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BSIRACZ

Proton-nucleus interactions, in nuclear emulsion, at
incident proton ensrgies of 200 GeV and 300 GeV are
studied. The enulsion stacks were exposed with the
emulsion surface perpendicular to the beam direction. The
results obtainred are found to be compatible with those
obtained, by scanning along the track of the incident
proton, in the horizontally exposed stacks.

The 1inelastic mean-free-path is essentially the same
at the two energies: 33.4%2.6 cm at 200 GeV
34.6%1.8 cm at 300 GeV. The average number of black tracks
and the average number of grey tracks are also observed to
be the sanme at hofh energies: Np>=5.940.4, <Ng>=1.740.2
at 200 Gev and <N, >=6.1+0.3, <Ng>=1.710.71 at 300 GeV. The
average onumber of shower particles, <ny>, increases from
13.44%0.6 at 200 GeV to 15.2+0.4 at 300 GeV. <ng> may be
given by <ng >=1.85 s, where s is the square of the C.M.
ernergy of the nucleon-nucleon system.

It is shown that the ratio of dispersion D to the
average multiplicity in proton-nucleus collisions is
independent of the target nucleus. It is also shown that

the nmultiplicity distribution (in emulsion) obeys the EKNO

!
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semi-inclusive scaling law in the energy range of 6.2 GeV
to 300 GeV. . The scaling function applied by Buras et al
to the proton-proton multiplicity distributions was used.

It 1is argued that the proper quantity that gives the
correct A dependence of the production of particles in
proton-nucleus collisions is the ratio of created charges
in proton-nucleus and proton-proton- interactions. The
predictions for the average multiplicity and the above
mentioned ratio, from various models, are compared with
the experimental values. The predictions of the models
discussed agree reasonably well with the experimental
results.

The rapidity distribution provides a crucial test for
the models consideréd. The models! prediction that there
should be no difference between proton-nucleus and proton-
proton distributions, in the foreward region of the
rapidity (in this case 1ln tan 8. /2) plots is verified. It
is concluded +that with extensive data using various
nuclear targets, it should be possible to eliminate some
of the models since the models differ in the prediction of
the boundary of the region where the excess number of
particles (compared with proton-proton distribution at the

same energy) should appear.
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INTRODUCTION

In recent years attention has been focussed on
hadron-hadron collisions at high energies as a means of
understanding strong interaction dynamics. Since multiple
particle production is the dominating process accounting
for approximately three-quarters of the total cross-
section, it has been the subject of intensive study.
Until recently, cosmic ray experiments, especially nuclear
enulsions exposed at:high altitudes to energeiic cosmic
ray primaries, were the source of infofmation regarding
multiple production processes at ultra-high energies. The
advent of a new generation of accelerators made possible
the study of high-multiplicity events in the laboratory
uﬁder more controllable conditions and with a higher
dejree of precision than could be achieved in cosmic ray
sXperiments. |

The main area of inferest in cosmic ray studies was
the extraction of information concerning hadron-hadron
interactions from hadron-nucleus interactions. Since

nuclear emulsion presents a compdsite target to the




inceming primary, the isolation of hadron-hadron events
was carried out by selecting those events in which the
nupber of evaporation tracks from the target nucleus was

small.

Interest in _hadron-pucleus interactions

puring the past féw years the situation has changed
and the study of hadron-nucleus interactions is attracting
+he interest of nmany physicis*ts.l_3 There are‘several
reasons for this. The idea that it may be possible ¢to
+est different classes of models of multiple particle
production in hadron-hadron collisions by a study of
hadron-nucleus collisions is very attractive. i-10
Moreover, experiments using nuclei as targets may yield
information regarding the space-time development of the
production process and could be of more fundamental
importance than the asymptotic hadron-nucleon collision.
another reason for studying hadron-nucleus interactions is
the coherent production of states +that have the sane
irtrinsic guantum numbers as the incident particle. If
these states are long-lived, it would be possible to
study their decay modes, interaction cross-sections with

rucleons etc..u




In cosmic ray experiments,. using nuclear emulsionms,
the incident hadron energy 1is estimated by using the
Castagroli relationt*

<log  ctge > = log ¥ ,

where B, 1is the emission angle of the secondary in the

L
labcratory frame, and Y, is the Lorentz factor of the
centre of wmomentum of the hadrom-nucleon system. It was
pointed out by Hebert et a113 that, 1in 200 GeV proton-
nucleus interactions, the incident proton energy estimated
using this method exceeds the true energy by 40% when the
number of evaporation prongs from the target nucleus is
less than 2. 1In fact, the <log|°ctgeL> value decreases
as the number of slow particles, resulting from the
fragmentation of the target nucleus, incfeases. Gibbs. et
a1 4 made use of this fact in re-estimating the energies
of some cosmic ray primaries. Thus, a study of hadron-
' nucleus interactiqns at known energies leads to a more
accurate estimate of the energies of cosmic ray primaries
interacting with a nuclear target in emulsions. A&lso, if
the target nucleoﬁs in the path of the incident particle
interact sipultaneously with it, the centre of momentunm
energy available would be greater than for a hadron-
nuclecn collision by a factor equél to the square root of

+he pumber of nucleons involved. If this is the case, the




energy boost has important consequences for the production
of heavy particles hitherto unobserved in proton-proton

A . . 5
collisions at the available accelerator energles.1

S

-

i proton-nucleus interaction may be represented by
p+d —==> atb+C+. .. +A"

where A and A' are the target nucleus in its initial and
final states, and a,b,c etc, are the final state
particles produced as a result of the collision. 1In a
coherent production process, B and A' are the same. In an
inelastic interaction, the target nucleus is often left in
an excited state and it evaporates nucieons or nuclear
fragments, whose typical energies are of the order of 10
MeV.

From cosnic ray experiments and from ISR results,
i+ is established that 80% of the produced secondaries are

pions.“ﬂ?

The transverse nomentum distribution of the
primaries falls off rather sharply, and the value of <pt >
is abou* 0.3-0.4 Gev/c; There are indications that at
large +transverse nmomenta, heavy particle production

beccmes important.




- at the same energy), is

R R R B TR TR

The average number of fast charged particles from a
proton-nucleus interaction <ns> is only weakly dependent
on the incident energy and the atomic weight of the target
nucleus. A particularly useful parameter +that allows a
comparison between <n.,> and <n, > (the number of charged

particles in the final state of proton-proton collisions
9

R, = <ng>,  /<ny >

The dependence of R, on A is normally expressed by the
relation R;<Af The value of R, (and thus « ) increases
with energy aﬁd seems to have reached a constant value at
the highest available accelerator energies.

Proton-nucleus .interactions at high energies (>30
GeV) 1investigated using emulsions as detectors also show
a constancy in the value of the average number of slow
particles resulting from the break up of the target
nucleus. The coefficient of inelasticity K, which is a
measure of the energy spent by the incident particle in
producing secondaries, is on the average considerably less
than'unity, implying that a good fraction of the incident
energy is carried away by a final particle. This feature
of the hadron interactions at high energies is called the

leading particle effect.




N S R e P T T e e R Y

_6_

An important feature of hadromn-nucleus interactions
seems to be the apparent +transparency of the nucleus
towards the newly produced particles, as evidenced by the
angular distributions of the secondaries and +the absence
of internal cascading. .

These and some other features of particle production
at incident proton energies of 200 Gev:- and 300 GeV are

presented in this work.
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Chapter 1

PART I: EMULSION TECHNIQUES

- 1,1 _INTRGDUCTION

Nuclear enmulsions are used both as +targets and
detectors in studying various nuclear phenomena. As
detectors, nuclear emulsions are compact and economical,
requiring only a small amount of accelerator time. The
small grain size of emulsions provides excellent spatial
resoluticn. Enmulsions of different grain sizes and
sensitivities are manufactured by Ilford Ltd. The two most
widely used electron sensitive emulsions are G-5 and K-5.
K-5 =2mulsions have smaller grains ;han G-5 emulsions
(~0.2 um before processing) and thus provide better
resolution, This is important because, at high energies,
the majority of the fast particles are produced in a
narrow fcrward cone and are very close to one another.

Znulsion presents a composite target to the incoming
particles, since it consists of nearly equal volumes of
silver halide crystals and a 'matrix material which is

mainly gelatire. The chemical composition of standard G-5

D N I e O R s D P R 0
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emulsion of density 3.83 g/ml. at 58% R.H. is given by
Barkas.i8 At first sight, it would appear that the fixed
composition of emulsion 1limits the experimenter to the
study of particle interactions in the constituent nuclei
orly. However, grains. of various materials can be either
suspended in the emulsion or deposited between two layers
of emulsion. These loading and sandwich techniques were
experimented with in this laboratory and the results are
promising. The experiments of Florian et alf who studied
the interactions of high enerqgy protons with +tungsten
ruclei, also indicates that emulsion can be effectively
used in studying particle interactions in nuclei other

+han those of emulsion.

1.2 COMPCSITION OF EMULSICN

The densities of the emulsions used in the 200 GeV
and 300 GeV exposures were found to be 3.72 gsml. and 3.85
gs/ml. respectively. The lower value of the emulsion
density in the case of +the 200 GeV exposure is
attributable to the fact that the pellicles were not
completely dry. Taking the higher water content into
consideration, the <chemical composition of this emulsion
can ke calculated from the cdmposition of standard

emulsion., The results of the calculations are presented
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in Table 1.1. The table also gives the probability of an
interaction taking place with each of the constituent
nuclei of the emulsion. The interaction probabilities are
calculated assuming a cross-section dependence of

A", where A is the atomic weight of the target.

Table 1.1

Chemical Composition of Emulsion

20 interaction

Zlement 2 A No. of atoms/ml. {x10 ) probabilities
200 GeV 300 GevV 200 GeV 300 GeV

Ag 47 107.88 97.10 101.01 0.37 0.38

Br 35 79.92 - 96.50 100.41 0.30 0. 31

C 6 12.00 133.20 138.30 0.12 0.12

N 7 14.01 30.45 31.68 0.03 0.03

0 8 16.00 106.40 94.97 0.1 0.10

H 1 1.008 338.50 321.56 0.06 0.05
I 53 126.93 - 0.55 0.57 0.003 -0.003
S 16 32.06 130 1.35  0.003 0.003

Based on the chemical composition, the <A> for
emulsion is 27.82 and 29.10, respectively, for the stacks
ekposed to the 260 GeV and 300 GeV proton beams. The
corrssponding values of <2> calculated from the partial

cross-sections aré 68.54 and 69.76.

1.3 _PARTICLE IDENTIFICATICN AND ENERGY MEASUREMENTS

A charged particle traversing a medium dissipates its

kinetic enerqgy through ionization. In emnulsion, the

.
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energy alsorbed by the silver halide crystals renders them
developable. After processing, the +track of a charged
particle appears as a trail of small dark grains when the
emulsion is viewed under a microscope. The grain density,
i.e. the number of grains per unit length of track, and
scattering measurements, are two of the techniques that
enable one to identify the ©particle and measure its

enargy. These methods are briefly discussed below.

1.3.1 Grain density

The grain density *g' is usually expressed in terms
of 'g, ', the grain aensity of the track produced by an
extremely relativistic particle. g, is proportional to the
specific ionizationf up to the point where g is less than.
494 -

The energy loss, due to ionization, of a relativistic
particle of kinetic energy T, is given by the Bethe—Bloéh

7
formula,i

dT . 5685 NZ_Z:' (022 + in _/2‘ -p ) MeVew
4x & 10-6")
where,

z = the charge number of the incident particle

%2 = the charge number of the atoms of the mediunm
N = atomic density of the medium
I = the ionization potenfial of the medium.
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For & compound medium, the above formula can be
mcdified using the folliowing procedure, mentioned in the
UCRL reports.u) Consider a compound of molecular weight
A, and density ¢, . The 'i' elements constituting the

material have densities p. and atomic weights 4. and each

element has i1 atoms per molecule. Then,

(&Y - il.(g{x)‘. f’»1A.'/,,~_AM

The plots of energy losses of protons and pions in Ilford
G-5 emulsion, calculated by the above method, are
reproduced from the UCRL reports in figure 1.1. Since the
composition of 6-5 and K-5 emulsions is the same, these
plots also apply to K-5 emulsion.

In order to detérmine the energy of the particle fronm
the grain density of its track, one should first measure
g, - This should be done for each plate, since g, depends
on +the sensitivity of the emulsion, the aegree of
development and the time lapse between exposure and
precessing. In the present experiment, g, is simply the
grain density of the relativistic primary proton tracks.
If the identity of the particle producing the track is
known, its energy can be obtained from the normalized

grain density (g/g,) of the tréqk. If, however, 1its




(NOISIMZ NI) AOM3NJ OILANIY 40 NOILONNY V¥ SV :SSO] ASMIN] T'T Sunoly

-12-

40T o lr S | - UT
T . T - . i | .

1or =
X<
3
,m

- ON

do0g




-13=-

identity is unknown, measurements of grain density for two
or more different segments of the track are needed in

order to identify the particle and obtain its energy.

e s 05 Mt Ao 3 2P T oI

A charged particie traversing a medium continually
changes its direction due to scattering by the Coulomb
fields of the nuclei, For a particle of sufficiently high
enerqgy, the scattering angle # 1is small and its average
value is given by

Chy = kzt?/pp
where K is a nearly‘constant quantity for given values of
# and cell length t (measured in microns) over which the
angle is measured ahd z and P are the charge and momentun
(in MeV/c) of the particle. A knowledge of <« thus enables
one +*+o determine P and hence the energy of the particle.
In measuring <«>, however, one has to apply corrections
for various errors introduced by: a) the uncertainty in
deﬁermining the céntre of the track, b) the non-
rectilinear motion of the microscope stage, c¢) the
differential expanéion of the parts of +he microscope
caused Ly temperature changes and d) spurious scattering
which is the result of macroscopic distortions of

emulsion.21
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Following this brief introduction to the emulsion

*echnique, the remainder of the chapter is devoted to the

details of the experiment.

[OUTUN - ;-i::
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PART II: EXPERIMENTAL PROCEDURES

J<4 PREPARATION OF STACKS

All the enulsion stacks were prepared at the Centre
de Recherches Nucleaires, Strasbourg, France. Tne stacks

were conmposed of 1Ilford K-5 emulsion, 00 um thick, in

addition to some emulsion plates. The composition of each

of the stacks, exposed to the 200 GeV and 300 GeV proton

beams, is given in Table 1.2.

Table 1.2
Composition of Stacks

No.of stacks No.of pellicles Dimensions of Incident energy

per stack pellicles in Gev
2 40 20cmxs5cmxs00um 200
1 20 scmx5cmx600um 200
1 36 15cmx5cmx600un 300
1 (%) 6 15cmx5cmx600um 300
3 (*%) 10 scmx5cmx600um 300
2

12 scnxs5cmx600um 300

(*) glass backed enmulsion.
(**) contains 8 glass backed emulsion and 2 pellicles.

1.5 _EXEQSURE_TQ_BEAM

The exposure of the emulsion stacks to the 200 GeV
proton beam (NAL Expt. # 118) was carried out at the Meson

Target Area of the Fermi National Accelerator Laboratory
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{FNAL) by Dr. R. Kaiser and Dr. J. P. Massue, of the
Strasbourg Laboratory. The 300 GeV exposure (NAL Expt.
# 233) took place at the Neutrino Area of the FNAL. The
persons invloved were the author, Dr. R. Kaiser and Dr.
M.-A. Vincent, CRESALA, .Oniversite du Quebec.

The stacks were placed at a distance of 50 meters
- from the window from which the 200 GeV proton beam
emerged. The amount o0f air the beam passes through is
equivalent to 1.5 cm of emulsion. By the time the bean
reaches the target, it would be highly contaminated. To
reduce this contamination of the beam, a plastic bag

£illed with helium gas (at atmospheric pressure) wvwas

placed in the path of the beame 1In the case of +the 300

GeV exposure, the beam passes through only 1.5 meters of
air and thus the introduction of helium in the path of the
beam was not essential.

The beam dimensions, in both the experiments, were
7.5 cm x 3.5 cm. The pulse rate was 10 pulses per minute.
"he beam was located by exposing polaroid films and the
flux of protons was determined by irradiating test plates.
This value was found to be 0.3 x 104 protons/cm*/pulse.

Two techniques of exposure were used: 1i) the

horizcntal exposure, where the beém'direction was parallel




to the enmulsion surface and ii) the vertical exposure
where the beam direction was perpendicular to the emulsion
surface. The stacks containing emulsion pellicles

(andsor plates) of dimensions 5 cm X 5 cm X 600 um were

6
exposed vertically to a.total flux of approximately 10

protons and the rest of the stacks were exposed

- horizontally to a total flux of nearly 2 x 104 protons.

1.6 PROCESSING OF THE EMULSION_STACKS

The stacks that were exposed horizontally (at both
energies) and three of the vertically exposed stacks (at
300 GeV) were processed at Centre de Recherches
Nucleaires, Strasbourg, France. The remaining stacks were
processed at the Uni?ersity of Ottawa. The steps involved
in processing are outlined here. The detailed procedure
is presented in Appendix 1.

Pricr to development of the stacks, a grid was
printed on the lower surface of each pellicle so as to
provide a co-ordinate system for the location of events.

The aim, in,  processing the emulsion stacks, was to
achieve uniform development throughout the thickness of
the emulsion, with low distortions. Since unsupported
enulsion undergoes dimensional chagges in all directions,

it was necessary to restrict at least the 1lateral
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expansion of the pellicles by mounting them on pre-treated
glass. The development technique used was the two-
temperature method introduced by Dilworth, Occhialini and
Payne.li The first stage of this method consists in
presozking the emulsion-in distilled water. During this
stage the enmulsion swells but the swelling is kept to a
* minimum ty keeping the distilled water at 4° C. In the
following stage the plates were placed in developer
solution at 4° C. The pre-soak in distilled water
facilitates the penetration of the developer into the
emulsion. The developer solution used was Brussels amidol
developer, Amidol 1is a strong reducing agent that
penetrates the emulsion faster than most other <chenicals

used for this purpose and it can function at low pH. The
low pH is important in avoiding excess swelling of the
emulsion. The action of the developer starts during the
warm stage of development. In the dry warm stage, which
was used in developing these stacks, the cold developer
solution was poured out and the temperature of the plates
was allowed to rise to 24° C. puring both the cold and
varm stages of development, at the University of Ottawa,
filtered nitrogen gas was circulated in the developing
tank. This prevents the oxidation of amidol which gives a

yellow tinge to the processed emulsion.
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The action of the developer was arrested by placing
the plates in a weak (0.6%) solution of acetic acid, The
plates were then transferred to the <fixing solution.
Fixing is rapid at high temperatures and with high pH
solutions. This would make the emulsion swell greatly and

would cause distortions. Fixing at low temperatures with

- low ©pH solutions 1is slower. Moreover, too low a pH for

*he fixer tends to etch the grains of the tracks. Fixing

can be accelerated by stirring the solution and also by

maintaining +the concentration of the solution by

periodically adding fresh fixer. In this laboratory,
stirring of the solution was accomplished by a gentle flow
of nritrogen gas into the fixer. The temperature of the
stop bath and fixer were kept at a constant 12°C.

On the completion of fixing, the fixer solution was
very slowly diluted by allowing filtered demineralized
water toc flow into the solution. The temperature during
this stage was the same as for the fixing stage. This
stage 1s very critical, for rapid dilution causes bubbles
to form , especially in the places where the contact
tetween emulsion and the glass support is weak. The
osmctic pressure resulting from the different
concentrations of the liquids vipside and outside the

bubble, makes the bubbles .swell. When bubbles’ formed,
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+hese were punctured in order  to avoid distortions in
other parts of the emulsicn, which could be caused by +the
growth in size of the bubbles. Once the fixer was
removed, the plates were washed 1in rapidly flowing
filtered demineralized water (at 12°C) and then were dried
in a series of solutions containing progressively strpnger

" percentage of ethanol. This type of drying reduces
distcrtions and also prevents the grouth of nicro-
organisms in the emulsicn. Finally, the plates were left
to dry ip air at a constant temperature and humidity

(55% R.H.).

During +the dilution stage of one of the 300 GeV
stacks, the temperature of the bath was accidentally-
allowed to rise to 20° C for about 12 hours. This,
urfortunately, introduced distortions in these plates.

After drying, the thickness of the processed emulsion
iz aktout one half of the initial thickness, owing to the
remcval of the undeveloped silver halide during fixinge.
The shrinkage factor, 1i.e. the ratio of the original
thickness of the emulsion +to 1its thickness after

processing, should be determined for each plate.
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1.7 DISTRIBUTICN OF STACKS

The plates were distributed to the members of our
collaboration, consisting of groups from Paris, Rore,
Valence, Belgrade, Lund, University of Ottawa and McGill
University. The horizontally exposed plates were

distrituted to +the European groups mentioned above. The

- group frem McGill was involved in the 200 GeV experiment

only. At the University of Ottawa, some horizontally
exposed plates were used, but the work done for this
thesis was confined exclusively to the vertically exposed
stacks. Data from the rest of the collaboration are used
for comparison purposes and also when good statistics wvere

necessary in analyzing the data.

1.8 SCANNING AND MEASUREMENT IN VERTICALLY EXPOSED PLATES

In the vertically exposed plates the proton bean
appears as a matrix of dots, when the emulsion 1is viewed
under a microscope. Ihese.dots appear to move into and
out cf the emulsion.depending on the sense of the z motion
of the microscope stage. The shrinkage of the emulsion,
after processing, helps maintain the continuity of each

track as it travels into or out of the emulsion.
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1.8.1_Measurement of flux

The flux of protons in each plate was measured by
means of a Leitz wmicroscope fitted with a 100x oil
immersion (Apochromat) objective and a pair of 10x oculars
(Periplan). One of the-oculars contained a graticule with

a grid of 10 x 10 squares inscribed on its surface. The

"dinmensicns of the grid were calibrated against a stage

micrcmeter. The total number of protons traversing the
area of the grid was counted at five different areas in
each 0.5 mm x0.5 mm square of the emulsion area that was

scanned.

1.8.2 Scanning

4 graticule piaced in one of the oculars of the
microscope aided in dividing the field of view into 9
squares, Originally, the plates exposed to the 200 Gev
proton Lteam were scanned using a 40x air objective
(Apochromat) and a pair of 10x oculars. However, noticing
thé inefficiency inithe observation of events with one or
no nuclear fragments, this cbjective was replaced by a 53x
0il immersion objeétive (Apochromat). Groups of primaries
traversing each part of the field of view were carefully
follcwed and possible proton-nucleus interactions were
reccrded by noting the x,y and 2z coordinates of each

event., The x and y coordinates were fixed by observing
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the position of each event om a grid printed on the
emulsion or on a grid that was attached to the glass plate
supporting the emulsion. The z coordinate was measured
relative to either the top or bottom surface of the
emulsion, using the z.micrometer of the microscope. The

scanning procedure was repeated by changing the field of

- view ty means of the x and y micrometers of the microscope

stage. This method of scanning is a hybrid between area
scanning and along-the-track scanning techniques. Though
an area of emulsion was scanned, it was the tracks of a
group of particles that were followed in each field of
view,

As experience in scanning increased, it was realized
that comparable deteétion efficiency, with increased speed
of scanning, can be achieved by scanning the plates at
lower magnification. Consequently, the plates exposed to
the 300 GeV proton beam were scanned using a 22x oil
immersion objective. (Apochromat) along with a pair of 10x

oculars.

1.8-3_Criteria for selection of events

Though many possible proton-nucleus interactions were
detected while scanning, only those events that satisfied
certain criteria were considered to be genuine events. Ain

event was considered to be genuine only if +the incident
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particle was parallel to the beam particles. To enforce
this criterion, events within 40 um (sometimes 60 um) fron
the tcp of +he emulsion surface were excluded. Events
within 60 um from the bottom surface of the emulsion were
alsc excluded for the reason that small events are harder

o notice if the lower portion of the emulsion is not as

‘well developed as the upper portion. The limits of cut-

off were different in different regions of the plates,
depending on the local conditions of distortion,
development etc.. For a given area, of the order of a few
square millimeters, these limits were the same through out

that area.

1.8.4 Classification of tracks

A charged ©particle track is classified as black,
grey or minimum according to its grain density gq. The
grain density g, of a minimum track in a well-developed
plate is about 25 grains/100 um. This value shows a
slight variation 'Qith depth in the emulsion due to the
non-uniformity 1in development. Based on 9, r the

classification of tracks is as follows:

1) Black tracks: Blacks tracks are produced by low energy
particles,resulting from the evapb;ation of the struck

nucleus. They have a grain density which is greater than
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49, - This corresponds to protons of energies up to 75
MeVv and pions of energies up to 12 MeV. Stopping
particles of unit charge are easy to recognize from the
scattering at the end of the track, although deuterons and
tritons <cannnot be separated from protons without

performing scattering measurements.

2) Grey tracks: In this work grey tracks are tracks with
4 9,59> 1.4 g, and are frequently associated with protons
of energy between 75 MeV and 400 MeV, or pions of energy

between 12 MeV and 60 MeV.

3) Shower tracks: The grain density of a shower track is

to te g £ 1.4 g, and corresponds to proton and pion

energies in excess of 400 MeV and 60 MeV, respectively.

1. 8.5 Measurement of the number of slow particles

The field of view was divided into 4 quadrants (with
the aid of a graticule placed in one of the oculars) and
the numter of black and grey tracks in each quadrant were
counted. The number of heavy tracks N, is the sum of the
black +tracks Ny and the grey tracks Ny . For events with
& great number of tracks, the counting was performed by
making a rough drawing of the star, in order to avoid
counting the same track twice. The division of tracks

into Ltlack and grey was déne by eye. Difficulties in the
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classification of the tracks were due to the non-unifornm
development of the emulsion with depth and the large dip
angles of the +tracks under consideration. The grain
density of a track going into or out of the emulsion can
be corrected if the shrinkage factor and the approximate
dip angle of the track are known. One also has to account
. for the variation of grain density with depth.
Fortunately, in the vertically exposed plates, the
majority of the black and grey tracks have .small dip

angles and are fairly easy to classify.

1.8.6 _Measurement of the number of shower particles

The method wused in counting the number of shower
particles is the same as that used in counting the black
and grey tracks. The severe limits of cut-off in depth
ensured that the grain density of tracks is reasonably
uniform in the area used. Grainm count was performed only

in doubtful cases.

1.8.7 _Measurement of angles

The distortions in scme regions of the plate selected
for our study at 200 Gev, were very low and the primary
protcns were perpendicular to the emulsion surface with a
slope that was not more than 6'. Tq measure the angles of

the charged shower particles from a proton-nuclear
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encounter, the following procedure was adopted. One of
the oculars contained a graticule with a scale inscribed
on its surface, and this scale was calibrated against a
stage micrometer. The other ocular contained a
protractcr-graticule that was used to measure the
azimuthal angles of the =shower particles. For the
- measurement of angles, a 53x oil objective was used at
toth energies.

The space angle of each shower particle was
determined by noting a) the height 'h' of the event from

the bLottom surface of the emulsion as measured by the z

micrometer and b) the projected length of the track of the

shower ©particle from the centre of the star to the point .

vhere it left the emﬁlsion, as measured by the calibrated
scale in +the ocular. The real height of the event, i.e.
the height of the event in unprocessed emulsion, is given
ty h.s , where s is the shrinkage factor.

The shower particles from most of the events are in a
very forward cone and leave the enmulsion in the field of
view. The space angle of any particle, that leaves the
field of view before leaving the emulsion, was determined
by measuring the height of the star from the plane where
the particle disappeared from the field of view to the

point of interaction, and the projected length of the

Cop St
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particle track on this plane. Since the objective used
intrcduced distortions at the edge of the field of view, a
shower particle was considered to be out of the field of
view as it reached the distorted region.

This simple nmethod of measuring angles could not be
used with the plates exposed to the 300 GeV proton bean,
- due to the distortions introduced during processing these
plates. To overcome this difficulty, instead of a pair of
10x oculars, a pair of Leitz Wetzlar 12x oculars equipped
with screw micrometer eypieces was used. The rotation of
the micrometer screvw caused a straight wire to move across

2 scale inside the oculars. With the aid of these oculars

an X-y coordinate system was superimposed on the field of

view. The height of-the star was measured from the top of
the emulsion sufface (the proton beam entered the emulsion
from +the 1lower surface of the plate) and the X,Y
coordinates of the event and .each of the shower particles
were obtained. Corrections to the angles were made by
measuring the slopes of a few primary tracks near the
event, in the same vertical distance as that traversed by
the shower particles.

The two types of angular measurements are illustrated

in fiqure 1.2.
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1.9 SCANNING__AND _MEASUREMENT IN _HORIZONTALLY EXPOSED

P T ey &g e

1.9.1_Flux pmeasurement

The flux of protons entering a horizontally exposed
plate is obtained by counting the number of primary tracks

that enter a given area of the emulsion.

~J1:9.2_ Scanning

There are two ways of scanning for events in
horizontally exposed plates; area scanning and along-the-
track scanning. 1In the former method, one selects an area
in the erulsion and scans that area systematically. This
technique cannot be Telied on to yield an unbiased sample
of events. Since the secondaries produced in most events,
especially those with a small number of slow particle, are
ztrongly collimated in the forward direction, events with
@ very small nupber of charged shower particles escape
detection. Moreover, events produced by secondary
particles, whose slopes cannot be differentiated from
those of the primaries by eye, would be confused with
genuine events. For these reasons, the slower but more
reliable along-the-track scanning technique is used by
nost experimenters.

In the along—the-track'scanning method, one starts at
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the edge of the plate where the beam enters, selects the
primaries to be followed (by measuring the divergence of
the beam, the dip angles of the +tracks etc.) and then
follows each primary until either an interaction is

observed or up to a pre~determined length of track.

1.9.3. Counting of tracks

The method used for counting the number of slow
particles was the same as that described for the vertical
exposure. However, in horizontally exposed plates, the
methed of counting shower tracks is different since the
geometry of the event is different. The counting was
performed at a short‘distance from the centre of the event
to ensure +that the tracks are well separated. In all

cases, diagrams of the stars were drawn.

1-9-4 _Measurement of angles

Two plates that were exposed to 300 GeV protons were
scanned in Ottawa by this method using a Leitz microscope
equipped with a 32x air objective and a pair of 10x
oculars. After the scanning was completed, the 32x air
objective was replaced by a 53x 0il objective, in order to
measure the angles of the secondaries. One of the oculars
was fitted with a calitrated scale, while the other

contained a protractor-graticule. The dip angle of. each
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shower ©particle was measured at a distance of 100 um, and
in scme cases at 50 um or 200 um, from the centre of the
event. The azimuthal angle of the shower track was
measured using the protractor~-graticule or when this angle
was small, by fixing the x and y coordinates of the track
With respect to the centre of the event. From the dip
angle and the azimuthal angle of each éecondary, its space

angle was obtained.

J.10 CCMEARISCN OF TECHNIQUES

The efficiency‘ of detection of events by along-the-

track scanning is very high even for those events with low

N, and lcw ng . However, events with N, =0 and n, =1 were

only found by experienced scanners. Delta rays and lepton
pairs produced directly by the incoming primaries appear
similar to genuine 2-prong and 3-prong events having no
ruclear fragmentation, nuclear recoil or electron track at
the crigin. 1In horizontally exposed plates, one can (in
principle) follow the seccndary tracks for long distances
and establish the nature of the secondaries.

In vertically exposed plates, the beam flux can be
higher +than in horizontally exposed plates without
introducing confusion of shower - particles with primary

protons near the event. ~The distance over which +the
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multiplicity is counted, is ﬁormally greater than 150 up
and due to the shrinkage of the emulsion after processing,
the forward cone appears to be wider by a factor 2, which
is an advantage in counting shower nultiplicities. In
horizontally exposed "plates, on the other hand, the sanme
shrinkage of the emulsion makes the cone flatter in the z
direction, In vertically exposed piates, the angles of
the shower particles can be measured without having to
change the field of view, thus minimizing the errors that
could ke introduced. But the measurement of angles
greater than 85° is less precise, unless the field of view
is changed and the track is followed over a longer

distance.

1211 _EFFICIENCIES

In this section the efficiencies of scanning and
measurements made in the vertically exposed plates are

presented.

1.31.1_Scanning

Before going into the discussion of scanning
efficiency, it is convenient to introduce the terminology
commonly used in describing events in emulsion.

A proton-nucleus intgraction is referred to as a star

or an event. A 'clean' star does not have a nuclear




recoil or an electron track ‘at the origin. The tern
'dirty' star refers to an event with either a nuclear
recoil, an electron track or both at the centre of the
event, Stars with no black or grey tracks are called
'white' stars. Events with N,=0,71 are also called quasi-
nucleon! events; Stars with 'n' shower particles are
sometimes referred to as n-prong eventé.

The efficiency of detecting events in vertically
exposed plates depends on many factors, the most important
being the experience of the scanner. The other factors
are: the number of siow particles, +the number of fast
particles and their angles of emission. 1In the case of
events with N, <2, the more numerous the shower partiCIGS,-
the greater the chance of detecting the event. Among the
N, <2 1low n, events, the stars in which the secondaries
are emitted at small angles are easier +o observe than
those where the secondaries are emitted at large angles.

In Table 1.3 results of scanning a particular area in
a plate exposed to 300 GeV protons is presented. Scan 1
was performed by the author and scan 2 was performed hy

Mrs. V. landapani.
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Takle 1.3

Efficiency cf Scanning

N, group Numker of events observed
Scan 1 Scan 2
0 16 10
1 11 8
2 8 9
>3

65 65

The results indicate that the scanning efficiency is
close to 100% except for the events with N, <2.

Some of the events in the N,= 0 group are not only
difficult to detect; but are also difficult to interpret.
These are «clean white stars with n, =1,2 or 3. No clean
stars with n, =1 were observed in the areas scanned at
either energy. The contribution of these events to the

proton-nucleus inelastic cross-section is expected to be

sma11.”? Some events with ng =2 were observed, but these

é can easily be attributed to high energy delta ray

production by the incident protons. The mean free path,
in emulsion, for the production of delta .rays with
ena2rgies in excess of 50 MeV can be calculated to be close
to 2.5 meters. (See Appendix 2). These events were

considered to be genuine inelastic interactions only if

the £final particle trajectories showed appreciable
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devietion from the incident particle direction and if the
tracks did not show multiple scattering characteristic of
a low energy electron.

Clean inelastic events with Dy, =3 may be confused
with e' e  materialization coincident with the bean
tracks, 1lepton pairs directly produced by the incident
protens c¢r, as in the case of ng =ﬁ events, coherent
interactions between bean protons and target nuclei. &
rough calculation using Bhabha's theory yields a mean free
path for direct electron pair production, ( with sufficient
pair energies to be mistaken for genuine events), which is
compatible with the numkter of events observed. (See
Appendix 2). If there is an observable deviation of the
primary track, the event can not be interpreted as pair
producticn, 1In all such cases, the criterion g}inevg 0.3
(see section 1.12.2) for coherent production was
gatisfied.

In Table 1.4, the percentages of events in different
Ny, groups are compared with those obtained by the

collabecration using along~the-track scanning, There are

no significant differences between the values obtained.
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Tabkle 1.4

Percentage of events in different N groups

N, group % of events % of events
in vertical exposure in horizontal exposure
200 Gev 300 Gev 200 Gev 300 Gev
0- 1 2544 24%2 2842 2841
2- 5 2544 2743 2742 29+1
6-10 20+3 1842 1741 1741
>10 30+4 3143 28+2 261

1.13.2 Counting efficiencies

Results of a check on the counting of charged

particle multiplicities are presented as histograms in.

fignre 1.3. The second set of measurements (dashed
histograms) were obtained while performing the angular
measurements. Since each track had to be studied
individually, the classification of tracks as grey or
shower tracks was carried out more rigorously. Since the
grey tracks are found mainly in the larger stars, this
would account for'the differences Letween the two sets of

data,

wde 113 Measurement of angles of shower particles
The efficiencies of measuring angles at 200 GeV are

presented in Table 1.5. 'These events were remeasured
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Table 1.5

Measurement of angles at 200 GevV

Trial 1 Trial 2 Error Trial 1 Trial 2 Error
0.25¢6 0.228 0.010 0.180 0.155 0.006
0.256 0.228 0.010 0.029 0.028 0.003
0.150 0.151 0.006 0.034 0.0633 0.003
0.063 0.063 0.003 0.084 0.08s 0.004
0.054 0.055 0.003 0.043 0.040 0.003
0.260 0.251 0.009 0.7133 - 0.131 0.00s5
0.182 0.183 0.007 0.019 0.019 0.003
0.110 0.110 0.00s5 0.019 0.019 0.003
0.085 0.08s 0.004 0.119 0.108 0.00s5
0.060 0.042 0.003 0.050 0.050 0.003
0.07s5 0.070 0.004 0.728 0.739 0.089
0.014 0.014 0.002 0.312 0.307 0.018
0.092 0.092 0.004. 0.329 0.317 0.019
0.027 0.024 - 0.002 1.065 1.055 0.183
0.572 0.589 0.058 0.477 0.502 0.042
0.320 0.31s5 0.025 0.309 0.303 0.013
1.150 1.500 0.335 0.297 0.28¢ 0.016
0.333 0.324 0.02s5 0.380 0.375 0.022
0.357 0.355 " 0.031 0.290 0.281 0.01s5
0.323 - 0.026 C.261 0.260 0.013

All angles are in radians.
- track not found.
The errors are based on errors in measurement.
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Table 1.8

Measurement of angles at 300 GevV

Trial 1 Trial 2 Error Trial 1 Trial 2 Error
0.01s 0.016 0.001 0.001 0.0004 0.002
0.006 0.008 0.001 0.014 0.014 0.002
0.004 0.004 0.001 0.013 0.014 0.001
0.003 0.002 0.001 0.114 0.11s8 0.00¢
0.066 0.0867 0.003 0.13¢ 0.133 0.008
0.017 0.016 0.001 0.113 . 0.112 0.005
0.027 0.02s5 0.001 0.038 0.040 0.003
0.039 0.038 0.002 0.190 - 0.191 0.010
0.038 0.043 0.002 0.13% 0.136 0.006
0.038 0.034 0.002 0.226 0.224 0.010
0.071 0.06¢6 0.003 0.39¢ 0.414 0.028
0.042 0.039 0.002 0.2066 0.283 0.01s5
0.052 0.052 0.002 0.178 0.188 0.010
0.151 0.157 0.006 0.169 0.172 0.008

0.168 0.177 0. 007
0.09¢ 0.100  0.004
0.512 0.568 0.107
0.643 0.655 0.065
0.344 0.355 ' 0.253
0.364 0.369  0.029
0.141 - 0.006

- 0.104  0.004

A1l angles are in radians.
- track not found

The errors are based on errors in measuremnent.
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accidentally, without any intention of checking the
accuracies of the measurements. The results of
remeasuring angles at 300 GeV are presented in Table 1.6.
This time a check cn accuracy was intended.
Correspondence between tracks was made by a knowledge of
their aprroximate azimuthal angles.

The errors are based on reéding errors only. The
errors dc seem to be overestimated, since in the majority
of cases, the difference between the two measurements is

much smaller than the estimated error.

1.12 CIASSIFICATION OF STARS

1212.1 FEvents belonging to light_ and_heavy groups:

It 1s convenient to consider emulsion as consisting
of hydrogen, a light group of elements (C,N,0) and a heavy
group of elements (Ag,Br). It would kLe worthwhile to try
to separate the events intc groups in order to study the
‘dependence of the average charged shower multiplicity and
the angular distribution of the shower particles on the
mass of the target nucleus.

The guideline for. classification of events is the
number of slow particles from the target nucleus. Though

4 complete break up of an oxyger nucleus can give eight
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slow charged particles, Lohrman and Teucherzq report that
in experiments done with pure gelatine no events with

Ny, >6 were recorded. WNearly 45% of the observed events,
at both energies, have N, >¢ and thus can be readily
classified under ‘theavy group'. Since 70% of the total
number of events in emulsicn are expected to be due to
proton heavy-nucleus encounters, .this means that 45% of
the remaining events must also belong to the heavy group.
Also, according to Lohrman and Teucher, 94% of +the
interactions in gelatine have atleast ope black track of
range 1less than 55 um. This was used as the criterion to
identify the events belonging to the 1light group. A
similar criterion. was emngloyed by the Soviet group.a1 in
the present analysis, in ambiguous cases, nuclear recoils
were also considered. In some small events (N, <4), the
observation of a very short (=2 um) recoil was considered
to be an indication that the star belonged to the 'heavy -
‘group'. The same criterion was extended to stars with ‘Nh
=0. Prcton-proton events were rehoved from 'clean! N,
=0,1 events by making use of the bubble chamber dataZ%m at

both incident energies.

1.12.2 Coherent events

Consider a hadron-nucleus interaction, where the

momentun transfer to the nucleus is small. 1In such cases,




the nucleus takes part in the ‘interaction as a single body
and its internal structure is of no importance in the
description of the production process. The nucleus acts
coherently and the production process is external to it.

Coherent production is characterized by a) the
absence of break up or even excitation of the target
nucleus, b) the narrowness of the éngular distribution of
the secondaries produced and c¢) the conservation of
quantum numbers of the initial and final states.

The first two characteristics of coherent production
process are easily observable in nuclear epulsions. The
excellent spatial resolution of +the detector makes the
observation of small recoils (=2 um) and measurements of
small angles ( ~1 mrad) possible.

The small nmomentum transfer involved in a coherent

My, a5
process demands that . Z151n 8, €0.3. Clean N, =0

events with odd number of shower particles are possible.

coherent events.' Some of the incoherently produced events
also satisfy the restriction on angular distribution.
Thus a correction for the background could be made and the
true number of coherently produced events can be

estimated.

i
i
i
1
1
¢
f
i
{
i
|
§




-4~

Chapter 2

+1.INIRCDUCTION

—

In this chapter, the experimental data on proton-
nucleus interactions at 200 GeV and 300 GeV are presented.
Unless specified, the <Tesults refer to the work done in
the vertically exposed stacks, which vere studied
exclusively 1in Ottawa. The data are compared and in sonme
cases combined with the results of +the rest of +the
collaboration. . The 1latter results were obtained by
scanning stacks that were irradiated with the  bean
directicn parallel to the surface of the emulsion. Due to

the difference in the degree of development of vertically

and horizontally exposed stacks, the counting efficiencies

- for the two types of exposure are not +the sane. No

attempt has been made to account for this factor.

2.2 INFLASTIC MEAN-FREE-PATH

The effective track length followed was computed fronm
the dimensions of the regions scanned, the flux of protons

and the 1limits of cut-off applied for that region. VNo




corrections for scanning efficiency were made, nor vwere
probable coherent events with ng=3,5 or 7, excluded. The
measured values of the inelastic mean-free~path are
presented in Table 2.1 and are compared with those
obtained by along-the-track scanning. The errors are
based on the number of observed events. Results obtained
by the two scanning techniques are in agreement within the
limits of statistical errors. The value of the inelastic
mean-free-path from the combtined results is 35.0 Y+ 0.8 cn
at 200 GeV and 34.9 + 0.7 at 300 GeV. As expected, the

mean-free-path remains constant in this energy region.

223 _DISTRIBUTION QF SLOW_PARTICLES
The distribution of klack tracks observed at 200 GevV
ard 300 GeV are shown in figure 2.1. 1In figure 2.2, the
corresponding distributions of grey tracks are plotted.
The average number of black tracks (<N»>) in vertically
-eXposed plates ‘are 5.9 *+ 0.4 at 200 GeV and ¢.1 + 0.3 at
300 GeV, with corresponding values of 1.7 X 0.2 and 1.7
0.1 for the average number of grey tracks (<Nq>). 1Insofar
zs the slow particles are concerned there does not appear
to ke any difference between the stars produced at 200 GeV

ard 300 GeV.

The combined distributions . of slow (black.and grey




4

-
N~ O
+] ] +] 4]

0°s¢ seoe 81" 804 lejuozjaoy 00¢
9 g 88¢ 00°*t¢T tes13aan 00¢
; 1's¢ S091 T0*495 lequozjaoy 002
: ntee 991 : gnvss Ledj349a 002

-46-

wee o
v

S4932W|3usd uy sdajauw uj A9YH U
yied 9344 ued,y sjusao 40 “ON »3DB43 JO y3lsue] vansodxa 40 9dA|l AT43ud Juap)ou]

Yied-sadj-ueaw dj3se|au]

1°¢ stqeyl




NUMBER OF EVENTS

-47-

200 GeV

2 F
300 GeV

60 | '
u
N

A 1

0 10 | 0
N,

Fieure 2.1 DisRiBUTION oF BLack Tracks



48~

A0 GV
60
o r
' ! '—‘ﬁ* e
=
5 W0 GeVi
U 1
5
= 10
80 L
[IO .
L ! L g
0 2 L 6 8 10
Mg

F1GURE 2,2 DISTRIBUTION OF GREY TRACKS




-49-

tracks) are shown in figure 2.3. The dotted histograms
are obtained by combining our results with the results
from the rest of our collaboration. The average numbers
of slow particles (<N,>) are 7.6 * 0.6 at 200 GeV and 7.8
t 0.4 2t 300 GeV. PFor the entire collaboration, these
valuesv are 7.6 + 0.2 and 7.1 # 0.1 respectively. The
difference between the two results ai 300 GeV could be
attributed to the under-development of some of the plates

used Lty our collaboration.

2s4 DISTRIBUTION OF SHOWER PARTICIES

The distribution of shower particles are presented in
figure 2.4. The average number of shower particles (<n5$)
are 13.4 * 0.6 at 200 GeV and 15.2 } 0.4 at 300 GevV. The
dotted histograns correspend to the results of the entire
collaboration, For these data, the values of <n;> are
13.2 + 0.2 at 200 GeVv and 1s5.1 X 0.2 at 300 Gev. As
expected, there_'is an increase in the average number of
shower particles from 200 GeV to 300 GeV. <n. > may be
described by the empirical relation <n;> = 1.85 s%, where
§ is the square of the centre-of-momentun enerqy in

nuclecn-nucleon collisions.
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225 _DISPFRSION OF SHOWER PARTICLE DISTRIBUTION

The dispersion of the shower particle distribution is

given by
D* = <n > - <n, ¥

The values of dispersion obtained are 7«4 + 0.3 at 200 GevV
and 8.3 # 0.2 at 300 GeV, for the vertical exposure. For
the conplete sample, these values afe 7.8 * 0.2 and 9.0 *
0.2 respectively. The larger dispersions of +the complete
data are to Dbe expected, since all the scanners are not
equally efficiemt in counting. This results in the
distribution becoming broader than the distribution for a
single sample.

The dispersion of the shower particle distribution is
a quantity of considerable interest. - The relationship
that exists between D and <ns > and its relevance to

scaling of the multiplicity distribution are discussed in

the next chapter.

226 EEIATIONSHIP BETWEEN <N, > AND <ns>

In order to bring out the relationship between <Np>
ard <n¢>, the complete data at 200 GeV and 300 GeV are
separately divided into a number’of N, groups. The groups
considered are Nn =O.1,2-3,4-5,6‘7,8-9,10-12,13-15,16—

18,12-22 and >22. For each N, group the average number of
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shower particles was computed. ' Plots of <ng > vs. <N} > are
displayed in figure Z2e5. The Tesulting linear
relationship can be represented by

<ng> =a + b ‘<Nh>
with a = 9.5 + 1.3 dnd 10.7 } 0.8 and b = 0.52 + 0.13 anag
0.63 + 0.08 at 200 GeV and 300 GeV respectively.

The values of dispersions for‘the groups considered
are presented in Table 2.2 along with the average npumber
of shower particles for each group. In the same table
values of D/<ns> for the groups considered are listed.
Within the 1limits of experimental errors, this ratio is
constant for majority of the groups. However, at high
values of Ny , this ratio appears to decrease.

The constancy of L/<ng > indicates +that for a
homogenecus target, this ratioc should be independent of
the target nucleus. In order to test this argument, we
shall separate the emulsicn data into two groups, viz.,

N, &6 and N D>g. As pointed out in the first chapter,
events in the CNO group can only have N, Ls6. Hence the
group N, <6 corresponds to all CNO events and some AgBr
events in which the number of collisions of the incident
particles in the target nucleus'is comparable to those in
CNO. This makes the group N, 6 homogeneous and the events

behave as though they occur in a pure CNO target. The
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angular distribution data support this arqument (see
secticn 2.10.3). The value of D/<ns> for the N, <6 events
is 0.56 * 0.03 at 200 GeV and 0.s5% } 0.04 at 300 GeV. Ve
can alsc test this conclusion by separating the emalsion

data intc the two constituent groups.

2.7 MUITIPLICITIES FOR THE LIGHT AND HEAVY ROUPS OF NUCLEI

The events are separated intoc those belonging to the
light group and the heavy group, using the method
discussed in the previous chapter. This separation was
attempted by the gfoup in Ottawa only.

The shower particle distributions for proton

interactions with the light group, at the two incident

~energies, are shown as hatched distributions in figure

2.4. The values of <ng> for the CNO group are 10.2 + 1.0
at 200 GeV and 11.9 +0.6 at 300 GeV. The corresponding
values for the AgBr group are 14.9 + 0.7 and 16.7 X 0O.s.
The dispersions of the multiplicity distributions are

Do =5-9 % 0.8 and Dkﬂf =7.5 % 0.4
at 200 GeV and

D, =57 * 0.6 and DAﬁf =8.8 * 0.4

at 300 Gev.

In +table 2.3, values of -D/<ng > for CNO and AgBr
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groups, along with the Chromimum (300 GeV) and Tungsten

(200 GevV and 300 GeVv) data of Plorian et al , are

presented.
Table 2.3
D/<ns> for different nuclei
Enerqgy D/<ng>
in GeV CNO AgBr Cr W
200 0.58 # 0.14 0.50 + 0.05
300 0.48 % 0.07 0.53 + 0.04 0.51 + 0.05 0.56 3 0.04

The average numbers of heavy tracks are 2.4 + 0.3 and
2.9 # 0.2 for the light group and 9.9 + 0.7 and 9.9 + 0.5

for the heavy group at 200 GeV and 300 Gev, respectively.

2.8 EFFECT OF NUCLEAR SIZE ON _MULTIPLICITY

The effect of the size of he target nucleus on
particle production at high energies is usually expressed
es a ratio of the average number of shower particles

produced in proton-nucleus interactions to the average

nunker of charged particles resulting from proton-proton
interactions, Also, this ratio 1is assumed to have a
simple relationship with A, the atonic weight of the

target nucleus. Thus,




[

By = <ng>, . /<n . > =1

The value of « can be determined from the experimental
data. Since epulsion is a composite target,
Rewm = Z P. AO(
R 4 L
where P, 1is the probability +that the incoming proton
interacte with a nucleus 2. The values of <N > at 200
7%

: 238
GeV and 300 GeV are 7.65 *+ 0.1% and 8.5 + 0.12

respectively. The values of Ry are given in Table 2e4.

Table 2.4

Values of R,

Energy RcNo RAaﬂf Rew\
200 Gev 133 + 0.16 1.95 X 0.13 1.7s F 0.12
200 Gev(¥) 1.40 ¥ 0.09 1.92% 0.11 1.7 % 0.0¢
300 Gev 140 % 0,09 1.96 % 0.09 1.79  0.07
300 GeV (%) z - = 1.78 ¥ 0.05

{*) Complete sample.

Fror the expérimental values of Ro + the A dependence
of the multiplicities can be calculated. The values of «

are 0.141 % 0.008 at 200 Gev and 0. 145 *+ 0.005 at 300 Gev.
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229 _CCHEERENT EVENTS

The number of possible coherent events observed in
the vertically exposed plates is very small. This is not
surprising because, the contribution from these events to
the production procesé is cnly about 2%.

At 200 GeV, only one possible cpherent event (ng =7)
was obse;ved in a track length of 31.29 neters.
vertically exposed plates. When corrected for background,
it could be concluded that no clear coherent interaction
was ckserved.

At 300 GeV, six possible events of this type were
observed in a track length of 71.25 nmeters. Two of the
events are 3—prong:events and the rest are 5-prong events.
Incoherently produced 3-prong events that satisfy the
criterion for angular distribution are just as numerous as
the number of possible 3-prong events, whereas only one
ircoherently produced 5-prong event with
%:_s‘sin 6. < 0.3 was found. Thus, at 300 GeV three
coherently produced 5-prong events were observed.

For the complete sanple, the total number of coherent
3-, 5- and 7- prong events observed are 35, 2 and 1
respectively, in the case of 200 GeV exposure, The total

track length was 708.18 nmeters. Analysis of coherent

events at 300 GeV has not been completed.




2210 ANGULAR DISTRIBUTIONS OF SHOWER PARTICIES

The angular distributions of shower particles are
presented primarily in terms of the variable
Uo = - log, tane and some times in terms of the variable
1= -1ln tane./2. Bef&re presenting the results of angular

measurements, the +two variables U, , and M, are briefly

discussed.

2:10.1_The U._variable

In a nucleon-nucleon collision, if a secondary moving
with a velocity B is emitted at an angle 0" in the centre-
of-mcmentum system, and the centre-of-momentun systenm is
moving with a velocity P with respect to the laboratory
system, then the emission angle of the. secondarye_in the
laboratory is related to ¢ by,

Tomw 6, = L 2nZ

Te o cos 0%4 P fpx
From this, forfy=1,

log tan &, =log,0tan6f/2 - log@Q -

Assuming that in the centre-of-momentum system, the
charged showers are emitted symmetrically with respect to
90° , we have <log, tan®y2>=0, giving <log,, tane >= -log, ¥,
which is the Castagnoli relation. Thus by measuring the

angles of the charged secondaries{*e, the Lorentz factor
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of the nuclecn-nucleon centre-of-momentum system can be
obtained. From this, the energy of the incident particle

can ke estimated.

22 10.2 The 4 variable
=

The relation of =+, to the longitudinal rapidity

variable Y is discussed in a later chapter. This variable

2]

has

Y

the advantage that angles that are 90° or greater in
the laboratory can be included in displaying the angular
distribution of the secondaries. v is also called pseudo-
rapiditya.

An interesting discussion of the differences between
w, and ¥y, distributions is given by cCarruthers and Minh

19
Duong-van.

2.10.3 Fresentation of data

The angular distribution data are presented in two.
different ways., Firstly, the angular distributions for
various Ni.groups afe examined. The groups considered are,
Ny= 0-1, 2-5, 6-10 and >10. The angular distributions of
shower tracks, for these groups, are plotted in figures
2.6 (200 GeV) and 2.7 (300 6eV). It can be seen from the
graphs that the tendency of the distributions is to shift
to higher angles as <N,> increases. The dependence of the

average value of the angular variable n, on <N, > is
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displayed in figure 2.8. . As mentioned in the

introduction, this feature of the angular distributions
was used by Gibbs et allq in reestimating the energies of
some cecsmic ray primaries interacting with epulsion
nuclei.

Befcre describing another way of presenting angular
distributions, the last nmentiohed point will be
elaborated. When applied to individual events, the energy
estimaticn using the Castagncli relation is not reliable.
As mentioned in the beginning of this thesis, this method
overestimates the incident energy by 40% when +the white
stars are considered. However, when the whole emulsion
sample is considered, i.e., when +tracks from all the
events are used, éhe energy estimation using this relation
is remarkably good. At 200 GeV, for all tracks (tracks at

angles greater than or equal to 90° are excluded),

<log“,ctgeL> = 0.97 + 0.02, which gives the primary energy

~to ke 173 (+17,-15) GeV, At 300 GeV, the value of

<log ,, ctgen =‘1.1O ¥ 0.02, which yields a primary enerqgy
of 316 (+34,  -28) GeV. Since in some cospic ray
experiments, a nearly monoenergetic beam of protons is
availatle (from nuclear fragmentation at great energies),
one can still employ the Castagnpli relation to obtain the

energies of these protons, when emulsions are used as




<IN TAN GL/2>

MY

T T T Ty Lo s sy oo T T
R T B T TR Do L s T e e T e T e T e

-65-

3.2¢

200 GeV

2,0

40r

3.6

321

3 GV

2 4 6 3 10 12 14

FIGuRe 2.8 ™ A A FneTon oF STR Size

16
<N




targets.

The second way of presenting the datsa depends on the
type of target. i.e. whether the target is light (CNO) or
heavy (AgBr). The heavy group is further divided into H1
group, containing -.events with N, e and H2  group,
containing events with N >¢. Thus the different groups
used are light, H1, H2 and heavy (H1+H2) groups. In
figures 2.9 and 2.10, the angular distributions of shower
particles, for these groups, are displayed. From these
figures, the anqular distributions for light and H1 events
appear tc be close to each other. This feature was also
observed by the Soviet group (at 200 Gev). Since the
value of <N,> was.nearly the same for the light and #1
groups, (<N, 24y =1.9#0.3 and 2.0+0.2 at. 200 GeV apnd 300 Gev
respectively), this then would indicate that the angular

distributions from different targets (at the same incident

e€nerqgy) do not particularly differ fronm target +to target

~as lceng as <N, > is the sanpe.

11 TBE _COEFFICIENT OF INFLASTICITY

The number of particles produced by a high energy
hadron cclliding with a nuclear target is much smaller
than the number allowed by enerqgy conservation. The

fraction of energy spent by the incoming proton in the
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30
producticn of particles is given by

Mg
<E> = 1.5 <pt > 1 csc et./sz
Az

with the inner-most track removed. The value of <p,> was
taken to be 0.35 GeV/c.

The value of <K> at 200 GeV is 0.5%0.1 and its value
at 300 GeV is 0.6#0.1. The behaviour of<kK> as a function
of <N.> is shown in figure 2.11. For the most part <K> is
fairly independent of <N, >, except at small <N,>, where it
has smaller values.

The values of <K> for the two different groups of
nuclei, at the two energies are presented in Table 2-5.
The poor statistics do not allow any definite conclusions

to be drawn.

Takle 2.5

Coefficient of Inelasticity

Target 200 Gev 300 GeV
CNO 0.38 + 0.0s 0.48 + 0.0¢6
AgBr 0.49 ¢+ 0.03 0.48 + 0.03

2212 SUMMARY

In summary, the follcwing are the features of proton~-

rucleus interacticnos at 200 Gev and 300 GeV incident
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energies, as observed in nuclear emulsion studies.

1) The average number of fast charged particles does
not show a great increase from <n,>, at the same incident
enerqgy.

2) The average number of slow tracks is practically
the =same at both energies. This statement is true
independently for <N,> and <N,4>.

3) Comparing the normalized angular distributions
(normalized to the same number of events), it can be seen
that (figure 2.12) the increase in multiplicity, from 200
Gev interaétions-to 300 GeV interactions, is primarily in
the region of small angles, In plotting these
distributions, possible coherent events were excluded. 1In
figure 2.13, tﬁe distributions of smallest angles at the
tWwo energies are compared.

4) The angular distributions, at the two incident
energies, are close to being Gaussian distributions.

In Table .2.6, some of the results from the combined
work of the collaboration are compared with the results

obtained by other experimenters.
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Chapter 3

MCHMENTS .OF MULTIPLICITY DISTRIBUTION

AND

SCALING

3.1_INIRCLUCTION

The chargea multiplicity distributions from proton-
proton cocllisions and proton-nucleus collisions show Some
interesting regﬁlarities. These regularities are the
subject matter of +this chapter. 3 few underlying
theoretical ideas are discussed before the experimental

data are presented.

322 MULTIPLICITY DISTRIBUTIICN AND ITS_MOMENTS

Consider the normalized single particle inclusive
differential cross-section,
9 (P eS) = {1/ o ) Gl 'ng,5) /du

The integral,

Fy gdwc 9, (5(_ #S) = (1/0—'&'17') gd"c dd"lcvs)/dwc

<n, >
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where ¢(n, ,s8) 1is the partial cross—-section for the
producticn of n particles of type c. F,can be seen to be
equal to the mean number of particles of type ¢ produced;
if type ¢ means charge, then F, is the mean nunber of
charged particles produced in hadron-hadron collisions.

o (D, )/’WE = P (n, »s) defines the charged multiplicity
distritution.

Similarly, considering the two-particle inclusive

cross—-section,

9, (B, 4P es) = (/g ) Grlagnys) sav, dw,

P, = $9, (8 /B, +5) =<n,n,>
and if n, and n, are the same type of particles,

F1 = <ne(ne-1)>A
If there are no éorrelations between ¢ and d, then

9, (B +By ) = g, (5,,5)9, (F, =)
But if correlations do exist, then a correlation function
can ke defined, |

Cleed) =9, (B, +b,r5) - 9, (B, 48)q, (B, s)

The integral of the correlation function is given by:

£, = gd"e dw,C(c,d) = <n,n,> - <n ><n >
for ¢ = 4
z
£, = <o (ng=1)>=<n,>

This function f, gives a meaéqre of the deviation of the

multiplicity distribution frcnm a Poisson distribution.
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For a Poisson distribution f, =0; a positive value for £,
would imply that the distribution is broader than a
Poisgon and a negative value would mean that the
distribution is narrower than a Poisson. Tt is possible
to define higher order of multiplicity moments F,; and the
Mueller momentssqfi (for i>2.
The absolute moments of the multiplicity distribution
are given by
Cx = <n">/<n>
and the central moments of the distribution are given by:
P =< (n=<n>)* >
The dispersion, skewness and kurtosis of the multiplicity

distribution are obtained from the central moments.

2

DT = A

Skewness = ,u;/D3

Kurtosis = p,/p"
The dispersion, the skewness and the kurtosis of the
distribution measure its width, asymmetry and peakedness

respectively..

323 _EXPERIMENTAL DATA

The experimental values of the moments of the

multiplicity distributions, of‘proton—nucleus interactions
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in emulsion, are given in table 3.1 and are compared with
hydrogen bubble chamber data at 200 GeV and 300 GeV
incident energies.

Table 3.1

Some parameters of the multiplicity distribution

200 Gev 300 GeV
Enulsion HBC Emulsion HBC
<n> 13.240.2 7.65*0.16 15.2+0.2 8.5040.12
D 7.8%0.2 3.88+0.08 9.020.2 4.2440.05
£ 48.1%3.2 T.44+0.72 65-3+3.2 9.45#0.51
Skewness 1.03 0.67 0.92 0.71
Rurtosis 4.43 3.10 3.69 3.30

For emulsion data, the errors in skewness and kurtosis exceed 10%.

<n>=<n, > for hydrogen bubble chamber data and <n,>_for
emulsion data. .

ct special interest is the dispersion of the
distritution. It was shown by Wroblewski35 that in proton-
proton interactions, a plot of dispersion against <n,, >
gives a straight line that can be represented by

D= 0.57640.008 (<n,, >-1)
A similar plot wusing the quantities D and <ng, >, for
emulsion data,'also gives a straight 1line +that can be
represented by (see figure 3.1),
D = 0.60%+0.04 <n, >
In a later chapter it will be arqued that <n, >-1 and

<n¢ > can be interpreted as the total nunber of charged
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particles in the final state minus the charge or charges
cf the target particles in the initial state of proton-
proton and proton-nucleus | (emulsion) interactions
Lespectively.

The behaviour-of the absolute moments Cy is relevant
to the question whether the multiplicity distributions
show any limiting behaviour. The values of Cx for

k=2,3,4, for emulsion datafﬁ are presented in table 3.2.

Table 3.2

Some aksolute moments of the multiplicity distribution

Energy ~ Cy- G Cy

{GeV) ' ) '

6.2 1.33+0.07 2.10+0.17 3.78+0.43
14 1.39+0. 15 2.35+0.38 4.5840.9¢
22.5 1.35+0. 10 2.19 4.04
67 1.38+0.13 2.39 4493

200 1.35+0.09 2.28 4.54
300 1.35+0.07 2.25 4.35

Typical errors on C; and C, are given for the data at 6.2
GeV (1768 events) and 14 GeV (526 events). Within the

limits cf errors C, for k=2,3,4 has a constant value.

3.4 _SCALING

The results of the previous Section indicate that
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<a,4 -1/r and <n,>/D do not change in the energy range
6 Gev E .. €300 GeV. 2lso, for the emulsion data, the
values of C, for k=2,3,4 seem to have reached their
limiting values. These points suggest +that the Koba,
Nielsen and Olesen>? semi-inclusive scaling law (KNO
scaling) that was successfully applied to proton-proton
interactions® | would be applicable +to proton-emulsion
data. The KNO scaling law states that, in the asymptotic
regicn,

¢r(n)<n>/6_ag —--==> < (z,s) —5—_)—2 Y (z)
where z = (n)/<n>. It was shown by Slattery3g,that KNO
scaling is applicable to proten-proton data from 50 GeV to
300 Gev. The .scaling variable and function wused by
Slattery are |

Zz = n/<n>

v(z) = (Az + Bz’ +Cz” + Dz7) exp (-Ez)

39
In a recent publication, Euras et al have pointed out

- that, the Wroblewski fit

D=a (Kngy, >-1)
suggests that a scaling funcfion in the variable
z = (n-1)/<n-1> nay extend the applicability of KNO
scaling to even lower energies than 50 GeV. This is so
because, while <n4 >/D may bé tending towards a constant

value, <n_, -1>/D is constant from 6 GeV upto the current
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FNZ1 energies.

The composite nature of emulsion does not allow for a
simple test of scaling. One has to first examine whether
scaling holds for a pure target nucleus. That it does for
T -Ne data was shown by Elliott ét al? It was alsoc shown
by Hetert et al”0 that if one considers the AgBr events in
emulsion, (Ag and Br do not greatly differ in 1), the
scaling function for protcn-proton data used by Slattery
(211 parameters except E being divided by two in order to
take o0dd prong events intc account) fits the experimental
Foints well. Knowing the average <ngs > for each group of
nuclei, it is then possikle to obtain the proton-nucleus
multiplicity dispribution for emulsion, from the proton-
proton =scaling curve. There is good agreement between the
experimental distributions and the expected distributions,
derived from the Slattery proton-proton scaling curve, at

200 Gev and 300 GeV. This agreement is not good at lower

. energies.

Since <n, -1>/D and <ns>/D exhibit similar behaviour
ore would expect KNO scaling to hold for proton-emulsion
data even at lower energies, if the variable

z =(n5)/<n5>
and the scaling function of Burés et al,

+(z) =" A (z+B)exp(Cz + DzZ*)
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are used. The Buras et al .scaling function for proton-
protcn data, (with the same parameters, except that A was
divided by 2 in order to take care of the odd prong
events), was first applied to proton-AgBr events at 300
GeVv. The expected distribution and the experimental
distribution are plotted in figure 3.2. The agreement
between the two distributions is good with a x* of 43.6
for 41 data points. The expected distributions and the
cbserved distributions for proton-emulsion data, for
various energies, are plotted in figures 3.3-3. 4. The

results cf »* tests are given in table 3.3,

Table 3.3

x* tests for scaling fits

Fnergy scaling function of
{(GeV) Buras et al Slattery
x* degress of freedom x* degrees of freedon
6«2 14 8 23.3 8
14 39.1 14 47.0 11
67 38.9 31 56«3 21
200 £4« 6 42 6646 38
300 74.9 52 57.4 45

At every energy considered here, events with n =0
were excluded in the computation of x**. The reason for
this 1is that the efficiency of observation of these evnts

is expected to be low.
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At 14 GevV, the observed frequncy of ns =1 events is
nuch higher than that predicted by either scaling
function. Also, there is a 1large fluctuation in the
experimental frequencies at ng =10 and 11. Combining
these two frequencies and omitting the ng =1 events, we
oktain ax* of 10.2 for 12 degrees of fredom in the case of
the scaling function of Buras et al and a x“of 28.0 for 9
degrees cf freedom in the case of the SCaling function of
Slattery. At 200 Gev and 300 GeV, the experimental
distributions have higher values at ns =11,12 than the
distributions calculated from either scaling function.
The Buras et al scaling function gives 1lower values for
the frequencies. than the Slattery scaling function at

these roints.
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CHARIER 4

MCDELS_OF. MULTIEIE EARTICLE ERODUCTION

421 _INTROCUCTION

The current interest in hadron-nucleus interactions
stimulated a considerable theoretical activity and wmany
new models of particle producticn are being proposed. To
be successful, a model of hadroan~nucleus interactions
should be able to explain the following experimental
observations: |

1) The depéndence of the average multiplicity on the
incident energy and on the target ﬁucleus is normally
expressed as a ratio of the average multiplicity from

hadron-nucleﬁs interactions to that fronm hadron-nucleon

(proton) interactions. This ratio is not very large even

for very heavy nuclei, and would appear to be constant at
the currently available accelerator energies.,

2) The aﬁgular distributions of the charged shower
particles, fronm proton—ﬁucleus interactions show no excess
of particles in the forward direction when compared with
protcn-proton interactions at thé Same energy. The 1ln tan

%2 plots indicate that the angular distributions in the
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projectile fragmentation region are the same, independent
of the size of the target nucleus.

3) The average number of heavy tracks is independent
of the energy of the incident particle, in the enerqgy
range 30 GeV SE;, €300 Gev,

4) The amount of energy carried avway by thé leading
particle ( 50% of the incident enefgy), is indepéndent of
the incident energy, though it may depend weakly on the
size of the target nucleus.

There are two classes of models that are readily
distinguishable. These are termed one-step or incoherent
producticn ncdels {Ipn) and two-step or coherent
producticn models (CPM)%m - In the one-step models, +the
final state is produced instantaneously as a result of the
collision, whereas in the twoc-step models the final state

results from the decay of a long lived intermediate

state. The intra-nuclear cascade model is an example of

. IPY and +the energy flux cascade model is ap example of

CPM. The CPM are also referred to as diffractive

excitaticn or diffractive fragmentation models.

422 TERMINOLOGY

Befcre going into the description of various models

some of the variables and terminology used in describing
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high energy interactions will  be discussed.

Consider a hadron-hadron interaction,
a+b-“->c+d+e+a evewee
It is difficult +to study these interactions in an

exclusive manner, i.e., by measuring the momenta of all

o

he produced particles. Instead, mainly the reactions of

th

[{)

type
at+b---->c+ anything
are studied, where kinematical variables of particle 'c!
only are measured. This type of an experiment is called a
single particle inclusive experiment. The Lorentz
invariant cross-section for this reaction is defined by,
f (p, +s) = E.do 7dp, = do /dw,

‘pc and E, are the momentun énd total energy of
particle c, respectively, and s is the square of the
centre-cf-momentun energy. It is also possible to study
two-particle inclusive reactions,

a+h=———em >c+d+anything,
with a differential cross—section,
f (§;,§¢,s) = EcEad"/dﬁ_dpi = d+- /4w dw
In a semi—incluéive reaction, the production
properties of particle ‘'ct are studied for those
reactions, where certain othef properties of 'anything!

are ckserved, but not measured. An example is,
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a+b———~= >C+ 1 charged particles +neutrals.

42221 The longitudinal rapidity variable

Frequently, the inclusive distributions are discussed

in terms of the rapidity variable,

Yy = 1/2 1n (E+p, )/ (E~p,)
Here p ' is the longitudinal momentum of the particle.

For the non-relativistic case =48 . The advantage of

using this variable is the ease of going from one
reference frame to ancther, Under a Lorentz
transformation, along the direction of the primary, the
rapidities of the secondaries are shifted by a constant

amount. Thus,

yc = 1/2 1n (1+Pc)/(1_PC)

where y* is the rapidity of the particle in the centre-of-
momentum frame and y, and f are the rapidity and velocity,

. Tespectively, of the centre-of-momentum frame with respect

to the laboratory frame. For the non-relativistic case,
this would just be the addition of velocities. Figure 4.1
is a convenient way of representing sope kinematical

.. 1 .
variable of a hadron-hadren collision. From the figure,

i v,
tan ¢ /2 = (E-p, /E+p, )

cr
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$\0 beam direction

g Figure 4.1
" The rapidity variable
-in tan ¢/2 = 1n(E+p, /E-p )= y
For m* << p:_ + can ke replaced by 6. The resulting

variatle 1is wused in place of <y, where it is more
convenient to measure the angles of emission of the
secondaries, than their momenta. The invariant length of
the rapidity plot, in the centre-of-momentum frame, is
given by

v =y, -y, =1n ({(E,+p )(E, +p, /D, m,)

= 1n (s/m.m,) for large s
In the laboratory system,‘if b is the target ,
Y, =0, y, # 1n (s/m,m,)

Thus, the 1length of the rapidity plot grows as 1ln s.

(See figures 4.2 and 4.3).
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Figure 4,2 The rapidity plot in the laboratory system
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Figure 4,3 The rapidity plot in the centre-of-momentum system

target //j; central or pionization beam
fragmentatio://;f‘ region fragmentation
region L~ region
° nga, ] Y

Figure 4.4 Various regions on the rapidity plot

The rapidity plot can be divided into three regions; the
team (target) fragmentaticn Iegion of length L, about Y.
(y, ) and the central or pionization region of length

proporticnal to 1n s. This is illustrated in figure 4.4..

4-3_INCOHERENT PRODUCTION MODELS

4.3-1.Intta-nuclear cascade model

The simplest IPM is the intra-nuclear cascade model,
This model can be descriked as follows. The incident
proton collides with a nucleon 4in the target nucleus,

Froducing a number of secondary particles, These first
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generaticn secondaries din turn give rise to a second
generaticn of particles when they encounter other nucleons
in the target. Thus an intra-nuclear cascade is set up.
It is well known that this simple model grossly over
estimates the number of particles produced.

Different versions of intra-nuclear cascade models,
which modify the above picture were also proposed. One
such version 1is given by Artykov et alf2 In their
calculations the authors take into account the fact thatb
the seccndaries produced in a high-enerqy interaction are
highly «collimated in the forward direction in the
laboratory system. These particles, they assume, interact
with one and the 'same nucleon inside the nucleus. 1In the
Monte Carlo calculations, hLowever, it turned out that only
one secondary is singled out in energy and this particle
determined the kinematics cf the interaction with a single
nucleon cf many particles from the <collimated beam of
seccndaries. In other words, the leading particle effect
is taken into consideration since any cascade model that
treats all the secondaries on the same footing, gives too
high 2 multiplicity. In these calculations, it is assumed
that the leading particle carries away approximately half
of the incident energy. There' are predictions for the

average rnumber of heavy tracks, the transeverse momenta of
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the seccndaries and the half-angle of the shower
rarticles, The half-angle is the angle in the laboratory

within which half of the chower particles appear.

4:23-2 Model of Lehman and Winbow

Using Gribov's approach, Lehman and Winbow”3 have
recently proposed a nulti-peripheral model of particle
producticn in hadron-nucleus interactions. The model does
not lead to cascading in the central Tegion. The particle
producticn takes place over an extended region of space-
time. In the laboratory systen, many of the particles are
created 1long before the prcjectile reaches the target and
they miss the target altogether. Particle production
throughout the céntral region is the same for any target
and projectile and particle production outside the target
fragmentation region is independent of the target. The
target fragmentation region is defined by the boundary
¥Y<y, » where

ycb= 1n (2E, /mge )= 1ln (4Rm)
R = ROAVE, A is the atomic weight of the target nucleus,
m is a model dependent mass and mpyis the transverse nass
of the pion, given by mg = (m, + P; )? For emulsion,
Lehman ard Winbow give E, to be 5Q GeV. For y>y, , the
irteraction takes place over the entire regiog of the

nucleus, due to the the Lorentz contraction of the




nuclecns. For y<y,» the partoné in the projectile and the
nucleus interact conly locally and the projectile partons
are scattered sequentially by the target nucleons. The
average total pultiplicity is given by
m, (A, B ) = m, (1,Eo )+1/2(5 -T)m, (1,E,")
where y, = 1/2 1n (230'/m)
and ¥ = oA 37RY = 0.51 A
Thus, in this model, the multiplicity is a sum of a
hadronic part and a nuclear part and can be written as
<n> = LbY+f (3)
s the incident énergy increases, the ratio <n>r4‘/<n>hp
decreases. The rapidity distribution expected from this

model 1ig shown in fig 4.5. The boundary of the target

fragmentation region changes with the size of the target

nucleus.
Az
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Figure 4.5 Rapidity distribution in proton-nucleus collisions
in the model of Lehman and Winbow
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42323 _Model of Cutler and Snider

A modification of the Lehman and Winbow model was
carried cut by Cutler and snider « In this model the
average total multiplicity from hadron-nucleus
interactions (for 2 >iO) goes as

<0 (p,8)> = b, (P p)A” ¥/ BRY + £(a)
Thus even at high energies there is an A dependence of
average charged wmultiplicities. in order to compare
theoretical predictions for multiplicity with the
experimentally observed values, Cutler and Snider propose
“he use cf d<n>/4y thch eliminates the nuclear part. The
rapidity distribution in the Cutler and Snider model is
slightly different from the Lehman and Winbow model and

this is illustrated in fiqure 4.5.
Ry

E- (_UV\,S‘t-
AnAL

Figure 4.6
Rapidity distribution In
Vo protoh-nucleus collisions in
° A0 1050 Y the model of Cutler and Snider

A - - - -
p-p A= towil
| £,
|
o Y Yo Y,

The models of Lehman and Winbow and Cutler and Snider are

applicabtle when Yoy, .
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4.4 COHERENT PRODUCTION MODELS

There are two assumptions common to most CPM. One is
that the life time of the excited state of +the incident
hadren 1is lcnger than the +time needed to traverse the
nucleus and the other’assumption is that the cross-section
for further collisioﬁs cf this excited state with other

nuclecns is the same as for hadrons.

42421 _Model of Fishbane and Trefil

In a CPH proposed by Fishbane and Trefil:; particle
producticn takes place as follows. The incident particle
goes 1into an excited state after the first inelastic
collision with a target nucleon. The target nucleon also
goes into an éxcited state and its excitation is
independent of the projectile excitation. The projectile
excitation passing through the nucleus undergoes v -1 more
inelastic collisicns, leaving? -1 more target excitations
behind. The target excitations, at the presently
availakle FNAL energies, are not capable of particle
producticn in inelastic encounters with other nucleons and
they decay giving rise to a single particle inclusive
distribution which is v times that for a single target
nuclecn distribution. Thus, thg projectile excitation
decays resulting in <n>/2 particles and the decay of the

target excitations results in ¥ <n>/2 particles. Here
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<n> 1is the average number of particles in the final state
of hadron-nucleon interacticns. The same result for <>
was obtained by Goldhaber“énd bar and Varyq.

In this model, the rapidity distribution in the
projectile fragmentation region is the same as for hadron-
nuclecn collision. But at y=¥/2, the rapidity
distribution starts showing an excess of particles.
Figure 4.7 1is a qualitiative description of the rapidity

distritution expected from this model.

Az
Ez Cmsl
A7 AL
- Y/z_
o ' Y .
Figure 4,7
Rapidity distribution
in proton-nucleus collisions
As Cowd in the model of Fishbhane
£, f4q and Trefil ’
oYy, T “h
1 i
o . Y1 YZ

42422 _The hydrodynamical model

The hydrodynamical model, proposed by landau in
crder to explain the ' features of nucleon-nucleon
collisions is enjoying a revivalqaqs « The model was
extended to the nucleon-nucleus ~case by Belinkii and

50
Milekhinqqand also by Landau and Belinkii. According to

Feinterg'e, the hydrodynamical model is well suited to
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desribe nucleon-nucleus and nucleus- nucleus collision due
to the number of particles involved in the process. The
hydrodynamical model is applicable when the average number
of particles in the final state is 10-15 and thus should
be applicable for nucieon-nucleus collisions above 30 GevV.

Considering a nucleon-nucleon ;ystem, the meéhanism
of particle production in the hydrodynamical model is as
follows. In the equal velocity frame (for the nucleon-
ruclecn case, this also is the centre—-of-momentun frame),
two hadronic discs collide. At that moment a compound
system is formed ana the energy is released into a small
volume V., The mean-free-path of the 'particles' in the
system is small ccmfared to the dimensions of the system;
Dur to the smallness of the volume} the 'particles!
interact strongly with each other and it is not proper to
consider them as free Gparticles. Thus the system is
described using relativistic hydrodynamics. The number of
particles is detefmined only at the moment of break-up of
the system. The expansion of the system is considered to
be adiatatic and during this stage the entropy of the
system remains constant. At the moment of break-up of the
system, +the entropy of each small region is proportional
to the number of particles in that region. Sumning over

all such regions, the total number of particles in the
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final state (including the initial nucleons), is given by
N+ S
Nmﬁyq

where S is the total entropy of the systenm.

For the nucleon-nucleus case, Belinkii and Milekhin
pointed cut that the mechanism of compression of the
system at the +time of collision has to be taken into
consideration. The equal velocity frame of the nucleon-
nucleus system is considered. 1In this frame, the hadronic
matter resulting from the collision is at rest. The
collision appears .as a collision between the incident
nuclecn and a tube cut out ¢f the nucleus. The final
result of the calculations is'that the ratio of change of
entropy in proton-nucleus ccllisions to that in proton-
proton ccllisions is equal to Awm - Thus, the ratio of the
avarage number of particles created in a proton-nucleus
interaction to the average number of particles created in
a2 protcn-proton inferacticn {at the same energy) is AO'Iq -
Due to thermodynamic description of the hydrodynamic
model, the results of the calculations are expected to be
insensitive to whether the collision process is sequential
or sinmultaneous.

In the hydrodynamical =~ model, the angular

distriktutions of shower éarticles were calculated for the
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case of nucleon-nucleon ccllisions. The agreement between
the predictions of the model and the experimental
distritution, in the case of proton-proton collisions was
shown *to be very good_27 . The angular distribution of
shower rparticles frém protcn-nucleus <collisions is not
expeéted to be greatly different from.the nucleon-nucleon
Case. Lue to the number (N) of target nucleons involved
in the interaction, one can expect a shift in the centre
of the anqular distribution. In terms of the rapidity
variable, this shift would be 1ln <N>, towards the target

fragmentation region.

42423 _The energy flux cascade model

The energy flux cascade model (EFC), proposed by
1
Gottfriedl is similar to the hydrodynamical model in

th

i

t the energy flux of the hadrcnic matter is the
cssential variable. It is a cascade of ihis flux, and not
of ccnventional hadrons, that occurs in proton-nucleus
collisicns.

After the collision between the incident proton and a
target nucleon, the hadronic matter is contained within an
expanding cylinder. The energy and momentum within the
cylinder are obtained by assﬁming that the observed

distributions (asymptotic) can be projected backwards in
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time using the classical equations of motion of free
particles.

While 1in the early stages of collision, the systen
cannot be considered as an n particle state and it is too
large tc be consideéed a single hadrcn. The energy flux
is divided into slices, such that each slice has the
appropriate thickness of a hadron moving with the mean
rapidity of the matter in that slice. It 1is also shown
that most of the incident energy (except for a small
fraction) is carried by the first (or leading slice) and
the rest of thel slices together have an energy of the
order of sl“ . Where s is the square of the centre of
momentum energy in a nuclecn-nucleon collision. |

A hadron of incident energy would'undergo inelastic
interactions in the nucleus. The first collision results
in the formation of the energy flux. When this flux
travels a distance of one meén—free-path, it is equivalent
to two hadrons H1.and H2 having energies E and E‘/3 . If
there are no further encounters with target nucleons, H1
will decay proddcing 2/3 <n> and H2 will decay producing
13 <n> particles. If however, another nucleon is
ercountered, the leading slice will interact giving rise
tc twc mcre slices H1' and H2', with H1' again carrying

most of the dincident ‘energy. ‘The final multiplicity
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<n{(A,s)> = 2/3
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collisions is given by

<n(1,s)> +V/3 <n(1,s)>

The rapidity distribution expected from this model is

shown in figure 4.8. The

region is the
collisions, but there is

at y=Y/3, independent of

same

distribution in the forward

as that from nucleon-nucleon
an excess of particles starting

the target nucleus.

A
Aq £z towsT
A7 AL .
Figure 4.8
Rapidity distribtuion in
oy proton-nucleus collisions
“}’3 in the EFC model
o Y
A= Coust”
E.0E,
Y- ‘(—1/5 b B Y, /3
| 1
o Y‘L Y‘L

LAsgen Model of Berlad, Par _and Filam

Another model of

targets has been proposed

. 15 .
rilam. In this

nuclecns is considered

particle of mass vYm, where

the 'tube' and m is the nucleon mass.

particle

model,

to be

4 0 SO B e

production from nuclear
recently by Berlad, Dar and
the 'tube' containing the target
eguivalent to a single
is the number of nucleons in

The square of the

centre c¢f momentum enerqy is boosted ky + tinmes compared

with that available in nucleon-nucleon

collisions. This
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would imply that the average multiplicity goes as <v'%>
times the average nmultiplicity fronm nucleon-nucleon
collisicns. If the relation <m>=C E™  is valid for
nucelcn-nucleon interactions, then <nd> =C <% £™ganq so

Hia.

is proportional to A , Since is proportiomnal to PR

’
approximately.

The rapidity distribution <can bke expected +to be
similar to that from nuclecn-nucleon collisions, except
for a shift in the distribution towards +the target

fragmentation region. This is illustrated in figure 4.9.

. _ F- eoml
A,v Al
Ay /M ‘
o) ~

A - towit
A £,7 €4
0 : - Y, Y,

Figure 4.9 Rapidity distribution in proton-nucleus
collisions in the model of Berlad, Dar and Eilam
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Chapter 5

CCMPABISON BETWEEN THEORY AND EXPERIMENT

i o i o L e i1

521_INIRCDUCTIGN

Before ccmparing the experimental results with the
predicticns of the various mcdels, the following points
nust be noted.

In the modelé discussed in the previous chapter, the
predicticns for different quantities such as average
multiplicities and rapidity distributions from proton-
nucleus interactions are compared with the results fronm
protcn-proton interactions. A meaningful comparison can
ornly be pade vwhen the quantities compared from the two
types of interactions clcsely correspond to one another.
let us first consider the predictions for the average
shower particle multirlicities in proton-nucleus
interactions. The measured quantity in the case of
proton~-proton collisions  is <n., >, the average number of
charged particles in the final state of the interaction.
A1l charged particle tracks, ﬁhether they are black, grey

cr shower tracks, contribute to the value of <n, 2. In
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the case of proton-nucleus 'collisions, however, the
measured guantity <ns> is the number of fast ( p >0.7)
charged particles only. Thus <n > and <n > represent
different quantities and should not be compared with each
other. )

The widespread usage of R, = <n5>_ /<n, > has led to
considerable difficulty in the comparison of experimental
results with the predictions of theoretical models. This
ratio depends on the incident energy, at ieast for proton-
nucleus interactions below 200 GeV. The value of « in
the relation R, = Aaincreases from a value which is 1less
than Z€I0 to 0.14 at current FNAL energies., The
experimental data are shown in Table 5.1. The values of «
from 6.2 GeV to 67 GeV were taken from the calculations of

51
Gurtu et al.

Table 5.1

Values of Ry and «

Energy in GevV B> pp /XD o

602 0.95 + 0.02 -0.013 + 0.00¢

9.0 0.99 + 0.0¢ -0.003 + 0.01s
20.5 1.29 + 0.03 0.064 * 0.006
27.0 T.41 + 0.05 0.084 + 0.008
67 1.62 + 0.04 0.125 + 0.006
200 1.73 * 0.0¢ 0.141 + 0.005
300 1.78 + 0.05 0.145 + 0.005

We feel that the proper quantities to be comnpared are

the numter of particles created in the interaction.
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Consider a nucleon-nucleon interaction, where the average
number of created particles is <n>. 2t a given energy, we
expect <a> to be independent of the intial nucleon
charges. If we make the reasonable aésumption that the
number of neutrals created is half the number of charges
c¢rezated, then <n> = 3/2 <n.>, where ny is the number of
positive and negative charges created.

The use of n, has the advantage that the
contribution of the charges in the initial state of
nuclecn-nucleon collisions to the average multiplicity is
eliminated. Ihus,lat a given energy, <n. > will be the
same for proton-proton or neutron-neutron collisions.
That <n,> 1is the quantity that describes hadron—hadroh
interactions on a more universal basis is also pointed out
by Frazer et alfl The experimental support for the use of
this pultiplicity is provided by neutron-proton collisions
studied by Dao et al? At an average neutron energy of 30
Gev, <n. > = 1.# * 0.2, shich is in excellent agreement
with <n_. > = 1.3 +0.04 obtained for proton-proton
interactions at 28.5 GeV. The experimental investigation
of proton-deuteron interactions at 300 GeV, carried out by

54

Sheng et al, also justify the use of <n;>. In these

studies, the average charged particle multiplicity from
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proteon-neutron interactions is 7.84 ¥ 0.17, which is about
2 unit less than the average multiplicty from proton-
protcn interactions at the same energy.

Since 1in proton-nucleus collisions we have neutron
targets as well as proton targets, the elimination of the
target charges is important. Thus the quantity that
allows a correct compariscn of proton-nucleus and proton-
proton interactions is the ratio of the average number of
Ccreated particles, or the ratio of the number of created

charged rparticles.

5.2, IHE BAVERAGE NUMBER OF CEEATED CHARGES

=T

In protcn-proton collisions, <n,> is simply <n >-2.
The incident and target protons are subtracted from the
experimental values for the average charged multiplicity
in  hydrcgen bubble chamber experiments. However, in
protcn-nucleus collisions, the situation is more complex.
The target proton 'may appear among either the shower
particles or the slow particles. The evaluation of <n, >
demands a knowledge of the average number of target

protens.
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5.2.1 The average number of target protons

The average number of target protons involved in a
protcn-nucleus collision may be determined Ffrom the
average number of collisions, <% >, which the incoming
proton suffers inside the nucleus. <v> is given by.

<> =1 (p,p)/ . (p,A)

Here < (p,p) and - _(p,d) are the inelastic proten-proton
and proton-nucleus cross—sectioné. Unfortunately,
information regarding . (PrA) at all energies for all
nuclei 1is not available. This necessitates a model
dependent calculation of . {Ps2)« In the framework of
+he Glauber theory; 7, (P,A) has been calculated by Camillo
et algf assuming o, (p,p) to be 30 mb and by Gurtu et alﬁ

assuming o, (p,p) to be 32 mb. Gurtu et alvfind that;
for an incoming proton, <?¥ > is well described by the
empirical formula,

<> = 0.71¢ %%

for a Wocds-Saxon nuclear charge density distribution.

Experimentall&, -..(P+A) has been measured, in the
€nergy range 20 GeV - 50 GeV, for various elements by
Denisov et al?' From their data, we obtain the empirical
relation

<> = 0.699 A%

From the value of <¥>, the average number of target
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protons <v,> for the different groups of nuclei in
emulsion have been calculated. These are presented in

Table 5.2

Takle 5.2

Number of collisicns inside a nucleus

Gurtu et al Denisov et al

<> <Vp> <> <>
CNO 1.68 0.84 1.56 0.78
AgBr 3.14 1.37 2.80 1.23
Emulsion 2.75 1. 22 2.48 Te 11

In order to -estimate the average number of target
protons that appear amongst the shower particles, we make
use of the estimates of Calucci et al. From the hydrogeﬁ
bubtle chamber and ISR data, Calucci et alg}estimate that
in a proton-proton collision, the average number of slow
particles is 0.2, ocut of which 0.48 are due to slow
protons and 0.14 are due to slow charged pions. Fronm
this, we estimate»fhat the number of fast target protons
for proton-CNC and proton-2agEr collisions are 0.44 or 0.41
and 0.71 or 0.64, respectively. The lower values are fron
the empirical relation 'obtained from the experiments of
Denisov et al and the higher values are from the relation
of Gurtu et al.

In order to estimate <n, > in proton-nucleus




collisions, we subtract fronm <ns>, the average number of
fast target protons and add the average number of slow

charged rions. We then obtain

<nt€m= <n;>+ (0.24 or 0.22)-(0.44 or e 1)-1 = <ng;>-1.2
ez <ny>+(0.44 or 0.39)=(0.71 or 0.84)-1 = <n;>-1.26
<n1imf <n+>+(0.39 or 0.35)-(0.63 or 0.58)—1 = <n;>-1.24

The gquantities in parenthesis represent the values
obtained from the empirical formulae of Gurtu et al and
Denisov et al, respectively. The quantity 1 represents
the incident proton charge.

The above conéiderations show that the number of fast
target protons included in the shower particles is just

about egual to the .slow pions which are not counted.

-As222 Evidence for the use of <n:> = <n,;>-1

Evidence that the number of created charges is given
Ly <ng>-1 can be obtained from the angular distributions.
Consider a neutron-neutron collision. The expected value
of <n > <n5w}-2. The Lorentz factor of the neutron-
neutron system should be the same as for the proton-proton
system at the sanme energy. The angular distributions fronm
neutron-neutron collisions should be similar to those from
protcn-proton collisions, with ‘the exception that the
target and the incident particles are not observed. Thus,

it should be expected that the quantities
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< /<n, > 1o tane /2 > and <1/<nok>pp ln tan 6/2 >

should have the same value.
In the case of proton-nucleus interactions, we modify

83
the variable used by Friedlander and define

g
S

1/<n 4. > ?’tlln tane,; /2

it

<ng=1> / <n,, -2 >

The summation over 1n tan e6y/2 for i=2 to i=n implies that
the innermost track (incident track) has been removed.
The experimental data were divided into different N
groups and and .were ccmputed for each group. The N
groups considered were N.=0,1,2-3,4-5,6-8,9-18,>18, at 200
GeV and N, = 0,1,2-3,4-5.6-8.9—11,12—14,15-18,19—22,)22,
at 300 GeV. The déta at 200 GevV is the conmbined data from
this work and the Italian group. The data at 300 GeV is
the coobined data of the collaboration. When is plotted
against a straight line graph is obtained for each of the
two energies (see figure 5.1). The equation for these
straight lines can be written as

<§F>= a ($£-1) + t

In fitting the data to the straight 1line, at both
énergies, the last data point was omitted due to the poor
statistics in this region. Inclusion of this point has
the effect of increasing the value of the intercept by

about 3%. The value of the intercept, at 200 GeV, is
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-3.3, which is in good agreement with the experimental

A e e ey
SRR R D S R R e

. .. 59
value of -3.27 from proton~-proton collisions.

Unfortunately, the value of(%$>is not available for proton-
proton interactions at 300 GeV. However, one can estimate
what this value would be. At 200 GeV, the experimental
value of (%> is approximately 10% higher than the expected
value from the Lorentz factor. Thus, it can be expected
that at 300 GeV, the value of<¢%ywould be -3.6, which is in
good agreement with the value of =-3.8 obtained for the
intercept. The foregoing analysis coafirms that.only the
incident proton has to be subtracted from the shower

particles.

523 _COMPARISON _OF PREDICTED AND OBSERVED MULTIPLICITIES

In order to compare the predicted and observed

multiplicities, we shall examine the predictions of the

models and extract the expressions for <n,> for each

. model,

52321 _Model of Fishbane and Trefi and EFC Model

SR e 0 e a7t

In the model of Fishkane and Trefil, the projectile
excitation decays giving'rise to 1/2 <n{(1,E,,> particles,
whereas the slow target excitations decay into

w2 <n{1,E.) particles. The avefage number of particles

tae

produced from the decay of the target excitations is
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%<n(1,8im)>—v . Removing the incident particle from the

decay of projectile excitation, +the average created
particle multiplicity from this part is 1/2 <n{1,E;.)>-1.
Thus, <n;> from proton-nucleus interactions is given by
N> = <n, =2>(1/2 +9/2)

and the ratio R beconmes

Ry= <ny>,, /<00, = 1/2 + 9 22
This 1is exactly the relation obtained by Fishbane and
Trefil. Though R, in this model is the ratio of the
created charged particles, it has been erroneously equated
to <ng>/<n, > by some authors.

The arguments used in the case of the previous model
apply to the EFC model also. From the decay of the !'soft!
hadrons, i.e. the target excitations, the average number
of particles produced is /3 <n<1,E,,)>- 7. The decay

of +the thard' hadron, i.e. the projectile excitation

results in the creation of 2/3 <n(1,E;M ) >-1 particles.

This gives

<n;> = {2/3 + <¥>/3)<n,> +2/9 (1-<v>)

b-p

5.3.2__Models of lLehman _angd inbow_and Cutler and
Spider.

The model of Lehman and Winbow predicts that the

total mean multiplicities, i.e. the average number of

i
3
b
{
i
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i
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created particles plus the initial particles, can be given
by
DAVE (e ) = B{T,E, ) + 1/2 n' (1,E! ) (v =-1)

Here m(R,E . ) and m(1,E.,,, ) are the total mean

we
multiplicities in - protcn-nucleus and proton-proton
collisions, respectively, and m{1,E* ) is the total nmean
multiplicity in proton-proten colliéions at energy E' .
E' 1is defined by the relation,
2y, = 1n(2E' /m)

where m is the parton mass and E, = 50 GeV, for a nucleus
of atomic weight A = g7. <n;> may be estimated, if we
assume that the average multiplicities in hadron-hadron
collisions vary as the logarithm of the incident energy,
from the relation

<ny> = N> + 1/2 (<v>-1) <ny>'(1,E.")

P-p
where <v¥> = 0.51 3/ .

In the model of Cutler and Snider, the average total

-multiplicity is given by

<m(d,E, ) =ca+eq.
In order to eliminate the unknown 2 dependent function
t(A), Cutler and Snider suggest that d<m(a,E ., )>/4dY be
used. <n,> may be estimated fronm d<m(a,E,, )adY = C 2%,

C is a ccnstant whose value lies between 0.95 and 1.3.




S23-3 The hydrodypamical model

In this model the quantities compared are the
produced particles in both the proton-nucleus and proton-
proten interacticns. The ratio R then, is the ratio of
the average number- of charged particles produced in
proton-nucleus collisions to those produced in proton~-

.19
protcn cecllisions. Since By = &4 ,

- 019
<ne> = (2 E' -2) A .

~De3e4_Model of Berlad, Dar and Eilanm

In this model, the collision process involves the
incident proton and a tube containing the target nucleons.
This tute is considered tc be equivalent to a particle of
mass m, where fs the number of nucleons in the +tunnel.
The charge of this *particle' is equal fo <% >, the number
of protons in the tunnel. The relation <nck> = C E%* that
is successfully applied to proton-proton collisions is
expected to hold fcr protcan-tube collisions, except that
.the erergy is boosted Lty a factor <ﬂ>m4. The average
charged particle multiplicity expected from this model is
given Ly |

<n,> =2 LA initial charges
The mechanism of particle production in this model is

different from the CPHM. The inéoming particle or its

subsequent ‘'excited' state does not undergo successive
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collisions as in the case cf CPM. Conseguently, in this
model is not the same as that in the other models. We can
evaluate <v>, the average number of nucleons in the tube
by considering +the nucleus to be a2 sphere of uniforam
density. The average length of a tube of nucleons is 1.33R

where R = RoAvi is the radius of the nucleus. If the
size of the incoming proton is taken to be one pion
wavelength, then the average number of nucleons in the
tube 1is .6 for a silver nucleus, This value is
considerably higher than the average number of inelastic
collisions a protoh undergoes inside a silver nucleus.
For emulsion as a whole, the average mass of the tube is
5.4 times the nucleon mass. Our values for v are slightiy
lower than the values obtained by Berlad, Dar and Filam.
This may be due to the fact that v is sensitive to the
value of R, used. In our calculations we took R, to be
1«2 fm.

In Table 5.3, the theoretical and experimental values
for the average number of shower particles from proton-
nucleus collisions in emulsion at incident proton energies
of 200 GeV and 300 GeV are presented, along with the

4,26

Tesults in tungsten and chromium obtained by Florian et al

and the Echo Lake datai where -the targets used were




Alurinum, iron, tin and 1lead. In figure 5.2, the

experimental values of R, = <n, > /<n, > and the

P-4 p-p

thecretical predictions are shown graphically.

From the table, we see that the intra-nuclear cascade
model calculations are compatible with the observed values
of <ny> and R,. This would indicate that, in a successive
collision picture, atleast as far as.<nt > 1is concerned,
the main contribution comes from the leading 'particle?.

The predicticns for R, , for heavier nuclei, in the
models of Lehman and Winbow and Cutler and Snider are in
good agreement with experimental observations. The models
tend to predict lower values of R,for light nuclei. The R,
value for a given nuclear target decrease with increasihg
energy and this is more pronounced in the model of Lehman
and Winbew than in the model of Cutler and Snider.

The predictions of the model of Berlad, Dar and
Zilam are generally lower than the observed values of R, .
Pp in this model is quite sensitive to the number of
nuclecns in the tube, which in +turn dépends on the R,
value used in its computation. A lower value of R, will
result in better agreement tetween the models predictions

and the resluts of the experiments.
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The model of Fishbane and Trefil gives slightly
higher R values than the EFC model. In these 'nmodels,
while calculating R, we have used the empirical relation
of Gurtu et al, which gives larger <»> compared with the
relation obtained fram the experiments of Denisov et al.

The predictions of the hydrodynamical modelvare in
very good agreement with the experimental results. The
validity of this nmodel is not limited to FNAL energies,
but may be extended to lower energies. This is shown in

Table 5.4.

Table 5.4
R, at lower energies and the predictions of the
:hydrodynamical model

Energy Ry = <nyd> ., /<0y >pp Hydrodynamical Reference

in GeV model
62 1.66 + 0.10 2.13
9.0 1.58 % 0.20
20.5 1.93 % 0.10
22.5 1.97.% 0.09
127.0 2.26 ¥ 0.13
27.0 2.18 % 0.08
30.0 (%) 2.13 % 0.04
67.0 2.14 ¥ 0.10
!
(*) <n,> estimated from the relation <n > = 2 E M,

Experimentally, for the proton-nucleus interactions

studied in emulsions, the nuclear response as measured by

B




<Np > appears to be the same from 30 GeV to currently
available accelerator energies. A first gquess would be
that the particle production mechanism in proton-nucleus
interactions is the same in this energy range. Hence, any
model, in order to be successful, should be able to

explain the experimental results from 30 GeV onwards.

D24 NUMBER OF HEAVY TRACKS

Considering the average number of heavy tracks N, »
the cascade calculations of Artykov et al overestimate
<Np > The expected value of 13.0 from these
calculations is much greater than the observed value. The
Monte Carlo calculations also predict that <N,> increases
with the incidentvenergy, which is not the experimental
result. The increase in the value of <N, >, in this model,
is puch more dramatic at energies lower than 100 GeV. At
higher energies, <N,> increases much more slowly and seenms
to have reached a. plateau value. The CPM, though 1lacking
exact values for <N,>, expect it to be constant. In the
models of Lehman and Winbow and Cutler and Snider, <N,> is
also expected to be constant, for E,.>50 GeV. This
constancy is a part of the description of the mechanism of

particle production. In the model of Berlad, Dar and

Eilam, presumaktly contribution to <N, > come from the
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number of protons in the tube that collide with the
incident particle. The protons do not have to ke knocked
out of the nucleus as individual protons; for exanple,
they can come out as deuterons or alphas. This type of
description of +the. collision Process also 1leads to a
constant value of <N,>. Thus, all the models except the
intra-nuclear cascade model expect the nuclear response to

settle dcwn.

5:5.ANGUIAR DISTRIBUTICN CF SHOWER PARTICLES

o

The angular - distritutions of shower particles from
protcn-proton collisions and proton-nucleus collisions in
emulsicn are presented in fiqure 5.3. There is an excess
of particles at lafger angles as predicted by the‘ models
discussed. However, all the nodels have specific
predicticns as to where the excess of particles should
btegin tc appear. 1In the case of the model of Fishbane and
Trefil and Efc model, this boundary, for a given energy,
is fixed independently of the target nucleus. The
incident energies are not large enough to determine
whether the excess appears at Y/2 (Fishbane and Trefil) or
at Y/3 (EFC). 1In the case of the model of Berlad, Dar and
Filam, we expect the length of the rapidity plot (in our

case, ln tan /2 plot) to be greater than that for proton-

e
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proton collisions. This does not appear *o be the case.
However, it must be borne in mind that in the pseudo-
rapidity plot, some target protons and slow pions are not
included. The angular distributions are compatible with
some predictions of the hydrodynamical model. There is
the expected shift of the centre of the distribution
towards larger angles and the distributions are very
nearly Gaussian. The predictions of the models of Lehman
and Winkow and cCutler and Snider regarding the boundary
point where excess particles are produced (in comparison
with [proton-proton data) cannot be verified with the aid
of the existing data. These models, like other models do
qualitatively account .for the shape of the angular

distributions.
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Three of the -important features of proton-nucleus
collisions that emerge frecm these studies are, i) the
average multiplicity depends only weakly on the atomic
weight of the target nucleus, ii) in the forward region,
the angular distributions of shower particles are
independent of the target nucleus and iii) the ratio
D/<ns> is independent of the target nucleus.

Considering the first observation, in the literature
R, » which is the measure of the 2 dependence of the
multiplicity, has been defined in two different ways. One
is that, it is the ratio of <ng> to <n, > and the other is
that, it 1is the ratio of fast ( P >0.7) charged particles

from proton-nucleus and proton-proton collisions, i.e.

61
R = <n;s >/<n, >-0.5. Both definitions do not appear to

A

have any arguments supporting their usage. To bring out
the correct A dependence cf the production process, it is
logical to use the number of created particles, whether

they te fast or slcow.
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Alsc, while comparing the angular distributions of
charged particles from prcton-nucleus and proton-proton
interactions, it is desiratle to be consistent. Thus, we
feel that, only the angular distributions of the created
particles should be compared.

The ratio D/<ng¢> is seen %o be constant for the light
and heavy groups of nuclei in emulsion and also for
tungsten and Chromium. Fcr proton-neutron interactions,
D/ <ng > is 0.55 # 0.05. For proton-proton interactionms,
the equivalent quantity, that gives the same value for the
ratio as for - proton-nucleus and proton-neutron
interactions, is D/<n, >-1. The interpretation of <ng>,
then, is that this quantity is the total number of created
charges in proton-nucleus interactions plus the incident
particle.

Which of the many models of multiparticle production

from nuclear targets is a valid description cannot yet be

decided. Considering the average multiplicities, many

wodels give reasonable gcod estimates of these quantities.
However, at high energies, the model of Lehman and Winbow,
predicts that the ratio <n>nA/<n>FPdecreases as the energy
increases. In the hydrodynamical, Cutler and Snider and
Berlad, TCar and Eilam models, fhere continues to be a

finite A dependence of +this ratio, independent of the




incident enerqy, whereas in the EFC model and the model of
Fishbane and Trefil, this ratio depends on the behaviour
of the protcen-proton inelastic cross-section. Also, 1in
these two nodels, as the energy increases, the energy of
cach of the backward clusters or slices increases. This
would cause an increase in multiplicity, and the formulas
need revision at high energies. If the proton-proton
inelastic cross-section is constant, one would expect that
the ratio,(n)ik/<n>rp rincreases as the energy of the
incident hadron increases. Already at 200 GeV and 300
GeV, the energy of each backward slice in the EFC model is
nearly & GeV and if the slices behave as hadrons, this
energy is sufficient tc¢ produce additional particles,
though the coﬁtribution from these to the average
multiplicity may be small. As a digression it is
interesting to calculate the mass of each backward slice

in the EFC model. Referring to figures 5.1 of chapter s,

‘the slopres of the straight lines may be interpreted as

mean rapidities (assuming that 1ln tan e /2 2~ y), of the
tackward particles. From this the mass of each slice can
be calculated to bhe 2 Geﬁ at 200 GeV and 2.4 GeV at 300
GeV.

The rapidity distrikution may prove to be nmore

valuatle than the multiplicities in testing various

TR
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nodels. In the models of Lehman and Winbow, and Cutler
and Snider, the boundary of the target fragmentation
region is different for different nuclei. The model of
Cutler and snider differs from that of Lehman and >Winbow
in that, +the former exrects a slight enhancement in
rapidity distribution for proton-nucleus collisions over
protcon-proton collisions even in - most of the forward
regicn. To check this would require nmore data than is
availakle at present. In the model of Berlad, Dar and
Eilam, due to the expected energy boost, the length of the
rapidity plot increases (bty about 1.8 for emulsion). As
far as the data allows, this does not seem to be the case.
This may be because only angular distribution data is
availatle and it is not strictly correct to equate this
with the rapidity distrikution. Also, the angular
distribution data do not ccntain information regarding the

slcw target protons and pions. 1In EFC model and the model

of Fishtene and Trefil, the enhancement in the rapidity

distribution distribution occurs at Y/3 and Y/2
respectively, independent of the size of the target
nucleus, In the hydrodynamical model, though the details
are not worked out, the boundary of the target

fragmentation reqion depends on the size of the nucleus.
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Thus, the predictions for rapidity distributions are
fairly distinct in each model and these could be verified
at higher energies.

With extensive experimental data on the rapidity
distributions, using.different nuceli as targets, it nmay
be fpossible to verify some of the above predictions of

these models even at the present FNAL energies.,
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i This appendix is divided into two parts: in the first
part, we shall describe the equipment used in printing the
4 grid and processing the emulsion. In the second part we

shall present the processing procedure.

PABI_1: THE_ EQUIPMENT

2l The set up for printing grid

4 sketch of this set up is shown in figure 21.1. The
grid of coordinates was supplied by the Strasbourg
Grid

polaroid films
—_ |

% lamp

1

Figure Al.1 The setup for printing grid

labeoratory. Each square onr the grid was equal to 0.25
sq.mm. Two polaroid films were'used in reducing the light

intensity and a timer controlled the duration of exposure.
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The pellicle was placed in contact with the grid and
a small weight on the rpellicle ensured good contact
between the two surfaces. The timer was set and the
emulsion was expoéed to 1light for 20 seconds. The
arrangement was such-that a light and clearly visible grid
was printed. The long exposure time left a good margin

for errors.

b) The developing tank

A cross-sectional view of the developing tank is

presented in figure A1.2. The developing tank and _trays

were made of stainless steel., The tank essentially is a

rectangular ccntainer which supported a 'cave'! into which

outer
jacket—a

cave

Figure A1.2 Cross-sectiona] view of the developing tank
trays containing the plates and solutions can be inserted.
“hen ccvered with the lids and placed in the cave, the

trays are light-proof. The water circulating in the tank




i
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covered the cave on all sides and maintained its
temperature at any desired value.

A larger version of the developing tank that could
handle mcre stacks was also constructed. 1Instead of one
cave, there are eight caves in this tank and these can

accommodate wider trays than the smaller developing tank.

C)._The fixing tank

This tank is also made of stainless steel and
consists of an outer rectangular tank, where water at
desired temperature could be circulated and an inner
rectangular tank that holds the fixer solution. Stirring
of +the fixer «can be accomplished by bubbling filtered
ritrcgen gas through the solution.

In 2 more recent design, stirring ﬁas accomplished by
mechanical means. A cage made of perforated stainless
steel was divided into four separate compartments, where
the plates could be placed. The whole Cage could be very
slowly moved up aﬁd down in the fixer solution by means of

a motor.

d) The set up for dilution and washing

)

A cartridge containing chemicals that demineralize

the tap water was set up close to the fixing tank. A
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constant pressure head regulates the flow of the tap water
intc this cartridge. The outlet of the cartridge is

connected to the inlet of the fixing tank.

PARI _2: EROCESSING

Priocr to the conmencement of processing, each
pellicle or plate was labelled and its thickness was
measured at five different places. A small corner ¥as cut
from a pellicle and the density of emulsion was measured
using the Archimedes? principle. The liquid used was pure
chlcrefoznm.

While the plates needed no preparation, it was
thought best to mount the pellicles on prepared glass
plates, in order to minimize distortions that can occur
during processing. The procedure described by Barkas
was follcwed.

15 gms of gelatine was soaked overnight at roonm

temperature in one litre of filtered distilled water. On

the morning of processing, the solution was heated to
about 50 C until all the gelatine dissolved. The solution
was filtered and to this 5 c.c of glycerol and 2.5 c.c of
Kodak photo-flo were addéd. The solution was then allowed
toc ccol to 27 C. This temperature was maintained during

the mounting operation.‘ An Ilford prepared glass plate




A R S G A i"&&’-ﬁ'ﬂﬂfm%

L SR

-137-

and a pellicle were immersgd in the solution and the
pellicle was placed on top of the glass plate. The time
of immersion was not more than 10 seconds. The plate and
pellicle were taken out and placed between two layers of 5
mil mylar sheets. A moderate pressure using a roller was
then applied in order to drive out any air bubbles trapped
tetween the pellicle and the dlass plate and to ensure
good contact hetween the two surfaces.

The plates were then allowed to dry in air at 4 C,
for about 30 minutes.

The details of the sclutions used and the temperature
arnd duration of each stage in the processing procedure are

presented in the following table.
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APPENDIX_ 2

VA i S Wt S T

221 DIRECT PAIR PRODUCTICN

The probability that a proton of mass m and kinetic
energy E, traversing a thickness dx (g/cm? ) of matter
produces an electron pair of enerqgy between E' and E'+dE!
is given byéz

P = (8N/mA)«z r,) L{U,V)dE! dx
where
# = the fine structure constant
r,= classical electron radius
N = the BAvogadro number
z = the charge of the target nucleus
A = the mass number of the target nucleus
U = the total energy of the proten

V. = U0'/0, the ratio of the total pair energy

to the total ‘proton energy

The function L (0,V) is defined for the following extreme

regicns.

Region IN: pair of low energy, no shielding
L(U,v) = 7/9 (1/0V) 1n (ky/(m/m,)V) 1n (k' U/em,)

2 meg/U <V K2 m,/m , VK 2m¢/UAzV3




Regicn IS: pair of low energy, complete shielding
L(U,¥) = 7/9 (1/0V) 1n (k,/(5/0,)V) 1n (k4 sazh )

2 me/U <V <2 m,/m, V> 2mp s Uaz?a

Region IIN: pair of high enerqgy, no shileding
LU, V) = (1/07*) (me/m) 1o (k,mV/dz% n)

2m,/m <V <1, ¥V < (2me /m) £z 0/m

Region IIS: pair of high energy, complete shielding

L(U,V) = (1/0V’) {(mes/m) 1n (2k ,U/m)

2me/m <V <1, V> (2me/m) L 25U/

m is the .mass of the electron and k and k' are

constants of the order of unity. ky=k,, k! = 3k} ensures

continuity at the boundary between IN and IS and k,= k,

ensures continuity at the boundary between TIIN and IIS.
Since we are interested in the events where the

electron tracks are straight and thus may be confused with

sl s

shower tracks, the lower 1limit for the pair energy is

taken to be 120 MeV. At this energy, only the last three

regions are relevant. For our calculations, we chose

ki = k,= kq= 1. This sets k,= 3. Since these terms occur

in the lcgarithmic functicn, we expect our results +o be
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fairly insensitive to this choice. The mean free path for
direct pair production was calculated for both 200 GeV and

300 GeV protons. The results are tabulated below.

Mean free path in meters

Target 200 GeV protons 300 GeV protons
Ag 20.4 11.0
Br 35.7 ’ 19.2
c 833. 413,
N 2500. 1111,
C 625 270.
H 10000, 4545.
Em 12.5 5«3
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22.2 KNOCK=ON ELECTRON PROBABILITIES

The collision probability for a particle of mass nm
and spin 1/2 with the electrons of an atom is given by62
P = 0.3 m/p (1-FE'/E, + 1/2(E'/E+n)") dE'/E'" cu /gu
E' = 2o p'/(u, + o'+ 20 (P 4 ))
Here E and p are the kinetic.energy and momentum of the
incident particle, E' is thé kinetic energy transferred to
the electron and E' is the maximum transferable kinetic
energy. Since electrons of energy lower than 60 MeV are

recognizable by the scattering of their tracks, we chose

this energy as the lower 1limit for the kinetic energy

transferred by +the incident proton tc the electron. The {

mean free paths are calculated for each nucleus of the

emulsion and the results are listed below.

Target MNean free path in meters

Aq Se 1
Br Ha 8
C 27.2
N ) 106.0
0 32.1
H 75.2
Em 2.3

The mean free paths are aprroximately the same for both energies.

4
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