCLUSIONS

A. Charged Multiplicities

1) The corrected average charged multiplicities:

The observed average charged multiplicities and the Monte
Carlo correction factors were given in Tables XV and XXI re=
spectively. Since the correction factors were quite inde-
pendent of the models, the observed average charged multipli-
cities were multiplied by the mean of the correction factors
given by Models A and B to get the final average charged
multiplicities. The corrected average charged multiplicities
are given in Table XXIII. The errors are statistical and re-
flect uncertainties in both the data and the Monte Carlo
models.,

2) The variation of R with the mass number: The

values of the ratio R for all the targets at three values of
energy are given in Table XXIV. The best fits to the varia-
tion of R with A, the mass number, are also given in that
table. The variation of R with A at 160 GeV is shown in
Figure 11 along with the carbon data of Wilkes (15). While

the errors in the highest energy bin are rather large, the

76
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equation
R %A0.129 + 0.004 (IV.l)

is in agreement with the whole data. It should be stressed
that the raw charged multiplicities also increased

with the mass number for the targets and for the energy bins
where the biasses were minimal. This value of the exponent
is in good agreement with the value of 0.13 given by

Wilkes (15) for the carbon target and by Guftu, et al. (56)
for a coﬁposite emulsion target.

3) The variation of R with energy: Though the value

of R does not sbow any significant increase with energy, a
very slight increase with energ& cannot be ruled out. A con-
stant R is in agreement with the results on carbon and emul-
sion targets. Table XXV shows the dependence of the average
charged multiplicity on the energy of the beam particle.

This dependence on energy is in agreement, within errors,
with an E% power law. The large errors in the highest energy
bin do not warrant either a sophisticated parametrization or
a detailed comparison with the logarithmic power law which is
the best fit to the p-p data. PFurther, the concept of centre
of mass energy, which is used in the fits to the p-p data, is

ambiguous in case of nuclear targets,

4) Multiplicity distributions: Since the observed

multiplicity distributions were not corrected independent of
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TABLE XXTII

CORRECTED AVﬁRAGE CHARGED MULTIPLICITIES

Energy

in GeV Al Fe Sn Pb
160 11.25 £ 0.76 12.25 + 0.89 13.31 4+ 1l.13 14.75 + l.41
260 12,87 + 1le18 13.21 + 1.16 15.14 + 1.40 15,61 + 1.51
520 14.02 + 2,49 16.05 + 2,90 17.05 &+ 3.60 ——
TABLE XXIV
R AND THE A DEPENDENCE OF R
Energy
in GeV Al Fe Sn P X?
160 1.54+0.,10 1.,68+0,12 1.821+0.,15 2.02+0.20 0.129+0.004
260 1.58£0.10 1.62+0.,12 1.86+0.15 1.92+0.18 0.129+0.004
520 1.50+0.26 1.7240.31 1.82+0.35 - 0.128+0.011
8 X is defined by R« A%,

- TABLE XXV

THE DEPENDENCE OF CHARGED MULTIPLICITY ON ENERGY

Target c? X2
Al 3.67 0.22 + 0.06
Fe 4.22 0.21 + 0,06
Sn 4,28 0.22 3 0.07

8 ¢ and X are defined by the relation n_ = C EX where f_ is

the average charged multiplicity and cE is the energy in GeV.
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the average charged multiplicities, only an indirect estimate
of the moments of the multiplicity distributions was possible.

The values of D and f2, where D is defined by

2 =2 %
D=(n;-n;) (1v.2)
and f2 is defined by
f,= D° -1 (Iv.3)
2 c *

are given in Table XXVI for the lowest energy bin, where the
average energy was 160 GeV. The results on targets of proton,
carbon and emulsion are also shown in the table. Both D and
f2 increased with the mass number of the target. The
variation of D with the multiplicity is found to be faster for
our data than for p-p collisions., Though no quantitative esti=
mates could be made because of the large errors in the highest
energy bin, the increase in D with n for the Aluminium target
was higher than the increase for the Tin target, both being
higher than the increase for a pure proton target. This trend
was also noticed by Babecki et al.,when the interactions in
emulsion were classified according to their Nh values., While
the ratio of diffractive component to the multiperipheral com-
ponent could be predicted for p-p collisions using the moments
of the multiplicity distributions, it is difficuit to under-

stand the results presented here or the results on the emulsion

targets with typical two component models.
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TABLE XXVI
MOMENTS OF THE MULTIPLICITY DISTRIBUTIONS

Target D ' £, D/n,
B 3.68 6.24 0.50
cP 5.28 + 0,76 16,47 + 5.52 0.46
Al 6.40 + 0.84 29.71 + 11.40 0.56
Fe 6.89 + 0.93 35.22 + 13,78 0.56
En® 8.34 + 0,26 56419 + 4,09 0.63
En 8.50 + 0.50 -—- 0.65
Sn 7.91 + 1.05 49.26 + 17.70 0.59
Pb 8.91 + 1,20 64.63 + 23.23 0.60

z For p-p collisions, D was calculated from D = 0.585 (n-1)(22).
The carbon results are from Wilkes (15) and are at 170 GeV.
The emulsion results are from References 42 and 56 and are
at 200 GeV,.

5) Comparison with theoretical predictions: The

values of R at 160 GeV are compared with the theoretical pre-
dictions in Figure 12. The emulsion results are at 200 GeV
and are from Hebert et al (41), Babecki et al.(42), and
Florian et al.(43), and the carbon results are from Wilkes
(15). (The more recent emulsion results of Gurtu et al.(56),
at 200 GeV are not shown in the figure since it basically du-
plicates the other results.) The predictions of the Energy
Flux Cascade Model (23) and the Coherent Production Model (26)
are shown in the figure. The results of this experiment and

the experiments on carbon and emulsion agree well with the



82

SUOT40TPOId [BOTHAIOYL UITM ¥ Jo uosiredwod °2T *ITd

M\<

INIWIYIdX3 m_IL

Viva NOISTNW3

_ |

o
O
A
4
O

0l

¢l

7'l

9

8’

0¢

¢¢



83

predictions of the EFC model. The predictions of the Coherent
Production Model do not agree with the results on targets of
lower mass number. The predictions of the diffractive frag-
mentation model as proposed by Gottfried (23) and of the re=
cent two phase model of Fishbane and Trefil (26) predict higher
values of R than in the EFC model. (The importance of using
same nuclear inputs in the calculation of 3Z,cannot be over-
stressed and in the present comparisons, 9 was calculated using
equation (I.10) which was proposed by Gottfried,) Landau's
hydrodynamical model (29) predicts a value of 0.19 for the ex-
ponent and is much higher than the exponent observed in this
experiment. Our results are also in disagreement with the pre=-
dictions of the incoherent production model of Fishbane and
Trefil (26), which predicts a flat dependence of multiplicity
on mass number and with predictions of naive versions of

multiperipheral models.,

B. Angular Distributions

1) Normalized "lp plots: Because the tracks in the

two orthogonal views could not be correlated, the angular dis=-
tributions are presented in terms of the variable ep, the
laboratory angle of emission of a secondary relative to the
primary direction, projected onto a plane containing the
particle trajectory. Data frum the two. orthogonal views were

considered as independent. Specificelly, the variable used
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was ") where (Mp = log,, tan Gp) and which is proportional to
the rapidity when the particles are relativistic. Figure 13
shows the normalized.'ﬂp plots for 911 the targets at an aver=-
age energy of 160 GeV. The final sample of good events was
used to get the distributions and normalization was necessary
for proper comparison of the data. There are several effects
that bias these distributions:

a) Experimental angular resolution of 3 mrad

b) Inability to resolve close tracks

c) Contamination from prongs due to the processes

which were responsible for the overestimation of
the multipiicity, and

d) the limited angular efficiency of the spark chamber.
The Monte Carlo predictions on the composition of the final
state particles were given in Table XXII. The electron conta=-
mination was more serious for heavier targets; the contamina-
tion from the secondary tracks appeared mostly at large angles.
The spark chamber inefficiencies also became more pronounced
at large angles. In spite of these biasses, 70 - 80% of the
observed tracks were due to the primary interactions,

2) The variation of the observed normalized charged

multiplicities in different angular regions: Because of the

experimental biasses, the normalized Tlp plots display a cer-
tain superficial similarity. The differences become more ob-

vious when certain sections of these plots are compared among
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TABLE XXVII
OBSERVED NORMALIZED MULTIPLICITIES IN TWO ANGULAR REGIONS

Np £-2.4 =1.64 Np{ -0.25
H 10.47 + 0.4 59.70 + 1,10
c 8.72 + 0.60 61.10 + 1.60
Al 8.23 + 0,67 61.50 + 1.80
Fe 731 + 0,63 66,40 + 1.90
Sn 6.87 + 0,70 68.10 + 2,20
Pb 7¢35 + 0.80 64.60 + 2,40

8 The total multiplicity has been normalized to 100 particles,

TABLE XXVIII
CHARGED MULTIPLICITIES IN DIFFERENT ANGULAR REGTONS

Target Np4 -2.2 Npg-1.12 Npy-1.12
H 0.95 + 0,06 3.74 + 0,17 3.59 + 0.20
c 1.04 + 0.10 4.82 + 0,32 5.58 + 0450
Al 1.06 + 0,11 4.75 + 0.31 6.49 + 0,61
Fe 0,93 + 0,10 5.14 + 0.38 T.11 + 0.74
Pb 1.14 + 0,16 6.19 + 0.55 8.56 1 1,11

TABLE XXIX

R FOR DIFFERENT ANGULAR REGIONS AT 160 GeV

Target Dizesiion Direestin Ongliil

A 1.27 + 0415 1.81 + 0.20 1.54 + 0,10
Fe 1.37 + 0.18 1.98 + 0.33 1.68 + 0,12 -
Sn 1.46 + 0.20 2.19 +.0.41 1.82 ¢ 0,15

Pb 1.65 + 0.24 2.38 + 0.47 2,02 + 0.20

-+
1+
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each other and with the data on the angular distributions in
other Echo Lake experiments, i.e., the p-p experiment (9) and
the p-C experiment (12). These experiments used the same ap-
paratus and were prone to similar biasses. The tracks from
all these‘n,P rlots were binned into several'Ylp bins according
to their‘n,p values. Specifically, two bins were considered;
one with np$-2.4 which corresponded to the extreme forward
direction, another where Q_p vas between ~1,6 and 0,25 and
which corresponded to the tracks at large angles. The fractign
of the particles in these angular regions, which corresponded
to the observed normalized charged multiplicities, was plotted
vs. the mass number in Figures 14 and 15 and are also shown in
Table XVII. The normalized charged multiplicity in the fore-
ward direction showed a monotonic decrease with the mass num-
ber; while the increase in the normalized multiplicity at large
angles is evident from Figure 15, the experimental biasses mask
and distort the true increases.

3) The variation of the charged multiplicity in dif-

ferent angular regions: Since the loss of particles occured

only at large angles, the observed multiplicities at small an-
gles are not expected to be different from the true values,
Thus, the observed multiplicity at small angles, which was
the product of the total observed mulviplicity an. the observed
normalized multiplicity, was assumed to.be equal to the true
multiplicity. (at 160 GeV, 90° in p-p centre of mass system

would correspond to M of ~0.97 and ﬁqp of =1.12, A TLP of
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-1.12 would correspond to about 4.5° with respect to the beam
direction and the efficiency at v 4.5° is almost 100% even when
the beam is not vertical.) Table XXVIII shows the observed
multiplicities for the extreme forﬁard direction and for the
whole forward direction. The true multiplicity in the backe
ward direction was obtained by subtracting the observed multi-
plicity in the forward directioﬁ from the total corrected
multiplicity. These corrected multiplicities are also given
in the Table XXVIII. (The corrected multiplicity for a proton
target was taken from the fit to the accelerator p=-p data and
for the carbon target from the data of Wilkes.) Figures 16,
17 and 18 show the variation of the multiplicity with the mass
number for all three regions. From these figures, it is ap=-
parent that the variation is faster in the backward direction.
The slope of the variation in the backward direction is given
by 0.167 + 0.008, whereas it is 0.084 + 0.006 in the forward
direction. The average multiplicity in the very forward di-
rection is constant indicating the presence of the leading
particles in all the targets. The values of R in both the for-
ward direction ana backward direction are given in Table XXIX
for the metailic targets; for comparison, the values of R over
all the angular regions at 160 GeV are also shown in Table XXIX.
4) Profile of the momentum distributions: At a fixed
charged multiplicity, the observed secondary prongs were Or-

dered by their individual'n,p values and plotted separately,
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Average Interval is the Difference Between the Average Values
of the Ordered Log,oTanBP Plots. -

O 5 Prongs 0O 6 Prongs A 7 Prongs X 8 Prongs

INTERVAL NUMBER

Fig. 19. Average Interval of Ordered log tan ® Plots
vs. the Interval Number
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The first plot contained the track from each event with the
smallest n’p’ the next plot contained the track from each
event with the second smallest ﬂ,p and so on. The differences
between the average values of these distributions, the so-
called average interval, was plotted against the interval num=-
ber. These plots are shown in Figure 19 for five, six, seven
and eight prong events. The vaiue of the average interval

for the first interval number is significantly larger than

the values for other interval numbers; the existence of a
leading particle can be ascertained from this observation,

For higher intervals, the distribution is more uniform indica=-
ting the presence of secondaries with similar momentunm.

5) Comparison with theoretical predictions: All

models predict an increase of multiplicity in the backward
direction, which is also seen in this experiment. In general,
the multiperipheral models predict larger increases in the
backward direction compared to the other models. From

Table XXIX, relative to hydrogen the increase in charged mul-
tiplicity is about 2.2 for the Tin target in the backward di-
rection. While one also observes an increase in the forward
direction multiplicity, this increase is very small, This
observation is also in agreement with the predictions of most
of the models. The leading particle effect seen in this ex-
periment is predicted only by diffractive models. Thus, these
results on angular distributions are consistent with the

qualitative predictions of most of the models.
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Ce Conclusions

While the presence of pure targets in this experiment
had a decided advantage over the ambiguous, but ingenious, use
of the emulsion targets, this expe?iment was also prone to
several experimental biasses. The single major bias was due
to the angular and multiparticle inefficiencies of the spark
chamber, which resulted in an underestimation of the multipli-
city. The spark chamber inefficiencies, along with biasses
due to extraneous processes, prevented an unambiguous quanti-
fication of the variation of angular distribution characteris-
tics with the mass number of the target nucleus. The data in
the higher energy bins were affected by underestimation of the
energy by the calorimeter, which often resulted in the loss of
those events., While the Monte Carlo approach was the only
reasonable option for correction of the data, the pitfalls in
this approach are obvious. Further, the analysis was conducted
by ignoring the fraction of the pions in the beamn.

In spite of these shortcomings, several significant
conclusions were reached in this experiment:

1) R, the ratio of the charged multiplicity in pro-
ton-nucleus collisions to the charged multiplicity in proton-
proton collision, varied only slowly with the mass number of

the target nucleus. The variation was given by

R o 40-129 & 0.004



917

The value of this slope was in agreement with all the reliable
data at present.,

2) There was no significant variation of R with energy
of the incident beam particle. Thﬁs, the variation of charged
multiplicity with energy was similar to that of p-p collisions.

3) fTraditional models, like the extensions of the
multiperipheral models and the diffraction dissociation models,
did not explain our results. The EFC model of K. Gottfried
gave the best fit to our data.

4) The fraction of particles at large angles increased
with the mass number of the target nucleus; R for large angles
was much higher than R over all angles. Thus, the major in-
crease in multiplicity was due to particles at large angles.

5) The presence of a leading particle in all these
targets was an indication of a very slow variation of inelas-
ticity with the mass number.

Thus, the most important conclusion of the experiment
was the very slow variation of the interaction characteristics
with the mass number of the target nucleus. While this conclu-
sion had been reached in the earlier experiments, this experi-
ment was the first systematic effort to effectively quantify
the earlier conclusions. We hope that more detailed experiments
at accelerators will exploit the nucleus as & microscopic labora-
tory and shed more light on the space-time development of the

final state of the proton-proton interaction.



APPENDIX A
THE RECONSTRUCTION EFFICIENCY

The overall poor quality of some of the picture frames
prevented the reconstruction of these events, even after four
remeasures. Table Al gives the reconstruction efficiencies for
the interacting events. These efficiencies were poorer for
high multiplicity events and even a partial reconstruction was
not possible. It would be difficult to make a quantitative es-~
timate of this inefficiency on the final results except to re=-
mark that it would affect mostly the higher energy bins and the
data from the lead target. As shown in the Table XIV, the pro-
bability of these events with{ﬁny tracks at large angles satis=-
fying the energy requirements was rather low. Thus, the energy

underestimation was a far more serious bias against high multi-

plicity events than these moderate reconstruction inefficiencies.
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TABLE Al

RECONSTRUCTION EFFICIENCIES

Al-Fe Run Sn-Pb Run

| Reconstruction Efficiencies for

| Events With

a) Low Multiplicity ( Me10) 0.92 0.93
b) High Multiplicity (my10) 0.75 0.71

Ratio of High Multiplicity to

Low Multiplicity Events
a Before Reconstruction 0.24 0.24
b) After Reconstruction 0.19 0.18

Ratio of Average Multiplicity
of the Events Before Recon-
struction to After Recon-
struction 0.95 0.81




APPENDIX B
EVENTS DUE TO NON-HADRONIC PROCESSES

Charged hadrons while traversing the target can knock
off electrons (delta rays) from the target material., The pre-
sence of this electron along with the hadron which does not
interact in the target results in the simulation of a two prong
interacting event. When the electron has higher energies it
can start a small cascade in the target which results in the
simulation of an interacting event with more than two prongs.
As noted in the section on scanning, tracks due to low energy
(éSO MeV) electrons could be identified on the scanning table.
The thickness of the target also contributed to the absorption
and scattering of electrons if they originated in the top
plates. The minimum energy for an electron to appear as a
straight track after traversing the matter in the target was
a function of the plate number and the target properties and
is given in the Table Bl. These minimum energies were computed
assuming only radiation losses which could be justified since
the critical energies for all these elements are lower than
50 MeV. The probability for an electron created in the top

prlate to appear as a straight track was quite small.
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TABLE Bl
MINIMUM ELECTRON ENERGIES FOR SIMULATION
OF A STRAIGHT TRACK

Origin of the Electron
Plate Numbera

Target 1 2 3 4 5 6
Al 57 66 76 88 102 117
Fe T2 102 146 210 3200 430
Sn 84 141 258 401 676 11359
Pb 114 262 599 1372 3140 6195

a

Bottommost plate is assigned a plate number 1 and the top-
most plate is assigned a number 6. All the energies are in
MeV,

A Monte Carlo program was undertaken to assess the
contribution of the events with electrons of energy greater
than 50 MeV to the observed distribution. Some of the im-
portant features of this program are presented below.

15000 charged primaries were followed through the six
plates of all the targets. The probability of generating a

delta ray (58) was given by

P = .15 (2/4) (X/E) (B.1)

where Z2 and A were the atomic number and the mass number re-
spectively of the target, X was the amount of matter in each
plate and E was the minimum energy to penetrate one single

plate. The energy spectrum of the generated electrons had a
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slope of -2, The maximum number of electrons that a hadron

could generaté wag limited to six, i.e., one in each plate.
Each electron was allowed to undergo bremmstrahlung and each
created photon was allowed pair pfoduction. The electron
pair thus produced was also allowed to undergo bremmstrahlung,.
The particle creation processes stopped with these second
generation photons. The energy loss in each process was cal-
culated and particles with energy less than 50 MeV were not
counted. This program did not assign any angles to these
particles. The number of electrons from each plate was added
to give the numbar of electrons in an event.

The results of this Monte Carlo program are shown in
Table B2. The probabilities for simulation of a two prong
event are smaller for the heavier targets because of high
energies needed for electrons to appear as straight tracks.
For detection of these events with higher energy electrons,
two separate, but sometimes supplementary, methods were em-
rloyed after the digitization of the events.

1) The K% given by the reconstruction program was
a measure of the best fit to the tracks. A non-hadronic event
had a high ¥ * since straggling effects were more important
for electrons. All events with low prong numbers and bad fits
were rejected with the assumption that these tracks were due
to electrons.

2) The calorimeter responses were different for non-

interacting hadrons and hadrons which interacted in the target.
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TABLE B2
PROBABILITY OF SIMULATION OF AN INTERACTING

EVENT BY NON-HADRONIC PROCESSES

Multiplicity of the Event
Target n=2 2¢{n ¢4 n)4
-2 -4
Al 2.78 x 10 5¢3% x 10 e
Fe 2.87 x 1072 2.86 x 10~ 2,00 x 1074
Sn 1.94 x 102 2,40 x 10~ 6.67 x 10~4
Pb 1.65 x 10™2 2,47 x 1072 6.67 x 10™4
TABLE B3
CALORIMETER RESPONSES TO A TRUE INTERACTING EVENT
AND AN EVENT DUE TO NON-HADRONIC PROCESSES
Number of Equivalent Muons
Calorimeter in a True . in an Event Due to
Layer Interacting Event Non=hadronic Processes
1 99 14
2 155 16
3 127 12
4 135 1
5 31 57
6 19 137
7 2 183
8 2 167
9 9 19
10 0 2
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TABLE B4
PERCENTAGE OF EVENTS REJECTED DUE TO

NON-HADRONIC PROCESSES

Due to Reconstruction Due to Calorimeter
Target Criterion Response
Al 2.8 4.5
Fe 2.3 4.9
Sn 9.0 11.1
Pb 11.5 13.5
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These differences could not be explained by assuming fluctua-
tion in the shower development or in the behaviour of the LADCs
employed in the calorimeter layers. The total probability for
any interaction before the third léyer of the calorimeter was
about 60% for one hadron whereas it was about 94% for turee
charged hadrons. Interacting events in which the calorimeter
response was similar to that of a straight-through event were
rejected as being due to non-hadronic processes. The assump=
tion was that the electrons from non-hadronic events could not
start a measurable cascade in the calorimeter and was similar
to the criterion of penetration in the iron spark chambers
mentioned in the section on scanning, Table B3 shows the re-
sponses of alil the ten layers to an interacting event and an
event rejected as due to non-hadronic processes. Both events
had three straight tracks, had similar energies and had their
vertex in the iron target. To reduce the probability of any
bias stemming from this criterion, this criterion was applied
to all interacting events. Table B4 shows the percent of
events rejected due to non-hadronic processes. It has to de
noted that the narrow gap spark chambers were more efficient in

the Al/Fe run than in the Sn/Pb run.



APPENDIX C
THE PERFORMANCE OF THE WIDE GAP SPARK CHAMBERS

A major effort was untertaken to understand the per-
formance of the wide gap spark chambers since it was the most
important experimental bias in the apparatus. The reaction
products were observed as sparks in these chambers which had
two gaps each of 20 ¢m spacing and 2 x 2 m2 area. Two views,
corresponding to 90° stereo, were recorded for each event.

The charged multiplicity for each event was determined to be
the maximum number of prongs in either stereo view. It was
enough for a track to be present in either gap to contribute
to the recorded multiplicity.

There were several factors which indicated that the
efficiency of the chamber decreased with an increase in the
angle a track made with the field direction and with an increase
in the number of tracks in the chamber.

1) The visible intensity of a track was maximum when
it was parallel to the field direction and large angle tracks
were frequently very faint.

2) The observed zenith angle distribution of the
primaries was different from the expected distribution at the
Echo lLake altitude. According to Hayakawa (2), the zenith

angle distribution at 710 g'ms/cm2 is given by a cos! 63 e
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TABLE C1

VARIATION OF OBSERVED CHARACTERISTICS
OF INTERACTIONS WITH ZENITH ANGLE

=

Average Zenith Maximum Projected
Angle of the Average Charged Angle of a Secondary
Primary in Degrees Multiplicity WRT the Primary
3.0 11.00 10° 20!
9.0 8.86 12° 50!
15.0 T.76 13° 30!
21.0 : Te21 16° 50!
27.0 6.83 18° 20!
TABLE C2

OBSERVED INEFFICIENCIES FOR UPPER AND LOWER GAPS

4

Upper Lower

Multiplicity Al-Fe Sn-Pb Al=Fe Sn~Pb
2 .0760 .0283 .1616 «2448
3 «1111 0731 .2664 «2485
4 +1195 «1245 <3135 «3245
5 «1676 .0981 « 5081 «3236
6 «1448 1598 3541 «3584
1 «1525 1219 « 3606 +4286
8 1647 1143 .3786 4574
9 «2081 .1567 «3516 «4422
10 <1713 .1473 <4169 4527
11 «2035 «1223 «3570 «5087
12 «1905 e13545 « 3259 «4670
13 «1589 «1539 «3357 <4193
14 <1896 01013 «3859 «5810
15 «2798 «1411 «3978 +4778
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distribution. Figure 20 shows the observed zenith angle dis-
tribution for non-interacting events and Monte Carlo events
generated with the expected distribution. The observed events
were in geometry and had energies greater than 100 GeV and the
Monte Carlo events were also required to satisfy these speci-
fications. The observed distribution was a superposition of
the experimental biasses on the incoming distribution. Prie
maries with large zenith angles often would not trigger the
apparatus because of low energy deposition in the calorimeter
but this effect was negligible for in geometry events. Charged
pions could trigger the apparatus but their fraction was guite
small. So, the main experimental bias which affected the
zenith angle distribution was the inefficiency of the chambers
for large angle tracks.,

3) Table Cl shows the variation of the observed
characteristics of interacting events with the zenith angle of
the primary in case of the Pb target. The average charged
multiplicity decreased with increasing zenith angle because
the number of tracks at large angles to the field direction
increased with increase in zenith angle. The maximum pro-
Jected angle of a secondary with respect to the beam direc-
tion increased with the zenith angle of the primary. The lar-
gest angle track was at large angle to the field direction in
case of a vertical beam particle and the probability of obser=-

vation of this track was quite small. When the beam was not
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110

100

Fig. 21. Angular'Efficiency of a Single Gap in the
Spark Chamber
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vertical, the probability of observing the same track was
higher because it would be at small angle to the field direc-
tion. The maximum projected angle in'the near vertical bin
(small zenith angles) also gave a heasure of the largest angle
recorded with respect to the field direction., In this experi=-
ment, the maximum angle was 22.5°,

4) A study of the gap efficiency as a function of
the prong number in each gap showed that the efficiency de=-
creased with increasing multiplicity. The observed ineffi-
ciency of a gap was defined as the number of tracks visible
in the other gap and not seen to extrapolate through that
gap divided by the total recorded multiplicity. These ob-
served inefficiencies, which were lower limits to the true in-
efficiencies, are shown in Table C2. An earlier analysis used
these gap inefficiencies to correct the Echo Lake p~-p data (52).

All these observations were used in the deduction of
the spark chamber inefficiencies. A measure of the angular
inefficiency for a single particle was obtained by comparing
the observed and expected zenith angle distributions. The
observed distribution had been obtained by demanding at least
one track in both upper and lower spark chambers. Thus, the
observed efficiency was the result of asking for tracks in at
least two gaps wheh the total number of gaps was four. The
single gap efficiency, which was deduced from these observed

efficiencies, is shown in Figure 21 as a function of ©, the
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angle the track made with the field direction. From the best
fit to these points, it can be seen that the efficiency be=-
comes zero at about 75° and is about 91% at 0°, (Earlier analy-
sis for the p-p data had assumed 92% efficiency for the upper
gap and 88% for the lower gap irrespective of the angle G2 .)

When there were more particles in the chamber, the
available energy had to be shared by all the particles. An at-
tempt was made to understand the sharing of the energy by using
some of the observations which suggested that the energy was
used up mostly by the tracks which were parallel to the field
direction at the expense of the tracks at large angles., A
model was adopted in which particles shared the energy equally
as long as they were within a certain cut=off angle and no
energy was available to tracks at angles beyond the cut-off
angle. 22.5° was taken to be the cut-off angle beyond which
tracks were not visible., The single particle efficiency funce
tion was used for tracks within the cut-off angle, When this
model was used with the Monte Carlo model for P=-p collisions
(Appendix D), it reproduced the observed multiplicities in the
Echo Lake p-p experiment. The model also reproduced the varia-
tion in the interaction characteristics with the zenith angle
of the primary.

In spite of these inefficiencies, it should be noted
that of the initial sample of 4000 interactions, over 100 had

observed multiplicities of greater than 20 (Table VI). The
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maximum number of the observed prongs was 30 in Pb and 40 in
Fe. According to Allkoffer (59), a track at 5° to the field
direction was six times more luminous than a track at 30°; the
multitrack efficiency in that 10 cm gap spark chamber was zero
at angles greater than 50°. Though our efficiency functions
were in qualitative agreement with the data about spark cham=-
ber performances, one should note that these were deduced from
many observations, which by themselves might have been biassed.
For example, the single particle angular efficiency was de-
rived by assuming that the fraction of the pions in the beam
was negligible. The assumption about a cut-off angle for mul-
tiparticle events is also not realistic. Despite these biasses,
this procedure was the only reasonable option in the present

analysis.



APPENDIX D
A MONTE CARLO MODEL FOR P-P COLLISIONS

A Monte Carlo model had been successfully used in the
correction of the data taken in the Echo lLake p-p experiment
and was used in the present data analysis for the generation
of each p-target nucleon interaction. This model has been de=-
scribed in detail elsewhere (9) and only some of the important
features will be mentioned here.

1) The average charged multiplicity was allowed to

vary as
n, =A+Blns + C/s2 (p.1)

where s is the square of the center of mass energy. This for-
mula was taken from Reference 49 and is in agreement with the
latest NAL and ISR results. ‘

2) The number of created particles was described by
a Poissonian distribution whose average multiplicity was taken

to be

n= (nc - 1.4)1.5. (D.2)

All the created particles were assumed to be pions and a fac-
tor of 1.5 was necessary to include the neutral pions. The

average number of protons in the final state was taken to be

1l.4.
114



115

3) The centre of mass distribution of the momenta

of the pions was given by
3 -bp§ 3
a’Nd £ (x,5) e Pt g°p /B (D.3)

vwhere b was chosen to correspond to an average P, of 0,35 GeV/c.
The transverse momenta for all the particles was chosen from an
exponential distribution and the longitudinal momenta for the
pions from & 1/E distribution. After having assigned momenta
and energy to the created particles, the equations of conserva-
tion of energy and momenta were solved to get the longitudinal
momenta for the nucleons. The momenta and the energies were
then transformed into the laboratory system, where the angles
of the secondaries were with respect to the direction of the
beam particle. A rotation was also done from the beam co-or-
dinates to the experimental co-ordinates.

4) The charges of the final state resulted as if the
particles were produced multiperipherally via an alternating
isospin exchange (I = O, 1). The Monte Carlo model for the
p-p experiment had used a pure (I = 1) exchange model but the
alternating isospin exchange model was preferred since it gave
the correct number of final state nucleons.

This model produced results which were compatible with
the available data on p~-p collisions, V/herever a comparison of
the models for the p-nucleus collisions and the model for p-p
collision was needed, the results of this Monte Carlo model

have been given.



APPENDIX E
SIMULATION OF THE ENERGY UNDERESTIMATION

BY THE CALORIMETER

The aim of the simulation was to understand the
energy bias in the experiment and hence, the observed dis~-
tribution of the event vertices. For the primary interac-
tion, the simulation program used the events generated by the
Monte Carlo model A. The secondary prongs were followed down-
ward from the vertex of the interaction through the remaining
target material and the calorimeter. In the case of a secon-
dary interaction, the tertiary prongs were traced through the
experimental apparatus. When the extrapolation of the parti-
cle trajectory did not enter the calorimeter, the energy de-
posited was considered to be zero. No attempt was made to
simulate either the hadronic cascade or the electromagnetic
cascade. For photons, the energy lost in the target and the
energy not deposited in the calorimeter was taken from a para-
metrization by R. J. Wilkes (15) to the electromagnetic cas-
cade theory of B. Rossi (60). The charged hadrons which
entered the calorimeter were assigned interaction sites based
on the interaction mean free path of the proton. When the
hadrons interacted outside the calorimeter or when they de-

cayed (only for pions) inside the calorimeter or when the
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amount of matter available for the cascade was less than one
radiation length, the energy deposited was considered to be
zero, The total amount of matter traversed by the particle
in the iron was calculated after éubtracting the amount tra-
versed in the scintillator material. The fraction of energy
going into nuclear disintegrations and the energy leaking out
of the bottom were calculated by the parametrizations mentioned
in the section on energy underestimation. Thus the amount of
energy which was deposited by each particle was calculated and
added up to get the final energy of the event,

Table El shows the results of this simulation program.
An interacting event in the Pb target deposited lesser energy
than an event in the Al target. Also, the energy loss was
more when the vertex was in the top plates. The fraction of
particles not contributing any energy increased with the atomic
weight of the target. The energy deposited as a function of
charged multiplicity is shown in Table E2 for Al and Pb targets.
The energy deposited showed a decrease with the multiplicity of
the event. The distribution of the fraction of the energy de-
posited is shown in Table E3. The peak of the distribution was
between 60% and 80% for both the targets.

While all the qualitative features mentioned in the
section on energy underestimation could be reproduced, the
program failed to simulate the actual observed vertex distribu-

tions. While the simulation program showed more events from
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TABLE El

ENERGY UNDERESTIMATION FOR INTERACTING EVENTS

Al Fe Sn Pb
Fraction of Events
With Energy Greater
Than Threshold Energy 0.5045 0.4730 0.4680 0.4451
Unsampled Energy as a
Fraction of the
Incident Energy 0.3%684 0.4028 0.4069 0.4391
Number of Particles
Not Contributing Any
Energy as a Fraction
of the Total Number
of Particles 0.4737 0.4922 0.4976 0.5232
Fractional Energy
Loss with the Vertex
in
83 Topmost Plate 0.3871 0.4702 0.4574 0.5729
b) Bottommost Plate 0.2657 0.2600 0.2903 0.3273
TABLE E2

FRACTIONAL ENERGY DEPOSITED vs CHARGE MULTIPLICITY

Charged Multiplicity Al Pb
2404 5 0.68 0.66
6{n<l0 0.68 0.63

11 4n ¢15 0.63 0.56
16 Sné 20 0.60 0.56
21 {n<25 0.64 0.54
26 Sn 530 0.55 0.53
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TABLE E3
DISTRIBUTION OF FRACTIONAL ENERGY DEPOSITED

IN THE CALORIMETER

f, ?he F?actional En?rgy* Al Pb
Deposited in the Calorimeter
0 Lf 420 17.7 19.4
20 £ £ 440 362 4.0
40 (£ £ 60 5.9 10.3
60 {£¢80 41.9 47.7
80/ f 100 31.3 18.1

*
Both the total energy and the total number of events have
been normalized to 100,
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the bottom plates, the number of events from the top plates
was still considerable and much higher than the observed
values (Table VI). This failure to reproduce the observed
vertex distributions was a reflection on the simulation pro-
gram which was a superposition of many Monte Carlo models,
While it has been shown that the biasses in the target and
the spark chamber were relatively insensitive to the nature
of the Monte Carlo models for the primary interaction

(Table XXI), a correct angular distribution becomes more im-
portant in the simulation of the calorimeter response., The
charge to neutral ratio of the secondaries is also more im-
portant because a photon deposits almost all of its energy
compared to a charged hadron. Apart from the parameters of
the interacfions, a calibration of the calorimeter device
for interacting events has not yet been done with an accele
erator beam and the correctness of the ideas on the unsampled
energy losses have still to be tested. Thus, the observed
vertex distributions were taken for granted and the energy
of each event was multiplied by a factor which corresponded

to an energy underestimation of 44%.
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