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Abstract  

We have presented here an account of the experiment, to 

study the high energy cosmic ray induced nuclear interactions 

in paraffin, with the help of a counter controlled magnet-cloud 

chamber at an altitude of 2860 me 

For the first time in cloud chamber experiments a hodoscope, 

consisting of Uonversi-eounters„ was used to determine the 

direction of the primary particle 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 

pion secondaries in an interaction; consistently low values 

300 Igee6v,,,/c.) have been reported by cloud chamber workers 

as against the comparatively higher values (*--• 450 Al.e.v,,,/c0) 

reported by emulsion -workers. 

In the following pages, distributions have been given of 

the various parameters in a nuclear interaction, namely the energies, 

angles of emission, the multiplicities and the charge excess of the 

secondaries, and the inelasticities of the interactions, For ease 

of comparison with other experimental and theoretical results, the 

above distributions have been given separately in the laboratory 

system and the centre of mass system of the ccllldingmucleons, 

A very simple method. has been use the leffectivet 

target mass method„ for separating the various possible types of nuclear 

interactions 	the collis:I.on of a nucleon, with a nucleon or a nucleus. 
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Preface 

The work presented in this thesis was undertaken by the 

author as a member of the cloud chamber group at Imperial 

College, under the supervision of Professor 0.0. Butler. 

The author joined this gr9up in Novemner 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 aluminiump  at the mountain observatory of Pic du 

Midi, with the collaboration of the physicists from the Ecole 

Polytechnique, Paris. The scanning, and a part of the measure— 

ments and calculations of the results of this experiment were 

done by the author,. The results of this .experiment, with aluminium 

as the target material, were published in Il Nuovo Cimento, July, 

1960. 

In Ilay 1959, a similar experiment was started at the 

above observatory 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 authar7as associated 

with this experiment from the beginning;. and was responsible for 

the scanning, the measurements and the  analysis of the results. 
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INTRODUCTION  

Modern accelerators provide an excellent source of 

primaries of energies < 25 G.e.v. for the study of pion-

nucleon, nucleon-nucleon or nucleon-nucleus interactions. How-

ever, when this experiment was started (May 1959) the highest 

available machine energies were of the order of 10 G.e.v. Cos-

mic rays are ithe 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 performed 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 bromine in the path of the primaries, 

with the consequent complexities of the observed collisions. 

Emulsions form a useful tool for the study of nucleon-nucleus 

interactions with heavy targets. Cloud chambers have the 

advantage of permitting one to select on e's target material. 

Materials as light as lithium hydrite and paraffin have been 

used, However in the experiments with cloud chambers the nature, 

direction and energy of the primaries have been unknown. 



In the present investigation we have installed a 

hodoscope of Conversi-counters to record the direction of the 

primary particles. The nature and energy of the individual 

cosmic ray primary in an interaction are of course not known. 

We have assumed that the spectrum of our primary cosmic rays 

contains 70% protons and 3O Tr ±-mesons. 

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 (pt) of the secondaries. The values of pt  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 coinjaratively simple inter-

actions of a pion or a proton with a single target nucleon, we 

have used paraffin as the target material, where we expectiwo 

thirds of the interactions to 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) the peripheral 

collisions where the meson cloud of either the primary or the 
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target nucleon interacts with the core of the other nucleon, 

(lii) or the 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 distributionl  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 intereptions. We have suggested a very simple, though 

possibly nave, method of separating the interactions into the 

various groups to be able to study the behaviour of the various 

parameters separately for each group° 

In the following pages:  we have made an attempt to develop 

the subject phonomenologically, rather than try to fit our results 

into one of the many theoretical models, 
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CHAPTER I 

EXPERIMENTAL ARRA1\TGEMENT AND MEASUREMENTS 

The experimental arrangement is shown in Fig. 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 am, of paraffin 

wherein the high energy interactions are produced, o) the magnet cloud 

chamber in a magnetic field of 5000 gauss, where the seconnAries of 

the interactions aredloserved„ d) the Geiger-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 

layer. 

I-1 The Hodoscope  

As mentione3 earlier 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 unknown quantities. 

The hodoscope in its 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 tubes used for the hodoscope were first developed 	-12- 

by Conversi and Gozzini (1). They consist of glass tubes filled 

with neon gas, The glass tubes are sandwiched between two parallel 

plate aluminium electrodes, When a charged particle passes through 

a tube it ionizes 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 photographed directly, 

Hodosc.c!pe design criteria 

We have mentioned the need for an accurate knowledge of the 

primary direction, and so here we try to estimate the diameter of 

the hodoscope tubesrequired to get a reasonable accuracy in the 

transverse momentum (pt) of a particle, 

Let us say that we want to know the transverse momentum (pt) 

to an accuracy of 100 15.e.vdc, for a particle of momentum p = 20 

G.e.v./o, emitted at an angle 0 to the primary direction, then 

since pt  = p sin Q 

pt  = p Cos ®21g 	pllx 

where 	is the unc-xtainty in locating the point of entry of the 

primaz 	t:. _..ay in the topmost t..ay (diameter of the counter), and 1 . 80 ccis 

is the distance between -uhe topmost tray of cc raters and the point 

of origin of the shower in the iroatcar. 

0 • Ll x 80 x 0,1 
Pt  = 	= 0.24. Orno 

Thus stanch-od glass tubes of 0.5 cm. internal diameter were 
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foand quite suitable for the counters in the topmost crossed trays. 

The second set of crossed trays of larger diameter (1.5 cm.) 

counters were merely to Check the directionl  as given by the top—

most tray and the point of origin of the interaction. Their size 

was mainly governed by the need far a reasonably high efficiency and 

a comparatively small number of counters per tray. 

Constructional Technique  

Cozen, H., and Volfendale, 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 10-5  man. of Hg, baked 

at 3000C„, for 30 minutes. The smaller diameter (0.5 cm,) tubes 

were filled with commercial 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 neon at a pressure 

of 60 cm. of Bg. 

About five hundred and fifty tubes ware oonstructed for us 

at the Durham Colleges, University of Durham, under the supervision 

of Dr. A.17. VOolfendaleg 

These tubes had the various characteristics required for a 

cosmic ray experiments  namely, (a) a fairly good efficiency of 

flashing, (90 for the 0.5 cm, diam, tubes and 8070 for the 1.5 cm. 

diam. tubes). (b) short sensitive time(e--- 33/,‘sec.), (c) laa 
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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-Oounters. The top-most tray contained 321 

counters 32 cm. long and 0.5 cm. in internal 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 

their lengths at right angles to the oounters in the top-most tray, 

thus farming 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 internal diameter, arranged in two staggered 

rows of 45 counters each. The fourth tray contained 26 counters, 

76 cm. 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 Conversi-Counters 

According to Coxell and WOlferOPIO (2), the efficiency of 

these counters 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 pulse. 

The smaller diameter (0.5 cm.) tubes for the top crossed 

trays thidhvare filled with neon at a pressure of 2.3 atmospheres, 

had a mean sensitive time of 32 /L. sec. and an efficiency of 

582 for a high voltage pulse of 8 KI,Vt/cm. delayed by 	Li", sec. 

The comparatively low efficiency of these counters implied the use 

of three rows in each tray to get an overall efficiency of 93 

for at least one counter 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 ca, of Hg, had an 

efficiency of 80,54 for a high voltage pulse of 5 K.VVem.„ delayed 

by 4.A.  sec; thus in this case by using only two rows of counters 

per tray, we were able to obtain an efficiency of 967  for at least 

one counter going off per tray. 

In the course oftheexperiment at frequent intervals a 

series of /--mesons were photographed to check on the efficiency 

of those counter trays, The efficiencies of the various trays for 

a run of 200 	-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 diem., and 32 cm. long 	75 

The second tray 	0.5 cm. in dram., and 76 cm. long 	8t 

The third tray 	1.5 cm. in diem., and 32 cm. long 	99,% 

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

Thus the overall efficiency for thelthole hodoscope, namely:  

at least one counter firing in each of the four trays, was 64. 

Photography 

All the 500 and odd counters of the hodoscope, arranged to 

flash the spatial position of a particle in Lwe perpendicular planes, 

were photographed by a single camera lens. This was made possible 

by the use of alluminised mirrors (Skillicorn, 1.0. (3)). This 

photograph of the flashed counters also had. superposedon it the 

illuminated numerators and two fiducial light spots given by Lwo 

tiny tungsten bulbs on either side of the hodoscope. A typical 

flash photograph on the hodoscope counters is shown in Figure 1-2. 

The counters which looked into the axis of the photographic 

lens produced bright images but 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 photographs were taken on Kodak Tri X film developed 

for 15 minutes, in Kodak D 11 developer. 
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Electronics 	
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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 circuit diagram. 

The master pulse from the Geiger counter selection system which 

triggers the cloud chamber was used to trigger the first thyratron C.V. 

797, which in its turn triggers the high voltage thyratron Xli 8. The 

discharge of the 2  /I, sec dal 	 ay line through the XH 8 and the pulse 

transformer (F.T. 1) puts a 6 K.V. pulse on the C.V. 85. Now the 

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 electrodes of 

the Conversi Counters. This output tap from R was adjusted to give no 

spurious sparking between the aluminium electrodes of the tounters. 

1-2. 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 cloud 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 

magnetic field of 5000 gauss), enables 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 sufficiently slow to ionize 

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

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 Pie 
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du Midi Observatory (2860 m. above sea level). 

The relative positions of the cloud chambers, the paraffin 

proeucing layer and the Geiger Counters is shown in Fig. I-1. The 

top magnet-cloud. chamber had an illuminated volume of 68 x 64. x 30 

cm3  and. was situated between two water cooled. Helmholtz coils 

giving a uniform (I. 2X) magnetic field of 5000 gauss. The lower 

multiplate cloud chamber had. a useful volume of 68 x 64. x 40 cm3., 

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 absolute alcohol. 

A cloud 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 r*--

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. 
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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 lathe plane of the bottom layer of the 

paraffin producerp  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 

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

The Producing Layer  

The producing layer consisted of two slabs of Paraffin each 

3 am. thick. As shown in Fig. I-1, they were placed on top and 

bottom of the 1 cm. dnral roof of the cloud chamber. The two import- 

ant criteria for the selection of a 	6 am. 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 

cmo  thickness of paraffin is about th of the meanfree path for 
10 

interactions of protons of energies of 20 Gee,v04, see Walker, W. (5). 

Thus the probability of observing a secondary interaction in this 

thickness of paraffin is less than lq/.;. 

1-5 The Geiger-Counter Selection Stern 

The Geiger-Counter-Selection system consisted of four trays 

of Geiger Counters of various sizes (Fig. 1-1). The top-most tray 

A on top of the hodoscope consisted of 9 counters, 8.0 cm.o  long and 

3 cmo  in diameter. The second tray B below the hodoscope and above 

the paraffin producer also had 9 counters, but 2 am,. in diameter and 

70 cm. long. The third tray C below the magnet cloud chamber had 

13 counters:, 70 cm. long and 2 cm. in diameter. The fourth tray 

D just below the 20 cm. lead absorber had 16 counters, 70 cm. long 

and 2.5 an. in diameter;  shielded from each other by 	sheets of 

lead. 

The selection demanded the firing of one counter from 

one or more from B and at least two counters from C and D. This 

coincidence, A1R10 	, D 	2  gave the master pulse to trigger 

the cloud chambers and the hodoscope. 
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Trays A and B essentially 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 mattey,between 

trays B and C. It could produce a nuclear interaction, an electron 

cascade or just a single knock-on electron. The 20 cmo  of lead 

between C and D trays and the 3 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 interactions, by 

allowing the nuclear active secondaries to make secondary interactions 

thus increasing the probability of firing two or more counters in 

the D-tray. 

I-1. Curvature Measurements and. the Maximum Detectable Momentum 

Curvature Measurements 

Photographic megatives of three cameras were used for 

curvature measurements on the tracks of the secondaries of the inter-

actions,. The photographs from each of the three cameras were pro-

jected onto a flat table to full size for t he xlducial marks on the 

front glass plate of the cloud chamber. These projected track 

images were superimposed on standard, accurately drawn, known 



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 curvature 

of the track. 

Before these measured. curvatures could b 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 distortions we mean all the systematic curvatures 

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-

jetted through the same optical system and their spurious curvatures 

measured as before with the standard ourves. A set of correction 

curves were drawn for each camera for the veppojection system. The 

corrections were of the order of 0.5 Km 0 For details see 

Neale, LW. (6). 

Gas Distortions  

The gas distortions are caused by the turbulent motion of 

the gas in the cloud chamber at the time of expansion. Two to three 

times a day in the course of thecxperiment, the magnetic field was 

switched off and the Geiger-Counter selection system switched over 

to take A -meson photographs; A -mesons which could penetrate 
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20 cm. of lead after passing through the magnet chamber. The cur-

vature measurements on these no-magnetic field, 14 -meson tracks 

were used to determine the corrections for gas distortions. These 

corrections varied with the position of the track across the width 

of the chamber. Again a correction curve was drawn giving the mean 

correction to be applied for various positions of the track in the 

c_13.oud chamber. 

Maximum Detectable Momentum 

After correcting for the systematic optical and gas distortionuo  

one is left with residual random curvatures for the //k -mesons. 

These residual curvatures were used to determine the maximum detect- 

able momentum;,. Following Wilson, J, GO (), we define the maximum 

detectable momentum (N4D,,N) ao the particle momentum for which the 

true magnetic field cuwature is equal to the probable uncertainty of 

curvature measurements. In futures  we shall always refer to this 

quantity as 11.D.16. A value of 25 Gev/c was obtained as the N4D,NE, 

for this experiment. 

Thus, every tracies curvature was measured on the three 

camera frames. The individual optical correction for each frame 

applied, the mean of these three corrected curvatures was corrected 

for gas distortions and dip and depth corrections and the final 

radius of curvature ( /P cm,) was used in the formulae 

P = 30011, e.v/e (H = 5000 gauss) 

to get the momentum (p) of the particle. 
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1-5 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 ofthe inter-

actions. The reconstructed origin had to lie within the Paraffin 

producer, and had to be uniquely defined within the circle of con-

fusion (1 cm. in diameter) caused by errors in reconstruction. 

Events with multiple origins indicating the presence of secondary 

interactions in the producer were rejected. If one oriwo heavily 

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 considered 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 Or4gins  

The reprojection system for the reconstruction of these 

events was the same as that used for curvature measurements. 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 
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X and Z co-ordinates were measured on the projected drawing. Know-

ing the distance between the /ens axis of the two extreme cameras 

and the distance between the fiducial m arks on the front glass and 

the camera lenses, one can calculate the spatial co-ordinate* (xiyos) 

of the origins (Neale, W.U. (6)). 

Ve define the following rectilinear axis directions, the X 

direction parallel tote width of ie chamber, the Z direction in the 

'height 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 Z co-ordinates of the end points of the tracks were 

also measured in each of the two camera projections, and their 

(x„y,z) co-ordinates calculated.. The complete interaction was drawn 

in the zx and zy planes. The angles ( 	) of the drawn tracks 

with the Z-axis were measured in the zy-plane and the angles ( 0‹ ) 

of the tangents to the tracks at the origin. with the Z-axis were 

measured in tl-e zx-plane. The measured angles 04.. and /3 in 

two perpenditYalar planes for each track, gave the spatial angle Ot  

of the track with the 7-ert.l.cal (Z-axis)4 from the formulae: 

tan 8t  = 	o< 	tan2V3 

These calculations were made by the Ferranti Mercury Computer of 

the University of London. 
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1-6 The Direction of. the Primary Particle as given by the liodoscope  

Up to now we have shown how we obtained the momenta of 

the tracks and their spatial angles (At) with the vertical. We 

shall now try to show how we measureithe spatial angle (EV of the 

direction of the primary particle with the vertical, These two 

angles will enable us eventilally to calculate the angle each track 

makes with the primary direction. 

A strict criterion was employed for the selection of the 

events from the hodosoope. Only those events were selected where 

a particle passed through all the four trays of the Conversi-

Counters. As we Pave seen before (1-1), each tray had two or three 

rows of counters and we make the selection demand that at least one 

counter should have fired from any one of the rows from each tray. 

The top l,wo crossed trays give us the (x0y,z) co-ordinates 

of the points where the particle traversed these trays. We have 

already measured the (xly,z) co-ordinates of the Origin of the 

interaction in the paraffin producer. We now take the line 

joining these two points, namely the point 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 (913) 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 above 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 (Op) of the direction of the 

primary particle with the vertical and the angles (90 with the 

vertical of the secondaries of the interaction, we can calculate 

the angle (9) of emission of the secondaries with respect to the 

primary. 

Errors 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 tie hodoscope counters and the cloud chamber, introduce errors 

in the angles (p) 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 /A.-meson tracks 

(1-4.). The angle between the reconstructed //4.- -meson track from 

the cloud chamber and its direction as given by the hodoscope was 

plotted for 42 i/4 -meson tracks and the distribution of the angles 

is shown in Fig. 1-5. 

The distribution shows that 7% of the angles are within 

o 1 which is of the order of the error (0.90) in the angles due 

to the finite size of the counters (0.5 cm), the circle of con-

fusion (1 cm) round the reconstructed point of the origin and 

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



-31a. 
CHAPTER II 

Experimental Results  

The high energy interactions studied in this experiment lend 

themselves to the following measurements: the direction of ther1mary 

particle, the angles of emission of secondaries, the number of secondaries 

(N) per interaction and the sign of their elect:Lc charge, the momenta of 

secondaries and in the case of those secondaries which are slow and heavily 

ionizing an estimate of their mass. 	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 t aken 

in the course of a nine months run of the apparatus at the Mountain (2860 m. 

a.s.1.) 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 

photographs per day. A complete scan of the photog'7aphs showed 45 inter-

actions with total visible energy >10 G.e.v. Three of these interactions 

had a V°-decay and one a V+-decay. 

Me  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 rate); during the very hot summer of 

1959, to prevent the magnet coils from getting unreasonably hot. 
Bearing in mina the fact that we are interested in interactions 

of energies greater than those used with accelerators (~ 10 G.e.v.), 

accurate measurements were made on interactions which satisfied certain 

selection. criteria. 
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II-1 Selection of Interactions and the elimination of Electrons  

from the secondaries  

The following selection criteria were used:- 

(i) Bodoscope: 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. 

(iii) Multiplicity: the number (N) of secondary particles at 

minimum ionization with momenta greater than 100 Mev/c should be 

greater than or equal to three. (At momenta < 100 Meg/c, -Tr 

-mesons and protons ionize heavily but the electrons are at minimum 

ionization). 

(iv) Momentum: the sum total 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 

6qg of the track curvatures measurable 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 

177-tme5ons produced in the interaction decay rapidly 
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in the producer into frays, which in their turn materikllze to 

produce pairs of electrons. Of these materielt7etion electrons 

those which have momenta 4  100 Mev/c are easily identified from 

their minimum ionization, since 77-  -mesons, and particles 04.* mass 

heavier than 77-  -mesons ionize heavily at these momenta. However, 

electrons of momenta > 100 Movie may easily be mistaken as mesons. 

However the kinematics of electron pair production demands 
rn, 

that the angle between the two particles be relatively small, 
e2 

 

(where Ey is the energy of the )(-ray). This fact was used to 

identify pairs of electrons from the secondary particles. Pairs 

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. Avery small percentage WO of the total 

number of secondaries in the 25 interactions were lost as electrons, 

thanks to the fact that 6 cm of paraffin is only 10th of a radiation 
10 

length. 

The main parameters of the interactions are tabulated in 

Table II-1, 



Table II-1 

Picture Multiplicity 

Number Ns ril. s s n7 n$ '4picosei transverse 
Angle between primary 

transverse direction and result- 
momentum. ant momentum of the 

secondaries. 

1 14. 7 7 56.2 
2 9 4. 4 1 33.4- 
3 11 6 5 39 
4. 17 11 5 1 71 
5 10 5 4. 1 62 
6 16 7 8 1 54. 
7 13 6 7 14.8 
8 16 8 8 43.7 
9 6 3 2 1 31.8 
10 6 3 2 1 32.2 
11 8 6 1 1 27.6 
12 10 6 4 18.3 
13 10 5 4 1 46 
14. 9 5 4- 25 
15 4 4 0 26,1 
16 
17 

6 
3 

3 
2 

2 
0 

1 
1 324'6.34 

18 6 4. 1 1 44.3 
19 11 6 4. 1 33.8 
20 9 4 3 2  70 
21 6 3 2 1 53 
22 3 2 1 17.5 
23 6 6 0 
24. 3 2 1 
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II-2 The :Direction of the Primarvyarbicle and its angle with  

the resultant momentum 

Various previous workers (6) (10) (11) (13), not knowing 

the actual direction of the primary:  have taken the direction of 

the resultant momentum of the secondaries as the primary direction. 

Our results show that these two directions are not the same and. 

that on average the angle between the direction of the primary 

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:- 

tan e< ID sin 04- 
•Ep cos a. 

p cos 04  tan ,  

p cos oc 

where me and /31  are the angles of the resultant momentum with the 

Z-axis in the ax and zy planes respectively, and t>.: and /3 the 

angles the secondsries make with the Z-axis in the zx and zy planes 

(1-5, 14 27). 

Using these angles 00 and 	with with the measured 

angles of the primary from the hodoseopes  we have plotted in Fig. 

11-6 the distribution of the spatial angles between thexesultant 

momentum and the direction of the primary. This distribution is 

for a total of 29 interactions, the 25 produned in paraffin and the 

4. produced in the aluminium roof of the cloud chamber. The dis-

tribution shows that ninety percent ofthe interactions have these 

tan f3' 
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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 error in the angle, in taking 

the direction of the resultant momentum as the direotion of the 

primary, as A/(2.6)2 - (0.9)2  = 2.4 a Let us assume that this 

error is due to the missing momenta of the 7r°-mesons. Follow-

ing Awunor-Renner et al. (10), we estimate this error due to the 

missing Tr °-mesons as 

tan a= = 2.3°  

in fairly good. agreement with our value of 2.4°. Thus we are 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 ir 0—me sons . 

11-3 The Distribution of Transverse Momenta 

The transverse momentum of the secondaries of an inter-

action is an important Lorentz invariant quantity. It is an easily 

calculated laboratory quantity which lends itself to direct com-

parison with theory. .11.s Koba (8) has pointed out it gives valu-

able information regarding the mechanism of multiple meson production. 

We define the transverse momentum (pt ) of a secondary 

particle as 

pt  = p sin 61 
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where p is the measured momentum of the particle in the laboratory 

system and A is the angle it makes with the primary. 

These values of transverse momenta (pt) calculated for all 

the secondaries of the 25 interactions in paraffin are plotted in 

Fig. 11-7. We have exoluded from this distribution, secondaries which 

were identified as protons from their heavy ionization for momenta 

below 750 Mew/c., secondaries which were identified as electrons (ID-1) 

and all the secondaries with momenta greater than 16 Gev/c. 

The mean value of the transverse momentum is 387 4. /4. Mav/c. 

This value is in good agreement with the preliminary value 

of es-," 380 Nev/c. obtained for interactions produced by a 16 G.e.v. 

71 -beam in a liquid hydrogen bubble chamber at C.E.R.N. (9). It 

is interesting to note that if we recalculate our transverse momenta, 

taking the direction of the resultant momentum as the direction of 

the primary as has been done by all previous workers, we get a mean 

transverse momentum of 320 Mev/c. in good agreement with the mean 

value of 310 Mev/o obtained with the results of AwunorRenner et 

al. (10), an exactly identical 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 value of 308 123 Nev/e. Montanet (13) working with a 

paraffin producer quotes a value of 's- 300 Mov/c. Neale, V. sir. (6) 



concentrating on only those interactions (in Aluminium) which had 

a strange particle in them, obtains a mean value of 312 : 15 Mev/0. 

Awunor-Renner et al, (10) working on a similar experiment as ours 

but with an aluminium producer quote a value of 310 10 Mev/,. 

Various theoretical workers, Heisenberg (124.), Fermi (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 hand. predicts very large values, several Gov/c, but Farley 

modifying Fermi's theory has predicted a value of 450 Mev/c, slight-

ly higher than the observed value. Belen'ky and Landau also pre-

dicted very large values (several Gev/c) but Melecin and Rozental 

have modified their theory and have given distributions in good 

agreement with the experimental distribution, 

In Figure 11-7„ we have compared our experimental distri» 

bution with the theoretical distribution given by Milecin and. Rosental 

(18). We have plotted the theoretical curve taking Tf  the 
,2 

temperature of the free pion system evAl to ǹ71- 	where K 
2K 

is the Boltzmann constant, We have normalized this curve at 

pt  = 001 Gev/co and the agreement with our experimental results is 

fairly satisfactory for values of pt  C  0,08 Gev/c. We shall 

discuss the theoretical implications of this in a later chapter (IV). 

Distributions of transverse momenta for positive and 

negative secondaries were separately plotted but no significant 

difference was observed, This shows that if a large number of 



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 (U) studying 

interactions in carbon. However, the emulsion workers (12), work-

ing with interactions in the range of energies of 100 to 10,000 

G-.eov., have found higher values of the mean transverse momentum for 

nucleons as compared to that for pions, 

11-4. The Momentum Distribution of the Secondaries and the Primaries  

Momenta of the Secondaries 

Fl,gure 11-8 shows separately the distribution of momenta of 

the positive and negative secondary particles. We have excluded 

from these distributioas„ slow heavily ionizing particles identified 

as protons„ and 211  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 

is similar to ou 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 unknovm for the Aluminium (10) experi-

ment, We shall in future take every opportunity of comparing the 
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histograms for these two different targets. 

Figure 11-9 shows histograms on a log-log scale of the 

momenta 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 `n- -x FT; ap 	0.3 ID 

where 1 < x < 1,7*  /44.c 15 G.e.c. and Ns  = 	nSIP 

These similar distributions for the Lwu target materials 

leads one to infer that the distributions of the momenta of the 

secondaries are insenaUve to the target materials. 

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 

momentum of the primary particles could be roughly estimated from the 

sum (2-h i cos ei) of the longitudinal components of the momenta of 

the secondary particles. In future we shall denote this sum as 

We plot in Figure II-10 the distribution of ;VOL  for 
the twenty-five interactions. The sum (2/' ) is taken over all 
the secondary particles including the M.D.M. Particles. A value 

of 25 G.e.v./e, was assigned (I-4) to the M.D.M. particles. The 
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mean and median values of the distribution were 37 4. Gev/c. and 

33 Gev/c. 

11-5 The lingular Distribution of the Secondaries  

In Figure II-11, we have plotted ilme. angular distributions 

of the secondary particles, excluding the M.D.M. particles and the 

slow heavily ionising 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 Jiuminium (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 

similar distribution for Aluminium (10), the latter being normalised 

to the same total number of particles as in paraffin. Below 5°  we 

notice a significantly higher number of particles for the aluminium 

results (10) while between 20° and 4.5°  the aluminium values are 

consistently lower than the values for paraffin. We 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 aluminium (10) was 8°. 

In. Figure 11-132  we have plotted the momentum and the angle 

of emission of the secondary particles, The continuous line histo-

gram shags the mean value of momenta (/) for each 5
o 
interval of 

emitted angles. The broken line distribution is given by 

= 22 .:1M ove-vdc) 
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 particles present in our sample 

with a mean transverse momentum very much different from 

pt  = 0.387 Gev/c. 

We shall not attempt here to compare the energy and angular 

distributions of the secont1aries with the predicted distributions 

from various models of meson production due to the complications 

introduced by nuclear cascading and the unknown farm of the energy 

spectrum of the primaries. 

ii-6 Multiplicity and the OhaEg_e 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 Mem/c; by rejecting particles of momenta < 100 Mev/c we 
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exclude the low energy minimum ionizing electrons. The above 

definition excludes automatically slow heavily ionizing particles 

which could be identified as protons ( 	< 750 Mevic). The 

multiplicity distribution is plotted in. Figure 11-14.(1). 

Our multiplicity selection criterion (II-1) requiring 

Ns  7 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 0.85 per shower. 

In Figure II-114.(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 11-2 compares the 

various multiplicities for paraffin and aluminium (10). 

Table 11-2 
	

Paraffin & Aluminium 

Ws  Total mean multiplicity of the secondaries 8.6+ 0.8 7.3± 0.4 

i 	the mean multiplicity of the positive secondaries s 
... 

4.8 3.93 

ns the mean multiplicity of the negative secondaries 3.24 2.7 

74 the mean multiplicity of the M.D.M. secondaries 0.6 0.64 

nh  the mean multiplicity of the identified protons 0.48 0.36 

--+ ns  the ratio of the mean multiplicities for the 

ns positive and negative particles 1.48 1.46 

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 (Rh) and the ratios of the mean multiplicities for the 

positive and negative particles (Fy;) are similar for the paraffin 
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 (ffs) for paraffin and aluminium are also 

compatible within their statistical errors, suggesting that for the 

same primary energy the mean multiplicity maybe independent of the 

target material. 

The plot of multiplicity versus 2E/OL0  in figure II-15, 

shows that there is a tendency for the multiplicity to increase with 

2,1/0 L  (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 II-16W. A similar distribution for the 

aluminium (10) results is given in Figure II-16(b) for comparison. 

Electrons and particles of indeterminate sign ( ih?--* 20 Gevic) are 
excluded from thexe distributions. 
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The mean charge excess for the paraffin results is # 2.0/4. +  O./l- 

and for the aluminium (10) results is 147 003, in fair agree- 

meut within statistics. 

Let us try to calculate the expected charge excess :Ln our 

interactions on the assumption that all the interactions are either 

nucleon-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 Greisenls (20) data we know 

that the Cosmic Ray flux of charged nuclear interacting particles 

contains about 70? protons and 30; -7171 mesons. Assuming that 

these two types of particles have the same interaction cross-section 

in our producer, we deduce that about 8 of our interactions are 

produced by positive primaries and 15 by negative primaries. 

Again, we know that in our paraffin producer, which contains 

hydrogen and carbon, one third (21) of the 63 cm. geometrical inter- 

action length is due to the hydrogen nuclei. Giving the primary an 

equal probability of interaction with a proton or a neutron in the 

carbon nucleus, we realise that two thirds (4) of the interactions 
in paraffin would be with, proton targets and a third with the 

neutrons. 

The following types of simple interactions can occur:- 
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(7010) P + (P or N) giving a charge excess of + 2 or + 1 

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

(1 )71 + OP or N) giving a charge excess of (0) or (- 1) 

The number of 77-  and 11 - mesons being equal the brackete: values 

do not contribute to the total calculated charge excess of 1.36. 

Comparing the calculated value of 1.36 with the observed 

mean value of 2•04 4-  0.1,., 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 whereruolear 

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 that the mean 

positive charge excess of these cascading events is e•-• 3 while the 

charge excess for the rest of the events is in agreamout with the 

value of 1.36 calculated above. 
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CHAPTER III 

Results in the Centre of Mass System 

The Centre of Mass System 

In the previous chapter, we discussed the results in the 

laboratory frame of reference. In that frame of reference due 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 

reference only help to confuse the picture we want to study, the 

nature 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 theoretirP1 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 
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velocity (/9 c) of the Centre of Mass System (C.M.S.). We shall  

always use units where the velocity of light c = 1. 

Lorentz Transformation 

Let us consider a comparatively simple type of interaction, 

namely that of a primary nucleon interacting with a single target 

nucleon. The total energy in the C.M.S. is ZMN  )( 0  where MN. is the 

nucleon mass and yo 	I 
1 - 

c 

The Lorentz transformation of velocities gives 

-Y0 	where E is the total energy 

of the primary nucleon in the laboratory system. 

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

Thus for each interaction, we can calculate the values offic  

and )(c  from the total energy (Ep) of the primary nucleon. However, 

unfortunately in our experiment we neither measure the energy nor kliow 

the nature of theirimary particle. 

Mb, therefore, make the following assumptions before we trans- 

form our interactions to the 	(a) that the primary energy is equal 

to the total energy of the seconeties, (b) that there is charge symmetry 

fot the pions produced, and so we must multiply the total energy of the 

visible charged particles by the factor l,5, to account fat the energy 

of the neutral 77--mesons; (c) that the neutral strange particles pro- 
duced in our interactions have not carried a large fraction of the total 

primary energy; (11) that in an interaction the most energetic particle 

if it is positive may be the degraded primary proton; and (e) that 

the degraded primary infrequently becomes a neutron by charge 

exchange. 



Thus, in an interaction, all the minimum ionizing particles 

were transformed as pions, and together with the slow protons 

ieentified by their hea7ier ionization, the positive particles 

with the highest momentum and M.D.M, particles were also trans- 

formed as protons 

The standard. Lorentz transformation equations were used 

for transforming the angles and momenta of the individual secondaries 

from the laboratory system (201,"1,)  to the Centre of Mass System 

(02, PR)* 

p'10 Cos 032  = Yo(pl, Cos 01,  ". /9 OEL) 

tan 
Sin QL  

0 	 
Xo(Cos 	/"c/ 03 L) 

'I,  and EL  being the velocity and the energy of the secondary 

particles an the laboratory system. 

All the Iorentz transformations were calculated with 

the help of the Ferranti Mercury computer of the University of 

London. 

We shall show in this chapter the various distributions 

of angles (e) momenta (pm) and energy (En) in the centre of mass 

system. 

Table 	shows the important quantities of the 

transformations in a tabular farm, 



Picture 
Number 

Anisotropy 

Table III-1 

(4) 
(1.5 ri(Ei-piCos 9i)) 

LIP Inelasticity(K) 
) 

iCos 9m, 

1 6.3 0.65 0.50 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 
4 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 0.44 1.02 1.08 
7 3.5 0.65 0.43 1,74 1.5 
8 6.o 0.77 0.44 1.14. 1.04. 
9 4,4 0.45 0.39 0.45 0.49 
10 4.5 0.83 0.51 0.59 0.83 
il 4.1 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 
14- 4.6 0.61 0.73 1.45 1.36 
15 3.9 0,51 0.48 0.39 0.56 
16 4.6 0.55 0.30 0.33 0.30 
17 4.7 0.79 0.95 0.69 0.23 
18 5,4 0.90 0.98 0.88 0.92 
19 4.6 0.72 0.41 0.90 1.13 
20 7.1 0.67 0.89 0.94. 1.14 
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 
24. 2.6 0.67 0.38 0.38 0.33 
25 3.3 0.78 0.44 0.46 0.18 

111-2 The "Effective" Target Mass Dia  

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 nave sort of picture of the phenomenon. 

We know that a large majority (700 of the primaries are protons 
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and that we have in paraffin a mixture of the Hydrogen and Carbon 

nuclei 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 nucleon is involved in the 

collision, (b) it may make only a peripheral collision with 

the target nucleon,. interacting only with the meson cloud of the 

target nucleon.?  in which case it tsees' 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' 

a target mass larger than one nucleon masse  

Ifp now2  we could. have an idea of the target mass the 

primary 'sees' far each one of our interactions, we could. group 

the 25 interactions in the three general groups mentioned above. 

'Effect:lye' target mass 

From the laws of conservation of energy and momentum, we 

know that 

E E 	E•• p T 

Pp 	PfT = fipicos gi 	pL 	G0000(2) 

where E and ET are ti :total energies of the primary and the 

target particles before collision and 2- Ei is the sum of the 

nry,xt.K.I.es c f e:1:1. 	aNex. collisi.on, 	is the. pre- 

collirdon mraJabula of the pzimayy 	3.-, 

000 (i) 
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dinal component of the Fermi momentum of the target particle. 

ipipos Ai is the sum of the longitudinal components of the 

momenta of all  the particles after the collision in the pre-colli-

sion direction of the primary particle. 

Following Birger et a3. (22) and subtracting (2) from 

(1) we have 

(Ep  - Pp) + (ET  1" PfT) 	- pi Cos 8i) 

As a first approximation, for the high values of the energy 

( > 10 Gee.v.) of the primary particle, the quantity (Ep  - Pp) 

is very small and. may be neglected. Then again the component 

of the Fermi momentum PfT  < ET  and. so  may be neglected, and 

knowing that for a target at rest ET  is essentially the rest 

nnergy Mof the particle, we can rewrite the above as 

Zi(Ei  pi  Cos (4i) 

The quantity M we shall hereafter refer as the leffectivet target 

mass, 

piCos Qi) involves summation over all  the 

secondary particles. Since we do not see the —Tr °-mesons, we 

will again assume charge symmetry for pion production and. multiply 

the observed 	p•Cos (4i) for 	-mesons by a factor 

of 1.5. 

In Figure 	we show the distribution of this 

quantity Rio We have assi7med each event a unit area and have 

constructed the lower diagram of a constant area histogram to help 
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bring out any possible grouping of the events, The diagram shows 

no significant grouping except perhaps one near the nucleon mass 

(0.94 G.e.v0). Lack of statistics, however, prevents us from 

making any comments on the presence or absence of any peaks in the 

distribution. 

111-3 The Goneral Grouping of the Events and the Cosee  distributions 

We will divide our 25 events into three arbitrary groups 

(III-2) from the 'effective' target mass diagrams of figure 111-17. 

Birger and Smorodin (44.) suggested this method., but only for the 

separation of the cascading events from the rest of the nueleon-

nucleon events, 

Group A 	the group where Iv lies from 0.8 G.e.v. to 
(9.1) 

101 G.e.v. We have following Birger et alAchosen the limits of 

1% on either side of the nucleon mass; these limits corresponding 

approximately to the expected limits introduced by the fluctuations 

in the number of unseen -1T 0-smesons. We will assume that these 

are the events where we have nucleon-nucleon core-core collisions, 

Reasonable symmetry of the C.M.S. Angular distribution of 

the secondaries in this group as shown in figure 18(a) justifies 

the above assumption regarding the type of collision. 

4N)r: the group where i is below four pion 

masses 	This limit has been arbitrarily chosen to select only 

those events with an 'effective' 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 nucleon and the meson cloud of the target 

nucleonl  one expects intuitively a forward asymmetry for the 

Cos 0 distribution of the secondaries in the C.M.S., since the 

incident energetic nucleon is several times heavier than the 

*effective' target mass. This forward asymmetry, naturally 

would not be seen, if we transformed in the true C.M.S. of the 

nucleon and the it -meson. 

Again the Cos ON  distribution in Figure 18(b), with a 

noticeable excess of forward going particles bears out the above 

assumption. 

Group C 	> Ay all events with an 'effective' target mass 

Op above 1.1 G.e.v, have been grouped together here. These are 

the events ihhere 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 slaw 1 -mesons produced 

in the secondary interactions by the secondary pions in these 

cascading events would be thrown backwards in the C.M.S. 

Figure III41.8(c) shows the Cos el  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 picture 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). 

111-4. The Multiplicities and. the Charge Excess of the Secondaries 

for the Different Coups  

Multiplioity 

Figure 1114.1 shows the correlation between the 

multiplicity (Ns) of an event and its 'effective' target mass 

(4). Although there is a large scatter of the points one can 

notice a tendency for the multiplicity to increasJ with the 

'effective' target mass M. The mean multiplicities for each 

of our three groups (111-3) are given in Table 111-2. 

Groups 

Group A. 

Group B. 

Group C. 

Table 111-2  

9.3 1.1 

4.5 : 0.46 

Mean Charge Excess  

1.5 + 0.35 

2,9 + 0.9 

We see from the above table that although the primary 

spectrum maybe the same for all the events, the mean multiplicity 

for events with peripheral collisions (effective target mass 4 
4mir ) 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 11-6. We calculated a value of 1.36 for 

the charge excess assuming that our interactions involved oLly 

one target nucleon. The mean value of the charge excess for 

our Groups A and B interactions is 1©5 4' 0.35. The fairly good 

agreement between the calculated and observed values justifies 

our 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 4' 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. 

111-.5 The inelasticity IC for the three Groups 

Inelasticity 

For nucleon-nucleon collisions, we have seen in III-1, 

that the total energy in the centre of mass system (C.M.S.) is 

2Mu  Yo  -where as before Miv  is the mass of the nucleon and Y 

the Lorentz factor  7 1 	The kinetic energy available for 

1 -13 2 
the production of particles is 2/41.( 	- 1) the total energy 



mentioned above minus the rest energies 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 fraction K we define as the inelasticity 

of the interaction. If in an interaction a number (n ) of 

rr z ,-mesons are created of a mean energy De, then assuming charge 

symmetry for the production of pions, the total energy dissipated 

for the creation of -IF and -n- t -mesons is 1.5 x ny6. Thus 

by definition we can write for the inelasticity K an expression, 

1.5 nsE-16  
K 	 

2M..( 	- 1) 

We have assumed that the mean energy of the neutral 7T 0-mesons 

is the same as that of the charged 7r-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 -77- -mesons. 

The values of the inelasticity (10 calculated separately 

for the three different groups are shown in Table 111-3. 

Table 

Groups Mean inelasticity 

Group A N'f 0.89 0.09 

Group B (1 c r Jam;, 	) 0.47 ± 0.05 

Group 0 (M; > Ma) 1.16 + 0.16 

ositl,f(1) 
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The mean inelasticity of r 0.9 for the Group A 

interactions is understandable since here we have pictured a 

head on collision (core-core collision) between two nucleons, 

and the two nucleons being of the same mass, we can imagine the 

incident nucleons losing almost all their energy in the collision. 

In the Group B interactions, the incident nucleon is 

assumed to interact with the meson cloud of the target nucleon 

and again intuitively, since small values (< 4m/r  ) of the 

'effective' target masses (Alp are involved, one can imagine the 

incident nucleon losing only a fraction of its total kinetic 

energy, thus a mean inelasticity (R) of 0.47, 

The inelasticity as defined by us loses its meaning 

with the Group C interactions -which are assumed to be nucleon-

nucleus interactions. The mean value of 1.16 for the K can 

only suggest that more than one target nucleon is involved. 

III-6 The momentum_12), the kinetic energy (Tn), the mean 

energy OT!L1221 the Yo  distributions  for the three  

groups 

The distributions of momenta (pa)  

Figure III-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 slow 
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protons and the most energetic positive particle in an inter-

action (assumed to be the degraded primary) have been excluded 

from these distributions. 

Figure 20(a) and (b) are for Groups A and B respextively. 

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 pion 

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/o) and another 

possible peak at 0.75 Gev/c. The tentative explanation we offer 

is that in this group represented by nucleon-nucleus events, 

the secondaries dissipate their 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 explain. 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 such/extent that it is no longer the 
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most energetic secondaty particle. Although the mean VI  of these 

nucleons is about 2 Ge/c, Skillicorn I.O. (3) in the nucleon-

nucleon interactions, the mean p' of the incident nucleons in 

the nucleon-nucleus interactions maybe lower, thus we may be 

seeing a grouping of these degraded nucleons between 0.7 and 0.8 

G.e.v./c. in our histogram. 

The distribution of kinetic energy (TIE)  

In Figure III-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 number 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 p31  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 G.e.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 

PA  is the mean total energy in the C.M.S. of all 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 

B and C respectively, we have not shown the separate distri-

butions of r. The mean values of -Di  for each of our three 

groups are the same within the statistics. Figure III-22(a) 

shows the combined distributions of Pi  for all the 25 events. 

The mean value of E for all the events is 0.56 ±0.03 G.e.v. 

The Ye-distribution 

The mean value of 	for the group A (14 	MN) events 

is 5.8 ± 0.3 while that for Group B (14 	4mr  ) events is 

402 4-  0.3 a slightly lower value. Once again the lack of 

statistics prevents us from showing the Ye  distributions separate-

ly for the three groups. Figure III-022(b) shows the Ye  dis-

tribution for all the events grouped together. The mean value 

of )ie  for all the events grouped together is 4.94 ±0.2. 
In Figure III-23(a) and (b), we have plotted the scatter 

diagrams for the c versus multiplicity (Ns) and Yo  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 Ye  - Ns  
and. Ye  4- K. However, it is not unreasonable to expect the 

multiplicity (Ns) of the secondaries to increase with the total 

energy (20e) of the colliding nucleons in 	0.11.S.„ but, the 
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possible increase of inelasticity with Ye, faintly indicated in 

the diagram, is not easy to interpret, 

111-7 The anisotropic Emission of the Secondaries in the C.M.S. 

It is of intacest 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 

A 	!Cos 9! I 
PS  I - 

i Cos 

a quantity comparatively independent of the Ye  of the interaction. 

For an isotropic emission of the secondaries Montanet et al (21) 

have shown that this quantity I Cos gig I would be equal to 0,5, 

We have plotted in Figure III-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 (A) 

for all the events is 0.69 0,03, 

In Figure III-24(b), (0) and (d) we have drawn the 

scatter diagrams, looking for any correlation between the 

anisotropy A and the inelasticity CO, multiplicity (Ns) 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, Ns  and )110 
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was observed. 

111-8 The angular (Cos 0) and kinetic energy (T92) distributions 

of Nucleons in the C.M.S. 

Slow secondary particles which were heavily ionising and 

in the range of momenta 100 - 700 MeV° 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. These slow and fast nucleons were excluded from all the 

previous distributions of the secondaries. 

In Figure 111-25 (a) and (b), we plot these nucleons 

separately, in (a) the Cos 0 distribution and in (b) the distribu-

tion of their kinetic energies. The distribution in. Figure 

111-25(a) is consistent with the nucleons being thrown essentially 

backyards and forwards in the C.M.S. The kinetic energy distribu 

tion of Figure 25 (b) gives a mean kinetic energy of 

2.48 0.13 G.e.v. for the nucleons in the C.M.S. for all our 

25 events grouped together. 
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CHAPTER IV 

Comparison 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 

and try to compare the distributions of transverse momenta (pt) 

and the c.m.s. momenta (per), angles of emission (999 and kinetic 

energies (Tv) of the secondaries, with the corresponding dis—

tributions predicted by various theoretical models. 

IV-1. A brief description 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 theseaexperinents, we give below a brief descrip—

tion of each experiment. 

Cloud Chamber Experiments:— 

The mountain altitude (2860 m,) magnet cloud chamber 

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 Lth 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 (M.D.M.) of the magnet cloud chamber was 30 G.e.v./c. 

for a 40 cm, track length. The method of the momentum balance 

of the secondaries was used to calculate the values of 	c  for 

the Lorentz transformations to the c.m.s. 

The cosmic ray experiments of Montanet et al (21) were 

performed at a mountain altitude (3750 m.) with a paraffin pro-

ducing layer fixed inside the roof of the magnet •cloud chamber. 

Here again the direction of the primary particle was not known 

and. so  the direction 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 angular symmetry of the secondaries 

in the c.m.s. was made for the calculation of the I values. 

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 the cloud chamber. Here again the 

direction of the primary particle was not known. The M.D.M. of 

the cloud chamber was 30 G-.e.v./c. The method of the momentum 

balance of the secondaries was used for transformations to the 

c.m. s. 
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The ionization chambers 'calorimeter', and cloud chambers  

The high altitude (3860 m.) cosmic ray experiments of 

Grigorov N.L. et al (23) and Lobrotin„ N.A., and Slavatinsky, S.A. 

(24), performed with a combination of cloud chambers and iodration 

chambers, gave the direction of the primary particlep, and the total 

energy released in the interaction as measured. by the absorber-

ionization chamber 'calorimeter'. The N.D.M. of the cloud chamber 

was 12 G.e.v./c. The value of )f c  used for transformations to 

the c.m.s. had an estimated error of 

Liquid hydrogen bubble chamber 

Preliminary results (9), (25) from the C.E.R.N. experi- 

ment with a 16 G.e.v. 	- 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.m.s., 

since the energy and the direction of the primary are known 

accurately. 

Nuclear emulsions 

Cosmic ray experiments of Edwardset al (12) and Ciok 

et al (25) using nuclear 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 nuclei of silver and bromine as 

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

target. 
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IV-2 A description of the various 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 (14), 

(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 la-eduction of mesons. 

He developed the idea of the excited field treatment, 

which supposed that the collision primarily transfers a great seal 

of energy and momentum into the volume immediately surrounding the 

point of collf,sion and that the character of the subsequent 'radia-

tion' is largely determined by the strong fields and interactions 

in this volume. A large number 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--2--- , where oc= 5/3 over a part of 
p oc 

the spectrum, was predicted from the statistical 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 



-89- 

would be spherically symmetrical in the c.m.s. Later (28), 

however, Heisenberg differs from this and predicts an anisotropic 

singular distribution. Be predicts a transverse momentum 

m 	c for the secondary particles and a multiplicity of _Tr 

the mesons varying roughly as fi  where E is the primary energy. 

His basic concepts allow for interactions of inelasticity 

K 4: 14, 

Fermi's model: 

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 famed 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 0. 	As the nuclear interaction is very great and 

the volume smalls  the energy distribution will be determined by 

statisticallaus; thus allowing one to consider the collision 

without introducing any particular theory of nuclear interactions. 



b) Since the nucleons move with a high velocity, 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 

V - 3 	mir - ( )3(* 

where EN
se 

is the total energy of the two colliding nucleons in 

the c.m.s.. 

c) Particles created in this volume V come to thermal eqpilibriUM, 

according to the laws of statistical equilibrium with the tempera-

ture determined by the amount of total energy avnilable 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 collisions, the close 

collision which leads to isotropic angular emission of the 

particles in the c.m.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.vWc. an average 

multiplicity ns proportional to E1/4- where E 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. 



Hapedorn Model 

Hagedorn has recently (38) derived a statistical model. 

for particle production in nucleon-nucleon, care-core collisions*  

He has calculated in detail the energy spectra and mean production 

numbers of the secondaries produced in 25 G.e.v. p-p central colLizi-

ions. 

His calculations are based on the old Fermi model modifies 

to take into account the 'final state' interactions such as resonant 

states, (including the T = 3/2 pion-nucleon isobar), decay of 

particles and final state annihilation. The number of these 

final states is of the order of 600 for the 25 G.e.v. p-p inter-

actions, necessitating the use of a programme for an electronic 

computer. 

The weak points of the model are the following:- (a the 

non-central peripheral collisions are ignored, (b) no attempt i3 

made to explain the nucleon-nucleus collisions, (c) assumes that 

all the c.m.s. energy is used for the production of particles, thus 

implying an inelasticity K 	1 for all the interactions, (d) and 

gives no information regarding the angular distribution of the 

particles. The energy spectra given by him are an average over 

p11 angles in c.m.s. and do not in any way suppose or imply 

isotropy. In fact he makes it quite clear that the model does 

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

Fermi's basic idea regarding the use of statistical 

methods in investigating collision processes is used by Landau 

for his model. Landau (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 number 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:— 

a) In the collision of two nucleons a compound system is formed 

with the release of energy in a small volume V, which is Lorentz 

contracted in the longitudinal direction. At the moment of 

collision a large number of gparticlesf are created, their colli—

sion mean free path in the created 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 justification for 

the use of hydrodynamics at this stage is in the fact, that in 

the process of expansion the mean free path remains small as 
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compared to the dimensions of the system. In these first tiro 

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 expansion 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 r  c2. 

Landauts theory predicts a constant traLsverse momentum 

independent of the angle of emission of the secondaries and of 

the order of 1 - 2 G.e.v./c. The average multiplicity varies as 

V', and the angular distribution of theIarticles is expected to 

be be anisotropic. The energy distribution of the pions is of 

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

Takagi, Kraushanr and Marks, and Farley models 

Takagi (30), Kraushanr 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 nucleons after the collision became a pair of excited nucleons 

moving away from each other, the so called "isobar model". The 

mesons are emitted isotropically from these excited moving 



nucleons and the observed collimation of mesons in the c.m.s. 

is simply a kinematic effect. Later, Cocconi, G., (32), Gick 

et al (33), Koba Z. and Takagi, S. 04), and Niu K. (35 ),have 

suggested that the mesons may be emitted isotropically frorr 

regions which are moving with velocities 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 pt  distribution. 

Peripheral Interactions (Nucleon-Nucleus) 

Cernaysky„ D.S. (45) has suggested that the nucleon 

peripheral mesonic field can show itself in nucleon-nucleus 

collisions. He shows that this repay lead either to a strong 

excitation of the nucleus or to the appearance of a second 

associated shower. In the latter case, the angolar distribu-

tion in the c.m.s. will beasymmetricall  the secondary particles 

being predominantly directed tbackwardsl, i.e. in a direction 

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

twice the number of particles in the front cone. This was 

indicated in Figure 1II-18(c) for the Group 0 (11 > Nd events, 

where we have 51 particles in the backward direction and 25 in 

the forward direction, 

TV-3 The Transverse N6menta 

We have already given the details of our results on 

transverse momenta of the secondaries in Ohapter 11-3. The 

present experiment confirms the two important properties of the 

parameter (pt), namely, its constant value independent of the 

angle of emission of the secondary particle in the c.m.s., and a 

comparatively lag mean value of the order of 2m /. to 3m_-

fort)r-itriolenergies ranging from a few G.e.v. to several thousand 

G.e.v. 

In Figure IV-26(a)0  we have plotted the average trans-

verse momentum tt) for each 0.1 interval of Cos 0, where 991  is 

the angle of emission of the particle in the comas. The full 

line histogram for the well measured particles of momenta 

< 12 G.e.vWc. is not inconsistent with a constant value of 

pt  for R11 angles of emission. The broken line histogram in-

cludes particles of momenta > 12 G.eovVe. including the M.D.S. 

particles. These high energy particles were excluded from 

the full line histogram since for an M.D.M. of only 25 G.e.v./c., 

large errors are introduced in the momentum measurements of 

these particles. 



cl 6 . 

Momenta. Transverse p (G!.) 
.. 	t 

- - - - Milekhin and Rozenthal. (18) 

I   Farley*, 	(16) 

E1 Present 	Experiment, 

-I 	• 8 	.6 	:4 
Backward 

;2 6 -.2 .4 -6  •8 
Cos G 	Forward 

+ 1 

Fig. IV- 26 (a),(b) 

( b ) 

(a) 

'I 

I 

1 

. I 

1 

1 

1 

1 

t 

r 

1 

'I 

1 

I 

1 I-. i 

1 



-97- 

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 mIT 02/2K, based essentially on the 

Landau model does not explain the tail of our distribution. This 

tail of our distribution which is also shown in other experimental 

distributions of pt  (6) (10) (11) (21) is, however, covered by 

the distributions jven by Farley based on the statistical theory 

of excited nucleons. 

In Table 1V-1, we have tabulated the various experimental 

and theoretical values of mean transverse momenta 67t). 

The table shows that the experimental values are in fair-

ly good agreement -within the limits of the errors. The low mean 

values of 310 	of Awunor-Renner et al (10) and 308 

M.e,v,/c. of Hansen and Fretter (11) are very near the value of 

310 M.e,v./c. obtained from our results, if we ignore the direc-

tion of the primary particle as Liven by the hodoscopel  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 values reported by the above two authors 



Table IV-1 

Source 	Nature of the Experiment and the 	 Ft  
of 
	

Source of the Theoretical Estimate 	Le.v./e. 

Primaries 

Nature of the Experiment:- 

Cosmic Rays Present experiment: 	 387 + 24. 

16 G.e.v. 	C.E.R.N. accelerator (37) 	 379 + 26 
-7-  beam 

Cosmic Rays 	Cloud Chamber and Ionization Calorimeter (24)4,- 350 

Magnet Cloud. Chamber (10) 	 310 + 13 

It 	Magnet Cloud Chamber (11) 	 308 + 23 

11 	it 	Magnet Cloud Chamber (21) 	 < 400 

Nuclear Emulsions (12) 4.10 + 130 

Theoretical Estimates:- 

Heisenberg (27) 140 

Fexml (15) 1000-2000 

Landau (17) 1000-2000 

M.ilekhin and Rozental (18) 230 

parLey 	(i6) 390 

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

direction:, were forced to use the direction of the resultant momentum 

which is on an average au t by 2°  to 3°  (chapter II-2) from the 

true primary direction. 
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Amongst the theoretical values, Farley's (16) value 

of -9"--• 390 1A.e.vdc. seems to agree best with a majority of the 

expetimental values. 

11:-A The momenta and energy of the secondaries in the centre 

of mass system. 

11sLnelta121  

The distributions of the momenta (pr) of the secondaries 

in the c.m.s. were discussed separately for our three groups of 

events in Chapter 111-6. Here we will show three of the important 

properties of this parameter (p), namely, (a) its dependence on 

the angle of emission of the particle in the c.m.s., (b) the 

independence of its mean value (p) from the nature of the primary 

particle (17 -meson or proton) and (c) its (`PI) slow variation 

with the energy of the primary particle in the range 6 G.e.v. to 

500 G.e.v. 

(a) In Figure IV-27(b), we have plotted a histogram of the mean 

value of the momenta (7) for each 0.1 interval of Cos 0 where 

0 is the angle of emissioncf the particles in the c.m.s. It is 

easily seen from this plot that the values of 111  are highest in 

the extreme forward and backward directions of emission and are 

comparatively low for particles emitted near 90
o in the c.m.s. 
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The smooth curve in this figure shows the expected 

variation of pm  with Cos O' assuming a constant value of the 

transverse momentum pt  = pl€  Sin 8 = 0.38 Goe.v./o. The fair 

agreement between the curve and. the histogram confirms the 

results of Fig. IV-26 (a), namely, that the mean transverse 

momentum ifi independent of the angle of emission of the 

particles. 

Thus we are led to infer that the re varies with 

with a variation of the form "p = pt./sin emo This is in agree-

ment with other experimental results except that with the emulsion 

results of Pernegr, Jo  (39) who draws a rather dibious conclusion 

that pm  is constant and independent of the angle of emission. 

(b) 	In Fig. IV-28(a), we have compared our frequency distribution 

of pm  with the preliminary results (37) on seventy five jets 

obtained at C.E.R.N. with the 16 G.e.v. 7r:meson interactions 

in a hydrogen bubble chamber. Our full line histogram appears 

to be in good agreement with the broken line distribution of pH  
values from C.E.R.N. pion-proton interactions. Consistent with 

our multiplicity selection criterion (11-1) of ns  7 3, we 

have taken only those of the C.E.R.N. results which have multiplicity 

ns  7 /4.. The two histograms have been normalised. in the same 

total number of particles. 

Our mean value of pm  = 0,53 + 0.04. G.e.v./c. compares 

very favourably with the mean value of pM  = 0.51 + 0.05 G.e.v./c. 
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from the C.E.R.N. results. Since our primaries aremainay.  cosmic; 

ray protons and the C.E.R.N. interactions have 17---.mesons as the 

primaries, we believe we have here an iidication of the p value in 

an interaction being independent of the nature of the primer:* 

particle causing the interaction. 

(c) Table IV-2 shows the slow variation of the p with the 

energy of the primary particles. 

Table 1V-2 

Mean Energy 	Source of Experiment 

	

of the 	or 

	

Primary 	Theoretical Calculation 
(G007.) 

Experimental: 

6.2 	P-P collisions in Berkeley Bevatron (40) 	--_,_---.. 350 

16 	if --P 	a 	" C.E.R.N. accelerator (37) 510 4- 	50 

f•-• 50 	Present Experiment 	530 4. 	45 

15-320 	Nuclear Emulsions (24.1) 	430 + 	50 

Theoretical: 

Farley (16) 	 '-- 540 

Lewis Oppenheimer and Wouthuysen (36) 	480 

Hagedorn (38) 	 —4.6o 
Fermi (15) 	 --- 1000-2000 

Landau (17) 	 a 
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The theoretical values given here for comparison, are 

Al) calculated for very high primary energies. Hagedorn, R. 

(38), however, has calculated for 25 G.e.v. nucleon-nucleon (core-

core) interactions. 

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

The detailed distributions of the energies of the mesons 

and the nucleons in the c.m.s. have already been shown in Figure 

III414(22(a), 25(b) respectively. 

We have thought it of interest to plot in Figure IV-27(a) 

the histogram of the kinetic energies (c.m.s.) of the secondaries 

from our Group A(Pr 	ivi) interactions. As we have said in 

Chapter 111-5 we believe this to be the group which contains our 

nucleon-nucleon (core-core) collisions. The smooth carve represents 

the theoretical calculations of Hagedorn, R. (38) for 25 G-0e.v. 

central nucleon-nucleon interactions, and has been arbitrarily 

normalised to our distribution at T = 0,18 G.e.v. The two dis-

tributions appear similar, although one must admit that our 

statistics are rather poor. 

11=2 The angular distribution of the secondaries and its 

Anisotropy 

lie have already shown in Figure 111-18, the detailed 

angular distributions in the c.m.s. for the secondaries of our 

three groups of events. 



In Figure IV-28 (b) the full line histogram represents 

our angular distribution for all the events grouped together. The 

number of emitted secondaries are plotted for each 0.2 interval 

of Cos 0. There is no obviousssymmetry in the distribution. 

Our full line distribution is compared with the broken line dis-

tribution plotted for the C.E.RAL 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 
o 

shallower trough in the centre, for 90 emission, may be due to 

the fact that our mean primary energy is higher, by a factor of 

three, than the primary energy of the CX.RX. e7periment, It 

is not difficult to imagine a greater collimation of the forward 

and backwEird cones of emitted secondaries with the higher energies 

of the colliding nucleons. 

Anisotropy of the angular distribution 

In Figure III-24(a), we have seen the distribution of 

anisotropies P. = / Cos 01 for all our 25 events. We quoted 

(III-7) a mean value of 0.69 ± C.03, suggesting a very aniso-

tropic angular distribution; remembering that a value of 0.5 
would indicate an isotropic distribution. In Table IV-3 we 

compare this value with other experimental values. 



TABLE Iv -3  

Primary Energy Source of Experiment 
G.e.v. 

Anisotropy (A) 
t Cos ®E l 

50 Present Experiment 0.69 4-  0.03 

40 Skillicorn, 1.0. (3) 0.62 ±0.02 

100 Montanet et al. (21) 0.61 0.02 

16 ( beam) C.E.R.N. accelerator (37) 0.59 1.  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-

dict an anisotropic distribution in the c.m.s, of the colliding 

nucleons. 

IV-6 	Multiplicity and Inelasticity of the interactions  

No theory has been able to predict accurately the 

multiplicity of the secondaries in a very high energy nucleqr 

interaction. At cosmic ray energies the nain experimental problem 

is, the lack of exact knowledge of the primary energy in an 

individnal interaction. This drawback in the experimental 

techniques makes comparison ulth theory difficult. 

With the cloud chamber techniques, there is theadded 

disadvantage of the biases against low multiplicities, introduced 
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by the counter triggering systems and the selection criterion 

used for selecting useful events from a large number of photo-

graphs. One also cannot 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 it of interest to compare the mean multiplicities 

of eventss  for various cloud chamber experiments in Table IV-4. 

TABLE IV-4. 

Estimated mean 
primary energies Source of Experiment 
(G,e.v,) 

Mean multiplicity 
per shower 

nt 

50 Present Experiment (paraffin) 8,6 ± 0.85 

40 Amunor -Renner et al. (10) (aluminium) 7.3 

Montanet et al. (21)(paraffin) 7.4. I 0.3 

300 Dobrotin & Slavatinsky (24) (LiH2) 8 	+ 1 

10-1000 Hansen & Fretter (11) (Carbon) 4..6 ±0.5 

All the values of 3Is  in the table are in agreement within 

Ahemselves except for the value of xis  = 4..6 of Hansen & Fretter 

(U). This low value may be explained if we assume that they 

have a very loose counter selection system which records most of 

the showers withns 3 and 4, produced in the carbon on top of 

the chamber. This is indicated by the fact that amongst the 41 
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interactions reported, there are 21 with ;Is  = 3 or If. 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 Irr --beam of 16 G.e.v. 

Inelasticity (K)  

Low values of inelasticity in nuclear interactions from 

K en- 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. 

Cloud Chamber work (3, 11, 21, 24) indicates a law mean 

inelasticity in nucleon-nucleon and nucleon-nucleus interactions. 

Hansen and Fretter (11) have shown that in their nuclear inter-

actions with the target nuclei of carbon, the mean inelasticities 

tend to decrease with increasing energies of the primary. Emulsion 

workers (12) (25) have also noticed a generallendency for the mean 

inelasticity to fall with increasing primary energyonamely from a 

value of K 	0.5 at ,--e1011  e.v. to a value 	0.15 at 

1014'0.v. Values of K 	0.5 have been observed at the 

machine energies of 6-9 G.e.v. (40) (43). 

Vie have quoted in Chapter 111-5 mean values of inelastic-

ities for our results. For Group A(MT 3I r'%' N) events which we 

classify as nucleon-nucleon (core-core) interactions we get a 

value of K = 0.89 4' 0.09. For Group B (qt  < 4mv ) events 

which we classify as interactions where the incident nucleon makes 



a peripheral collision with the target nucleon, wo have quoted a 

value of fc = 0.47 4 0.05. 
While the Fermi model assumed completely inelastic 

collisions, Heisenberg conceives inelasticities less than one, 

and predicts a decrease of inelasticity with the increasing energy 

of the primary particle, in good qualitative agreement with the 

experimental observations. 



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 or theoretical predictions. 

The Hodoscope 

(a) The hodoscope consisting of Conversi-counters 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 LABORiiTORY SYSTEM 

Primary direction and energy 

(b) The lower limit of the mean primary energy estimated from 

the sum of the longitudinal components of the charged secondaries 

is 37 	G.e.v. A mean energy of 	50 G.e.v. is indicated 

for the primaries from our mean value of )(c  = 449, obtained 

from the total visible energy of the:secondaries taking into 



-111- 

account the estimated energy of the unseen iT 0-mesons. 

(c) The direction of the resultant momentum of the charged 

visible secondaries in an interaction is not in general the same 

as that of the primary particle. The two directions differ on 

an average by as much as two to three degrees. This may be due 

to the missing momenta of the unknown number of -17-  0-mesons 

emitted in an interaction. 

Momenta 

(d) The mean value of the transverse momenta of the pion second- 

aries of our interactions is 387 4.  21.- 	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 resultant 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 target mass in this range of target masses. 

Angular Distribution 

(f) The angular distribution of the secondaries in the laboratory 
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system gives a median angle of 11°. This denotes a mean value 

of 	)11 c = 5.1, ( )(0  = 
	

e 	in good agreement with the tan m  

mean value of do = 4.94 obtained from the Lorentz transformations 

of the interactions to the c.m.s. 

Multiplicity end Charge Excess  

(g) The mean multiplicity of the fast charged secondaries is ns  

8.6 	0,8 per interaction, and for the identified slow protons 

nH  = 0.48 + 0.08 per interaction. 

(h) The mean charge excess for the interactions is 2.04. 

indicating that in our sample of 25 interactions, there are some 

events which involve two or more target nucleons. A method of 

separating these complex events from simple collisions has been 

used. 

Centre of Mass SysterE. 

The conclusions (i n) have been drawn from the results 

of all the 25 interactions grouped together. 

Momenta  

(i) We have shown that the transverse momentum (pt) is independent 

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

(j) The mean value of the momenta pgi  of the seconasries in the 

comes. = 530 4- 1.i.5 M.e.v.,/c. in good agreement with Parley's value 



of 	54.0 M.e.v./c. 

(k) 	The momenta pm  of the secondaries in the c.m.s. are dependent 

on the angle (EN) of emission of the particles, the dependence 

being of the form p" = pt/Sin gm. The particles in the extreme 

forward and baokward directions are emitted with the highest 

momenta, and the lovmst values of momenta are found for particles 

emitted at 900  to the direction of motion of the nucleons. 

(1) 	Comparison with the C.E.R.N. 16 G.e0170 7T --;.P experiments' = 

preliminary results, seems to indicate the possibility of the mean 

value of pr being independent of the nature of the primary particle. 

( 7T —meson or proton). 

(m) OE  varies very slowly with the energy of the primary particle 
in the range of primary energies, 6 Go.v. to ,•••••• 500 Gve.v., 

Angular Distribution 

(n) The angular distribution of the secondaries in the c.m.s. for 

our interaction appears to be very sligatly assymmetrical but 

strongly anisotropic. The asymmry„ namely the ratio of the 

number of particles in the backward direction to the number in 

the forward direction is 1.09, while the mean value of anisotropy 

is 0.69 + 0.03. 

Inelasticity 

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

inelasticity value of = 0.47 0.05 was observed for Group 



B events which were classified as peripheral interactions. a 

mean inelasticity of K = 0.89 + 0.09 was observed for Group A 

events which we classified as nucleon-nucleon, core-core interactions. 

'Effective'  target mass (M ........-- 

To the bcst of our knowledge„ for the first time in the 

literature we have used the 'effective' target mass (Mn) 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 events. 

From the spectrum of the 'effective' target masses, 

where 142  ti 	• - pi Cos 9i), we have picked out inter-

actions with (a) ler... N. (Group A), (b) M < 4m ;r (Group B), 

and (c) /A" > DIN  (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 men 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 individivil group distributions of the 

angles of emission in the c.m.s., the charge excess, and the values 

of inelasticity for the various groups seem to justify the tentative 



classifications made. 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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