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Absgtract

We have presented here an account of the experiment, to
study the high energy cosmic ray indauced nuclear interactions
in paraffin, with the help of a counter controlled magnet-cloud
chamber st an albtitude of 2860 m,

Forthe iivst {ime in cloud chamber experiments a hodoscope,
consisting of Conversi-counters, was used to determine the
c’!i:cection of the primary perticle in a nuclear interaction. This
innovation has helped to resolve the inconsistency in the litera-
ture regarding the value of the mean transverse momentum of the
plon secondaries in an interaction; consistently low values
(~ 300 M, ecve/ Co ) have besn reported by cloud chamber workers
as against the compsratively higher values (~ 450 M.eovo/Co)
reparted by emulsion workers.

In the following pages, distributions have been given of
the various parametars in a nuclear interaction; namely the energies,
angles of emission, the mltiplicities and the darge excess of the
secondaries; and the inelasticities of *he interactions, For ease
of comparison with other experimenitei and theoretical results, the
above distributioas have been given separately in the laboratory
system and the centre of mess system of the ccilidingmucleons,

A very simple mathed has been used; the ‘effective?
target mess melhod, for separating the varlous possible types of nuclear

interactions In the collision of a nuclecn, with a nucleson or a nucleus,
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Preface

The work presented in this thesis was undertaken by the
author as a menber of the cloud chamber group at Tmperial
College, under the supervision of Professor C.C. Butler.

The aubhor joined this group in Ngvemner 1957.  The
group had just started (September 1957) an experiment on the
study of the properties of cosmic ray induced high energy nuclear
interactions in aluminium, at the mountain observatory of Pic du
Midi, with the ocllaboration of the physicists from the Ecole
Polytechnique, Paris, The scanning, and a part ofthe measure-
ments and calculations of the results of this experiment were
done by the author. The results of thisexperiment, with aluminium
ag the target material, were published in I1 Nuovo Cimento, July,
1960,

In May 1959, a similar experiment was started at the
above dservatory with paraffin as the producing material. A system
of Conversi~counters formed a hodoscope to record the direction
of the primary particle in an interaction., The author vas associated
with this experiment from the beginning, and was responsible for

thz scanning, the measurements and ths smalysis of the results,
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INTRODUCTION

Modern accelerators provide an excellent source of
primaries of energiea < 25 G.e.v, for the study bf pion~
nucleon, nucleon-nucleon or nucleon=-nucleus interactions, How=
ever, when this experiment was sterted (May 1959) the highest
available machine energies were of the order of 10 G.e.ve Cos-
mic rays are +the only source of particles available for the
study of very high energy interactions, although they are rather
feeble in intensity as compared to the machine generated primaries.

In the historical development of the subject, a large
number of experiments have been perfarmed with counters, nuclear
emulsions and magnet cloud chambers, and various theories and
theoretical models have been proposed with little success in ex-
plaining all the experimental observations, due to the complexities
of the interactions, |

Nuclear emulsions have the main disadvantage of present-
ing heavy nuclei of silver and tromine in the path ofthe primaries,
with the consequent complexities of the observed collisions,
Emulsions form a ugseful tool for the study of ﬁucleonmucleus
interactions with heavy targets. Cloud chambers have the
advantage of permitting one to select on e's target material,
Materiais as light as lithium hydrite and paraffin have been
used. However in the experiments with cloud chambers the nature,

direction and encergy of the primaries have been unknown.
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In the present investigation we have installed a
hodoscope of Conversi-counters to record the direction of the
primaxy particles, The nature and energy of the individual
cosmic ray primery in an interaction are of course not known.
We have assumed that the spectrum of our primaxy cosmic rays
contains 704 protons and 3046 77 fomesons,

The knowledge of the direction of the primary particle
would enable us to know fairly accurately, amongst other para-
meters, the important Lorentz invariant parameter, the transverse
momentum (p,) of the seconderies. The values of p, given by
cloud chamber workers have been consistently lower than those |
given by emulsion workers who know accurately the direction of
the primary particle.

With a view to study the comparatively simple inter-—
actions ot a pion or a proton with a single target nucleon; we
have used paraffin as the target material, where we expect two
thirds of the interactions 4o take place with the proton of the
hydrogen in paraffin,

Amongst the twenty-five observed interactions, one
would expect a mixture of different types of interactions; for
instance one may have (i) the core-core collision, where the
two nucleons collide head on, thus causing the cores of the
nucleons to interact with each other, (ii) {he peripheral

collisions where the meson cloud of either the primary or the



target nucleon interacts with the core of the other nucleon,
(3i1) or *he primary nucleon may collide with the carbon
nucleus with the consequent cascading in the nucleus.

Since the various parameters of the secondaries, namely
the angular distribution, the energy distribution, the inelasticities,
the charge excess; etc,, may show a different distribution for
the different types of interactions, it is of interest to be able
to separate into various groups the above mentioned different
types of interactlons, We have suggested a very simple, though
possibly naive, method of separating the interactions into the
various groups 1o be able to study the behaviour of the various
parrameters scparavely for each group,

In the following pages, we have made an attempt to develop
the subject phenomenologically, rather than try to £fit our results

into one of ths many theoretical models,
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EXPERIMENTAL ARRANGEMENT AND MEASUREMENTS

The experimental arrangement is shown in Pig. I-1. It
consists essentially of the following: a) two crossed trays of
Conversi counters arranged to form a hodoscope to give the direction
of the primary particles, b) a producing layer of 6 cm, of paraffin
wherein the high energy interactions are produced, c) the magnet cloud
chamber in a magnetic field of 5000 gauss, where the secondaries of
the interactions are dserved, 4) the Gelger-Counter selection system
with its inherent electronics; to trigger the cloud chamber and the
hodoscope when a high energy interaction is produced in the paraffin

la.yer.

I-1 The Hodoscope

As mentioned earliexr in the Introduction, the direction of
the primary particle is an important parameter for the knowledge of
the kinematics of a high energy nuclear interaction, especially for
the transverse momentum distribution of the secondaries. It was
thus essential to determine accurately the direction of the primary,
In fact, in this experiment, this is the only parameter one measures
regarding the primary, its mass, the sign of the charge and the
energy being unknowvn quantities.

The hodoscope in 1ts bare essentials consisted of two
arrays of crossed counters which gave the spatial co-ordinates of

a particle passing through them,
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The neon flash tubesused for the hodoscope were first developed ] O
by Conversi and Gozzini (1) They consist of glass tubes filled

with néon gas. The glass tubes are sandwiched between two parallel
plate aluminium electrodes, VWhen a charged mrticle passes through

a tube it jonizes the gas in the tube and if at this instant a

pulsed high voltage is applied to the external electrodes, the tube
discharges with the characteristic neon flash, The flash is

sufficiently intense to be photographzd directly,

Hodoscope design criteria

We have mentioned the need for an accurate knowledge of the
primary directiony and so here we try to estimate the diameter of
the hodoscope tubes required to get a reasonable accuracy in the
transverse momentum (P’c) of a particie,

Let us say that we want to know the transverse momentum (p4)
to an accuracy of 100 Meeev./cs» for a particle of momentum p = 20
Gecove/Cs emilted at an angle © to the primery direction, then
since P =P gin @

Bpt =pCosQaQ = pl..l....‘

wvhere A x is the weortainty in locating the point of entry of the
primary in the topmost tvay (diameter of the counter), and /( = 80 cy,
is the distance between 1he topmost tray of counters and the point

of orlgin of the shower in the produwar,
. 80 x 0.1
o e A X = 9? b PJG = —'-é"om = Qsk Cmo

Thus standaird glass tubes of 0.5 cms internal diamcter were
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found quite suitable for the counters in the topmost crossed trays.
The second set of crossed trays of larger diameter (1.5 cmo)
counters were merely to check the direction, as given by the top-
most tray and the point of origin of the interaction., Their size
was mainly governed by the need for a reasonsbly high efficiency and

a ocomparatively small number of counters per trays

Constructional Technique

Coxell, H., and Yolfendale, A.W. (2) have improved on the
original Conversi and Gozzini (1) type tubes by filling them at
. pressures above one atmosphere, The tubes made of Soda glass are
degassed on a vacuum system to a pressure of 1072 mm, of Hg, baked
at 300°C,, for 30 minutes, The smaller diameter (0.5 cm,) tubes
were filled with conmercial quality neon gas at a pressure of 2.3
atmospheres, The tubes were immersed in liquid nitrogen to lower
the pressure below atmospheric during the sealing off process,. The
longer diameter (1.5 cm.) tubes were filled with ncon at a pressure
of 60 cm, of Hg.

About five hundred and fifty tubes were oconstructed for us
at the Durham Colleges, University of Durham, under the supervision
of Dr, A.W. Woclfendaie,

These tubes had the various characteristics required for a
cosmic ray experiment, namely, (a) a fairly good efficiency of
flashing, (588 for the 0.5 cm, diam. tubes and 80/% for the 1.5 cm.

diam. tubes). (b) short sensitive time(~ 32/t«.sec°), (c) low
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spurious rate of flashing (less than 0.6 flashes per 1000 pulses)

and (d) stability of operation with a long working life.

Arrangement of Counters

The hodoscope as shown in the figure was made up of four trays
of these Conversi-Uounters, The top-most tray contained 321
counters 32 cm. lang and 0.5 cme in intermal diameter arranged in
three rows of 107 counters each, The rows were staggered to
avoid gaps in between the counters., The second tray contained 111
counters, 76 cm. long and again of 0.5 cm, in internal diameter,
arranged in three rows of 37 counters each, staggered, and with
thelr lengths at right angles to the counters in the top-most tray,
thus forming a crossed system of counters, These two trays were
placed as far above the paraffin producer as possible, limited by
the top-most Geiger—counter tray touching the ceiling,

The third tray of counters consisted of 89 counters, 32 cm.
long and 1,5 cm, in intermal diameter, arranged in two staggered
rows of 4H counters each, The fourth tray contained 26 counters,
76 om, long and 1.5 cm, in diameter, arranged in two rows of 13
each again staggered, and with their lengths at right angles to
the counters in the third tray, farming asecond block of crossed
counters, This second system of crossed counters was kept as far
below the first two trays as permitted by the roof of the magnet

cloud chamber,
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Efficiency of the Convergi-Counters

According to Coxell and Wolfendale (2), the efficiency of
these combers depends on various factors, namely, the neon gas
pressure in the tubes, the time delay of the applied high voltage
pulse, the rise time of the voltage pulse, the length of the
pulse and the magnitude of {the pulsce.

The smoller diameter (0.5 cm.) tubes for the top crossed
trays whichwre filled with neon at a pressure of 2,3 atmospheres,
had a mean sensitive time of 32 /A. sec, and an efficiency of
584 for a high voltage pulse of 8 K.V./ cm, delayed by ~ &k - J4 SECe
The comparatively low efficiengy of these counters implied the use
of three rows in each tray to get an overall efficiency of 9%
for at least one cowmter going off per tray.

The large diameter (1.5 cm,) tubes for the second array of
crossed trays which were filled with neon at 60 cms of Hg. had an
efficiency of 804 for a high voltage pulse of 5 K.V./cmo, delayed
by L 4. sec; thus in this case by using only two rows of counters
per tray, we were able to obtain an efficiency of 964 for at least ‘
one counter going off per tray.

In the course of theexperiment at frequent intervals a
series of /» -mesons were photograrhed to check on the efficiency
of these countexr trays. The efficiencies of the various trays for

a run of 200 /a, -mesons are the following:
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Size and position of the counters: Efficiency
(of at least one counter
firing per tray)
The topmost tray 0.5 cm, in diam., and 32 cm. long 757
The second tray 0.5 cm, in diam,, and 76 cm, long 85%
The third tray 1,5 cm, in diam., and 32 cm, long 9%

The fourth tray 1.5 cm, in diam., and 76 cme long 99%

Thus the overall efficiency far thevhole hodoscope, namely,

at least one counter firing in each of the four trays, was 62%.

Photography
All the 500 and odd counters of the hodoscopey arranged to

flash the spatial position of a particle in two perpendicular planes,
were photographed by a single camera lens, This was made possible
by the use of alluminised mirrors (Skillicorn, I.O0. (3)). This
photograph of the flashed counters also had superposed on it the
illuminated numerators and two fiducial light spots given by two
tiny tungsten bulbs on either side of the hodoscope. A typlcal
flash photograph on the hodoscope counters is shown in Figure I-2,
The counters which looked into the axis of the photographic
lens produced bright images bubt the intensity of the photographed
image fell off for the tubes on the extremities of the hodoscope,
This was due to the fact that the intensity of light was greatest

along the axis of these counters and fell off rapidly with the angle,
thus when photographed off axis they gave poor photographic images.

The photograprhs were taken on Kodak Tri X f£ilm developed
for 15 minutes, in Kodak D 1l developer,
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Electronics =13-

The main features of the electronic circuits were, the high
tension power-packs, the delay lines, the high voltage thyratrons and
the pulse transformers, Figure 1~3 shows the drcult diagram.

The master pulse from the Geiger counter selectlon system which
triggers the oloud chamber was used to trigger the first thyratron C.V.
797, which in its turn triggers the high volitage thyratron XH 8. The
discharge of the ¥ 4. sec delay line through the XH 8 and the pulse
transformer (P.T. 1) puts a 6 K.V. pulse on the C.V. 85, Now the b,
sec, delay line discharges through the pulse transformer (P.T. 2) and
C.V. 85 giving 30 K.V. on the output resistance R, A tapping from
this resistance R supplied the high tension pulse to the electrcdes of
the Conversi Counters, This output tap from R was adjusted to give no

spurious sparking between the aluminium electrodes of the munters,

I~2., The Magnet Cloud=chamber and the Producing Layer

The Cosmic Ray primaries after having signalled their
spatial incoming direction in the hodoscope, interact in the producing
layer of paraffin on top of the oloud chamber. Most of the secondaries
of these interactions, which are thrown in the forward hemisphere are
made visible in the cloud chamber. The magnet cloud chamber (in a
megnetic field of 5000 gauss), ensbles us to know the sign of the elec—
tric charge of these particles and to measure their momenta and the
angles of emission., Particles which are suf'ficiently slow to ionize

heavily in the gas of the cloud chamber lend themselves to identifilcation.

Cloud Chambers

The arrangement of cloud chambers and the magnet was the

same as used by Gregory et al., (4) for their installation at the Pic
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du Midi Observatory (2860 m. sbove sea level),

The relative iaositions of the cloud chambers, the paraffin
proeucing layer and the Geiger Counters is shown in Fig, I-1l, The
top magnet—cloud chamber had an illuminated volume of 68 x 64 x 30
cm’ and was situated between two water cooled Helmholtz coils
giving a uniform (* %) magnetic field of 5000 gauss, The lower
multiplate cloud chamber had a useful volume of 68 x 64 x 4O om? .
contained fifteen 1 cm, copper plates and was mounted vertically
below the top magnet cloud chamber, At an early stage in the
experiment, this multiplate chamber developed a chronic leak and
stubbornly resisted all attempts to detect it, Infact it was not
in operation for more than half the length of the experiment., The
cloud chambers were filled with Argon at a pressure of 18 cm., of
Hg, above atmospheric, The condensation liquid was sbsolute alcohal.

4 ocloud chamber of such a large volume demands a strict
temperature control, if one wants to avoid convection currents and
turbulence in the gas of the chamber, and so inside the magnet cloud
chamber temperature conditions were maintained constant to ~~ 0.1%.
A temperature gradient from bottom to top of the order of a degree
centigrade was introduced externally and was carefully maintained
throughout the experiment.

Both the cloud chambers were illuminated from the sides by
Siemens flash tubes. Banks of condensers were discharged through
these flash tubes dissipating nearly 5000 Joules through each tube,

Delays of the order of 60 milli~secs, and 100 milli-secs, were used



between the expansion of the chambers and the flash of the Siemens
flash tubes,

Four cameras photographed the top chamber. One of the
cameras had its lens axis in the plane of the bottom layer of the
paraffin producer, thus seeing the producer edge-on. This helped
to photograph clearly the wide angle tracks and decays of particles
decaying very close {to the producer. The other three cameras were
mounted conventionally, one of them central and looking at the chamber
straight on, and the other two on either side of it, The distance
between the left hand and the right hand cameras being 64.4 cm. The
three cameras were at a distance of 190 cm. from the front glass of
the cloud chamber. The photographs were taken on Kodak Tri X
35 mm, film and were developed for 20 minutes at 20°%C in the developer
recommended by Kodaks., The rate of photography was about 100
photographs per day,

The cloud chambers were counter controlled and we shall

descaribe the Geiger~Counter Selection system in the next section (1-3)..

The Producing Layver

The producing layer consisted of two slabs of Paraffin each
3 cm, thick, As shown in Fig. I-l, they were placed on top and
bottom of the 1 cm. dural roof of the cloud chamber. The two import-
ant criteria for the selection of a 6 cm, thickness of

paraffin were (a) the desirability of observing interactions of
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Cosmic Rays with a simple nucleus like that of Hydrogen in paraffin
and (b) the necessity of accurate reconstruction of origins of the
interactions, The production of a secondary interaction in the
material would reduce the accuracy of reconstruction of the origin
and would render the event extremely difficult for analysis. A 6

cn, thickness of paraffin is about L .th of the meanfree path for

10

interactions of protons of energies of 20 GeBeVe, see Walker, W. (5).
Thus the probability of observing a secondary interaction in this

thickness of paraffin is less than 10ke

I~3 The Geiger-Counter Selection System

The Geiger-Counter-Selection system consisted of four trays
of Geiger Counters of various sizes (Fig, I~l). The top-most tray
A on top of the hodoscope consisted of 9 counters, 8.0 cm, long and
3 ome in diameter, The second tray B below the hodoscope and above
the paraffin producer also had 9 counters, but 2 cm. in diameter and
70 cm, long. The third tray C below the magnet cloud chamber had
13 cowmnters, 70 om. long and 2 cm, in diameter, The fourtsh tray
D just below the 20 cm, lsad absorber had 16 counters, 70 cm., long
and 2.5 cm. in diameter, shielded from each other by -Z“T"’ sheets of
lead,

The selection demanded the firing of one counter from A,
one or more from B and at loast two counters from C and D. This
coincidence, Alglc >0 D = p gave the master pulse to trigger

the cloud chambers and the hodoscope,
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Trays A and B essentlally formed a single particle
telescope. The demand for two particles in tray C implied that
this single primary must interact in some form in the matter .- between
trays B and C. It could produce a nuclear interaction, an electron
cascade or just a single knock-on electron. The 20 cm, of lead
between C and D trays and the 2= 2 criterion for the D tray auto-
matically removes single electron knock~on events and low energy
electron cascades. However, a few events where a double knock—on
occurs one just above the C~tray and one above the D~tray, or the
very energetic electron cascades, do creep in through the selection
system, The lead block also helps to decrease the inherent bias
of this selection against low multiplicity nuclear intersasctions, by
allowing the nuclear active secondaries to make sscondary interactions
thus increasing the probabilivy of fiwxing two or more counters in

the D-tray.

I-4 Curvaturce Measurements and the Maximum Detectable Momentum

Curvature Measuprements

Photographic megatives of three cameras were used for
curvature measursments on the tracks of the secondaries of the inter=-
actions., The photographs from each of the three cameras were pro-
Jjected onto a flat table to full size for the Fiducial marks on the
front glass plate of the cloud chamber, These projected track

images were superimposed on standard, accurately drawn, known
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curves, If a track's curvature lay within a range of these standard
curvatures then the mean value of the range was taken as the awvature
of the track,
Before these measured curvaiwres could be used for momentum
calculations one had to correct for the geometry of the track, namely
its dip and its position in the depth of the chamber, and to correct

for the optical distortions and the cloud chamber gas distortions,

Optical. Distortions

By optical distortlons we mean all the systematic curvabures
introduced by the optical components of the photographic and reprojec—
tion instruments, A series of nylon threads stretched on a frame
were photographed through the front glass of the chamber by the same
photographic equipment., These photographs of the threads were repro-
Jected Fhrough the same optical system and their spurious curvatures
measured as before with the standard curves, 4 set of correction
curves were drawn for each camera for the weprnjection system. Inhe
corrections were of the arder of T 0.5 Km™, For details see

Neale, W.Wo (6).

Ga.s Distortions

The gas distortions are caused by the turbulenf motion of
the gas in the cloud chamber at the time of expansion, Two t0 three
times a day in the course of theaxperiment, the magnetic field was
switched off and the Geiger-Counter selection system switched over

to take 4 =meson photographs; /h ~mesons which could peretrate
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20 cm, of lead after passing through the magnet chamber, The cur=
vature measurements on these no-magnetic field, /&- -meson tracks
were used to dstermine the corrections for gas distortions,. These
corrections varied with the position of the track across the width
of the chanber, Again a correction curve was drawn giving the mean
correction to be applied for various positions of the track in the

cloud. chamber, /

Maximum Detectable Momentum

After correcting for the systematic optical and gas distortions,
one is left with residual random curvatures for the /"- ~NesSonss
These residual curvaturcs were used to determine the meximum detech-
able momentum, PFollowing Wilson, J.G. (7}, we define the maximum
detectable momentum (M.DQM.,) a5 the particle momentum for which the
true magnetic field curvaiure is equal to the probable uncertainty of
curvature measwrements. In fubure; we shall always refer to this
quantity as M.DoM. A value of 25 Gev/c was obtained as the M.Dal,
for this experiment,

Thus, every track's curvature was measured on the three
camera frames, The individual optical correction for each frame
applied, the mean of these three corrected cwvatures was corrected
for gas distortions and dip and depth corrections and the final
radius of curvature ( # cm,) was used in the formulae

p = 300 H/ e.v/c (H = 5000 gauss)

to get the momentum (p) of the particle,
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I-5  Spatial Reconstruction of Tracks of Secondaries and Origins

of Interactions

The events selected for analysis had to satisfy stringent
conditions for the position and nature of the origins of the inter-
actions. The reconstructed origin had to lie within the Paraffin
producer, and had to be uniquely defined within the cirele of con-—
fusion (1 cm, in diemeter) caused by errors in reconstruction,
Events with multiple origins indicating the presencs of secondary
interactions in the producer were rejected, If one or wo heawily
ionizingtracks of slow particles emitted at wide angles did not go
through the origin (as defined by the tracks of fast particles),
then these slow particles were consideréd to have scattered in the
producing layer before emerging from it, and the event was accepted
for analysis if the scattering was consistent with Coulomb scatter
ing in the material. However, if a fast particle refused to go

through the origin, the event was rejected,

Reconstruction of Origins

The reprojection system for the reconstruction of these
events was the same as that used for curvature measwements. The
photographic images from the two extreme cameras were projected,
and the tracks, whose curvatures had already been measured, were
drawn on a sheet of paper with the help of curved rulers, The
meeting point of these tracks on the two camera frames were con=-

sidered as the projections of the origins of the event and its



X and Z co-ordinates were measured on the projected drawing., Enow-
ing the distance between the lens axis of the two extreme cameras
and the distance between the fiducial marks on the front glass and
the camera lenses, one can calculate the spatial co-ordinstes (x,y,s)

of the arigins (Neale, W.W. (6)).

Ve define the following rectilinear axis directions, the X
direction parallel tothe width of the chamber, the Z direction in the
beight of the chamber and the Y direction in the depth of the chamber

measured from the inside of the front glass.

Reconstruction of tracks

The X and 2 co-ordinates of the end points of the tracks were
also measured in each c¢f the two camera projections, and their
(x,¥,2) co-ordinates calculated. The complete interaction was drawm
in the zx and zy plenes. The angles ( /3 ) of the dram tracks
with the Z-axis were measvred in the zy-plane and the angles { X )
of the tangents te the tracks at the origin with the Z-axis were
measured in the sx-plane, The measursd angles 0K and /6 in
two perpendi~ular planes for each track, gave the spatial angle Qt

of the track with the vortical (Z-axis), from the formulae:

tan 9, = Sian? X+ tanz/ﬂ
These cslculations were made by the Ferranti-Meroury Computer of

the University »f London.
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I~6 The Direction of the Primsry Particle as given by the Hodoscope

Up to now we have shown how we obtained the momenta of
the tracks and their spatial angles (,) with the vertical, We
shall now try to show how we measuredthe spatial angle (ep) o? the
direction of the primary particle with the vertioal. These two
angles will enable us eventually to calculate the angle each txrack
makes with the primary direction.

A strict criterion was employed for the selection of the
events from the hodoscope. Only those events were selected where
a particle passed through all the four trays of the Conversi-~
Counters. As welave seen before (I~l), each tray had two or three
rows of counters and we make the selection demand that at least one
comter should have fired from any one of the rows from each tray.,

The top two crossed trays give us the (x,y,z) co-ordinates
of the points where the particle traversed these trays. Ve have
already measured the (x,y,z) co-ordinates of the Origin of the
interaction in the paraffin producer, We now take the line
Joining these two points, namely the polnt where the particle
entered the top of the hodoscope and the point of origin of the
interaction, as the direction of the primary particle. The
spatial angle (ep) this line makes with the vertical is the angle
of the primary direction with the vertical, The large counters
in the second set of crossed trays were used only to check this

direction. If the gbove mentioned line of flight of the primary
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did not pass through both of these lower crossed trays, then the
event was rejected.

Thus knowing the angle (6 p) of the direction of the
primary particle with the vertical end the engles (8,) with the
vertical of the secondaries of the interaction, we can calculate

the angle (©) of emission of the secondaries with respect to the

primaxry.

BErrors in the Direction of the Primary

The finite size of the hodoscope top counters, the errors
in the reconstruction of the origins and the relative positions
of the hodoscope counters and the cloud chanber, introduce errors
in the angles (Gp) measured above,

An attempt was made to get an idea of the error in the
measurement of the relative position of the hodoscope and the cloud
chamber, by reconstructing the no-magnetic field /"- ~meson tracks
(I~4). The angle between the reconstructed /L‘, ~meson track from
the cloud chamber and its direction as given by the hodoscope was
plotted for 42 /4 -meson tracks and the distribution of the angles
is shown in Fige. I-5.

The distribution shows that 75% of the angles are within
1° which is of the order of the error (0,9°) in the angles due -
to the finite size of the counters (0,5 cm), the circle of con=--
fusion (1 em) round the reconstructed point of the origin and

the setting errors (0.5°) in the measurement of the angles.
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CHAPTER II

Experimental Results

The high energy intemactions studied in this experiment lend
themselves to the following measurementsé= the direction of the primary
perticle, the angles of emission of secondaries, the number of secondaries
(N,) per interaction and the sign of their electdic charge, the momente of
secondaries and in the case of those secondaries which are slow and heavily
ionizing an estimate of their mass, W: shall show various distributions of

these parameters together with the distribution of the transverse momenta,
A total of ten thousand and three hundred photographs were taken

in the course of a nine months run of the apparatus at the Mountain (2860 m,
BeSele ) Observatory on Pic du Midi in France, A Geiger-counter rate of 15
per hour with a chamber dead time of 8 minutes yielded on an average 100
photogreaphs per day. A complete scan of the photographs showed 45 inter-
actions with total visible energy > 10 Ge.e,v. Three of these interactions

had a VP=-decay and one a Vt-decay,

We may compare this yield with our previous experiment (10) where 101
showers were obtained in about 10,000 photographs using aluminium as the
shower producing material, Since in terms of interaction lengths the
aluminium was 1.6 times thicker than paraffin, we have to compare the equi-~
valent yields of 62 showers for aluminium and 45 showers for paraffin. This
lower shower rate for paraffin was due to the loosening of the selection
system (thus increasing the counting ra‘be); during the very hot summer of

1959, to prevent the magnet coils from getting unreasonably hot.

Bearing in mind the fact that we are interested in interactions
of energies greater than those used with accelerators (~ 10 G.ceve),
accurate measurements were made on interactions which satisfied certain

selection criteria,



IT~1 Selection of Interactions and the elimination of Electrons

from the secondaries

The following selection criteria were used:=
(1) Hodoscope: the primary particle should pass through both
sets of crossed trays of Conversi~Counters (I-6) and should go
through the reconstructed origin of the interaction,

(ii) Nature and position of the origin: the origin from

the projection drawings of the three photographs should be uniquely
defined, should be inside the paraffin producer, and not more than
one minimum ionizing secondary particle should be incompatible

with it.

(1ii) Mﬂ.ﬁip]ici‘by: the number (Ns) of secondary particles at
minimun ionization with momenta greater than 100 Mev/c should be
greater than or equal to three. (At momenta < 100 Mev/c, 77
~mesons and protons ionize heavily but the electrons are at minimum
ionization).
(iv) Momentum: the sum totel of the momenta of all the charged
secondaries should be greater than 10 Gev/c,
(v) Geometry: all the particles of the interaction should be
visible in all three photographs and the event should have more than
60% of the track curvatures measureble over 25 cm, of their length.
Twenty-five events satisfied all the selection criteria

mentioned above and were used for the results presented hereafter.

Electrons amongst the secondaries

o]
7T ~mesons produced in the interaction decay rapidly
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in the producer into Y-rays, which in their turn materdalize to
produce pairs of electrons, Of these materializetion electrons
those which have momenta < 100 Mev/c are easily identified fram
their minimum iomization, since 77 -mesons, and perticles of mass
heavier than 77 -mesons ionize heavily at these momenta, However,
electrons of momenta > 100 Mev/c may easily be mistaken as mesons,

However the kinematics of electron pair production demands

. m.cl
that the angle between the two particles be relatively small, mgc
.

(where Ey is the energy of the Y-ray). This fact was used to
identify pairs of electrons from the secondary particles.s Pailrs

of particles of opposite sign and within an angle of 1° were picked
out as electron pairs and removed from the inematical considerations
of the interactions. A4 very small percentage (4%) of the total
nunber of secondaries in the 25 interactions were lost as electrons,

thenks to the fact that 6 om of paraffin is only ~i1-6th of a radiation

length,
The main paramehers of the interaciicons are tabulated in

Table IT--1;
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Table JI~l

Picture Multiplicity

e

Nuber N, n+ n- nb i pjcose, Py Angle between primary

5 s s s 1  ‘%Pansverse direction and result-

momentum. ant momentum of the
secondaries.

1w 7 7 5642 0,40 1.70°
2 9 4 4 1 334 0.29 3.10°
3 11 6 5 39 0.29 3.75°
L, 17 11 5 1 71 0.46 2.38°
5 10 5 4 1 62 0.34 1,27°
6 16 7 8 1 5l 0.36 0,65°
7 13 6 7 1.8 0.25 1.99°
8 16 8 8 L43.7 0.31 Lo 4t3°
9 6 3 2 1 31,8 0.47 1,78°
10 6 3 2 1 32,2 0.41 2.53°
11 8 6 1 1 27,6 0¢34 5720
12 10 6 & 18,3 0.23 1,92°
13 10 5 4 1 46 0.1 0.47°
. 9 5 &4 25 0.43 3,27°
15 L L O 26,1 0,8 5¢16°
16 6 35 2 1 33 O.46 »80°
17 3 2 0 1 26k 0,60 11, 269
18 6 4 1 1 443 0.40 1.45°
19 11 6 4 1 33,8 0.2l 0.76°
20 9 4 3 2 70 0.78 3,73°
21 6 3 2 1 53 Qi3 1.49°
22 3 2 1 17.5 0.26 3,290
23 6 6 0 37.8 Ouls? 1,18°
2 3 2 1 11,1 0u20 1.890
25 L, 2 2 1545 0442 3,70°
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II-2 The Direction of the Primary particle and its angle with

the résultant _momentum

Verious previous workers (6) (10) (11) (13), not knowing
the actual direction of the primary, have taken the d‘irecrtion of
the resultant momentum of the secondaries as the primai'y direction,
Our results show that these two directions are not the same and
that on average the angle between the direction of the primsxy
particle and the resultant momentum is 2,6° * 0,27°%

The direction of the resultant momentum of the secondaries

for each interaction was determined from the formulae:—

< p coS ok

11

It

ip cos < tan /3
Zp cos o<

tan ﬂ/

vhere o¢' and /3" are the angles of the resultant momentum with the

Zwaxis in the zx and zy planes respectively, and ©< and /3 the
angles the secondaries make with the Zeaxdis in the zxz and zy planes
(I~5, pe 27).

Using these angles o<! and /3" with the measured
angles of the primary ﬁ-om the hodoscope, we have plotted in Fig,
IT-6 the distribubion of the spatial angles between theresultant
momentum and the direction of the primary, This distribution is
for a total of 29 interactions, the 25 produced in paraffin and the
L. produced in the aluminium rocof of the cloud chamber, The dis-

tribution shows that ninety percent of the interactions have these



Number of Events.

127

O

o

36.

Distribution of angles (©)

between

the resultant

momentum and the

primary

direction.

( Hodoscope)




BT
angles greater than 1°, which is the order of the estimated error
(0.9°) in the determination of the true primary direction from
the hodoscope (I~6).
We may calculate the average errcr in the angle, in taking

the direction of the resultant momentum as the direction of the

)
primary, as J(2.6)2 - (0.9)2 = 2,4 s Let us assume that this
‘error is due to the missing momenta of the 7 Ow~mesons. Follow-
ing Awunor-Renner et al. (10); we estimate this error due tothe

L) o
missing 77 -mesons as

tan Btf=7‘%’ 2 =g._z.71?_|é_§_=2'o
OXO 8 5 o 3

in feirly good agreement with our valus of 2.4°. Thus we ere led
to believe that the disagreement between the direction of the resul-
tant momentum and the true primary direction is mainly due to the

unknown momenta of the 7 C=-mesons,

II=3 The Distribution of Transverse Momenta

The transverse momentun of the secondaries of an inter-
action is an important Lorentz inveriant quantity. It is an easlly
caloulated laboratory quantity which lends itself to direct com=—
parison with theory, As Koba (8) has pointed out it gives valu=
eble information regarding the mechanlsm of multiple meson production,

We define the transverse momentum (pt) of a secondary
particle as

Py =p sin @
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where p is the measured momentun of the particle in the laboratory
system and © is the angle it makes with the primary.
These values of transverse momenta (p,) calculated for all
the secondaries of the 25 interactions in paraffin are plotted in
Fig, II-7, We have exoluded from this distribution, secondaries which
were ldentified as protons from their heavy lonization for momenta
below 750 Mev/c., secondaries which were identified as electrons (II-1)
and all the secondaries with momenta greater than 16 Gev/c.
The mean value of the treansverse momentum is 387 F 44 Mev/c.
This value is in good agreement with the preliminary value
of ~— 380 Mev/c, obtained for interactions produced by a 16 G.e.ve
v ’-beam in & liquid hydrogen bubble chember at C.E.R.N. (9). It
is interesting to note that 1f we recalculate our transverse momenta,
taking the direction of the resultont momentum as the direction of
the primary as has been done by all previous workers, we get a mean
{ransverse momentum of 320 Mev/c. in gocd agreement with the mean
value of 310 Mev/ ¢ obtained with the results of Awvunor-Renner et
al, (10), an exactly identiocal experiment with an aluminium producer.
Thus we would like to stress here the importance of the know-
ledge of the direction of the primary particle without which various
cloud=chamber workers (6) (10) (11) (13) have obtained consistently
lower values of the mean transverse momentum.
Hansen and Fretter (11) working with interactions in carbon
get a mean valuc of 308 % 2% Mev/c. Montanet (13) working with a

paraffin producsr quotes a value of ~— 300 Mev/c, Neale, W.l. (6)
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concentrating on only those interactions (in Aluminium) which had
a strange particle in them, obtains a mean value of 312 ¥ 15 Mev/e.
Amunor-Renner ot al. (10) working on a similar experiment as ocurs
but with an aluminium producer quote a value of 310 } 10 Mev/s,
Various theoretical workers, Heisenberg (14), Femmi (15),
Farley (16), Belen'ky and Landau (17) and Melecin and Rozental (18)
have tried to predict the value of the mean transverse momentum,
" Heisenberg predicts a very low value of 140 Mev/c. Fermi on the
other hend predicts very large values, several Gav/c, but Farley
modifying Fermi's theory has predicted a value of 450 Mev/c, slight-
1y higher than the obsérv*ed value, Belen'lty and Landau also pre-
dicted very large values (several Gev/c. ) but Melecin and Rozental
have modified theiv theory and have given distributions in good
agreement with the experimental distribution,
In Figure II~7; we have compared our experimental distrie-
bution with the theoretical distribution given by Milecin and Rosental

(18). We have plottel the theoretical curve taking T, the

nm-ar 02

2K
is the Boltzmann constant, We have normalized this curve at

temperature of the free pion system equal to where K

Py = 0.1 Gev/c, and ths agreement with our experimental results is
fairly satisfactary for values of py << 0,08 Gev/c. We shall
discuss the theoretical implications of this in a later chepter (IV).
Distributions of transverse momenfa for positive and
negative secondaries were separately plotted but no significant

difference was observed, This shows that if a large number of
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protons are present in the positive secondaries as degenerate
primaries or as target nucleons, then the transverse momentum dis—
tribution of these nucleons is not very much different from that
of the pion secondaries., Similar conclusions have been drawn from
our results in Aluminium (10) and by Hansen and Fretter (11) studying
interactions in carbon, However, the emulsion workers (12), works
ing with interactions in the range of energies of 100 to 10,000
Ge€oVey have found higher values of the mean transverse momentum for

nucleons as compared to that far pions,

IT~4 The Momentum Distribution of the Secondaries and the Primaries

Momenta of the Secondaries

Figure IT.8 shows separately the distribution of momenta of
the positive and negative secondary particles. Ve have excluded
from these distributions, slow heavlly jonizing particles ldentified
as protons, and all particles with the maximum detectable momentum
(M.D.M.). The dotted histogram for negative particles has 'been
normalised to a total of 118 positive particles, The distribution
iz similar to owr distribution for Aluminiom (10) results.

The results of the experiment with Aluminium (10) as the
target material lend themselves to easy and accurate comparison with
our results with paraffin, since both the experiments were identical
except for the different target materials, The direction of the
primary particle however was unknowm for the Aluminium (10) experi-

ment. We snall in future take every cvportunity of comparing the
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histograms for these two different targets.

Figure II~9 shows histograms on a log-log scale of the
momente. of all the secondaries, positive and negative grouped together,
The dotted histogram represents the results for the Aluminium (10)
target and have been normalised to the same total number of particles
as in paraffin, The full line distribution of the paraffin

results may be represented by

1 dng —~ -

8
where 1 < x < L7, /55 15 Ge.esco and N, = Zns.

These similar distributions for the two target materdials
leads one to infer that the disﬁributions of the momenta of the

secondaries are insenaitive to the target materdals,

Momenta. of Primary Particles

As we have already mentioned before we do not know the
energy of the primary particles. However, a lower limit of the
momentun of the primary particles could be roughly estimated from the
sum (Z % 4 cos Gi) of the longitudinal components of the momenta of

the secondary particles, In future we shall denote this sum as
%o

the twenty-five interactions, The sum ( Z /3L) is taken over all

We plot in Pigure IT-~10 the distribution of Z /UL for

the secondary particles including the M.D.M. Particles. 4 value

of 25 G.e.v./c. was assigned {I-4) to the M.D.M. particles. The
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mean and medisn values of the distribution were 37 X 4 Gev/oc. end

~ 33 Gev/co

IT-5 The Angulsr Distribution of the Secondaries

In Figuwe II-1l, we have plotted the angular distributions
of the secondary paxrticles, excluding the M.DeM. particles and the
slow heavily jonising protons, The angles of emission of the second-
aries are measured with respect to the known primary direction.

The continuous curve is the distribution for the positive particles
and the broken curve for the negative particles normalised to a
total of 118 positive particles, There is no significant differ-
ence between the two distributions, This is contrary to our
results with Aluminium (10) where a positive excess below 5° was
noticeable,

In Figure II-12, we have compared the paraffin angular
distribution of all the particles, positive and negative, with a
similer distribution for Aluminium (10), the latter being normalised
to the same total mumber of particles as in paraffin., Below 5° we
notice a significantly higher number of particles for the aluminium
results (10) while between 20° and 45° the aluminium velues are
consistently lower than the values for paraffin. Ve believe this
discrepancy to be due to the fact that the aluminium (10) angles
were measured with respect to the resultant momentum which does

not always coincide with the direction of the primary particle (II-2).
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Our median angle for the paraffin results is 11° while
that for sluminium (10) was 8%

In Figure IL-13, we have plotted the momentum and the angle
of emission of the secondary particles. The continuous line histo-
gram shows the mean value of momenta (/’ ) for each 5° interval of

emitted angles. The broken line distribution is given by

ﬁ = %ﬁ% (Goeevo/c)
where the constant 0,387 is the mean transverse momentum, The good
agreement between the two histograms shows that the transverse
momentum (Pt) of the particles is independent of the angles of
emission and that there are not many pa;t‘ticles present in our sample
with a mean transverse momentum very much diffevent from
Py = 0.387 Gev/c.

We shall not attempt here to compare the energy and angular
distributions of the secondaries with the predicted distributions
from various models of meson production due to the complications
introduced by nuclear cascading and the unknown form of the energy

spectrun of the primaries.

II-6 Multiplicity and the Charge Excess of the Secondaries

Multiplicity

We define the multiplicity of an interaction as the number
(Ns) of minimum ionizing secondaries with momenta greater than

100 Mev/c; by rejecting particles of momenta < 100 Mev/c we



| R,

5o

Correlation between
Lab Momentum and

Anglé of emission,

_.5 = Mean of the momenta
L

in each 5° interval.

-=--- The distribution P= Sin &

\./7-
5]
>
L 6
v
)
c
0 5-
[ &
iB)
0
_t
IQ.»4
E
3
s
c
U 31
£
0o
£
. 21
Nal
U
c
G
o |7
=
O

°  30° 40° s50°  60O°
Angles (Degrees)

Figll-13



~51=

exclude the low energy minimum ionizing electrons. The above
definition excludes automatically slow heavily lonizing particles
which could be identified as protons ( /9 < 750 Mev/c). The
multiplicity distribution is plotted in Figure IT~14(4).

Our multiplicity selection criterion (IT~l) requiring
N Z 3 naturally excludes all multiplicities below three. This
has to be borne in mind when comparing the results of the accelerators
with our mean multiplicity of 8.6 T 0,85 per shower,

In Figure IT-14(b) we have reproduced the multiplicity
distribution for the experiment (10) with aluminium, where the mean

multiplicity was 7.3 ¥ 0,42 per shower, Table II-2 compares the

various multiplicities for paraffin and aluminium (10),

Table IT-2 Paraffin & Aluminium
Ng Total mean multiplicity of the secondaries 8.6% 0,8]7.3% 0ok
nl the mean multiplicity of the positive secondaries| 4.8 3.93

_ﬁ's' the mean multiplicity of the negative secondaries’ 3624 2.7

Eg— the mean multiplicity of the M.D.M, secondaries 0.6 0,64
7, the mean multiplicity of the identified protons 0.48 0.36

7§, the ratio of the mean multiplicities for the

o

ng positive and negative particles 1.48 L.46

The above table shows that the mean multiplicities for the
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M.D.M, particles (n), the mean multiplicities for the identified
protons (n,) and the ratios of the mean multiplicities for the
positive and negative perticles (WL/HZ) ave similer for the paxaffin
and aluminium (10) target materials, thus indicating that we are
dealing here with similar types of interactions in the two materials,
The total mean multiplicities (ﬁs) for paraffin and aluminium are also
compatible within their statistical errors, suggesting that for the
same primary energy the mean multipliclty may be independent of the
target material,

The plot of multiplicity versus = /JL, in figure IT-15,
shows that there is a tendency for the multiplicity to increase with
Z /o1, (II+4), which was defined as the sum of the longitudinal
components of the momenta of the charged secondaries and is therefore
a lower limit to the primary momentum, Thus it appears that the

multiplicity increases with the primary energy.

Charge Excess

In an interaction, we subtract the number of negatively
charged particles from the number of positively charged particles
and call this difference the charge excess for that interaction. The
distribution of this charge excess calculated for each interaction
is plotted in Figure IT-16(B). A4 similar distribution for the
aluminium (10) results is given in Figure II-16(b) for comparisons
Electrons and particles of indeterminate sign ( /’ 2 20 Gev/o) are

excluded from thexe distribulions.
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The mean charge excess for the paraffin results is + 2,0k i Ol
and for the aluminium (10) results is + 1.7 t 0.3, in fair agree-
ment within statistics,

Lzt us try to caliculate the expected charge excess .In owr
interactions on the assumption that all the interactions are either
micleon-nucleon or pion-nucleon interactions,

Since in each of our twenty-five interactions in paraffin,
we have seen a charged primary particle going through the hodoscope
counters, we are justified in assuming that all our interactions
are due to charged primaries. From Greisen's (20) data we know
that the Cosmic Ray flux of charged nuclear interacting particles
contains about 70% protons and 307 7/’3 mesons. Assuming that
these two types of particles have the same interaction cross—section
in owr producer, we deduce that about 8% of our interactions are
produced by positive primaries and 15w by negetive primaries.

Again, we know that in owr paraffin producer, which contains
hydfogen and carbon, one third (21) of the 63 cm, geometrical inter-
action length is due to the hydrogen nuclei, Giving the primary an
equel probability of interaction with a proton or a neutron in the
carbon nucleus, we realise that two thirds (g) of the interactions
in paraffin would be with proton targets and a third with the
neutrons,

The following types of simple interactions can occuri=
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(705) » + (P or N) giving a charge excess of + 2 or + 1

(152)7 * + (P or N) giving a charge excess of + 2 or (+ 1)

(153) " + (P ox N) giving a charge excess of (0) or (-~ 1)

The number of 77 * and 77 ~ mesons being equal the bracketel values

do not contribute to the total cslculated charge excess of l.36.
Comparing the calculated value of 1,36 with the observed

mean value of 2,04 i Oely one concludes that all our interactions

are not simple pion~nucleon or nucleon-nucleon interactions, but

that a good fraction of our 25 events has interactions wheremclear

cascading is present involving two or more target nucleons.

- In chapter IV where we analyse the events in the centre
of mass system and where we will be able to separate the cascading
events from the rest of the events, we will show {hat the mean
positive charge excess of these cascading events is ~~ 3 while the
charge excess far the rest of the events is in agreement with the

value of 1,36 calculated above.
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CHAPTER IIT

Results in the Centre of Mass System

- ITII~1 The Centre of Masa System

In the previous chapter, we discussed the results in the
laboratory frame of reference, In that frame of reference duve to
the law of conservation of momentum, the secondary particles have
the preferred direction of the primary particle, Then again, the
two easily measurable parameters of the secondaries, namely the
momenta and the angles of emission are strongly linked to the energy
of the primary., These characteristics of the laboratory frame of
refermnce only help to confuse the picture we want to study, the
neture of the interactions, the mechanism of pion production and

the nature of the target.

Definition

Let us define the frame of reference, the Centre of Mass
System (C.M.S.) as the frame where the total momentum is zero. This
is a frame of reference where the distributions of the various
parameters of the secondaries are independent of the frame of
reference of the observer and where ‘these distributions may be
compared directly with the theoretical predictions., The total
energy of an interaction is a minimum in this system and its value

depends on the nature of the interacting particles, and the



velocity ( 6 ) of the Centre of Mass System (C.M.S.)s We shall
;o c

always use units where the wvelocity of light c = l.

Loren’bz Transformation

Let us consider o comparatively simple type of inter=action,
namely that of & primary nucleon interacting with a single target

nucleon, The total energy in the C.M.S. is 2My Y o where My is the
nucleon mass and Yc = —7-:'5———

1l - fi o
The Lorentz transformation of wveloclties gives

E, + My
Yc = —PEEN—_ where EP 1s the total energy

of the primary nucleon in the laboratory systems

The assumptions made for transformetions in the C.M.S.

Thus for each interaction, we can calculate the values of /3 e
and Y o from the total energy (EP) of the primary nucleon. However,
unfortunately in our experiment we neither measure the encrgy nor kuow

the nature of the pimary particle,
We, therefore, make the following assumptions before we trans—
form our interactions to the C,M.S.:~ (a) that the primary energy is equal

to the total energy of the seconaries, (b) that there is charge symmetry
for the pions produced, and so we must multiply the total energy of the
visible charged particles by the factor 1.5, to account fot the energy

of the neutral 77 ~mesons; (c) that the meutral strange pexrticles pro-

duced in our interactions have not carried a large fraction of the total
primery energy; (d) that in an interaction the most energetic particle
if 4t is positive may be the degraded primary proton; and (e) that

the degraded primary infrequently becomes a neutron by charge

exchange.
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Thus, in an interaction, all the minimum ionizing particles
were transformed as pions, and together with the slow protons
identified by their hsavier ionization, the positive particles
with the highest momentum and M,D.M, particles were also trars—
formed as protons.

The standard Lorentz transformation equations were used
for transforming the angles and momenta of the individusl secondaries
from the laboratory system (GL,pL) to the Centre of Mass System

(6%, ).
p® Cos 0% = - Yc(PL Cos @, = ﬁ oBr,)

tan 6% = Sin €L
¥ o(cos 6 ~ 2/ 1)

/ZL end E being the velocity and the energy of the secondery
particles hh the lsboratory system.

A1l the lLorentz transformations were calculated with
the help of the Ferranti Mercwry computer of the University of
London.

We shall show in this chepter the various distributions
of angles (™) momenta (p*) and energy (E¥) in the centre of mass

system,

Table ITI-l, shows the important quantities of the

transformations in a tabular form,
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Table IIT=l

Pictwe Y, Anisotropy E_* Inelasticity(K) (M)
Number A Goceve / (laSu El: ) ( 1,57 .(Ei-piCos 91))
| Cos o%| My (¥o-1)) 1
1 6.3 0.65 0450 0.83 0,89
2 4.5 0.84 0.38 0.52 0.92
3 5.6 0.66 0.62 1,18 1.03
L 7.2 0,73 0,72 1.49 1,90
5 6.7 0.70 0,78 0,99 0.90
6 6.1 0,48 Ou iy 1,02 1.08
7 3.5 0,65 0.43 1,74 1.5
8 6.0 0.77 O.bds 1.1 1.04
9 L., O.45 0.39 0.45 0.49
10 he5 0.83 0.51 0.59 0.83
11 L1 0.55 0,29 0.52 0.72
12 3.8 0,62 0.38 0.99 0.65
13 5.6 0.71 0.71 1.12 1.25
1 4.6 0,61 0.73 1.45 1,36
15 309 ) Opsl O.l{s 0.39 0.56
16 Le6 0,55 0,30 0.33 0.30
17 L7 0.79 0.95 0.69 0.23
18 S5¢4 0,90 0.98 0.88 0.92
19 bt 0.72 0.41 0.90 1.13
20 7.1 0.67 0.89 Ou 9l 1.1
21 6.0 0,89 0.72 0.46 0.20
22 3.4 0.86 0.46 0.46 0.41
23 5.1 0.63 0,66 0.63 0.37
2l|- 246 0- 67 ' 0-38 0038 00.35

25 343 0.78 O.hily 0.46 0.18

III-2 The "Effective" Target Mass Diagrems

In the absence of a complete theory describing the high
energy nuclear interactions, we shall try to treat the subject
phenomenologically,

Let us form a najve sort of picture of the phenomenon,.

We know that a large majority (70/5) of the primeries are protons
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and that we have in paraffin a mixture of the Hydrogen and Carbon
nuclel as the target particles,

Imagine a primary proton striking one target nucleon;
(a) it may have a head on collision with the target nucleon in
which case the full mass of the target mucleon is involved in the
collision, (b) it may make only 2 peripheral collision with
the target nucleon, interacting only with the meson cloud of the
target nucleon, in which case it *sees' a target mass less than
that of the mass of a nucleon or (c) it may collide with the
whole carbon nucleus, possibly tunnelling through the nucleus and
interacting with more than one nuclei in the nucleus, thus !'seeing!
& target mass larger than one nucleon mass.

If, now, we could have an idea of the target mass the
primary 'sees' for each one of our interactions, we could group

the 25 interactions in the three general groups mentioned shove,

‘Bffective! target mass

From the laws of conservation of energy and momentum, we
¥kmow that
EP+ET= ZE:L Qoogo(l)
PP i P‘fT = lej_cos @.: = -z PL oooeo(z)

T

target pariticles bafore collision and Z E; 1s the sum of the

where Ep and B, are tha sotal energles of the primery and the

. 2 .} ] 1 O et - L .. . I .
rnergioes of 21l the pordicios after colllsion, P is the pre-

:E:

collimion momoutuwa of the primayy partiszie and I*'.F.T, is toe Longiiu-
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dinal component of the Fermi momentum of the target particle.
ZipiCos' ©3 1s the sum of the longitudinal components of the
momenta of all the particles after the collision in the pre-~colli-~
sion dbirection of the primary particle,

Following Birger et al (22) and subtracting (2) from
(1) we have

(B = B} + (B + o) = Z 4(E5 - py Cos 6;)

As a first approximaticn, for the high values of the energy
( 2 10 Geeevs) of the primary particle, the quantity (Ep - PP)
is very small and may be neglecteds Then again the component
of the Fermi momentum Peqy < Ep and so may be neglected, and
knowing that for a target at rest ET is essentially the rest
anexgy M)I: of the particle, we can re-write the above as

M:‘J; ~~ Zi(Ei ~ Py Cos Qi)
The quantity M}f we shell hereafter refer as the 'effective! target
masss

Zi(Ei -~ p;Cos €;) involves swmation over all the
secondary particles. Since we do not see the wil °—mesons, we
will again assume cherge symmetry for pion production and multiply
the observed Z i(Ei -~ psCos €;) for T % -mesons by a factor
of 1e5.

In Figure IIi-17, we show the distribution of this
quankity :N:}fo We have assipned cach event a unit area and have

constructed the lower diagiam of a constant avea histogram to help
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bring out eny possible grouping of the events, The diagram shows
no significant grouping except perhaps one near the nucleon mass
(0,9 Geeave)s Lack of statistics, however, prevents us from
meking any comments on the presence or absence of any peaks in the

distribution.

IIT~3 'The Ganeral Grouping of the Events and the Cos & * distributions

We will divide our 25 events into three arbitrary groups
(IT1~2) from the 'effective' target mass diagrams of figure III-17,
Birger and Smorodin (4k4) suggested this method, but only for the
separation of the cascading events from the rest of the nueleon-

nucleon events,

Group A M’lfﬂMN the group where hrfj[.c 1i(e;s’.from 0.8 Gueeva to
1ol Gseavs  We have fol;l.mr\ring Birger et alf{c)hosen the limits of
196 on either side of the nucleon mass; these limits corresponding
approximately to the expected limits introduced by the fluctuations
in the number of unseen ~77 C-mesons. We will assume that these
are the events where we have nucleon-nucleon core-core collisions,
Reasonable symmetry of the C.M.S. aAngular distribution of
the secondaries in this group as shown in figure 18(a) justifies
the above assumption regarding the type of collision.
Group B XVK; <X L4Mpg: the group where Mfl,c is below four pion
masses,  This 2imit has been arbitrariily chosen to select only
those events with an 'elffective'! target mass well below (half or
less) the mass of the incident nucleon. These events will tend

to exhibit the properties of peripheral collisions, the collisions
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between the incident muacleon and the meson cloud of the target
nucleon, one expects intultively a forward asymmetry for the
Cos 6™ distribution of the secondaries in the C.M.S., since the
incident energetic nucleon is several times heavier than the
teffective! target mass, This forward asymmetry, naturally
would not be seen, if we transformed in the true C.M.S, of the
nucleon and the 7T -meson,

Again the Cos 6% distribution in Figure 18(b), with a
noticeable excess of forward going particles bears out the above

assumption,.

Group C l‘lf,:; ) d MN: all events with an 'effective' target mass
(M?BC) gbove 1,1 G.e,v, have been grouped together here. These are
the events where the incident nucleon has collided with more
than one nucleon of the Carbon nucleus with the consequent nuclear
cascading, bringing into operation target masses greater than
one nucleon mass, An essentially backward assymmetry of the
angular distribution of the secondaries would support this
picture, The recoil nucleons, and the slow "7 =-mesons produced
in the secondary interactions Ty the Zscondary pions in these
cascading events would be thrown backwards in the C.M.S.

Figure ITI-A8(c) shows the Cos 6 distributions for
this group of events and the backward asymmetry is evident.

We would like to point out here that although approxi=

mations had to be used and several arbitrary assumptions have
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been made, the general qualitative pictwre of the groupings of
the events has been well borne out by the angular distributions

of the secondaries in the C,M.S. in Figure 38(a), (b), and (o).

IIT-4 The Multiplicities and the Charge Excess of the Sgcondaries

for thz Different Groups

Multiplioity

Figure III-f9 shows the correlation between the
multiplicity (Ns) of an event and its 'effective' target mess
(M),  Although there is a large scetter of the points one can
notice a tendency for the multiplicity to increass with the
teffective! target mass l\%. The mean multiplicities for each

of our three groups (III-3) are given in Table III-2,

Jeble ITI-~2
Groups Multiplicity Mean Charpe Excess
Group A. (M ~ M) 93 1.1
™ M 1.5 * 0.35
Group B, (M £ MM7) W5 % 0.46
Group C.  (ME > My) B R P 2,9 * 0.9

We see from the above table that although the primary
spectrum may be the same for all the events, the mean multiplicity
for events with peripheral collisions (effective target mass M’TK

£ kmo ) is about half that of the other events,
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Charge Excess

We have already defined and discussed the charge excess
of the interaction in IT-6, We calculated a value of 1.36 for
the charge excess assuming that our interactions involved orly
one target mucleon. The mean value of the charge excess for
our Groups A and B interactions is 1.5 ¥ 0,35, The fairly good
agreement between the calculated and observed values justifies
owr grouping of these events as interactions where only one
target nucleon is involved,

The mean charge excess of the Group C events is
2,9 * 0.9 indicating that we may be dealing here with interactions
where more than one target nucleon is involved thus again giving
us a good independent check on our classification of these events
as the interactions involving nuclear cascading in the carbon

nucleus,

III~5 The inelasticity K for the three Groups

Inelasticity

For nucleon-nucleon collisions, we have seen in ITI-1,
that the total energy in the centre of mass system (C.M.S.) is

2 Y  vhere as before M; is the mass of the nucleon end Y o

the Lorentz factor L . The kinetic energy available for
1 - 2
v P

the production of partilcles is 2My( Yc ~ 1) the total energy
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mentioned above minus the rest energles of the two nucleons.

In a particular interaction all this available kinetic
energy may not be used to produce particles, but only a fraction
K of the total kinetic energy may be radiated in the form of
created particles, This fractlon K we define as the inelasticity
of the interaction, If in an interaction a number (ns) of
T % ~mesons are created of a mean energy E“, then assuming charge
symmetry for the production of pions, the total energy dissipated
for the creation of # © and T x -mesons is 1.5 x nsf*a Thus

by definition we can write for the inelasticity K an expressionm,
1.5 n E*
K =
a(¥o-1)

We have assumed that the mean energy of the neutral 77~ °-~mesons

ceens(l)

is the same as that of the charged 77 -mesons and that the
fraction of the energy dissipated in the creation of 'Strange!
particles is small compared to that dissipated in the creation
of T -mesons,

The values of the inelasticity (K) calculated seperately

for the three different groups are shown in Table III-3.

Table Tii-3
Groups Mean inelasticity K
Group A (MJ,I,c ~ MN) 0.89 * 0.09
Group B (M £ lno 0.47 F 0.05

Group C (1\% > M) 1,16 ¥ 0.16
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The mean inelasticity of ~~ 0,9 for the Group A
interactions is understandable since here we have pictured a
head on collision (core-care collision) between two nucleons,
and the two micleons being of the same mass, we can imagine the
incident nucleons losing almost all their energy in the collislon,

In the Group B interacticns, the incident nucleon is
assumed to interact with the meson cloud of the target nucleon
and again intuitively, since small values ( < kmq ) of the
'effective' target masses (Nflf) are involved, one can imagine the
incident nucleon losing only a fraction of its total kinetic
energy, thus a mean inelasticity (K) of 0.47.

The inelasticity as defined by us loses its meaning
with the Group C interactions which are assumed to be nucleon-
nuclcus interactions. The mean value of 1,16 for the K can

only suggest that more than one target nucleon is involveds

ITi~6 The mcmentum (p™), the kinetic energy (T*), the mean

energy (B )and the Y&distributions for the three

groups

The distributions of momenta (p')

Figure ITI~20 shows the distribution of momenta for the
secondaries in the centre of mass system, plotted separately for
each of our three groups. The distributions have been normalised

to the same total number of particles, All the identified siow
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protons and the most energetic positive particle in an intex-
action (assumed to be the degraded primary) have been excluded
from these distributions,

Figure 20(a) and (b) are for Groups A and B respetively.
We notice no significant difference in thetwo distributions taking‘
into consideration our poor statistics, This similarity between
the two distributions may suggest that the mechanism of plon
production is the same for the two types of interactions, namely
core~core and peripheral interactions.

Figure 20(c) for Group C events, however, shows a peak
at a very much lower value of p® (0.1 to 0.2 G.e.v/c) and another
possgible peak at 0,75 Gev/c. The tentative explanation we offer
is that in this group represented by nucleon=nucleus events,
the secondaries dissipate thelr energies in secondary interactions
inside the nucleus, before emerging from the nucleus, thus show-
ing a final momentum spectra which has shifted towards the lower
momentum values,

The second peak at 0,75 Gev/c in figure 20(c), if not a
statistical fluctuation, is the more difficult to explein. We
have excluded from these distributions, as mentioned earlier in
this Section, all identified slow protons and all positive
particles with the highest momentum in an interaction, assuming
them to be the degraded primary nucleons, In events where
nuclear cascading is present, the primary nucleon, however, may

an
be degraded in energy to suoh/extent that it is no longer the
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most energetic secondary'-vparficle. Although the mean p™ of these
nucleons is about 2 Gev/¢, Skillicorn I.0. (3) in the nucleon-
nucleon interactions, the mean p™ of the incident nucleons in

the nucleon~nucleus interactions may be lower, thus we may be
seeing a grouping of these degraded nucleons between 0.7 and 0.8

Ge€oVa/Ca in our histogram,

Tne distribution of kinetic energy (T%)

In Figure ITT~21(a), (b) and (c), we have plotted the
histograms for the kinetic energies of the secondaries in the
C.M.S, for each of the three groups A, B, and 0, respectively
and in Figure 21(d) for all the groups put together. All the
histograms have been normalised to the same total numbker of
particles, Again, as before, we have excluded from these
histograms identified protons and the most energetic positive
particle in an interaction,

Once again as in pai distributions the Groups A and B
histograms are similar while the Group C histogram. shows a
shift of the energy spectrum of the secondaries towards the lower
energies, The hump centred round 0.5 Gee,v. may correspond to

the second peak (at 0.75 Gev/c) in the p® distribution,

The distribution of mean energies (E¥) of the secondaries in

an interaction

E* is the mean total energy in the C.M.S. of 211 the
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secondaries for an interaction, excluding the identified slow
protons and the most energetic positive particle in the inter-
action, Since there are only 8, 9 and 7 events in the Groups
A, B and C respectively, we have not shown the separate distri-
butions of Ef. The mean values of E® for each of our three
groups are the same within the statistics. Figure ITI~-22(a)
shows the combined distributions of E* for all the 25 events.

The mean value of E° for all the events is 0.56 T 0,03 G.e0Ve

The Y ~distribution

oG

The mean value of Yc for the group A (M’l‘c ~ MN) events
is 5.8 ¥ 0,3 while that for Group B (M’T‘ < lm, ) events is
4,2 :"_ 083 a slightly lower value, Once again the lack of
statistics prevents us from showing the Yc distributions separate-
ly for the three groups, Figure ITI~22(b) shows the Yc dis—
tribution for all the events grouped together. The mean value
of Yc for all the events grouped together is 4.9 ¥ 0.2,

In Figure ITI-23(a) and (b), we have plotted the scatter
diagrams for the ¥, versus multiplicity (Ng) and Y, versus in~
elasticity (K)» In Figure 23(b) we have not plotted inelasticities
greater than one. The poor statistics and the large scatter of
the points may hide the possible correlation between Yo - Ng
and Yc ~ K, However, it is not unreasonable to e xpect the
multiplicity (NS) of the secondaries to increase with the total

energy (2MyY_ ) of the colliding nucieons in the C.M.S., but, the
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possible increase of inelasticdity with Yc, faintly indicated in

the diagram, is not easy to interpret,

III~7 The anisotropic Emigssion of the Secondaries in the C.M.S.

It is of interest to know whether the secondaries in an
interaction are emitted isotropically or anisotropically in the
Centre of Mass system. Following Montanet et al (21), the

anisotropy A for an interaction is

AZ_.}__ZICQSG?I = |Cos ¥ |
ng 1

a quantity comparatively independent of the Yc of the interaction,
For an isotropic emission of the secondaries Montanet et al (21)
have shown that this quantity |[Cos €% | would be equal to 0.5,
We have plotted in Figure ITI~24(a) the frequency distribution

of the anisotropy (A) for all the 25 events. As may be seen
from the distribution the angular emission of the secondaries is
on the whole not isotropic, The mean value of anisotropy (&)
for all the events is 0.69 © 0,03,

In Figure TII-24(b), (c) and (d) we have drawm the
scatter diagrams, looking for any correlation betwsen the
enisotropy A and the inelasticity (K), multiplicity (N,) and the
¥, of the interactions. In Fiture 24(b) we have not plotted

inelasticities (K) greater than one, No significant correlation

between anisotropy and any of the three quantities K, Ng and Yc
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was observed.

TIT-8 The angular (Cos ©®) and kinetic energy (T*) distributions

of Nucleons in the C.M.S,

Slow secondary particles which were heavily ionising and
in the range of momenta 100 - 700 Mev/c were identified as protons.
As mentioned earlier, the positive particle with the highest
momentum in an interaction was assumed to be the degraded primary
nucleon.s These slow and fast nucleons were excluded from all the
previous distributions of the secondaries.

In Figwe ITI-25 (a) and (b), we plot these nucleons
separately, in (a) the Cos 6 distribution and in (b) the distribu-
tion of their kinetic energies, The distribution in Figure
III-25(a) is consistent with the nucleons being thrown essentially
backwards and forwards in the C,M.S. The kinetic energy distribu~
tion of Figure 25 (b) gives a mean kinetic energy of
2.8 ¥ 0,13 G.e.v. for the nucleons in the C.M.S. for sll our

25 events grouped together,



N2 of nucleons.

L.

47 (b)

2_

' o

09 12 15 B 21 24 27 30 33 36 39 42 45
Energy. T* (kinetie) (Ge.v.)

(a)

Number of nucleons.
a

2

| I T T T T r—! [—] [_‘
10 e 6 4 2 O 2 4 -6 8+10
Backward Cos 6" Forward

Fig III - 25(a)(b)



-85

CHAFTER IV

Comparilson with other experimental and theoretical results

In this chapter, we shall compare the main features
of the results of this experiment with other experimental results
end try to compare the distributions of transverse momenta (Pt)
and the c.m.s, momenta (p%), angles of emission (™) and kinetic
energies (T®) of the secondaries, with the corresponding dis—

tributions predicted by various theoretical models,

V=1, A Irief desaription of the experiments selected for

comparison
In the historical development of the subject a large

number of experiments have been performed using various techniques,
We have selected for comparison only a few of the later ones which

are most pertinent to our experiment. To facilitate the discussion
of the results of theseexperiments, we give below a brief descrip—

tion of each experiment,

Cloud Chamber Expexrimentsi~

The mountain altitude (2860 m,) magnet cloud chember
experiment of Awunor-Renner et al (10), (3), using aluminium as
a shower producing material and cosmic rays as the source of

primaries, was similar to our present experiment, except that
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they had no means of determining the primary direction., Thus
all their results were presented with the assumption that the
direction of the resultant momentum of the secondaries was the
same as that of the primary particle. The maximum detectable
momentum (MuD.M.) of the magnet cloud chamber was 30 Gee.ve/Ce
for a 40 cm, track length, The method of the momentum balance
of the s econdaries was used to calculate the values of \{ o for
the Lorentz transformations to the c,meSe

The cosmic ray experiments of Montanet et al (21) were
performed at a mowntain altitude (3750 m, ) with a paraffin pro-
ducing layer fixed inside the roof of the magnet zloud chamber,
Here again the direction of the primary particle was not known
and so the d.rection of the resultant momentum was taken as the
direction of the primary., The M.D.M. of the cloud chamber was
rather low, of the order of 10 G.e.v./C. for tracks longer than
30 cm, The assumption of an anguler symmetry of the secondaries
in the cem.s, was made for the calculation of the Y o velues,

The cosmic ray experiments of Hansen L.F., and Fretter,
W.F. (11) were performed at sea-level with a huge block of carbon
as the producing layer above thes cloud chamber, Here again the
direction of the primary particle was not known. The M.D.M. of
the cloud chamber was 30 Geeevo/Ce The method of the momentum
balance of the secondaries was used for transformations to the

Cuilly Se
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The lonization chambers !calorimeter!, and cloud chambers

The high altitude (3860 m.) cosmic ray experiments of
Grigorov N.L. et al (23) and Dobrotin, N.A., and Slavatinsky, S.d.
(24), performed with a combination of cloud chambers and ionzation
chambers, gave the direction of the primary particley, and the total
energy released in the interacti;on as measured by the absorber-
ionization chamber ‘!calorimeter'. The M.D.M. of the cloud chamber
was 12 Geesv./ce The value of Yc used for transformations to

the c,m.s, had an estimated error of ~~ 20%.

Liquid hydrogen bubble chamber

Preliminery results (9), (25) from the C,E.R.N. experi-
ment with a 16 Gee.ve 7T ~ beam and a liquid hydrogen bubble
chamber, will be compared with our results, Naturally this experi-
ment has the best conditions for transformations into the c.mes,,
since the energy and the direction of the primary are known

accurately.

Nuclear emulsions

Cosmic ray experiments of Bdwardset al (12) and Ciok
et al (25) using nuclesr emulsions, and other later emulsion
results reported in the Moscow Cosmic Ray Conference (1960), are
compared with our results. When comparing these results we must
bear in mind the fact that a majority of these interactions in
emulsions are with the heavy muclel of silver and bromine as

targets, as against the hydrogen and carbon nuclel in our paraffin

targeta
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V-2 A description of the variocus theoretical models used for

comparison with experiment

Most of the modern theoretical ideas on nucleon-nucleon
and nucleon-nucleus interactions are based on Heisenberg's (L),
(26), (27), (28), hydrodynamical concepts of the interactions of

the meson fields and Fermi's statistical thermodynamic concepts,

Heisenberg's concepts:

Heisenberg was the first (28) to introduce the idea of
the multiple production of mesons,

He developed the idea of the excited field treatment,
which supposed that the collision primarily transfers a great dal
of energy and momentum into the volume immediately surrounding the
point of collision and that the character of the subsequent 'radia-
tion' is largely determined by the strong fields and interactions
in this volume, A large mumber of mesons, trying to get out of
the area of collision, interact with each other so strongly that
they come to a dynamical equilibrium before they escape. A power

law spectrum of the form , where o< = 5/3 over a part of

P (.4
the spectrum, was predicted from the svatistical theory of hydro-

dynamic turbulence.

One must note that in this theory, the strongly inter—
acting turbulent meson field takes a long time to come to
equilibrium and so it will have forgotten from which directions

the incident nucleons came; consequently the meson emission
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would be spherically symmetrical in the c,m.s. Later (28),
however, Heisenberg differs from this and predicts an anisotropic
angular distribution, He predicts a transverse momentum

2= m_- ¢ for the secondary particles and a multiplicity of

the mesons varying roughly asﬁ where E is the primary energy.
His basic concepts allow for interactions of inelasticity

X< 1.

Permi's models

Fermi (15) used thermodynamical methods in investigating
the process of high energy nuclear interactions, He postulates
that the fundamental hypothesis of the statistical calculation of
high energy nuclear events is that in a collision process all
possible final states are formed with a probability proportional
to the statistical weight of the final state. The conversation
laws of energy, momentum, angular momentum, isotopic spin and
charge, put certain final states out of reach from the ground
state, |

He makes the following basic assumptions:-

a) when two very fast nucleons collide, the energy in the c.m.s.
is released in a small volume V of the nucleon-meson cloud of
radius 'fn//m L Co As the nuclear interaction is very great and
the volume small, the energy distribution will be determined by
statisticallaws; thus allowing one to consider the collision

without introducing any particular theory of nuclear interactions.
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b) Since the nucleons move with a high veloclty, the meson
cloud surrounding them undergoes Lorentz contraction in the
direction of the nucleons motion, and the volume of the oblate

spheroid in which the energy is released is given by

vedw (Ao
where By is the total energy of the two colliding nucleons in
the CemeSes
c¢) Particles created in this volume V come to thermal equilibrium,
according to the laws of statistical equilibrium with the tempera—
ture determined by the amount of total energy avallable at the
initial moment of collision, Assuming that they no longer inter-
act with each other, they escape from the volume freely.

Fermi deals with two types of colllisions, the close
collision which leads to isotropic angular emission of the
particles in the com.s, and the distant collisions in which taking
into account the angular momentum conservation, he predicts a non
isotropic angular distribution in the c.m.s. He also predicts
transverse momenta of the order of 1 ~ 2 G.e.,vs/C. an average
multiplicity '1'15 proportional to E]/ b where B is the energy of the
incident nucleon, and a momentum spectrum of the form of a max-
wellian distribution, Since all the energy of the nucleons in
the c.m.s, is assumed to disappear; the interactions are

completely inelastic,
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Hagedorn Model

Hagedorn has recently (38) derived a statistical model,
for particle production in nucleon-nucleon, core~core coilisions,
He has calculated in detail the energy spectra and mean productiog
numbers of the secondaries produced in 25 Go&sVe p=p central collis—
ions.

His calculations are based on the old Fermi model modified
to take into account the 'final state' interactions such as resonant
states, (including the T = 3/2 pion-nucleon iscbar), decay of
particles and final state annihilation. The number of theue
final states is of the order of 600 for the 25 G.esve pP~p inter—
actions, necessitating the use of a programme for an electronlc
computer,

The weak points of the model are the following:~ (a) the
non-central peripheral collisions are ignored, (b) no attempt is
made to sxplain the nucleon-nucleus collisions, (c) assumes that
all the cem,8, energy is used for the production of particles, thus
implying an inelasticity X == 1 for all the interactions, {d) and
gives no information regarding the angular distribution of the
particless The energy spectra given by him are an average over
all angles in c.m.s, and do not in any way suppose or imply
isétropy. In fact he makes it quite clear that the model does

not at all claim to answer the question of angular distributione.
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Landau model

Permi's basic idea regarding the use of statistical
methods in investigating collision processes is used by Landau
for his model, Iandau (17) asserts that at the moment of
collision, due to the high density of the particles and the strong
interactions between them in the small volume, V, one cannot speak
of the mmber of particles to be emitted, He maintains that
actually the system expands and the number of the particles become
definite only when the interaction between them becomes small,
then the particles escape freely.

His basic assumptions qualitatively summarised are the
following s
a) In the collision of two nucleons a compound system is formed
with the release of energy in a small velume V, which is Lorentz
contracted in the longitudinal direction, At the moment of
collision a large number of ‘particles' are created, their colli~
sion mean free path in the areated system being small as compared
to the dimensions of the system, and so a statistical equilibrium
is established in the system.

b) The second stage consists in the expansion of the system, At
this stage he uses relativistic hydrodynamics, considering the
expansion as motion of an ideal fluid, The Jjustification for
the use of hydrodynamics at this stage is in the fact, that in

the process of expansion ths mean frees path remains small as
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compared to the dimensions of the system, In these firstﬁvo
stages owing to the high energy density and the strong inter-
action between the particles in the system, the particles are
continuously created and adsorbed in it, hence the system is
not yet characterised by the number of particles.
c) With further «pansion of the system, the interactions de-
crease and the mean free path increases, When the mean free
path becomes comparable with the linear diemsnions of the system,
the system disintegrates into separate particles, This is the
break up stage and occurs at a temperature kT =~ m__ 02.
Landau'!s theory predicts a constant trai.sverse momentum
independent of the angle of emission of the secondaries and of
the order of 1 = 2 G.e.v./ce The average multiplicity varies as
E%, and the angular distribution of theparticles is expected to
be be anisotropic, The energy distribution of the pions is of

the form dB/E over a large region of energies.

Takagi, Kraushaar and Marks, and Farley models

Takagi (30), Kraushaar and Marks (31), and Farley (16)
have applied the statistical theory of meson production to a spherical,
non contracted meson cloud system, It is assumed that the
two nmucleons after the collision become a pair of excited nucleons
moving away from each other, the so called "iscbar model®™, The

mesons are emitted isotropically from these excited moving
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nucleons and the observed collimation of mesons in the c.m.s.
is simply a kinematic effect, ILater, Cocconi, Ge., (32), Cick
et al (33), Koba Z, and Takagi, S. (34), and Niu K, (35),have
suggested that the mesons may be emitted isotropically fror
reglons which are moving with velocitles less than those of the
nucleons, that is to say from a region between the centre of mass
system and the rest system of the nucleons, the so called "fire
ball model®,

Farley recently (16) has made a further assumption that
the total energy in the c¢,m.s. of each excited nucleon before and
after the interaction is the same, that is to say that no energy
is left behind in the c,m.,s. and there is no exchange of energy
between the nucleons, His transverse momentum (pt) distribution

calculated on this basis will be compared with our py distribution.

Peripheral Interactions (Nucleon-Nucleus)

Cernavsky, D.S, (45) has suggested that the nucleon
poeripheral mesonic field can show itself in nucleon-nucleus
collisions, He shows that this may lead either to a strong
excitation of the nucleus or to the appearance of a second
associated shower, 1In the latter case, the angular distribu—
tion in the c,m.s. will beasymmetrical, the secondary particles
being predominantly directed 'backwards', i.e, in a direction

opposite to that of the motion of the primary. He predicts
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that the number of secondarles in the back cone should be

twice the number of particles in the front cone, Tpis was
indicated in Figure III-18(c) for the Group 0 (M® > MN) events,
where we have 51 partlcles in the backward direction and 25 in

the forward direction,

Iv~3 The Transverse Mqmenta

We have salready given the detalls of owr results on
transverse momenta of the secondaries in Chapter II-3, The
present experiment confirms the two important properties of the
paramoter (p.), namely, its constant value independent of the
angle of emission of the secondary particle in the c.mese, and a
comparatively low mean value of the order of 2m_ to 3m -
for Jav—imwy. energies ranging from a few G.,eeve %0 several thousand
GeCyVe

In Figure IV-26(a), we have plotted the average trans-
verse momentum (ft) for each 0.1 interval of Cos &%; where 6* 1s
the angle of emission of the particle in the ceme.se The full
line histogram for the well measured particles of momenta

£ 12 Ge€eVe/ce is not inconsistent with a constant value of
py for all angles of emission. The broken line histogram in-
cludes particles of momenta > 12 Geeovo/C. including the M.D.S.
particles. These high energy particles were excluded from
the fuil line histogram since for an M.D.M., of only 25 G.e.vu/c.,
large errors are introduced in the momentum measurements of

these particles.
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Figure IV-26(b) shows the experimental frequency dis—
tribution of transverse momenta compared with the theoretical
distributions predicted by Milekhin and Rozental (18) and Farley
(16). They are both normalized to the total area of the experi-
mental distribution. The Milekhin and Rozenthal distribution for
a final temperature (Tf) of m4r c2/2K, based essentially on the
Landau model does not explain the taill of our distribution. This
tail of our distribution which is also shown in other experimental
distributions of p, (6) (10) (11) (21) is, however, covered by
the distributions given by Ferley based on the statistical theory
of excited nucleons.

In Table IV-~1l, we have tabulated the various experimental
and theoretical values of mean transverse momenta (ft)o

The table shows that the experimental values are in fair-
1y good agreement within the limits of the errors. The low mean
values of 310 M.e.v./c, of Awmmor-Renner et al (10) and 308
M.eove/co Of Hansen and Fretter (11) are very near the value of
310 Mseeve/ce Obtained from ouwr results, if we ignore the direc—
tion of the primary particle as given by the hodoscope, and use
the direction of the resultant momentum as the direction of the
primary.

This is an important indication to help conclude that
all the above experimental values are consistent within them—

selves and that the low vailues reported by the above two authors



Table IV-1
Source Nature of the Experiment and the :Et
of Source of the Theoretical Estimate M.e,v./Co
Primaries

Cosmic Rays

16 GoevVs
7 ~beam

Cosmic Rays

0 L
" o
] 't

i 4]

Nature of the Experiment !~
Present experiment: 387 t 2l

C.E.R.N, accelerator (37) 379 t 26

Cloud Chanber and Ionization Calorimeter (24)«~ 350

Magnet Cloud Chamber (10) 310 + 13
Magnet Cloud Chamber (11) 308 * 23
Magnet Cloud Chamber (21) < K00
Nuclear Emulsions (12) 410 :_"_ 130

Thecretical Estimates:-

Heisenberg (27) ~ 140
Fecmi (15) 1000~2000
Landau (i7) 1000-~2000
Milekhin and Rozental (13) ~ 230
Faxrley (16) ~ 390

(10) (11), are due to the fact that they, not knowing the primary

direction, were forced to usethe direction of the resultant momentum

which is on an average oub by 2° o 3° (chepter IT-2) from the

true primary direction,



Amongst the theoretical values, Farley's (16) value
of ~ 390 M.e.v./c. seems to agree best with a majority of the

expefrimental values,

V-L The momenta and energy of the secondaries in the centre

of massg system,

Momenta (p!)

The distributions of the momenta (p®) of the secondaries
in the c.m,s. were discussed separately for owr three groups of
events in Chapter III-6., Here we will show three of the importent
properties of this parameter (T®), namely, (a) its dependence on
the angle of emission of the particle in the c.m.s., {b) the
independence of its mean value ('f)”) from the nature of the primary
particle (77 -meson or proton) and (c) its (P¥) slow variation
with the energy of the primary particle in the range 6 Geeove tO

~ 500 Geeeveo

(a) In Figure IV-27(b), we have plotted a histogram of the mean
value of the momenta ($%) for each 0.1 interval of Cos 6% where
0* is the angle of emissiond the particles in the cem.se It is
easily seen from this plot that the values of P* are highest in
the extreme forward and backward directions of emission and are

comparatively low for particles emitted near 90° in the c.m.s.
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The smooth curve in this figure shows the expected
variation of p* with Cos 6% assuming a constant value of the
transverse momentum py = P Sin o™ = 0,38 Gs@oVe/Ce  The fair
agreement between the curve and the histogram confirms the
results of Fig. IVv=-26 (a), namely, that the mean transverse
momentun iff independent of the angle of emission of the
particles,

Thus we sre led to infer that the T* veries with &%
with a variation of the form 5" = p_"/sin 6%, This is in agree-
ment with other experimental results except that with the emulsion
results of Pernegr, J. (39) who draws a rather &ibious conclusion

that p® is constant and independent of the angle of emission,

(b) 1In Fig. Iv-28(a), we have compared our frequency distribution
of p® with the preliminary results (37) on seventy five jets
obtained at C.E.R.N, with the 16 G.e.v, 77 -meson interactions
in a hydrogen bubble chamber, Our full line histogram appears
t0 be in good agreement with the broken line distribution of P
values from C.E.R.N, pion-proton interactions, Consistent with
our multiplicity selection ariterion (II-1) of n, 2= 3, we
have taken only those of the C.E.R,N. results which have multiplicity
ng = Ube The two histograms have been normalised in the same
total number of particles,

Our mean value of p® = 0,53 * 0.04 G.e.ve/c. compares

very favourably with the mean wvalue of p:z = 0,51 j 0.05 GeeeVe/Co
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from the C.E.R.N. results, Since owr primaries aremainly cosmic
ray protons and the C.E.,R.N. interactions have 77 ~-mesons as the
primaries, we believe we have here an idication of the .p_" value in
an interaction being independent of the nature of the primex;-

particle causing the interaction.

(e) Table IV-2 shows the slow variation of the p®™ with the

energy of the primary perticles,

Table IV-2
Mean Energy Source of Experiment o
of the or
Prim Theoretical Calculation MeCeVe/Co
(G.e.il.'{
Experimental:
6s2 P-P collisions in Berkeley Bevatron (40) ~= 350
16 77 ™-p ™ " C,E.R.N. accelerator (37) 510 * 50
~ 50 Present Experiment 530 * 45
15-320 Nuclear Emulsions (41) 430 * 50
Theoretical:
Farley (16) ~ 540
Lewls Oppenheimer and Wouthuysen (36) ~ 480
Hagedorn (38) ~ L6560
Fermi (15) ~~ 1000-2000

Landau (17) a
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The theoretical values given here for comparison, are
all calculated for very high primary energies., Hagedorn, R.
(38), however, has calculated for 25 G.e.ve. nucleon-nucleon (core-

core) intemactions,

Energy of the secondaries in the c,m.S,

The detalled distributions of the energies of the mesons
and the nucleons in the c.m.s. have already been shown in Figure
ITT~Z14422(a), 25(b) respectively. |

We bave thought it of interest to plot in Figure Iv-27(a)
the histogram of the kinetic energies (cem.s.) of the secondaries
from our Group A(M® ~ M) interactions. As wehave said in
Chapter IIT~3 we believe this to be the group which contains our
nucleon-nucleon (core-core) collisions, The smooth curve represents
the theoretical calculations of Hagedorn, R. (38) for 25 Geeov.
central nucleon~nucleon interactions, and has been arbitrarily
normalised to our distribution at T = 0,18 G.esve  The two dis-
tributions appear similar, although one must admit that our

statistics are rather poor.

V-5 The angular distribution of the secondaries and its

Anisotropy
We have already shown in Figure ITT~18, the detailed
angular distributions in the c.m.s. for the sscondaries of our

three groups of events,
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In Fgure IV-28(b) the full line histogram represents
our angular distributlon for all the events grouped together. The
number of emitted secondaries are plotted for each 0,2 interval
o.f"éos 6™, There is no obviousgsymmetry in the distribution,

Our full line distribution is compared with the twoken line dls—
tribution plotted for the C.E.R,N., 16 G.e.,v, 77 ~—beam results.
This second distribution also appears to be symmetrical, The
distributions are normalised to the same total number of particles,

The tendency for our full line distribution towards
higher peaking in the forward and backward directions and a
shallower trough in the centre, for 900 emission, may be due to
the fact that our mean primarv energy is higher; by a factor of
three, than the‘ primary energy of the C.E.R.N., erperiment, It
is not difficult to imagine a greater collimation of the forward
and backwurd cones of emitted secondsries with the higher enecrgies

of the colliding nucleons,

Anisotropy of the angular distribution

In Pigure III-2k{2}, we have seen the distribution of
aimisotroPies A =1 Cos ( for all our 25 events, We quoted
(IIT-7) a mean value of 0.69 + (.03, suggesting a very aniso-
tropic angular distribution; remembering thal a value of 0,5
would indicate an isotiopic distribution. Table IV-3 we

compare this value with other experimental values,
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TABLE IV-3
Primary Energy Source of Experiment Anisotropy (A)
GeCeVe t Cos 62
~ 50 Present Experiment 0,69 * 0.03
~ 4O Skillicorn, I.0. (3) 0.62 * 0.02
~ 100 Montanet et al. (21) 0.61 t 0.02

16 ( 77 -beam) C.E.R.N. accelerator (37) 0.59 * 0.03

The experimental values appear to be in agreement within
themselves and suggest an anisotropic angular distribution of the
secondaries in the c.m,s, All the later theoretical models pre~
diet an anisotropic distribution in the c.m.s, of the colliding

nucleons,

V-6  Multipliclty and Tnelasticity of the interactions

No theory has been able to predict accurately the
multiplicity of the secondaries in a very high energy nuclegr
interaction. At cosmic ray energies themmin experimental problem
is, the lack of exact knowledge of the primary energy in an
individual interaction, This drawback in the experimental
techniques makes gomparison with theory difficult.

With the cloud chamber techniques, there is theadded

disadvantage of the blases against low multiplicities, inftroduced
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by the counter triggering systems and the seiection criterion
used for selecting useful events from a large number of photo-
graphs, One also camnot account for particles emitted in the
backward direction and particles emitted at sufficiently large
angles to miss the geometry of the cloud chamber., However, we
have deemed 1t of interest to compare the mean multiplicities

of events, for various cloud chamber experiments in Table IV—i4,

TABLE TV-=h
Estimated mean Mean multiplicity
primary energies Source of Experiment per_shower
G‘.eoVO) ng
~ 50 Present Experiment (paraffin) 8.6 i 0.85
~ 4O Awmor~Renner et al, (10) (aluminium) 7.3 ¥ 0.4
~100 Montanet et al, (21)(paraffin) 7.4 1 0.3
~ 300 Dobrotin & Slavatinsky (24) (LiH,) 8 11
10-1000 Hansen & Fretter (11) (Carbon) 461 0.5

All the values of ng in the tsble are in agreement within
khemselves except for the value of Es = L6 of Hansen & Fretter
(11). This low value may be explained if we assume that they
have a very loose counter selection system which records most of
the showers -vr.i.th _ﬁs = 3 and 4, produced in the carbon on top of

the chamber, This is indicated by the fact that amongst the 41



interactions reported, there are 21 with Hs =3 or 4 Alternative-
ly there is the possibility of the mean energy oftheir primaries
being low, It is interesting to note that the mean multiplicity

of the C.E.R.N. events is 4.5 for their 7/ ~=beam of 16 G.€eVs

Inelasticity (K)

Low values of inelasticlty in nuclear interactions from
K ~ 0.2 to 0.4 have been indicated (42) by comparisons of the
'attenuation lengths! with the interaction lengths of the nuclear
active particles in the atmosphere.

Oloud Chamber work (3, 11, 21, 24) indicates a low mean
inelasticity in nucleon~nucleon and nucleon-nucleus interactions,
Haneen and Fretter (11) have shown that in their nuclear inter-
actlons with the target nuclei of carbon, the mean inelasticities
tend to dearease with increasing energies of the primary, Emulsion
workers (12) (25) have also noticed a general tendency for the mean
inelasticlity to fall with inareasing primery energy,namely from a
value of K ~ 0,5 at ~ 101 e.v, 0 a value ~ 0,15 at

~ 10 e,v. Values of K ~ 0,5 have been observed at the
machine energies of 6~9 G.e.v. (40) (43).

We have quoted in Chapter IIT-5 mean values of inelastice-
ities for our results, For Group A(MI.’t ~ M) events which we
classify as nucleon~nucleon (core-fcore) interactions wo get a
value of K = 0,89 ¥ 0,09, For Growp B (M, & hmy ) events

which we classify as interactions where the incident nucleon makes
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a peripheral collision with the target nucleon, we have quoted a
value of K = O 47 i 0,05,

While the Fermi model assumed completely inelastic
collisions, Heisenberg conceives inelasticities less than one,
and predicts a decrease of inelastiocity with the increasing energy
of the primary particle, in good qualitetive agreement with the

experimental observations.,
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CHAPTER V

CONCLUSIONS

We shall now try to draw conclusions from the results
presented in the foregoing pages. The conclusions are mainly
drawn from our own results, substantiated or otherwise by other

experimental work oxr theoretical predictions,

The Hodoscope

(a) The hodoscope consisting of Conversimcounters is a fairly
satisfactory experimental arrangement for recording the direction
of the primary particle in an experiment with magnet cloud chambers.
Directions of the particle can be determined well within a degree
with the type of arrangement used in this experiment. This type
of Conversi tubes were found to be more consistently reliable than

Geiger-counters over a long period of use,

THE LABORATORY SYSTEM

Primary direction and encrgy

(b) The lower limit of the mean primary energy estimated from
the sum of the longlitudinal companents of the charged secondaries
is 37 '_': &L Geosve A mean energy of ~ 50 Geeeve is indicated
for the primaries from our mean value of ? c = 49, obtained

from the total visible energy of the  gecondaries taking into
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account the estimated energy of the unseen T C-mesons.
(¢) The direction of the resultant momentum of the charged
visible seccondaries in an interaction is not in general the same
as that of the primary particle, The two directions diffexr on
an average by as much as two to three degrees. This may be due
to the missing momenta of the unknown number of 7T C-mesons

emitted in an interaction.

Momenta

(&) The mean value of the transverse momenta of the piom second-
aries of our interactions is 387 ¥ 24 m.e.ve/ce This value brings
all the experimental values with the different techniques in agree=
ment with each other, All the previous cloud chamber workers except
the Russians, (24) have reported a consistently lower value which,
we now see, was due to the fact that they used the direction of

the resulbant momentum to measure the angles of emission of the
secondaries, Amongst the theoretical values Farley's mean

value of ~ 390 M,e.v./c, seems to agree best with our value,

(e) The similarity of the distributions of momenta of the
secondaries in the laboratory system for aluminium and paraffin
seem to indicate that these distributions of momenta are independent

of the ¢t arget mass in this range of target massesa

Mngular Distribution

(f) The angular distribution of the tecondaries in the laboratory



system gives a median angle of 11°, This denotes a mean value

of Y o = 5e1y ( Yc = -_Eé-n-]%éf-), in good agreement with the
m

mean value of Yc = 4,94 obtained from the Lorentz transformations

of the interactions to the c,m.s.

Multiplicity end Charge Excess

(g) The meen multiplicity of the fast charged secondaries is ng =
8.6 :’_' 0,8 per interaction, and for the identified slow protons

HH = 0.48 T 0,08 per interaction.

(h) The mean charge excess for the interactions is 2.0L :_"_ Oy,
indicating that in our sample of 25 interactions, tnere are some
gvents which involve two or more target nucleons, A method of
separating these complex events from simple collisions has been
used,

Centre of Mass System

The conclusions (i ~ n) have been dravm from the results

of all the 25 interactions grouped together,

Momenta

(1) Ve have shown that the transverse momentum (Pt) is independent

of the angle of emission of the particle in the c,m,s,

(3) The mean value of the momenta ;" of the secondaries in the

CoMe8e = 530 ¥ 45 Msc.va/0a in good agreement with Farley's value



of s Sl-l-o Mo e.v./c.

(k) The momenta p* of the secondaries in the c.m,s. are dependent
on the angle (6®) of emission of the particles, the dependence
being of the form p™ = p;/Sin 6"  The particles in the extreme
forward and backward directions are emitted with the highest
momenta, and the lowsst values of momenta are found for particles

emitted at 90° to the direction of motion of the nucleons.

(1) Comparison with the C.E.R.N. 16 G.eov, 77 ~-P experiments’
preliminary resuits, ssems to indicate the possibility of the mean
value of p35 being independent of the nature of the primary particle,

( 7T ~meson or proton).

(m) p* varies very slowly with the energy of the primary particle

in the range of primary energies, 6 G.6sve to ~ 500 GoeoVe

Angular Distribution

(n) The angular distribution of the secondaries in the CeMes. for
our interaction appears o be very siigitly assymnetrical but
strongly anisotropic, The asymmobiyy namely the ratio of the
number of pacrticles in the backward direction to the number in

the forward direction is 1,09, while the mean value of anisotropy

18 0,69 * 0,03,

Inelasticity

(o) All the events are not completely inelastic. 4 mean

inelasticity value of = 0. 47 i 0.05 was observed for Group
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B events which were classified as peripheral interactions. 4
mesn inelasticity of K = 0,89 * 0,09 was observed for Group A

events which we clagsified as nucleon-nucleon, core-core interactions,

'Effective® target mass (M"}

To the best of our knowledge, for the first time in the
literature we have used the ‘effective’ target mass (Mﬂ ) method
for classifying different types of interactions, This method was
first suggested by Birger and Smorodin (44), but only for the
separation of the cascading events from the rest of the nucleon-
nucleon eventse

Trom the spectrum of the 'effactivel! target masses,
where M® = Z( Ei - py Cos Qi), we have picked out inter—
actions with (a) M*® ~ M, (Group 4), (v) ¥ < Mm (Group B),
and (e¢) M > M (Group C); we have treated them as (a) nucleon-
nucleon core-core collisions, (b) peripheral collisions, i.e. the
collisions between the nucleon and the mesBn cloud of the target
nucleon and (c) the cascading collisions,“_ioe. collisions of the
incident nucleon with several nucleons in a carbon nucleus,

Although the statistics are poor for each group (about
8 events in each group), the individual group distributions of the
angles of emission in the c.m.S., the charge excess, and the values

of inelasticity far the various groups seem to justify the tentative
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classifications made,
One would like to test this hypothesis with a larger
sample of events, before any generalisations can be made regarding

its usefulness in the analysis of nuclear interactions.
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