W Durham
University

AR

Durham E-Theses

The production of 1omization and Cerenkov radiation
by cosmaic ray muons

Pathak, K.M.

How to cite:

Pathak, K.M. (1967) The production of ionization and Cerenkov radiation by cosmic ray muons,
Durham theses, Durham University. Available at Durham E-Theses Online:
http://etheses.dur.ac.uk/9272/

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-profit purposes provided that:

e a full bibliographic reference is made to the original source
e a link is made to the metadata record in Durham E-Theses
e the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support Office, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107
http://etheses.dur.ac.uk


http://www.dur.ac.uk
http://etheses.dur.ac.uk/9272/
 http://etheses.dur.ac.uk/9272/ 
http://etheses.dur.ac.uk/policies/
http://etheses.dur.ac.uk

oamic Ray Muons.

A Thesis submitted te the
University of Durham for the

Degree of Doctor of Philosophy

by

Koo Pathak

September, 1967

\\3\“
& 2 - DECyog9

320 ’
LIBRARY o

The Preduction of Ionization and Cerenkov HRadization

4

oy



PON' 07 3| 1“‘1(“5

Page
ABSTRACT i
PREFACE i1
CHAPTER 1  INTRODUCTION

1el Brief introduction to the cosmic radistion
- phenomens

1.2 C

o
m

smic reys at large zenith angle

(S B VLI

1.3 HMeasurements on high energy muons

1.4 The present work 6
CHAPTER 2 Theories of Enerey Loss
2.1 Introduction 8
2.2 Theories of the average energy loss by
collisions Q
2.3 The average energy loss curve 15
2.4 The density effect 16

5 Statistical fluctuations in energy loss by
collisions and the most probable energy loss 2

o

2.6 ?/oerted mest probsble energy loss ”p for
relativistic muons in (a Plgstic Sci ntwliqtmw
NE 1024 and (b) water 28
2.6a The most probable energy loss in
phosphor N 102A 31
2.60 The most probable energy loss in
water 32
2.6c Msgnitude of the density effect in
water and phosphor 33

263 Difference bebtween the Fermi and
Sternheimer density corrections 3y




Aadiative coprrections

3 Cerenkov Radisticon Loss

Intreoduction

Phyvsical nature of Cerenkov radiation
Theories of Cerenkov radiation loss

3.32 The classical theory of Frank
and Tgmm

3.3a{i) Magnitude of the Cerenkov
loss

3.32(ii) Spectral distribution of the

Cerenkov radistion

3.3b Extension to the basic theory
3

affTect

3.3c (i) Effects of spin on the
Cerenkov loss ’

%.3d Hadistive corrections to the
Cerenkov loss

heoretical calculations on

3e4ba The rate of Cerenkov loss in water

3.4b Variastions of the angle of emission

with muon momentum
Comtribution of the K.0s electrons

Concluding comments

3 Review of Previous Experiments on

unervv Loss by (A) Ionization, and

¢  Quantum treatment of the Cerenkov

B) Cerenkov Radiation

Megsuremnents on lonization loss

33}
0o

AU
[

WwWw
D

0O

I
E.n-!

I
AN]

=
e

o
I
Pt

51

65

[



Measure

5. 38
530k

Megsurement of

Fxperiments with

a1
ﬂumt TS
ionizeti

T e o s ey ety € Ry
Ayperiments with

Experiments with

ments on Cerenk
Experiments with

The Spsctroegraph

general features

magnet
The Rlectromagnet

scintillation

Introduction

Description of the
their

counters and

e

The electricsal
Tubes

Neon Flgsh

lash tubes

,.3

cloud

in trays
trays B
pulsing

electronics

nroportional
qnd high pressure
o chambers

chambers

Nuclear emulsions

crystal counters

radiation loss

with machine
particles

s with cosmic rays

the maggnetic field

counters

scintillation
installation

connections

A and D
and ©

system

Page

o &)
~J O

O~
3>

\3
=~

=3
Ext

-~J
o

~J
£y
LA

(s
Jont

o
S




Be77 The sequence of operations

5e& The acceptance functions
5sQ Particle rates

v £

5610 The measurewments of the positions of
the particle trajectories

5.11 Selection of events
5.12 Alignment of the spectrograph

5.13 Calculstion of the narticle momentum

5«1lhk  Accuracy of messurement
£+15 Operation of the spectrograph

5,16 Installation of the Cerenkov counter
in the spectrograph

CHAPTER 6 The Cerenkov Counter
£.1a Description of the counter

s Fa) e 2 N oo
el Selection of water

Ge?2 The lieght collectors

[y

HeZa  Description of the light collectors

£.2b  Action of a light collector

be2c Bfficiency of the light collecting
syatem

6e3 Calculetion of the expected number of
photeelectrons

jau)
o

oy

[
O

8.3
O

O e}
W [l

=

O
o™

0
Ch

100
103

-

106




64,;4 T%’
Sy
ol

Je A},c

N
°
1

EAY

o

A
&
~J

C { f\ "JT L:

74

~J

78

Generasl feabures

The wvariaticns of the most probable
Ilse height with HeTe

The linearity of the amplifier

Response of the Cerenkov counter

Uirectinnal properties of the counter

Conclusion

7

l&.eu

The Bxperimental Results

1lts on the ionization loss of muons

in s plastic scintillator

P
jAs]
g

-
o
- g

——
O
P

.
(ST
Nt

A~ o~
y @
e Nt o

oy

e
toge
o

R

The

{a)

(b)

{c)

The scintillation counter
The experimental data

The resolution of the peak of the
pulse height distributions

Pulse height distributions for
ot and /4~ particles

Grouping of the data

Analvsis of the data

The results

Discussion
Results on the Cerenkov Radistion Loss
Stability of the electronics

The experimentsl dats

The resolution and shape of the
Cerenkov pulse height distributions

frnd
bt
(O

et
pot
-~J

o

=
S S
N

bt
N
a2

b [
4] 3
Oy N




78 {d) The pulse height distribution for
positive and negatlve muons 13

Grouping of the date 138

The results 11

)

78 (f) Analysis of the dats 139
)
) Discussion 142

CHAPTER 8 Conclusions
84 Conclusion on the ionization loss 15

8B Conclusion on the Cerenkov radistion loss 146

Acknowledgments 147
REFERENCES 149
APPENDIX 1 156

APPENDIX 2 157




i

ABSTRACT

The details of the construction of = new horigontal

\2

spectrograph using neon flash tubes, plastic scintillators

C)

and an alr-gap magnet are given. A detailed description
of 2 water Cerenkov counter is also presented.
Both the Cerenkov radiation loss in water and the

ionization loss in a plastic scintillator have been

Hs

nvestigated using cosmic ray muons in the momentum range
0.355 - 100 GeV/e.

The results on the Cerenkov loss show that there is no
significant change of Cerenkov intensity at particle momentum
above 1 GeV/ico As such, the results are in good agrecment
with the classical theory of Frank snd Tamm, and do not
support the suggested suppression effect of Tsytovich (1963).
Similarly they contradict the experiment at high momentum,
by Bassi et al. (1952), in which an anomalously lsrge increase
in Cerenkov loss was found.

The results on the lonization loss in the momentum
range 10 - 100 GeV/c are consistent with the theory of
Sternheimer (1952, 1953). No significant decresse was
found in the values of most probable ionizstion loss in the

above momentum range, sgain in contradiction to the theory of

Tsytoviche




This thesis describes the construction of a new

horizontal spectrograph and a Cerenkov counter with which

s bean made of the Cerenkov radistion loss of

oy Ao F LN
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cosmic ray muons in water as a function of momentum up to
100 GeV/e.

The responsibility for the design and construction of
the spectrograph was shared with author's collesgues, but
the operestion of the spectrograph, and the design and
construction of the Cerenkov counter were the responsibility
of the author alone.

In addition to the study of Cerenkov loss, the

78
ionization loss of cosmic ray muons inﬁplastic scintillator
hes also been investigated.Here, the responsibility of the
author was to sanalyse the final data.

The work wass carried out in the Physics Department of

the Durham University, under the supervision of Professor

A. W. Wolfendale and Dr. M. G. Thompson.
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CHAPTER 1.

1els Brief Introduction to the Cosmic Radiation Phenomens.

It has been known for almost sixty years that some type
of lonizing radiation is continuously bombarding the earth's
atmosphere from outer space. This ionizing radiation is
termed the 'Cosmic Radiation'.

The mystery of the origin of this penetrating radiation
is not yet fully solved, dowever, it is now génerally
accepted that the low energy part of the radistion is of
solar origin, while the more energetic primeries are supposed

galactic origin, and those of the very highest

<

to have
energies may well be of extra galactic origine.

At energies of a few tens of GeV, the primary cosmic ray
flux at the top of the atmosphere is composed of &5 - 88%
protons, sbout 10% 2lphz particles, 1 or 2% heavier nuclei
and a small flux of electrons, gamma rays and neutrons.
In addition there is expected to be a significant flux of

neutrinos, most of which will be of solar origin. The energy

0
- - 1. . . . 7 .
range of the charged primsries varies from about 107 eV to

20 _— . .
10 eV, the lower limit depending on the geomsgnetic
latitude., The flux of the primary particles decresases

. . . . o 20
rapidly with incressing energy and the 'upper limit' of 10

eV may srise only from the very low rate of particles involved.

On entering the earth's atmosphere, the primsry cosmic




e

rays . interact with the nuclei of the air molecules with

4 - . ~

a mean free psth of sbout 80 gm cm . Thus, most of the
o

o

interactions takes place in the first few hundred gm cm
of the atmosphere, and very few of the primary particles
survive down to sez level. As a result of the primary
interactions vafious secondary particles such as pions,
kaons, nucleons and other baryons are produced. The number
of the secondary products is gttenusted exponentially in
the atmosphere with an attenuation length of asbout 120 gm
Cm_d. Unless the energy of the interacting primary is
sufficiently high (few tens of GeV) none of the secondary
particles reach the sea level.

The neutral pions ( /17 ) produced in the primary inter-

~16
actions decay slmost immediastely (half-life o~ 1.8 x 10

sec. ) giving rise to photons. If the latter are energetic
they will create electron-pairse. The fast electrons thus
produced radiate photons and the whole process is repeated

giving rise to electron-photon cascades which propagate

i

through the atmosphere. If the energy of the primary is

15 . ..
above 107 eV, the number of electrons arising from a
neutral pion will be =o great that a dense shower of
particles, mainly electrons, will arrive at ground level.

These showers are known as 'extensive air showers'.
.+

Of the charged pions ( T ) produced, only the very
energetic ones {energy > 20 GeV) have a chance of inter-

acting with the nuclei of the atmosphere, before undergoing
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ﬁ?/“‘ decaye. The rest will decay into muons and neubrinos.
The muons are very weakly interacting particles and have a

-6

much longer imear-life ( 2.20 x 10 sec.) against decaye.

As such, very many of them reach sea level snd the more
energetic ones even penetrate far undergrounde. They
constitute the hard component of the cosmic rays at sea
level. Those mions which decay gilve rise to electrons and
neutrinos. Some of these electrons may produce further
electron-photon multiplicationse. These decay electrons as
well as the electrons from the electron-photon cascades
mainly initiated by neutral pions, glve rise to the soft -
component ol cosmic rays.

Thus at sea-level, the cosmic ray flux mginly consists.

oi muons, electrons, photons and neutrinos, with a small

proportion of pions, nucleons and other baryonse

162 Cosmic Hav at Large Zenith Angle:-

It has been mentioned already that the number of cosmic
ray particles dwindles as they propagate through the atmos-

phere. This effect will be more pronounced in the near-

l"-‘
w

horizontasl direction, since the thickness of the astmosphere
along this direction is about 36 times more than that in
the verticel direction. Only high energy muons can survive

through such a great depth of the atmosphere.

&}
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The varistion of the muon intensity with zenith
sngle is very interesting. At low energies, the relative
intensity of muons in the verticsl direction is much
higher than that in the nesr horizontal direction. This
is because in the lgtter direction, a muon loses more
energy due to longer path length and has 2 much bigger
nrobability oi‘/%~e decay. Conseguently, the number of
low energy muons in the nesr - horizontal direction is
reduced very much, but their medisn energy is much higher
and at'QOO, it is = 80 GeV. At high snergies, i.e.
at energies greater than 100 GeV, the overazll intensity
of muons in the near -~ horizontal direction is significantly
higher than thek in the vertical direction. This is due
tn the fact that high energy pions (or kaons) travelling
in the near - horizontal direction have a greater probab-
ility of decay into high - energy muons than pions of
similar energy travelling in the vertical direction where
at the corresponding point, the atmosphere is comparatively
dense,

From the experimental points of view, the study with
muons in the large zenith angle has two chief advantages:
First, one can get s more or less uncontaminated muon

flu

&

of extremely high energy; secondly, the intensity
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of the low energy muons being small, the measurements
and the analysis are less complicsted compared to those
in the vertical direction where the low energy flux is

very highe

1e3 Measurements on High EBnergv Muons.

The present day accelerating machine can produce
‘ ) + 1
highly interacting particles such as /7 , K ;
protons etc., up to an energy of about 30 GeV or so.
But it is very difficult to get a pure beam of muons of

energy more than a few GeV from the machine, because the

fast pions from which the muons are produced have a

comparatively long life-time. As such, cosmic rays are
the only source at present of high energy muons. It has

been indicated earlier that in the near - horizontal direc-

tion the flux of energetic muons is quite high. With the

help of a2 magnetic spectrograph the momenta of these muons

can be found precisely. Thus 2 magnetic spectrograph

selecting particles in the near- horizontal direction may

be used a3 a source of high energy muons of known momentum
snd signe such spectrographs are widely used now-a-days

for the measurement of the momentum - spectrum and the

£

charge -~ ratio of muons. Also, they are used for invest-




igating the interactions of muons with the atomic electrons
and nuclei of the material - . . which they traverse.
The spectrograph in the present experiment has besn use

for the lstter type of investigatione.

1l The Present Work:-

The present work includes the design and construction
of a new cosmic - ray horizontal spectrograph snd a water -
Cerenkov counter which have been used to study the varig-
tion of energy loss (ionization and Cerenkov losses)
with momentum of cosmic ray muons.

The present introduction is followed by Chapters 2
and 3 where the theoretical aspects of the problems of
innization and Cerenkov losses are discussed. A brief
review of the previous work on energy loss is dincorporated
in Chapter L. Chapter 5 contains the description of
the new spectrographe. A detailed description of the
Cerenkov counter is given in Chapter 6. The analyses
of the experimental results on ionization loss and

Cerenkov radiation loss are given in Chapter 7. L
the conclusions from the present experiment both on the

ionization loss and Cerenkov loss are drawn in Chapter 8.
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CHAPTER 2.

Theories of Energy Loss:

2.1 Introduction.

A fast charged particle in its passage through
matter may lose its energy in one or more of the

following processes:

a) Ionization and excitation

b) Bremsstrahlung

¢) Direct pair production

d) Nuclear interaction

e) Cerenkov radiation

Of these, the energy losses by ionization and
excitation of the atoms of the penetrated medium are
the dominant mechanisms for muons up to energies of

11 12
about 10 or 10 eV; at higher energies bremsstrahlung,

’
pair - production and nuclear interactions make
important contributions.
Cerenkov radiation is emitted whenever the velocity
of the particle exceeds the velocity of light in the
medium. However, compared to other kinds of losses,

its contribution is very smalle.

As hgs been mentioned earlier (Chapter 1), the
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aim of the present experiment is to estimate the
ionization and Cerenkov loss of relativistic cosmic

ray muons. In this chapter, we shagll confine ourselves
mainly to the theories of iqnization loss. Theories of

wilk
Cerenkov loss will be dealtAin the next chapters

2.2 Theories of the Average Energy Loss by Collisions:

When a fast charged particle, heavier than an
electron, passes through matter, it loses energy
predominantly by inelastic collisions with atomic electrons,
causing ionization or excitation. The theory of energy
loss by the above processes was established by Bohr (1913)
through a semiclassical procedure. - Later Bethe (1930,
1932, 1933) developed a quantum mechanical theory for
the collision lossese. The Bohr and Bethe theories
apply to substances where the atoms are well separated
i.e« gasese.

In a1l the theories developed so far, the possible
energy transfers to atomic electrons in a single collision
have conveniently been divided into two classes:

(a) distant collisions and (b) close collisions. A
distant collision is one in which an (atomic) electron

of energy smaller than a predetermined value 7] 1is




ejected, whereas in a close collision, an electron
of energy greater than 7 1is ejected. In determining
the value of M , however, the following two conditions
are imposed:

(a) M must be large compared with the binding
energies of electrons in the atom; and

(b) M must be sufficiently small that for energy
transfers of order " and less, the effective impact
parameter is large compared with gtomic dimensions,
and consequently the charged particle can be represented
as a point charge.

For a fast particle, a value of " between th and
10 eV satisfies the above two conditions simultaneously
(Rossi 1952, Uehling 195L4).

An atomic electron may receive in a single collision
an amount of energy between a minimum value and some
magximum value Em. The actual energy transferred El
in any collision depends upon the impact parameters of
the particular collision.

The minimum value is, in practice, equal to the.

mean excitation or ionization potential I (z) of the

atom, and is a measure of the smallest amount of energy

which can be transferred, on the average, to a bound




-

electron. The quantity I (z) can be deduced from
experimental results or can be calculated theoretically,
‘Bloch (1933), Wick (1941 & 1943), Hallpern and Hall
(1948), Baker and Segre (1951) and Mather and Segre
(1951). For most calculations, the formula

I (Z) = IZ e .o P v e oo 201
H

where I = 13.5 eV = the energy corresponding to
the Rydgerg frequency, can be used. |

The maximum energy that can be transferred to an
electron, mass m, by a particle of mass M in a single

collision was shown by Bhabha (1937) to be:

B S
m - B, - ¥ e
2 M+ m o+ ‘Eo eo 242
Me | - — o
2m 2M Me
where Eo = total energy of the particle,
2
= E + M& where E is the
Kinetic energy.
2 2
If EO << M & & M >> m o 203
m
9 /@q”
then, Em 2 2 mc¢ : ee oo ee 2ely-
/’—/@”

Where/BC:V', the velocity of the particle.



12 e

Bethe (1930, 1932) computed the energy loss per
gm cm“2 resulting from distant collisions, by taking
into account the binding of the electrons to the atomse.
Considering the system formed by an atom and the incident
particle, he cslculated the probabilities for the warious

possible transitions leading to excitation or ionization

of the atom. He obtgined the following result:

K (E) = 2C mc2 (1,2 @Zﬂq’?’l - /37/)
S Colll 4 m) P pIT® [ o
-1 2
where C = m N % ?2;,= O.lSOEg cm oo o0 246

where 7 and A are the éharge and mass number
of the materisl, N is the Avogadro's number,
and 2 |
ho= 6; = classical radius of
me
the electron.
Equation(2,5) holds good for particles of unit charge,
positive or negative, and with velocities large compared

with the velocity of atomic electrons.

=2
For close collisions, the energy loss per gm cm ,

K ? (E) can be computed from the following
Coll(>n )

expression:



Em 1 1 1
K (B) = [ Ef (BE) dB o0 ee oo 2.7
Coll (>n) N Coll
11
where «;éo” (E, E') dE is the collision probability.
For particles of mass M and spin %, Bhabha in 1938
and Massey and Corben (1939) showed this probability
to be
L 1 2 1
¢c (E, E)dE =_2C me d E
oll ° 2
AT EY

[l-ﬁ?’El+l§El 2}
Em 2 E + M& 4 ee ' e 208

So for singly charged particle, heavier than electron,

one gets from equations 2.7 and 2.8
2

K (E) 2 Come Em -p + 1
Coll (») = "“"/g"““"» — 2 o 0 P I,
2
(Em ; g
2
E + MCD
L) 209
ided that E M? 62
provide a o < .
-2

Thus the total energy loss by collision per gm cm

is the sum of the equations 25 and 2.9 and is given by

- fa 82} = K‘ (E) + K (E)
{dx Lv Call (4x) Coll (>W)

2 2
. 2¢ 2 ¢ Em - (E )
"‘“""’"‘”/Gmmc H" 1 -50) I2(z) 2P +z% o Mc2§
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The equation 2.10 gives the average rate of energy
loss. The last term within the bracket, which is
due to the spin of the particle, affects the rate of
energy loss only at high energies. For muons in
water, the correction is about 0.2% at an energy of
20 GeV (Cousins & Nash, 1962). Moreover, it may be
mentioned here that most experiments measure not the
average but the most probable ionization loss which,
being determined almost entirely by the distant
collisions, will not be affected by spin (Price 1955).
So neglecting the spin term, and using equation 2.3

and 2.4, the equgtion 2.10 can be written as

2 2 4 4 2
-SE; = 2 C me L\meaﬁ -2/6 ; a1
X v 2- s Lo
2 P (1-/”1(2-)
2 2

The condition Eolg:M e limits the validity of
m

equation 2.11 to muon energies of up to a few GeV.
From equation 2.11 it is obvious that the average
energy loss is a function of the velocity f&of the

incident particle. It may be mentioned here that

dx

for an incident particle of charge Z, - dE; is
av

: 2
proportional to Z . Further, the average loss does



Ea

Rate of energy loss (Iomm)

FIG 21 The form of the variation of rate of
average energy loss with momentum

wo—
-5 O s 10 IS

FiG2:2 Probability ¢ of an energy loss (E-E,)as
a function of the most probable energy loss

Ep & A, The latter bemg defined by

4, ~2C mc? x|B*
(Landou 1944)
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not depend separately on the momentum and on the mass
of the incident particley but only on the ratio of
these two quantities. This means that for all

particles of unit charge, the graph of - §g§g
dx) av

against F>Will be a universal curve.

2.3 The Averasge Energy loss Curve:=-

Figure 2.1 depicts schematically the mature of
the variatign of average energyioss with momentumn.
Thé whole curve may be divided into 4 different
regions A, B, C and D’as indicated. In the region A,
the region of sub-relativistic energies (0.96) 2 > 0.1),
the energy loss falls off as %@/ as the velocity of
the particle is increased. This is due to the fact
that, for a given impact parameter, the time spent by a
passing particle in the vicinity of an electron becomes
shorter and shorter asthe velocity of the particle
increases. Consequently the interaction between the
particle and electron becomes less and less effective.
But when /3 approaches nearly equal to its limiting
value unity, the factor 7%_ becomes practically constant.
No further reduction can occur and the region B, i.e.

the region of minimum ionization, is reached. After
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‘this flat minimum ( p) 0.97 )ﬁ the energy loss begins
to show a slow increase (region C) with increasing
momentum, due to the factor (1 -}f') in the logarithm
of the equation 2.11. Physically this increase is
partly’due to the increase in the maximum transferable
energy Em with Ej and partly due to the relativistic
deformation of the coulomb field of the incident
particle which causes the particle to be effective

at larger distances from its geometric path. The
logarithmic rise is considerably reduced at very high
momenta (region D) by the so called 'density effect'
to be described in the following section. |

The factor C é = 0.150 ZL; in the equation 2.11
A

shows that the rate of energy loss (per gm cm ) is

somewhat less for heavy elements as 2 falls with
' A

increasing Z . This means that light elements are

more effective in slowing down ionizing particles.

Rely The Density Effect:

In the theory discussed so far, it has been
assumed that the atoms are isoclated and are thus

independent of their neighbours atoms. This is
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permissible to a large extent when the absorbing

medium is gas and it also holds good, in general,

for all close collisions. But for distgnt collisions,
the presence of neighbouring stoms cannot be neglected,
particularly in the case of dense media. For such
collisions, the screening of the electric field of

the passing particle by the intervening atoms of the
medium needs to be considered. This factor becomes

more and more important with the increase of the velocity
of the particle and the screening reduces the strength

of the interaction and therefore, decreases the energy
losse. The magnitude of the reduction depends in g
fairly complicated way on the dispersive properties

of the medium,'and the detected energy loss depends
criticglly on the techniques of observationse. It may

be mentioned here that the density effects are independent
of the nature of the penetrating particle.

Swann in 1938 first pointed out the possible
influence of the density on the ionization loss due to
distant collisions. Fermi (1939, 1940) investigated
the whole problem quantitatively. He considered the
electrons of the absorber as classicél oscillators,

with a single characteristic frequency, ﬁ% set in




motion by the passage of a charged particle. Further

he considered only losses occurring at relatively large
distances from the geometric track of the particle.

The latter assumption helped him in treating the
absorbing medium as continuous and the energy loss as

a classical process. Thus Fermi showed that a factor, 2
should be subtracted f rom the energy loss expression

for the isolsted gtomse. For singly charged particles,

A according to Fermi, is given by the following

Pl

equations:
2

)= _2C mc An K for e
A(ﬁ) ; 2 p 4 o8 oo 212

[x

o 2
2 é K1 + l_:_ﬁfz___ oo 2413
1 -

)
. _2C me K~1 )
YNORS = I oo
where K= 1+ _4 ﬂ'ne2 .o ce e e .o 2.14
n w,
is the dielectric constant of the medium for low
frequencies, and m, e, n are the mass, charge and

number of electrons per unit volume. Wo is the
2

frequency of the electronic oscillator when E = Q.
The quantity éi(p) given by equation 2.12 is
usually small. So in the low energy region, the

corrected energy loss is not appreciably different
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from that given by Bethe - Bloch theory equation 2.1l.
But at higher energies when the particle velocity
exceeds the velocity of light in the medium, the
correction given by equation (2.13) has to be subtracted
from the average energy expression (2.11) or from the
expression for the most probable energy loss Ep (Equation
2e22) The latter at high energies, for a traversal

-2
of X gm cm of the agbsorber, becomes
a- v» 4
Ep =2C me x E Cm c.x =1ap L.
" /5')/ %%K-l) I‘(“L) K -1 2’ )00 2'15

Since the factors (1 =g ) in the logarithmic term

cancel out in the expression (2.15) for corrected Ep,
the probable energy loss tends towards a constant value
(see fige. 2+3), the so called 'Fermi Plateau',
independent of the particle veiocity. |

However, from fig 2.1, it is obvious that in spite
of the reduction of energy loss due to the density effect,
the curve shows an increase in average energy loss at

high values of %E. This is due to the fact that the

average energy loss is, to a considerable extent,
dependent on close collisions, which are hardly affected
by polarization. With the increase of momentum of

the particle, the maximum transferable energy Em ,

increases entirely from the close collisions. So the




increase of the rate of energy loss is due mainly
to the close collisionse. But on the other hand,
since the most probable energy loss is mainly determined
by the distant collisions, the relativistic rise
beyond a certain value, determined by the properties
of the medium, is eliminated altogether (figs. 2.3,
and 2.4). 7

According to Fermi, there remains a finite energy
loss even when the impact:parameter b is allowed to
tend to infinity. This was interpreted by Fermi as
that part of the energy which is emitted as Cerenkov
radiation, which then forms part of the total loss
calculated with the aid of the theory and not additional
to it (See Chapter 3). On the basis of the Fermi's
theory, as has been pointed out first by Bohr'(l9h8)
and later by Messel and Ritson (1950), Schoenberg |
(1951) and Fowler and Jones (1953), the whole of the
most probabie energy loss beyond the minimum and up to
the beginning of the plateau should be ascribed to
this Cerenkov radiation. Fermi showed that the energy

loss for the impact parameter b —> =2 was

- 20me x  ( =p® — (1l - p)) forgcl
Wa - Pi‘ ? /6 /}; f; J?E

o .0' 2016&




and W 2Cme x me x ( - l é I } for >>;_ eo 2.16b
( 1)

W, , according to Fermi, represents that part of the
energy lost by the particle that is emitted in the form
of Cerenkov radiation.

Thus, the most probable ionization loss (including
excitation) with density correction can be obtained
by subtracting equation (2.16b) from equation (2.15),
and is given by

2 2 4

E 22 Cme  x “m Cmex +j)
p ionization /GL K Iz‘z”) ) s 217

Since the gbove equation (2.17) does not contain /3
in the logarithmic term, it implies that according to
Fermi's theory, there should be no relativistic increase
in enérgy loss except for that due to Cerenkov radiation
(Fige 243 curve C and fig 2.4 curve D).

The Fermi theory was later extended by Halpern
and Hall (1940, 19,8) to cover the case of several
dispersion frequencies. They concluded that the
correction factors given by the equations (2.12) and
(2.13) assuming s single frequency of the electron,
were an over estimate of the reduction in the collision

loss. Extensions of the Fermi theory have also been
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made by Wick (1940, 1941, 1943), Schoenberg (1950,
1952) and Sternheimer (1952, 1953).

Thus from the Fermi's original theory and all
the later extensions to it (as mentioned above) one
comes to the conclusion that there should be no
relativistic increase in the ionization losse.

The whole increase of the loss at relativistic energies
is due to the emission of Cerenkov radiation which will
escapes That is to say, an experiment that observes
only the ionization loss should not detect any
relativistic increase in the most probable energy loss.
The experimental results of Occhialini (1949) as well
as those of Bower and Roser (1951) seemed to support
the above conclusion.

But Ghosh et al, (1952, 1954) and Pickup and
Voyvodic (1950, 1951) observed a relativistic increase
in the detected ionization loss. In view of thds
discrepancy, the contribution of Cefenkov radiation
to the energy loss has been thoroughly re-investigated.

Huybrechts and Schoenberg (1952) pointed out
that the treatment of Fermi did not take into account
the fact that the frequency bands in which a large
part of Cerenkov radiation was emitted would be

modified by interactions between the adjacent atoms.
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They overcame the difficulty by distinguishing the
close collisions from distant collisions by selecting

5
a critical impact parameter R = é me? g = 543 x 10
4rne*

1
n - cm (which is of the order of 10"8

cm) where n is

the electron density of the medium. They showed that
the close collisions (impact parameter £ R) would

lead mainly to the ionization and exéitation, and the
Cerenkov radiation was the principal result of the
distant collisions (impact parameter > R) and would

be smaller than thg Fermi's theory. Thus from the
theory of Huybrechts and Schoenberg, it appears that

any experimental observation of the ionization loss would
include not only the 'primary' ionization and excitation
loss but also the 'secondary' ionization and excitation
produced by the absorption of Cerenkov radiation near
the tracke. Since the Cerenkov radiation would increase
with the increasing velocity of the traversing particle,
one should expect, according to the above theory of
Huybrechts and Schoenberg, a relativistic rise in the
most probable ionization loss. ThuszT;bove theory
could explain satisfactorily the experimentagl results

of Ghosh et al, (1952, 1954). However, in the case

of photographic emulsion they predicted a smaller

relativistic rise than was found experimentallye.
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Fowler and Jones in 1953 extended the above theory

by modifying slightly the magnitude of the impact
parameter, R,for close collisions. They pointed

out that for distances greater than the atomic dimensions
( = 10"8 cm), the medium should be treated a%ihomogeneous
dielectric having a complex dielectric constant.

The latter assumption would give rise to a heavily

damped Cerenkov radiation which would be entirely

b cm from the track

absorbed within a distance of = 10
of the particle. Consequently the observed ionization
loss would shéw a relativistic increase.

Sternheimer (1953, 1954, 1956) and Budini (1953)
have analysed the problem by making a similar distinction
between 'Primary' ionization and excitation, and the
'Secondafy' effeéts caused by the reabsorption of
Cerenkov rédiation. This is discussed in detail in

the next chapter which deals with the Cerenkov radiation

losse.

2e5 Statistical Fluctuations in Energy loss by Collisions
and the most probable Energy Loss.

In practice, the ionization loss measured in a
detector is due to the contributicn from two sources:
(a) Primary ionization i.e. the ionization produced

by the traversing charged particle in direct interactions
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with the atomic electrons of the absorber, and

(b) Secondary ionization i.e. the ionization produced
by the electrons ejected from the primary ionization.

The energy loss due to primary ionizagtion is a

result of large numbers of independent ionizing
collisions. The ionizing events thus follow a
Poisson distribution. Further, a wide range of energies
can be lost by the fast particle in a single inelastic
collision as can be seen from equation (2.8).
Consequently there will be a great deal of fluctuation:
in the observed rate of energy loss which will be found
to have the characteristic skew probability distribution
as shown in the fig. 2.2. This distribution has been
predicted by Landam (1944) assuming (a) that the
energy loss of a particle in passing through an absorber

of thickness x is smgll compared with its initisl energy,

2
and (b) that A, é= 2 Cme x g is large compared
/3)7,«
with the average ionization potential I = IH‘Z of
the electrons in the absorber. The result of the
fluctuations of the energy loss is often called the
"Landay effect".

A qualitative explanation for the shape of the
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curve in fig. 2.2 can be given as follows:

In the majority of the ionizing collisions suffered
by a particle while passing through an absorber, the
energy transferred to the struck electron is very

small, as can be seen from the dE1 term in equation

¥
(2.8). Such low energy collisions give rise to an
approximately Gaussian distribution of the energy loss.
On the other hand, there will be a few collisions in
which a large amount of energy will be transferred to
the electron. These collisions give rise toihigh
energy tail on the distributioh.

It is due to this Landau distribution, especially
the high energy tail of the distribution that the
experimental determinstion of the average energy loss
becomes extremely complicated. Further, the average
is very sensitive to the relatively infrequent high
energy collisions which cannot be studied satisfactorily
due to experimental limitations, such as the saturation
of the detector or its amplifier. On the other hand,
the Gaussian region of the peak, which is due to the
more frequent small energy transfers, remains more or

less unaffected by the fluctuations. So it is usually
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prefersble to study the mode i.e. the most probable
value of the ionization loss rather than the mean.

Again, on comparing the two curves in fig 2.1,
and fig 2.3 C, one would notice that the logarithmic
rise in the curve Eav vs momentum is much higher than
that in Ep vs momentum. It is so because the increasing
values of the maximum transferable energy Em do not
influence the magnitude of the mode valuese. It is seen
that compared to E, vs momentum, the study of Ep as a
function of momentum of the particle reveals the onset
of the density effect more sharply, and hence, in the
latter case, it is easier to detect.

The problem of fluctuations has also been inVestigated
by other workers, eg. Bohr (1915), Williams (1929),
Symen (1948) and Sternheimer (1952, 1953, 1956).

Rossi (1952) has summarised the complete solution of
the problem obtained by Symon (1948), and now-a-days,
usually this solution is used for calculating the
distribution of the energy loss.

Symon (1948) gave a complete solution of the
problem considering separately the case of a thin
absorber ( E_ (x) = 0.9 E,) and the case of thick
absorber ( E; (x) Z: 0.9 E ).  Symon showed that the
most probable energy loss Ep of a singly charged heavy

particle traversing an absorber of thickness x gm cm‘2
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is given by
2 v 4
Ep - 2C me_ X § ﬂﬂ(% CL? c(x ) o ; 222
/@ —P I‘?‘CZ> -/3 + 4 oo °

Where § is a function of the parameter (; - 2 Cme X .
)
P om

Curves for J VS & , and also the probability
distribution as a function of the energy loss according
to Symon's theory have been given by Rossi (1952).

For & < 0.05, Symon's formula ew-(2.22) is
the same as that of Landau, j§ having the constant
value of 0.38. But for QU> 0.05, Symon's method

must be used.

Expected most probable energy loss Ep for relativistic
muons in (a) plastic scintillator NE 1024 and

(b) water:

On taking the density effect into consideration

the equation (2.22) may be written as

' 2 P 4 2 .
E =2C mec x fo b Cm e x —/3-!-;}-%(/});
P é‘% 0 2 2023
/ (l-/b)I(Z)
In order to compute a theoretical curve for the

most probable energy loss E as g function of the
P

momentum, the density corrections given in equations
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(2.13) and 2.14) by Fermi, or analytical expressions
given by Sternheimer (1956) may be used. The latter

are:
5(/5 ) = L.606 x + Cy + a(xl - x)m when ( %o <X LX)

and 5(p ) = L.606 x + Cl when X DX

where x = log 2L2>P being the

ME
momentum and M the mass of the
charged particle, ¢ velocity of light.

a, m, 61 are constants which depend on the absorber.

Xo is the valué of X which corresponds to the momentum
below which & (/5 ) = 0; Xy cérresponds to the
momentum above which the relation between &(0 ) and
X can be considered linear.

Rearranging equation (2.23) after Sternheimer

- {1952, 1953, 1956) and taking 4 = 0.37, one gets

B, o Ax é1.06+B+2/£,1_D_£_+1“§% -p”-%(/j);

2
/6 ee oo 2021+

where A= 2 C m02
' 6
and B = );bg me” (10 ) eV }
° (2 )
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M = mass of the muon = 105.66 MeV.

The value of Xl for phosphor as well as for water
as quoted by Sternheimer (1956) and Crispin (1965)
is 240 so when X<(Xl, log._ﬁa {2

iees P < 10.57 GeV/e.

Thus, for muons of momentum less than 10.57 GeV/C,
the equation (2.24) becomes

E _ AX (1+06 + B + 4 Ax - 57— Cq =
- & theE T LT

2

e
o
=

’ m
1 MG
and for P . ) 10.57 GeV/C,

E Ax (1.06 + B +fnAx -/3 - G

o
=

P jaw- ( /pm

From the equations (2.25) and (2.26) it is
obvious that the most probable energy loss Ep depends
on the constants of the absorber and the velocity -, f, of
the indident particle. For momentum greater than 10.57
GeV/C, then/@ ~ 1, and consequently the Ep, for all
practical purposes, is constant for particle of momentum

greater than 10.57 GeV/C.
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2.6a The most probable energy loss in phosphor NE 1024

The constants for the phosphor NE 102A have
the following values (Sternheimer 1956, Crispin 1965,

NE catalogue September 1965):

A = 0.0833 MeV gm-l cm2 a = 0.514

B = 18.69 Ci= 3.13

I (2) = 62.6 eV | m = 24595
X = 0.0k
X)= 2.

Using the above constants, expected values of E

in a 5 em thick NE 102A plastic scintillator have
been calculated and results are shown in fig.2.3B.
From the theoretical curve it is found that the
relativistic rise beyond the minimum is about 1l.3%.
Crispin (1965) used another variety of plastic
scintillator NE 102 which has properties and composition
similar to those of NE lOZAJbut slightly inferior
light transmission. USinéigternheimer density correction,
he calculated a rise of 1.48% in energy loss beyond the
minimum,. His experimental results were found to be

in good agreement with the theory up to 10 to 15 GeV/C.

But at higher momenta, the results showed a rise in the
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most probable energy loss which was greater than
the predicted value. At 100 GeV/C, he observed
an increase of about 2.2% above the predicted rise.

On the other hand, Barnaby (1961), using the same
variety of plastic scintillator NE 102 showed that the
relativistic rise was less than 1% for muons of energy
between 0.5 and 10 GeV, i.e. less than the predicted
value of Crispin. The reason for this discrepancy is

not knowne

2.6 The most probable energy loss in water.

Theoretical estimates for the most probable
ionization loss in water, using the density corrections
of Sternmheimer in equation (2.25) and (2.26) have
been made and the results are shown in the fig. 2.4
Also shown, for comparison, are the results of Fermi's
density correction. The following are the consbanté

used in estimating Sternheimer's density correction:

A = 0.0853 MeV gm’"l cm2 a = 0.519
B = 18.35 : m= 269
I(z) = 67.5 eV X1 = 2

X0 = 0.23

The relativistic rise beyond the minimum is

found to be « 2.5% (fige. 2.4 Curve C).
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In estimating Fermi's density correction, the
dielectric constant K has been calculated from

equation (2.14) as follows:

\( = 1 + & 77 ne2
2
m Wo
= 1+ ne2
2
T uVo
16
Putting I (2 ) = AV, = 67.5 ev, = 1.632 x 10 Jsec,
23
and n= NZ = 3.041 x 10 ™ per c.c.
A
Thus, K= 100920

It will be seen from the curve B fig 2.4 that
the'most probable ionization loss, after beihg corrected
for density effect according to Fermi, does not show
any rise at all. It falls off rather smoothly and

attains a steady plateau value at about 10 Gev/c.

2.6 C Magnitude of the Density Effect in Water and Phosphor:

A comparison of the magnitude of the density
~correction 5(/9 in plastic scintillator and in water
has been made and the results are shown graphically
in fig. 2.5. It is seen that the Saé)in water is

less than that in a plastic scintillator.
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The difference in &(p)in two substances may
arise due to two factors: (1) density, f , and
(11) effective atomic number, Z . Since the
density of water (P = 1 gm/cc) is nearly the same @8
that of plastic scintillator (P = 1.032 gm/cc), the
calculated difference in 8(p) is mainly due to the
difference in their 2 values. The polarization
effect in a medium of higher 2 is comparatively
less, and so the corresponding energy loss is higher.
This means that the correction factor SVS in a médium
of higher 2 is smaller than that in a medium of low 2 .

The effective Z of water is 7.23, whereas that
of plastic is 3.5. S0 the density correction factor

§(2) in water is small compared with that in a plastic

scintillator.
2.6 d Difference between the Fermi and Sternheimer

Density Corrections.

Let us write the Fermi's density correction
(equation 2,13) LBCﬁD for /»} 1 as
Ik
4(p) = A 5

ﬁL




2.
S0, §= 4, K-1 +1-KP
9 K - ’
1op
where K= 1+ ned
ﬁmVo?/

Substituting this relationship in the correction

factor, and using the fact that the plasma frequency

M

2
M= (ne gives
P éﬂ'mg
2
(K- 1) = ((hY) one gets,
( 4~v)

(1_-/5%)

R 2
"ﬁ"”\j:?*lné/f.mci‘l
=,£n§4\’)i’;2+ln__l_+21n?-l

A, pr

-Zlné Wo; -1 + 21n P
AV i

( . )
(2 1n I(D + 1)
= L.606 x + Cs where Cl = = ( ~vp )

This is identical with the expression given by

Sternheimer for X :> Xl' Since X, = 2 for both the

1
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phosphor and water, for a muon of momentum greater
than 10.57 Gev/C there should be no difference between
Fermi's and Sternheimer's calculations. The curves

B and C in the fig 2.4 justify this.

2.7 Radiative Corrections:

New interests in the study of the energy loss
by relativistic particles have been aroused by the
recent works of Tsytowich (1962, 1963) who made
radiative corrections to the energy losses by ionization
as well as by Cerenkov radiation. Tystowich finds
that at very high energy, the energy loss is reduced,
by 7 to 10% on Fermi Plateau, by higher order corrections
in the fine structure constant « . He has shown
that the collisions which are most affected are those
in which small energy transfers are involved i.e. the
so-called resonant collisionse. Physically, these
corrections to the basic theory result from the
maltiple virtual emissions of the photons by the
incident particle. Tsytowich emphasizes that the
interaction of the virtual photons with the material
magnifies the effect greatly for extremely high particle
energy and high density of the material (Fano 1963).
Very recently, however, Fowler and Hall (1965) have

made a critical study of the wvarious classical and
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semi classical theories of energy loss of relativistic
charged particles mainly to clarify the ambiguity
arising out of Tsytowvich's works. They predicted,

on the basis of their perturbation theory calculations,
a logarithmic increase in ionization similar to that
predicted by Sternheimer (1953). Further they showed
that the higher order corrections i.e. the radiative
corrections arise from the successive acts of Cerenkov
quantum emissione. This can only affect the observed
ionization loss if‘oné accepts the view that the latter
arises from Cerenkov conversion, which is open to
question. Fowler and Hall, further, pointed out that
the sign of the correction would be opposite for positive
and ne@gatively charged particles. Thus measurement on
Cosmic rays muons without charge separation would fail
to detect this type of correction. They concluded
that the approximations made in deriving the theoretical
expressions introduced errors of the same order  (5%)
of magnitude as the highep order corrections. That

is to say, a)small reduction (radiative correction) in
the energy loss can be regarded as well - established,

provided the predictions of the theory without corrections

be known accurately.
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Zhdanov et al.(1963) and Alekseeva et al.(1963),
studied the ionization loss of electrons in nuclear
emulsion. They supported Tsytowich prediction of
the reduction in the ionization loss for { >>100-200.
But recently Bushkirk (1964) and Kushwala (1965) who
also worked with electrons of Y = 100 to 5000 in
nuclear emulsions, did not find any significant evidence
for the existence of the effect. Ashton et al.(1965)
and Crispin & Hayman (1964) studied the energy loss
of Cosmic ray muons of relativistic energies in
scintillators. They also could not find any decrease
in energy loss due to radiative corrections. Fuarther,
Crispin observed no significant difference (at least
less than 1%) between the ionization loss of negative
and positive muons.

Thus the problem of the radiative corrections is
yet to be resolved and calls for further intensive

studye.
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CHAPTER 3.

CERENKOV RADIATION LOSS.

3.1 Introduction.

In the year 1934, Cerenkov, while studying the lumin-
escence of solutions of Uranyl salts bombarded with gamma
rays, discoveredthat a very weak radiation was visible even
from pure solutions (i.e. solutions having none of the usual
properties of fluorescing materials). Moreover, the radia-
tion appeared to be localised in a cone about the direction
of the gamma radiation. It may be mentioned here that
Mallet (1926, 1928, 1929) was the first to study the pheno-
mernon. But unfortunately he did not attempt to offer an
explanation for the origin of the radiation. Cerenkov's
results were first interpreted by Frank and Tamm (1937) on
the basis of classical electromagnetic theory. Hence for-

ward the phenomenon came to be known as 'Cerenkov Radiation's.

342 Physical Nature of Cerenkov Radiation.

When g fast charged particle traverses a dielectric
medium at constant velocity, the associated electromasgnetic
pulse temporarily polarizes the dielectric medium in the
vicinity of the track. Each atom of the medium thus polar-

ized radiates an electromagnetic wave. The resulting
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electromagnetic wave, in general, is cancelled by destruct-
ive interference in all directions if /3n4Hwhere /@
is the velocity of the particle in the units of the velocity
of light ¢ and n is the refractive index of the dielectric
medium). However, if A >, i.es if the velocity of the
particle is greater than the phase velocity of light ( % )
in the medium, there will be one direction ® in which
constructive interference takes place.

The effect may be better explained with reference to
the Huygens construction shown in fig. 3.l. If the particle
moves from A to B in the same time interval 4t during which
light travels from A to C, or A to E,the wavelets originating
from the different points on the track AB will be coherenty
and they will reinforce esch other to form a plane wavefront

BC or BE. From the condition of coherence, one gets

sin b =Cosg- C At 1 _ 1
n pce 4t ﬁ N ee 3.1

Thus the resulting Cerenkov radiation is emitted on a
conical surfsce CBE of half angle ¢ .

Beside the condition set in equation 3.1, there are
two more conditions to be satisfied for getting coherences

(1) the path length L of the particle in the medium
shall be large compared with the wavelength 2 of the
radistion in question, otherwise due to diffraction effects

light will be distributed over an angle 56 = A/L sin 6 |,
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instead of appearing at only one angle (Jelley 1953)

(2) the velocity of the particle must be constant
during its passage through the medium.

From the relation 3.1 it is easy to see that no radia-
tion is emitted ifyﬂSn £ 1, as mentioned earlier. The
condition ﬂrl-% 1 for this emission of Cerenkov radiation
sets a threshold energy limit (corresponding to a minimum
value of /3 ) which varies with the mass of the particle.
The following table shows the threshold energies for elect-

muons and the protons in air and in water.

rons,
Table 30A0

Particle Threshold energy | Threshold energy |
in Air in Water '

n = 1,00029 n= le33

Electron 21 MeV 260 KeV

Maon Lelh Gev 5L MeV

Proton 39 GeV L75 MeV.

At the threshold energy, the radiation is parallel

to the direction of the particle.

3.3

Theories of Cerankov Radiation Loss:

Fermi (1940) first pointed out that the Cerenkov radia-
tion origingtes in small energy transfers from fast charged
particles to distant atoms, which is subsequently emitted

as a coherent radiation. Thus, Cerenkov radistion is a
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particular form of energy loss in very soft collisions,
and not an added amount of energy loss.

The problem of the emission of Cerenkov radiation has
been studied theoretically by several workers by the methods
of classical electrodynamics as well gs quantum mechanics.
It is interesting to note that the basic theory of Frank
and Tamm (1937) based on the classical electromagnetic theory
still remains valid and can explain the phenomenon rather
satisfactorily, as has been shown by later, more refined,
calculations. An excellent account of the various theories
has been given by Jelley (1958). We shall first discuss

the Frank and Tamm theory.

3.3 A. The Classical Theory of Frank and Tamm.

Frank snd Temm (1937) showed from classical theory that
"an electron moving in a medium radistes light, even if it
is moving uniformly, provided that its velocity is greater
than the velocity of light in the medium".

They considered only the macroscopic structure of the
medium by treating the latter as a continuous non-dispersive
isotropic dielectric. Using Maxwell's electromagnetic
equations, they showed the total energy radiasted by an elect-
ron of charge e, moving through a medium at a constant veloc-

ity V to be equal to
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aw QE_ j[ (1 - 1 ) wdw €¢ch
dx 02 ﬁn /32 n2 ) ve 342

where n is the refractive index and w is the frequency
of the molecular oscillators of the medium.
The integration is to be carried out over all frequencies
for which Am 3| . |
By genéralising the abovevequation for a particle of

charge 7Ze, the energy loss per unit pasth is

aw  _ ZZ ez j/‘(l - 1 5 ) wdw effem .. 3.3
dx o2 A ﬁZ a )

Thus it is seen that, the Cerenkov loss, like ionization,

varies as the square of the particle charge Z.«

33 A (i) Magnitude of the Cerenkov Loss:-

A comparison of the Cerenkov effect with other sources
of energy losses by a charged particle traversing matter can
be easily made with the help of the equstion 3.2, as shown
below.

The approximate value of the refractive index n may be

written as (Sommerfield, 1954)

n2 (w) = 1 + A )
° T ) e e e .3.[;.

2 )

n (0) = K = 14+ A )

> )

W )
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where K is the dielectric constant, A is another con-
stant, and WO is some average molecular frequency of the
mediume.

Substituting equation 3.4 in equation 3.2 one obtains
the approximate expression for the Cerenkov radiation loss
per unit peth for a fast electron ( p=1 ).

dw =g_2wO2 ( K-1) K ce e 345
K- 1

dx 2
2c

In a typical medium, Wo = 6 x loli/sec, so that dW is of
dx

the order of several KeV per cm or —~ 0.1% of the energy

loss by ionization for a relativistic particle.

3.3 A (ii) Spectral Distribution of the Cerenkov Raéiation.:

The spectral distribution of the Cerenkov radiation can
be deduced from the equation 3.3 as follows:
If vV is the frequency of an individual photon, then
W= Nhv , | |
where N = total number of photons
of frequency |
and h = Planck's constant

and, wa= 27TV .

We get from the equation 3.3, assuming the refractive

index n as constant over the visible region of the spectrum,
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aw _ Z_ e ( 1 ) GBI »ew .
= At 1 __2_25_ { oW dw ¥/ em 3.3
c o
2 Z2 2
- b T e ( . _
= e ]l - 1 ) dv er% 306
2 ( 2 2 ) M /cm
c P n
2 2 2 _ _ A . ]
LT 2 e f 1 "@l*‘”z'—'; __d___§ <3/ 3.7
pon A
and,
dN _ 2717 (1 - 1 ) _d?
dx ( s n? ) N 2
photons/ cm. 3.8
where o = fine structure constant
= 82 = 1
4 C 13

For a muon, the number of photons per unit cm path within

a spectral region defined by the wavelengths A;, and ‘22 ,
is equal to
-1 )
»1 ) photons/cm
3.9

(L - 2. )
dx ( 52;2 )

;VWH
3%

From the equation 3.7 above, it is obvious that the Cerenkov
radiation is concentrated at the violet end of the spectrum.

3.3 B Extension to the Basic Theory.

In 1939, Tamm alone made a rigorous analysis of the.
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whole problem. He investigated the effects of slowing

down of the particle by ionization and other processes.

However, the final expression obtained for the radiation
loss is identical with the equation 3.2.

The problem of the emission of Cerenkov radiation has
also been studied theoretically by Fermi (1940), Schiff (1940)
and others.

In Fermi's calculations on the polarisation effect, as
has been mentioned earlier,the Cerenkov radiation appears as
a contribution to the total energy loss of a particle traver-
sing a condensed material and forms part of the energy loss
calculated by the Bohr theory of ionization. (see equation
2.16).

A,Bohr (1948), Messel and Ritson (1950) and Schoenberg
(1951) have shown that for a medium with no absorption and
described by a single type of dispersion oscillator, the
relativistic rise of the ionization loss should escape as
Cerenkov radiation. This result is, however, in disagree-
ment with the observed rise in ionization loss in crystals
(Whitemore and Street, 1949) and in emulsion experiments
(Bowen and Roser, 1952).

Developing Fermi's theory on the basis of his multi-
frequency dispersion oscillators, Sternheimer (1952) has
shown that energy escape as Cerenkov radiation is smgll

(less than 0.01 Mev gm‘l cmz) both for macroscopic crystals
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and for emulsione. Further in the visible region, where

the agbsorption is negligible, Sternheimer's expression for
Cerenkov radiation loss is in agreement with the result of
Frank and Tamm, for a single dispersion oscillator. More-
over, Sternheimer has shown that the Cerenkov radiation loss

: o 1
reaches a sagturation value in the region _P > Vi §¢ =
MC

where ﬁ;is the oscillator strength for the 1k transition
whose frequency is V; . In emulsion, the asymptotic value

is around P_ =~ 20, Sternheimer has also pointed out
MC -

that "Cerenkov loss decreases somewhat with increasing Z ,
atomic number of the material™.

The Cerenkov radiation loss in relation to the ioniza-
tion loss has also been extensively investigated by Budini
(1953) and Fowler and Jones (1953) as has been mentioned in
Chapter 2. Budini has suggested that the whole of ﬁhe
increase of energy loss beyond the minimum should appear as
Cerenkov radiation only in the case of a perfectly transp -
arent, hence physically impossible, medium. His theory,
although on the lines of the Fermi's theory, is mainly based
on the correlation between the breédth of the spectroscopic
lines of the absorber and the structure of the Cerenkov
bands. Budini has obtained the following expression for
the Cerenkov radiation loss in an idealized dispersive

medium with no absorption:
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dx ‘C‘,’i ﬂz \Kiw)\z

where Re( K(w) ) is the real part of the frequency

aw e? /?1_ Re( K(w) ) )w aw 3.10

dependent dielectric constant K (w) of the medium.

K (w) is given by

Kw) = 1+ &5 £y
2 2
W, =W -1ig. oW
where o = L ﬂ'Ne2 ( N is the number of electrons
m

per c.c , and e and m are the charge and mass of the electron
respectively), while w; and fi are the frequency and
oscillator strengths of the i th resonance, and g; the
corresponding damping coefficient responsible for the absorp-
tione The equation 3.10 reduces to the Frank and Tamm
expression 3.2, When g; = o. The integration in 3.10 is
carried out over all freguencies for which the condition
Re( K(w) ) > ;_§ is satisfied.

But in pracéice, no real medium is free from absorption
so that g, #* 0. The dielectric constant at the peak of

a given resonance is

( L7 Néhgi )
Re ( K (wy) ) = 1+

(m g wi )

Ofe

and the threshold for radiation in this band is then
2
(BE) = ( B2) 2 (m g w; )
P i DA e
& ( b,/'i‘Ne2fi )
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The total output of radiastion, covering resonance regions
with damping, and observable at a radial distance r <from

the track of the particle, is then:

: 2 2
di _ e ( _w_ Im K(W) )
& = 5 ey T

((l_Re[ Kw)l ) wadw ee oo 3411

/32 (K(w)] <)
where V 1is the particle velocitye.

The first factor in the integrand contains the
absorption, showing that radiation of a given frequency
will only be seen, st a distance r , if the condition

g A ﬂzr. Im K(w) ;44 1 is satisfied.
Budini concludes that for dense media with narrow
spectroscopic lines, there should be a simultaneous relat-
ivistic increase of Cerenkov radiation slong with az relat-

ivistic increase of ionization loss. Such an effect has

been reported by Bassi et al. (1952).

3.3 C Quantum Treatment of the Cerenkov Effect:-

In the classical theory of Frank and Tamm, the velocity
of the particle has been assumed as constant during the
emission of the Cerenkov light. Thus, no account has been
taken of the reaction of the emitted quanta on the tragvers-

ing particle. Ginsburg (1940) first considered, on the
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basis of the quantum theory, the possible recoil, exper-
ienced by the particle, due to the emitted photon. Quantum
treatments haye also been made by Sokolov (1940), Beck (1948),
Schiff (194,9) and Tidman (1956). Since the energies of the
radiated quanta are small compared with the Kinetic energy
of the particle, the modifications introduced by such
(quantum) treatment are naturally expected to be small.

The expression for the radiation condition and the energy
loss obtained on the basis of the quantum theory differ
slightly from those obtained in the classical theory, as can
be seen from the following expression for the radiation out-
put from a particle of charge e, and without a maghetic
moment, deduced by Ginsburg (1940a).
2 — | ‘ by -. 2
g2 5/ Popan o 2

me

2 ( hw )}]w aw ce .. 312

the symbols crarry their usual significance. This equation
3.12 differs from the classical one (egquation 3.2) only by
the presence of two small terms of higher order.

| Ginsburg also considered the possible effect on
Cerenkov radiation emission from a particle having both
electric and magnetic moment. He showed that at very high

energies there would be no magnetic radiation.
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3.3 C (i) Effects of Spin on the Cerenkov Loss.

Sokolov and Loskutov (1957) (see Jelley 1958) have
shown that the radiation yield, the threshold condition
and the polarisation of the emitted Cerenkov radiation are
slightly modified for a particle with a spine

For a particle of half-integral spin, there is an
additional contribution for the quantum spin effect. And

the expression for the total radiation yield takes the form:

e2 Wmax ( )
W = = 1 w dw +

c ( 1- 2 n?

o P

Wmax
e2 j/‘ n2 w2 Tiz E 1 1 ;

) - 2 w dw

02 I c p2 n

0

The symbols have their usual meaning.
The first term in this equation 3.13 is due to the particle
of zero spin and the corresponding radiation is linearly
polarized in the plane containing the photoh and the particle,
whereas the second term is due to the spin effect, and the
radistion is orthogonal i.e. the E - vector tangential to
the Cerenkov cone.

Thus from the gbove equation 3.13, it is seen that
if % —>¢ (classical approximation), the radiation, as

for a particle with zero spin, becomes completely linearly
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polarized.

Spin effect has also been studied by Ginsburg (1942

and 1943).

3.3 D. Radiative Corrections to the Cerenkov lLoss.

Recently Tsytovich (1963) has made radiative correc-
tions to the basic theories of Frank and Tamm (1937) and
of Fermi (194,0), by taking into account thé second order
perturbations. On the basis of his theory, he had pred-
icted a reduction in the intensity of Cerenkov loss for
particles of ultra relativistic energies. An estimgte for
the magnitude of the corrections has been given below:

The relstive corrections, neglecting the spatial dis-

persion, can be written in the form:

W-Wo _ _ > At . ce 3414
Wo mTkec

where Wo is the Cerenkov loss in the first approximation of
the theory, Zf is the transverse part of the radiative
corrections.

For ultra relativistic velocities, Tsytowvich gives,

in the cagse of a single dispersion oscillator,

t 2 ( 1.2E 1 )
A= 2 nga_~§_ +  2( MC? )
MC
L
( go M2 C* 1)
( "ER w2 ) + 0.1696

for B < 1

e et s -+

Vo ee  3.15
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and Ai._z. i '/72 ) 2
2 6

% [
z'\J,
~J
N
ov

for E X
é;z >> “ lwof oo .o e es 3.16
Where E is the total energy of the muon of mass M, and
¥, is a funétion of the total concentration N  of the
electrons of the medium and of azll natural frequencies Wg ,
and is given by (Zhdanov et al. 1963).

- 2 Wo C
V/= ° T e ¢ e ®
°" K¢ /sy /L“AY) 3.17

In this equation, st> is the effective natural frequency
of the atomic electrons,'LV>> is their mean velocity, and
Wo is 27T times the plasma frequencye.

Since in the study of Cerenkov loss, we are chiefly
concerned with small energy transfers, we calculate the
radiative corrections in a limiting case for which the
energy transfer is less than the ionizgtion potential
(= 67.5 V) in water.

' First we estimate Y as follows:

The(%ﬁ?‘ is calculated assuming that‘the electrons

of the atoms move in simple orbits according to Bohr's

theory in which the velocity V  of an electron moving in

a nth orbit around a nucleus of charge Ze is V = _Ze~
nh
282 = 2

Ol
f

nh C 137 n
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Thus,
(1) V_ for an electron (2) in a Hydrogen atom
, i L
137
(11)_V for an inner electron (2) in an Oxygen
C
atom = _§
137
(111) ¥ for an outer electron (©) in an Oxygen
atom = é‘:
137
Therefore the meanliﬂ>= 1 (2+8x 2+ 4 x6)
C 137 x 10
= Le2
137
[VWs>y = 2 T Vg = 201 where I = ionization
h

potential = 67.5 eVe

5 .
The plasma frequency X%: Ne = he95 x lol?@ec
v|—7;;”

Wo _ 2 ﬁ'QVP - ;\ﬂP - 20.47
[WsS R T Vg T 6745
- ¥ = 7.718 x 1072

Therefore the limiting value of E/y? = %7 = 0.1296 x 103
[4

Thus for muons of energy E 4<‘13.67 GeV, equations
3.15 and for E ») 13.67 GeV, equations 3.16 should be used
in computing the relstive corrections. But, according to
Tsytovich, the radiative corrections are only apprecisgble

for particles of energy > 10 GeV. The magnitude of the
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cofrection in water for muons of energy > 10 Gev is

found to be 3.8%. Since the limiting energies are not
known precisely, it is not possible to give the expected
shape of the curve or the point where the reduction begins.
However, in fig 3.2 C, the variations of the agbsolute number
of Cerenkov photons, after applying radiative correction
above 10 Gev, are shown. If Tsytovich's effect is real,

it is expected to be detected over the energy range 10 -

100 GeV.

3ely Theoretical calculations on
(A) the rate of Cerenkov Loss in water,
and (b) the variatiocns of the angle of emission,K © ,

with muon momentum:

3.4 A The Rate of Cerenkov Loss in Water.

A theoretical estimate on the number of Cerenkov photons
emitted by a fast muon over a spectral band A2, on its

passage through water can be made using equation 3.G:

AV _ 2@« (1 ) (1 __1)

dx ( 2?7;?’) (2 27 ) photons/cm.
= F(B,n) (2m« (1 . _1 ) ) photons/cm.
“ ( ( 22 S

where F (P , n)

L}
-
i
_—_
i.—l
=
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Considering the transmission characteristic of the
water used and the absorption spectra of the wavelength
shifter Popop, it wll be  shown in chapter 6 that the
useful wevelength range in this experiment is from 2500
to 4000 A.U. and the corresponding average refrsctive index
over this spectrsl range is n = 1.368. The threshold mom-
entum for the Cerenkov emission = 103 MeV/C when n = 1.388.

Using the above value of the refractive index n, the
function F(/G,n) which gives the relstive number of photons

in water has been plcotted against the momentum of the muon

Fige 3.2,
The absolute number of photons can be obtained by
multiplying F(/ﬁjn) by the term ( _27% (1 _ _1 ) )

and has been shown in the fig 3.2 B. It is seen from the
fig 3.2 B that stsrting from the threshold momentum, the
number of photons emitted per cm increases very rzpidly,
and then becomes constant ( = 320 photons/cm) at about 10
Gev/C. | |

It may be pointed out here that in calculating the
absolute numbef of photons, the velocity,ﬁ for a partic-
ular incident energy has been assumed constant. In
other words, the change in energy of the incident muon is
assumed to be small. But for a thick detector and espec-
ially near the threshold energy region the change in the

energy of the incident muon due to ionization loss should
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be taken into account. Since in the present experiment,
the energy range isjﬁthreshold)and the radiator is also
comparatively thin, the change in /@ due to ionization

loss in the radiator will be neglected.

3.4 B  Variastions of the Angle of Emission with Muon

Momentum: -

It is seen from the equation 3.1 that the angle of

emission of Cerenkov radistion which is given by

0 = Cos":L 1
/3n

depends on {3 s, the velocity i.e. the momentum of the
muon.

In the fig 3.3, the variation of 6 with the muon
momentum has been shown. Starting from the zero value at
the threshold , it goes on increasing and attains a maximum

value = 430 at about 10 GeV/C.

3s5 Contribution of the Knock-On Electrons:-

When a fast muon passes through water, it will produce
s - rays (i.e. electrons produced with energies between
o few KeV and a few hundreds of KeV) as well as energetic
knock-on electronse. 5_rays and knock-on electrons will
emit Cerenkov photons, if they have energies greater than

the threshold energy (260 KeV). Considering the threshold
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energy as well as the energy loss in water, it may reason-
ably be assumed that the 5'r@ys will contribute very little
to the total production of Cerenkov radiation. The main
contribution will be from the knock-on electrons. The
calculstion is given below.

It may be shown in fig 3.4 that the probability of the
production of low energy knock-on electrons by relativistic
muons in water is nesrly the same for muons of all energies
greater than 1 GeV. Further, it is seen from fig 3.4 that
the probability of emission of high energy knock-on electrons
is very small.

In fig.B.S, the variation of the angle of emission of
the knock-on electrons as a function of the energy of the
knock-on has been shown. From this, it is seen that all
the knock-on electrons (with energy greater than 8 MeV) are
ejected within a cone of semi-vertical angle 200 with the
direction of motion of the muon. Consequently the contri-
butions from such energetic muons will be quite appreciable.

The differential cross-section per electron for the
production of a knock-on electron with energy limits ELl and

(Bl + g8l ) by a primery muon of spin 1 and kinetic energy
_ 2

E is given by Bhabha (1938)as

2 o ‘ ,
_ 2 gl
(B, B') am’ - 2/71~2 me %5 1- 2 )

E mex )

+ L (st )2) et
¢ U Bpgx + M7 ) [(BI2 | 508
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where the symbols have their usugl significance.

So the number of knock-on electrons produced with

1
energy o

>N5

= 0.0775 21 -

In the following table (table 3.B.), the number of

1
within d4E

E NZ) £, B

A )

where

E
il

El

*E"nﬂé

dEl oo

48>
:

0

2k

S B v

in 1 cm of water is

for

3.19

knock-on electrons produced by a 10 GeV/C muon in water is

givene.
TABLE 3B
(1) @ 6 w6y e [ @) L
K.O.elect-| Mean] Mean; Ng/cm{ Ng _2 N {No= {Corr. No,f
ron energy! in | Range Re.1l0 | phot- Total| fac-
interval MeV | Re in ons No.of tor
Cle per cmjCeren- f
: kov |
phot-
ons
2 - 1.5 10,0837 {5.81 314 [18.240.50 | 9.12
L - 8 6 3.1 10.0193 | 5.98 318 19.0210.60 j1l.41 |
g - 16 12 6ely [0.0097 {6.20 320 119.84{0.79 [15.67
16 - 32 2L 112.9 ;0.00L84E 6.2L4 320 119.99;0.90 |17.94 |
32 - 64 L8 125.9 §0.00242! 6.27 320 20.0610.95 [19.06
100 ~ 200 {150 |81.3 10-5| - - - - -
200 - - - - - - - -
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In the column (3) of the above table, the electron
ranges have been calculated by using the following range

energy relation,

Re = 0.543 E - 0.160 (Wilkinson, 1950)
max

where Emax is the electron energy in Me¥, and Re is meas-
ured in gm/cmz. The above relation is almost independent
of the material of the absorber when the latter is light.

In the column (6), the number of Cerenkov photons emitted

by a knock~on electron has been computed using equation 3.¢
over the spectral band 2500 to 4000 A.U, in water. Column
(7) shows the number of Cerenkov photons, No., per cm from
the different energy intervsl. But this has to be corrected
fqr the possible Coulomb scattering. The contributions
from the low energy knock-on electrons ( El‘(5 MeV) will be
reduced very much due to the mﬁltiple Coulomb scattering of
the electrons invwater. Assuming an isotropic distribution
of these low energy knock-on electrons, only about 50% of
them may be expected to move in the forward direction cont-
ributing Cerenkov photons at the detector level. On the
other hand, the knock-on electrons of energy > 5 MeV will
initially be emitted within a forward cone of semi-vertical
angle < 25 (fig 3.5) with the primary direction, and will
also be scattered less. So it is reasonable to assume that

the contribution from such energetic knock-on electrons will
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not be affected very muche. A correction factor f hsas
been used to take into account the effect of scattering on
the contribution from knock-on electrons. The following
two empiricsl equations have been used in calculating f
(column 8)

0.5 for El { 5 MeV

l .
(E- =~ 5) + 5 x 0.5 when El D 5 MeV
1
E

f

f

The total number of Cerenkov photons per cm contributed by
knock-on electrons is thus 72 Nof = 82.11. This can be
compared with the number of Cerenkov photons/cm in water
due to g relstivistic muon, 320/cm. Therefore, the cont-
ribution from the knock-on electrons is 25.7%e.

Thus there will be an increase in the tétal guanta
produced of about 25«7%. This may affect the pulse height
distribution in two ways: (a) by shifting the most prob-
sble energy loss to a higher value, and (b) by adding a
tail to the high energy side of the distribution. The
former will be caused by the photons from the knock-on
electrons of energy £ 16 MeV, as N§ fem = 0.01 for B £
16 MeV. ( B Column 4, table 3B). So in a path of 100 cm
in water, such knock-on electrons will contribute everytime
whenever a fast muon traverses the counter. The number of
photons/cm, arising due to the knock-on electrons of energy

£ 16 MeV, is ) Nof = 36. Therefore, this may increase

the true most probable pulse-height by 36/320 = 11%.




-

Again, the depth of water in the counter is sbout
2.8 radiation lengths. So, whenever the energy of a knock-
on electron is >> 83.8 MeV, the critical energy in water,
it will produce showers. But the frequency of occurrence
of such an energetic knock-on electron is small, as can be
seen from fig 3.4. Consequently, the contribution from
such occasional high energy knock-on electrons will give rise

to the tail of the distribution.

3.6 Concluding Comunents.

It is worthwhile to sum up the whole problem of energy
loss at this point. So far, the theoretical predictions on
the logarithmic rise in the energy loss is concerned, we are

confronted with three different views:

(1) According to the Fermi theory, the whole of the in-
crease of energy loss beyond the minimum should appear as
Cerenkov loss which is saturated at high energies. This is
quite in agreement with the classical theory of Frank and

Tamm;

(11) Budini differs in that he predicts that the logar-
ithmic rise in the energy loss curve is partly due to the
incregse in ionization and excitation loss, and partly due

to the Cerenkov loss. Further he opines that there should
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be s simultaneous relativistic increase of Cerenkov loss

along with the relativistic increase of ionization loss;

(iii) On the other hand, Tsytovich, although he seems

to support the basic theories of Fermi and of Frank and
Tamm, predicts g reduction in the ionization as well as in
the Cerenkov loss for particles at ultra relativistic vel-
ocities.

These differences in the theoretical predictions obvi-
ously demand more precise experimental results. But so far
as the study of Cerenkov loss is concerned, the number of
experiments performed so far is very few (see chapter L).
Further, only a couple of experiments (Bassi et al. 1952,
and Miller and Hincks, 1957) have been carried on in the
GeV range, the highest energy covered being less than 4.5
GeV. Moreover, the methods of momentum measurements in
these experiments were not very precise.

Thus, a rigorous experiment to study the variation of
Cerenkov intensity with momentum in the region 1 to 100 GeV,
especially to test the recent prediction of Tsytovich, is
felt very necessarye. The present work is an attempt to
carry out such an experiment by using g water Cerenkov
counter and a new horizontal spectrograph for precise meas-
urements of the momentum of the cosmic ray muonse. In the
actual experiment as will be described in the lapﬁer chapters,

the electrical pulses due to Cerankov photons will be studied
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as g function of the particle momentum. In the fig. 3.2,
the expected relative variation of the most probable pulse
heights as 2 function of the muon momentum is shown. Ir
the Cerenkov radiastion loss follows the classical theory,
the curve as shown in fig 3.2 will rise monotonically to a
plategu value. But if Tsytowvich theory holds good, the
curve will fall off, instead of attaining a plateau value
monotonically, by about 4% for particles of momenta P » 10

GeV/c, and then will reach its asyntokic value.
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CHAPTER L.

Review of Previous Experiments on Energy Loss by

(A) Ionization, and (B) Cerenkov Radiation:

looboa Megsurements on Ionizagtion Loss.

The ionization loss of fast charged particles through
matter has been studied in an extensive way, both theoret-
ically and experimentslly. Prior to the recent theory of
Tsytovich (1962) ahout the reduction in energy loss due to
radiative corrections, the experimental results were found

“to support the theoreticsl predictions quite satisfactorily.
The main interest in all the experiments on ionization loss
has centred more or less on the study of the logarithmic
increase and the density effect. Since the latter is small
in gases, the logarithmic rise in the energy loss is most
easily observed. As such, we shall first discuss the
measurements of ionizgtion in gaseous detectors, such as
(a) proportional counters and high pressure ionization
chambers, and (b) cloud chambers. Next the experiments in
dense media, namely, (c) nuclear emulsions, and (d) crystal
counters and scintillators, will be discussed. Since the
experiments performed are very large in number, we shall
confine ourselves with only the most relevant and conclusive

early work together with recent results.
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L.he{a)  Experiments with Proportional Counters and

High Pressure Ionization Chombers:

Quite a few experiments have been performed using these
types of detectors. Experiments with relativistic muons
all follow the same general pattern: one or more propor-
tional counters are placed in the beam of a“Geiger counter
telescope, and the ionization produced is messured, the
momentum of each particle passing through the system being
determined either by its residusl range or by deflection in
a magnetic field. A typical arrangement used for this type
of measurement is shown in fig L.l. The value of the exper-
imental results mainly depends on the precision of the momen-
tun measuremente. Using proportional counters, the ionizs-
tion losses at high particle energies have been measured by
Price et al. (1953), Parry et al. (1953), Yeliseyer et al.
(1953)y Eyeions et al. (1955), Kharitonov (1952), and
Kharitonov and Barski (1953). West in 1953 showed that the
observed width of the ionization distribution would be dep-
endent on the product of the gas pressure and track lengths.
It has been found experimentally that the observed width
apprecaches to the Landau's theoretical value at high
pressures. Some workers, eg. Palmatier et al. (1954}
designed their counters to use higher pressures and longer

track lengths. Lanou and Kraybill (1959) measured the
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ionization loss of cosmic ray muons in helium gas with
proportional counters. The momentum, in their experiment,
was measured with 2 magnetic spectrograph which resolved
particles in the momentum region from 3.3 GeV/c to 140
GeV/c. Their results were in good agreement with Stern-
heimer's theoretical values. Using proportional counters
with néonumethane mixtures, Jones et al.{(1963) studied the
rate of energy loss of cosmic ray muons as a function of
momentum over the rsnge 0.3 - 30 GeV/c. They used Durham
cosmic ray spectrograph (Brook et al. 1962) for the measure-
‘ment of muon momentune. Their results, when normaglized to
the Landau theory at one momentum, were in good agreement
with the theoretical values over the whole rangé.

All the results published so far show the expected
reletivistic increase of most probable energy loss with
momentume. However, only three groups of workers, namely,
Parry et al. (1953), Eyeions et al. (1955), and Lenou and

Kraybill (1959) have reached the high energy plateau region.

Lehe (D) Experiments with Cloud Chambers:-

The ionization losses have been studied using cloud
chambers by Sengupta (1940), Hazen (1944, 1945) and Hayward
v(l@h?). They verified the existence of the logarithmic
rise for electrons, but their results on muons were incon-

clusivee. Accurate experimental results on the relstivistic
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rise in ionization loss have been obtained by Ghosh, Jones
and Wilson (1952, 1654), who used muons in s cloud chamber,
and s high resolution magnetic spectrometer. Their meags-
urements extended over a momentum range from 500 MeV/c to
about 30 GeV/c and showed a relstivistic rise which agreed
with theory and also showed the existence of the density
effect, but did not reach the plateau. Their results are
shown in fig. 4.2, together with the theoretical curves of
Budini and Sternheimer. Kepler et al. (1958) messured the
icnization losses of relativistic muons and electrons to
cover the energy range {gf= 3 {(minimum ionization) to

/¥?= 1000, in helium, argon and xenon, with a cloud chamb-
ere. Their éxperimental results agreed well with the theory
in the case of helium. In argon, and particularly in xenon,
the observed relativistic rise was less than that predicted
theoretically. In short, the relativistic rise in the gas-

eous detectors was found to be sbout LO to 50%.

Lehs (c) Experiments with Nuclear Emulsions.

Experiments using nuclear emulsions have been many.
Occhialini in 1949, and Corsen and Keck in 1950, working
with electron tracks in emulsions established the existence
of 2 plateau at high energies although they did not detect
any wvariation of grain density for electrons from 7.5 to
500 MeV, and from 10 to 180 MeV, respectively. Since their

investigations were confined to electrons, their measurements
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were not extended down to the minimum of ionization, and
hence could not yield a value for the magnitude of the
relgtivistic rise. However, Pickup and Voyvodic (1950)
found a difference of about 10% between the plateau value

of ionization for extreme relativistic particles and the
minimum value. This rise in the energy loss hgs been sub-
stantiated by latﬂér workers, namely, Daniels et al. (1652,
Stiller and Shapiro (1953), Michaelis and Violet (1953),
Fleming et al. (1953), Jaunean and Trémberly (1853),
Alexander and Johnston (1957}, Jongejans (1960), Herz and
Stiller (1964). The relativistic rise obtained by Herz and
Stiller, and Michaelis & Violet was a little smaller than
values commonly found i.e. in the range 10 - l%%. Prior

to 1962, all the experimentsl evidence pointedfto the exist-
ence of platesu up to the highest mements measured.

In 1962, Tsytovich predicts, as has been @entioned in
chapter 2, that in emulsion the ionization loss may not rise
monotonically to a plateau value. It may insﬂead decrease
after ? = 100 to 200, and reach, at ¥ = 600 to 1000, an
asym&otic value which is about 6 to 8% less than the earlier
recognised plateau. The experimental investigstions of
Alekseyevs et al. (1962) and of Zhdsnov et al. (1963, 1964 )
support Tsytovich's calculations. Unlike other workers
using the emulsiohs, the above Russian results glso exhibit

s maximum in the region Y = 100. The results of Zhdanov
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et al,}(1963) is shown in fig.L.3. However, more recent
emulsion results of Bushkirk et al. (196L), of Herz and
Stiller (1964), and of Kushwala (1965) working over the
same energy range as the Russiagns, do not show any evidence
for the existence of the Tsytovich effect. The experi-
mental results of Bushkirk et al. (1964) aslong with the
theoretical predictions of Tsytovich are shown in fig. Lel.
One other point as observed in emulsion may be mentioned
here. It has been found that there is no significant
difference (less than 1.5%) between the ionizing ability of

the particles with different sign.

LeAs (d) Experiments with Crystal Counters snd Scintillators:

Crystal counter in the measurement of ionization loss
of a charged particle was first introduced by Whittemore
and Street (1949) who used a silver chloride crystal in the
energy loss. measurement} They compared the light out-put
from the ionization of muons of energy greater than l.6 GeV
with that from muons at the minimum ionization (0.3 GeV)
and found a definite relativistic increase. Their resulté
were qﬁantitatively consistent with the predictions of the
Halpern and Hall theory regarding the density correctionse.
But the method being effectively an integral one, is not
a source of detailed information. Bowen and Roser (1952),
using anthracene and cosmic ray muons, showed that for

energies between 0.3 and 3 GeV, the rise in the most prob-
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able energy loss wss less than 2%. Bowen (195L), working
with a sodium iodide crystal and cosmic ray muons, found

that the relativistic increase was 10.9% for energies up

to 5 GeV, but using a liquid scintillator over the same
energy range as in his earlier experiment, he found that

the relativistic increase did not exceed 2%. This agrees
with previous results on similar orgsnic materials (Baskin
and Winckler (1953), Meshkovskii and Shebanov (1952) ) and
with theory (Sternheimer, 1952, 1956). Barnaby (1961),
using a large area plastic scintillator (NE 102) and cosmic
ray muons, found the relativistic rise in the most probable
energy loss to be less than 1%, between 0.5 and 10 GeV.

More recently Crispin and Hayman (1964), using the same type
of phosphor NE 102, studied the ionization loss of cosmic ray
muons. Siﬁce this group of workers used a magnetic spectro-
graph (Durham vertical cosmic ray spectograph), the momentum
measurement in their experiment was obviously more precise
than that of Barnaby. Their results shown in fig. 4.5 along
with those of Barnaby, were compatible with Sternheimer's
density correction to the ionization loss theory of Bethe-
Bloch up to 10-15 GeV/c. But at higher mementa, the observed
most probable energy loss was about 3% above the predicted
rise. They did not find any reduction, due to Tystovich
effect, in the energy loss at high energies. Farther,

separated analysis of their data for positive and negative
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muon showed no difference of ionization loss greater than
1%. Very recently Ashton and Simpson (1965) have studied
the ionization loss of the relativistic cosmic ray mueons in
liguid scintillator. Their results confirm the existence
of the density effect to the highest momentum meagsured

( ~ 200 GeV/c), but they also did not find, in their final
result, any evidence for a decreasse of energy loss at higher
energies. The momentum, in this experiment, was measured
with the Durham horizontal cosmic ray spectrograph.

‘Thus, so far as the energy loss in orgsnic scintillator
is concerned, although there is good general agreement bet-
ween the theory and experiment there is still some uncert-
ainty as to the magnitude of the rise, if any, in the energy
loss beyond the minimum of the energy loss curve. Further,
the Tsytovich effect has not yet been tested thoroughly. So
one aspect of the present work is to study the ionization
loss of cosmic ray muons in agn organic scintillator (NE 1024)

at relativistic energiese.

LB Measurements on Cerenkov Radiation Losse

The energy loss by Cerenkov radiation is usually
studied by estimating the intensity of Cerenkov light emitted
in a radistor (a transparent dislectric medium) by the
passage of a charged particle through it. The Cerenkov
light intensity is very low, so a highly sensitive detector

is needed to make any meaningful study of it. In the early
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stage of research, the Cerenkov light was recorded by means
of the photographic method. But now-a-days, photomulti-
plier tubes which are extremely light sensitive, are invari-
ably usede. However, the normal procedure in this type of
investigaﬁion is to compare either the observed absolute
intensity of radiation, or the most probable pulse-height
distribution as recorded with photmultiplier tubes, with

the theoretically predicted values.

Depending on the source of the charged particles prod-
ucing Cerenkov radiation, the experiments performed so far
can be classified into the following 3 categories:

(@) Experiments using radio-active sources,
(Li) Experiment using machine accelerated particles,

and ({34i) Experiment using cosmic ray particles.

(@) Experiments with radio-active sources:-

Most early experiments on Cerenkov radiation were done,
using radio-active sources emitting /-and j_rays.
Normally, an estimste of the absolute yield of Cerenkov
light per particle was made in order to compare it with the
theoreticagl yield given by the classical theory of Frank
and Tamm. Estimates of this kind were perfbrmed first by
Cerenkov himself who studied the luminescence of strong [3~
source in benzene. A more systematic study of the varia-
tions of the intensity of Cerenkov radiation emitted by

/3_ particles in water as a function of the energies of
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the particles was made by Belcher (1953). He used various
aqueous solutions of radio-active isotopes. His results
shown in fige. 4.6 are in good agreement with the Frank

and Tamm theory.

(ii) Experiments with machine-accelerated particles:-

Collins and Reiling (1938) were the first to study the
properties of Cerenkov radiation of machine-accelerated
particles. Using a photographic recording system, they
measured the asbsolute intensity of Cerenkov radiation emitted
by a lO/ﬁ*ﬁ beam of 2 MeV electrons from an electrostatic
generator, in thin foils of mica, glass and cellophane.

Their experimental results agreed to within a factor of 2
with that predicted by the Frank and Tamm theory.

Winkler et al. (1955) studied the intensity variations
of Cerenkov light in lucite by using cyclotron accelergted

ﬁj-and ﬂf mesons, up to a maximum energy of 168 MeV(ﬂ)'
Their experimentsl results (see fig. L4.7) indicated that the
average pulse size from a photomultiplier coupled to a lucite
Cerenkov radiator varies with energy in a manner very close
to that predicted theoretically. They also made a search
for any possible difference in Cerenkov response to positive
and negative pions of same energye. They found that the
effect, if any, was less than 3% and smaller than the magnet-
ic effects on photomultipliers due to reversing the clyclo-

Lrone.
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(C 1) Bxperiments with Cosmic Rays:-

Ascoli-Balzanelli and Ascoli (1957) measured the
absolute intensity of Cerenkov radiation due to cosmic ray
muons in gas and vapours. In 1959, Caglioti et al., using
a large area non-focusing Cerenkov counter also measured the
absolute yield of Cerenkov light produced by cosmic ray muons
in several transparent materiasls eg. water, lucite, heptane,
and toluene. They found that the observed results were in
good agreement with those predicted theoretically.

The first real attempt to study the variastions of the
Cerenkov intensity as a function of the energy of the cosmic
ray muons was by Bassi et al. (1952). They used plexiglass
as the radiator and the Cerenkov light was collected by photo-
multiplier tubes. The momentum was measured with lead ab-
sorbvers, using a Geiger telescope. They observed a relat-
ivistic rise above that predicted by the Frank and Tamm
theory, as shown in fige L.7. Their results were, however,
not inconsitent with the theoretical prediction of Budini
(1953). But the statistics of the experiment were poor.

The possibility of the deviation of Cerenkov yield from
the Frank and Tamm theory was latter investigated, rather
more thoroughly, by Millar and Hincks (1957).. They studied
the most probable pulse height distribution due to Cerenkov
light produced in plexiglass by cosmic ray muonse. The

muon enargies were selected by lead absorbers in a scinti-




llator telescope. They did not, however, find any high
energy anomaly in the intensity of Cerenkov radiation up
to muon energies somewhat above 4.2 GeV ( V= 0.99970C).
In the low energy region (near threshold), the observed
radiation was slightly less than the theoretically pred-
icted values. But this departure was attributed by them
to an optical effect in the apparatus rather than to a true
deviation from the theory. They made a comparative study
of their results with those of other workers as has been
shown in fig. L7 They concluded that the theoretical
Cerenkov intensity was valid to within a few per cent from
the threshold up to a velocity /6 = 0.99970, well into
the saturation region.

Thus, from the above d;scussion it is obvious that the
number of experiments performed so far to investigate the
variastion of Cerenkov inténsity as a function of the veloc~
ity of the particle is very few indeeds It is more so in
the high energy region. The maximﬁm energy covered so far
is only about 4.2 GeV. No experiment has yet been perform-
ed to make a rigorous test of the contradictory theories of
Budini and Tsytoviche. An investigation of the variation
of the Cerenkov light yield at higher energies will be very
useful for this purpose, In the present experiment as
has been mentioned in chapter 3, an attempt has been made

to study the variation of Cerenkov intensity with the

momentum of the cosmic ray muon in the GeV region. The
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experimental details are given in the following two

chapterss










CHAPTER 5,

SPECTROGRAPH : -

3
e

501 The General Features:-

A new horizontal magnetic spectrograph with the
deflecting plane horizontal has been constructed for the
measurement of particle momentae. A deflection plane view
and o back plane view of the spectrograph are shown in
figures 5.1 and 5.2, respectively. The spectrograph is
positioned to select particles from a directioﬁ 27° Bast of
geomagnetic North. The instrument consists of an air-
cooled Blackett type electromagnet with plastic scintill-

ation counters S1, 52, S3, S4, S5, S6 and 37. The counters

81 (or 87), 32, 53 and SL are used to select particles which

pass through the spectrograph. 55 and 56 sre anticoincid-
erice counters. A pulse from S1 (or 37), 52 =nd either 83

or 3L, and no pulse from 35 and 36 would constitute an event
that would trigger the spectrograph. - There are four trays
of neon flash tubes at levels A, B, C and U which determine

the particle trajectories through the spectrograph.

562 a8 The Tlectromasnet :-

The electromegnet of the present spectrograph is the one

used in the original versiecn of the Durham verticsl spectro-
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graph. At present, the electromagnet has an air-gap of
L5 cm x 45 cm x 38 cm gap, the field being in the vertical

directions.

¥

5.2 Do Measurement of the Magnetic Fieldse

The sverage magnetic induction B in the pole gap of
the electromsgnet was messured using a search coil of 100
turns and ares 1.1 cmz, rotating at a constant speed of 50
¢/s. At first, the coil was calibrated with a Helmholtz
type galvanometer by measuring the amplitudes of the wave-
form induced on a C.R.O. In order to obtasin a complete
nicture of the magnetic field between the pole pieces as
well as outside it, the whole gap was divided into several
regions, each 10 x 10 x 10 cm3, as shown in figures 5.3 a
and 5.3b. The rotating coil was placed at different levelss.
The pulses induced, at a mean excitation curvrent of 41.0 amps.
through the electromagnet were recorded on the C.R.O. The
sctual measurements are shown in fig. 5.3Db. Again, in
figures 5.4a and 5.4b, the lines of forces of the field in
two central plesnes, the former (in fig. 5.42) along the path
of the partiéle, and the latter in the deflection plane, are
shownoe It can be seen from the above figures that the
field is ressonably uniform between the pole pieces while it
decreases very rapidly outside.

The maximum field strength in the pole gap at the
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FIG. 54a. Lines of force in the central plane along
the trojectories of the particle
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working mean current of 43.5 amps, 210 volts is about L.O
Kilo gauss. Although the absolute field strength is not
very high, the integral of the magnetic field along the
trajectories of nesr horizontal particles, which governs the
deflection, is reasonsbly high and is found to be (2.0 I 0.1)

105 £auss Chi.

5.3 The Scintillation Countersi-

Fe3ae Introductione-

A scintillation counter basically consists of a plastic
phosphor, the light guide, and the photomultiplier tubes
with their light tight mountings.

The action of a scintillation counter can be briefly
summarised as follows: Whenever a charged particle (of
photon) traverses s phosphor, it loonses energy chiefly in
ionizing and exciting the atoms of the phosphors. Most of
the resulting excitation is quickly degraded into heat;
the remaining part which is asbout 204 in the most efficient
known phosphor (Breitenberger, 1961), is stored by fluor-
escence centres of metastable energy levels and eventually
reappears in the form of light. Some of the light emitted
is lost due to either reabsorption in the phosphor or trapp~-
ing within the boundsaries of the phosphor by total reflection.
The remaining portion of the light escapes into the optical

system which guides it towards the semi-transparent photo-




cathode of s photmultiplier tube. The photomultiplier is

a sensitive detector of light in which the electron current,
derived from the photo-electric emission at the photocathode,
is samplified by successive stages of secondary emission.

The resulting charge pulse is then proportionsl to the

energy absorbed by the phosphor.

5.3b - Description of the Scintillation Counters and their
Installation.

A schematic diagram of a scintillation counter is shown
in figure 5.5,

Bach of the counters is made up of a polished block of
pléstic phosphor of type NE 1024 menufactured by Nuclear
Enterprises Ltd. The dimensions of the counters from Sl

to 37 are given in the following tablei=

Toble K.l
Counters Length Breadth Thickness.

(em) (cm) (cm)

51 L3e7 3746 5

g2 5,37 37.6 | 2450

33 133 75 5

Sk 133 75 5

35 155 55 3.8

86 133 75 5

57 R2.86 22486 2+ 54
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The density of the phosphor is 1.032 gm e, The decay
time of the f{luorescence is guoted by the manufacturers as
about 3 nsec. cher properties of the phosphor asre listed
in Appendix l.

All the counters, except 57, were viewed by g pair of
53 AVP (Mullard) photomultiplier tubes. In 37, only one
photonultiplier tube, (zlso 53 AVP), was used to collect the
light. In addition to the normal light guides as shown in
fige 5.5, a perspex cylinder of diameter 2" snd length 3
feet had to be used at each end of the two counters S1 and
32, to take the photomultipliers further away from the
strong magnetic field. This was found essential as the two

s (See fige 5.5)

P

counters with their normsl light guide
stopped working altogether when the magnet was switched one.

With the present set up, the counters were found teo be un-

iy

alffected by the stray megnetic field. The joints between
the phosphor; light guides, and the photomultipliers were
made by a transparent optical cement {(type NE 580).

Bach photomultiplier’tube was screened from the strong
field of the magnet by a mu-metal cylindervand a long soft
concentric iron cylinders. The cylindrical light guides in
the counters 51 and 32 were also enclesed within the soft-

iron cylinders.

> scintillation counters, slong with their

D

sach of th

{

light guides

®

nd photomultiplier tubes, was mounted firmly




3

within o box made of a strong aluminium channel, the sides
beine covered with thin (= 0.022") sluminium sheets.

The joints were covered by black 'Scotch! tape to make it
completely light tight.

The positions of the different counters in the spectro-
graph are shown in figures 5.1 and 5.2, The counters 33
and 5L were held, by means of g figid frame-work of steel,
with the axes of the photomultiplier tubes vertical. On
the other hand, the counters Sl and 52 were held within
gluminium frames, the axes of their photomultiplier tubes
horizontal, the counters standing on their narrow (2%) sidee
The brosd sides of each of the counters 351, S2, 33 and 34,
and slso of 57 , were at right sngles to the path of a
particle passing symmetrically through the spectrographe.

The counter, 57, was kept vertical with its photomultiplier
tube at the lower end. The anti coincidence counters 35

and 56 were in a horigontal plane.

5.3c The FElectrical Connections:-

In figure 5.6, the dynode chains slong with the head
amplifier circuit are shown. The E.H.T. on each photo-
multiplier tube in a counter was adjusted so as to have
equsl gains from the two ends. This was done as follows.,
The pulse height from esch photomultiplier tube was recorded

on a Pe.H.A. (RIDL). The latter was triggered by a scint-
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illation telescope seélecting cosmic ray particles passing
through the centre of the counter. The E.H.T. was adjusted
till the most probable pulse height from each end was egqual
within & 1e0%e The most probasble pulse height for each
counter was checked from time to time during the whole run
of the experiment and the counters were found to be stable
to within L 3%.

A block disgrem of the electrical connections for a
scintillation counter is shown in fige. 5.7 The pulses
from esch of the photomultiplier tubes of 2 counter were
immediately fed through a head amplifier of unit gain and
then mixed resistively, and amplified. The pulses thus
amplified were split into two channels as shown in the fig.
5¢7 The pulses through one channel were discriminated at
a level of about 250 mV and shaped to give a constant pulse
height of 10V(matched). Then they were fed into the spectraag
graph coincidence unit. The pulses from the other channel
were further amplified and then inverted. In the counter
82, the pulses from this channel were recorded in the energy

loss experiment.

Bely The Neon Flash Tubes:-

The neon flash tube, introduced by Conversi et al.
(1955) and later developed by Gardener et al. (1957),

consists of a glass tube filled with neon gas. If 2 high




voltage pulse is applied across the tube soon after the
passage of an ionizing perticle through it, there is high
probability of a discharge taking place in the tube. The
flash of light is intense enough to be photogrsphed through

the end of the tube.

) Flgsh Tubes in Travs A and D:-

In the present spectrograph, flash tubes of two diff-
erent types were used. In the trays A and D (fig. 5.2),
the flash tubes were of the type described by Coxell (1961).
In the tregy A, the tubes were 2 metres long, where as in
tray D, they were one metre. The reason for using 2 metre
tubes in tray A is to use the spectrograph, in fubure, in
conjunction with an Z.A.3. experiment. The tubeé in both
trays were of mean internal diameter 1l.55 cm and external
diameter l.75 cm and were made of sods glass, with a plane
window st one end. They were filled with neon gas to a
pressure of 60 cm. of Hg. In order to isolate the light
from neighbouring tubes, each tube was separately covered
with a black polythene sleeve.

Fach of the travs A and D was made up of two separate
small trays (see fig. 5.1), joined together. Both trays
A and U contained eight rows of tubes, a row in tray A
had 78 tubes whereas one in D, 58. The tubes in each

small unit were supported in frame-works of slots accurately
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milled in identical Tufnolrods (fig. 5.8) and were fastened
tight with elsstic bands. The vertical separation of
adjacent slots was 1,905 : 0.002 cm and the horizontal
separstion between rows was 2.50 cm. The two units in a
tray were further supported together by another rigid steel
framee. Bach unit was fixed with adjustable screws. Each
tray was held vertically in its steel frame, with the tube~
window facing normally upwards. The rows were interleaved

with thin sluminium electrodes, alternate ones being

connected together, the outermost ones being earthed.

5.4Lb Flash Tubes in Trays B and C:-

The flash tubes in trays B and C were those used in
the Durham Vertical spectrograph. (See Brooke (196L4L),
and Aurela (1965) ). They were L2 cm long with an external
diameter 0.72 cm and internal digmeter 0.59 Clie The tubes
were painted black and had a plane window atvone end.
They were filled with commercial neon gas to a pressure of
2.3 atmospheres {Coxell and Wolfendale, 1960, Hayman and
Wolfendale, 1962).

Bach of the trays B and C consisted of 8 rows of flash
tubes, a row in either of the trays containing 46 tubes.
The tubes in both the trays were held vertically in accurately

milled aluminium slots (See fig. 5.9) with window resting




downward on a thin sheet of transpsrent perspexe. The

electrods in the trays were thin sheets of polyurathene

fosm covered with sluminium foil. The trsys were held
firm in brass frames with adjustable screws. The vertical

separation of the centres of the tubes in a row was 0.80 cm
and the horizontal separation between the rows was 1.15 cme
The individuel rows in all the four trays were staggered
relative to each other (see fig. 5.9 and 5. Q) such that at
least 4 tubes per tray were traversed by a particle; in
majority of the cases, however, at least six tubes were
observed to flash in a tray along the path of a particle.
Bach flash tube tray was fitted with two fiducial lights
which were switched on whenever the spectrograph was
triggered, The fiducials helped to locate the positions

of the travs on the projection of the film.

5eic The Flash Tube Pulsing System:-

In figure 5.10, the pulsing unit used for applying
high voltage to the flash tube electrodes is shown.
Whenever the spectrograph triggered, a preamplified pulse
of about 20 volts from the spectrograph coincidencé unit
was fed into the first amplifier stage, consisting of two
power pentodes (6 CH6 and EL 360) of the pulsing unit.

An output pulse of ¥ + 220V triggered the thyratron x H 16

with its anode at 3 KV. This in turn triggered the surge
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diverter which is connected to the 13 K.V. EHT (Brandenburg).
This discharged the four condensers previously charged to
the 13 KV and which are connected to the elecitrodes of the

four flash tube trays. The delay between the passgge of
Y I £

le and the application of the high tension to the

[N
O

the part
flash tube electrodes is only about B/W 5€Coe As such, the
high voltage pulse reaches the electrodes well within the
sensitive time of the flash tubes, which is about 39/% seq,
gfter the passage of an ionizing particle through them.

A typicel output pulse has a rise time of sbout O.S/&sec to
a maximum of about 13 KV, and a width of about 25/“560.
This produces a field of azbout L.&4 KV emd in trays A and
D, and agbout 11l.3 KV cm'l in trays B and C. The field in
trays B and C had to be made high in order to have flashes

of reasonable brightness.

5,5 The General Electronics:=-

A block diagram of the genersl electronic equipment
is shown in fig. 5.11.

A particle passing through the spectrograph was detected
by the counters 52, S3 or 3L, and 357. The counter S1 was
replaced by 37 to keep the counting rate at reasonable level.
The counters 55 snd S6 were used as anticoincidence counters
to eliminate wvertical showers. A block diasgram of the

B

spectrograph coincidence unit is shown in figure 5.12.
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The coincidence unit itself i1s shown in figure 5.13.

A1l other electrical circuits are given in appendix 2.

5.6 The Hecording Systems:-

5.8 The Recording System in the Spectrograph:-

Two cameras were used to record the flashes of the
flash tubes. By means of systems of plane mirrors, one
camera recorded the flashes in A and D, and the other,
flashes in C and D. The flashes from the tubes in B and C
could not be recorded satisfactorily beyond a distamce of
about 10 ft. So a complicated mirror system using six
plane mirrors for each tray had to be used to get them in
ONS Camerse. The cameras were used without shutters and the
spectrograph could be run only in complete darkness. For
every event, reference bulbs in the trays were illuminated
and photographed. Two clocks were also photographed, one

in each cameras, to synchronise the frames on the films.

5.6b The Oscilloscope Pulse Recording System:-

The scintillator pulses from the counter 32, and the
Cerenkov pulses from the Cerenkov counter (See chapter 6)
were each gated by means of a master pulse from the spectro-
graph coincidence unit (see fig. 5.7). The Cerenkov pulse
was then delayed by 110 n sec, while the scintillator pulse

was delayed by 660 n sec. and they were then mixed. They
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were photographed on a C.R.0. (Tektronix) triggered

externally, also by means of the spectrograph coincidence

nuls

[}

o~

<P The scintillstor pulses, which were very much bigger

than the Cerenkov pulses, were attenuasted to a suitable size

S0 as to accomodate both types of pulses in the same CeRe0Us
sebting, The scope setting was 0,100 V/em and 200 n sec/cm.

Along with the pulses, the scope graticule snd a clock
indicating the time of the event were also illuminated and
photographed.

1lford HPS films were used in all the cameras.

57 The Seguence of Operstions:-

Whenever the spectrograph triggered, a cycling system
comprising a system of relays and relaxation circuits carried

out the following sequence of operations.

(1) The coincidence circuit was paralysed.
(2)  (A) Seguence of operations in £he spectrographsg¢ -
(i) High voltage pulse was applied to the flash tube
trays and the Iflashes photographed, the cameras being open
all the time;
(ii) The two clocks and the reference bulbs were
illuminated and photographed;

(1ii) The cameras were wound onj

(B} Sequence of operastiocns in the oscilloscope:-

(1) The oscilloscope was triggered externally and
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(ii1) The clock and the 'scope graticule were
illuminsted and photographed;

(iii) The camera was wound one

(3) The paralysis was removed from the coincidence unit.
(1)  The spectrograph and the 'scope were ready for the

next evenbte

The whole sequence took about 6 seconds.

5.8 The Accepbance Functions e

The acceptance of particles for different possible
angles through the spectrograph is chiefly controlled by the
coincidence counters. 3ince the particles are deflected
in passing through the spectrograph, the acceptance is a
function of the magnetic deflection, and hence of momentum,
falling to zero at 'least detectable momentum'.

The calculation of an exact acceptance function for a
spectrograph which is not symmetrical about the centre of
the magnet is complicated and for the present experiment
it is not essential. However, in order to have an idea of
the rate of acceptance w.r.t. the zenith asngle as well as
the momentum of the particle, an approximete calculation for
the acceptance function was made as follows.

The acceptance function for an ideal spectrograph may
be defined as

N(€, P) da dp = No (6, P) F(@, P) do dp




‘here No (&, P) d« dp is the number of particles incident
on the spectrograph in an element of solid angle d4> =t

an angle © w.r.t. the horizontel direction having a momentum
range p, and p + dpe. N(8, P) dn dp is the number of asbove
kind of particles detected by the spectrograph.

F(&, P) may be written as F(e, P) = 4(8, P) S5(8, P)
where A(6, P) is called the geometrical differentisl aperture
and 3(, P) is the scintillator efficiency function.

Using an analytical method and the momentum spectrum

of cosmic ray muons at large zenith angles as given by

Allen and Apostolskis (1961), a rough estimate of the accepted

particles heving o certain momentum has been made. The
results are shown in fig. 5.15. Again the relative gccept-

ance of the number of particles w.r.t. zenith angle had also

been calculated geometrically. Fig. 5.16 shows the calcul-

ated results. It can be seen from fig. 5.16 that the sngle
- s ‘)O + Q s, 2 - ™ h]

of maximum scceptance was 737 - 1 . This result had been

utilised in installing the Cerenkov counter in the spectro-
graphe.

The 'collecting power' of the present spectrograph can
be compared with those of the earlier ones. The collecting
power is defined as ‘f dA da where d . is the allowed
a0lid angle of collecticn for an ares dA. The integral is
taken over the effective area at scintillator level S3
and at the central plane of the magnet and is found to be
19.41 sterad cm™<, A comparison with some previous spectro-

graphs is shown in tsble 5.2
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Table 5.2

Detectors MedeMs Collecting Authors
GeV/C Power
cem”™ Sterad

Alr gap 50 - 0.7 Caro et al. (1951)
Adr gap S.C. 30 0.30 Allkofer (1959)
Air gap G.Ce.

C.C. 260 7.0 Pine et al.(1959)
Air gap,
Emulsion on 300 small Allen and
glass plates. Apostolakis (1961)
AMr gap, GeCe 650 8.0 Hayman and

Fo T, Wolfendale (1962)

8 (MKI)

Solid Fe, F.T. (300(MKI) ) (29.
.61 (MK2) MacKeown (1965)

G.Cc. (1950(MK2)) (9

Alr GQQ s Fels
SeCo 116 19.41 Present works

GsCs = Geiger Counter F.Ts. = Flash Tubes
SeCe = Spark Chamber S3.C. = 3Scintillation Counter
CeCs = Cloud Chamber

5.0 Particle Bates:-

Without the msgnetic field, the spectrograph coincidence

oy

rate with counter 31, 32 (S3 or 34L) was 150 £ 2.5/hr.;

with the anticoincidence counters, the rate (81, 352,(33 or 34)
= 7 + - . .

35, 96) was (133 - 2) hr l. This rate was too high and

would create complications in analysing the data. As
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such, the counter 31 was replaced by the counter S7 to

cut down the rate and to select only those particles that
went through all the flash tube trayse Thus in the present
experiment, the spectrograph was run with counters 37, 52,

, N P~ \ e + -1
(83 or 34L) S5, 36. The coincidence rate was (L0 = 2)hr

without magnetic field, and (36 : Z)hrﬁl with magnetic field.
The useful number: of events in the films which satis-

fied the selection criteria to be described in sec 5.11,

was only (6 z l)hr"la This low efficiency of actual use=

ful events was partly due to the weak images from the trays

B and C, and partly due to the gaps between the units in

each of the trays A and D. The number of events with tracks

in all the L trays used in the present experiment is 20 37.

5410 The Heasurements of the Positions of the Particle
Trajectories:

A system of two projectors had been constructed for

analysing the two spectrograph films. The films were
projected onto g movable board on & table. In order to

obtain}the positions of all the flash tubes in a tray, at
first the photographs were taken using a Kzsmurce to make
the tubes flash and applying 2 succession of high voltage
pulses.  The reference bulbs were also illuminated. Then,
circles, corresponding to the pmsitioms of the flash tubes

in each tray were drawn on the boards. Bach tube in a row

in every tray was numbered serially with the origin at the
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centre of the outermost tube on the north west side of the
spectrographe. The frames in the two films were synchron-
ised by the two clocks, and the time as shown by the clock
in the trsys A and D was recorded for synchronising with

the nscilloscope filmse. The projected images of the flashes
were positinoned on the boards by means of the fiducigl marks.
The numbers of the tubes flashed in each frasy were then
recorded. A method similar to the ™track simulator method"
described by Hayman (1962) was used to find the position of
the particle in each tray. For analysing tracks in trays

A and D, exact scale diagrams of a section of each tray were
drawn On papers. On the other hand, for trays B and C,
scale diagrems magnified by a factor of L, were used.
Knowing the positions of the tubes from the projection board,
the tracks were reconstructed on the simulator sheets. A
scale, marked in units of one tube separation, was drawn,
immediately below the Lth layer from the centre of the magnet,
on the simulator sheet for each traye. The best estimate of
a particle track through a flagsh tube tray was made by using
a cursor to pass through all the tubes thst had flashed and
either miss, or pass as near to the edge as possible, tubes
which had not flashed. The point of intersection of the
cursor with the scale in each tray was recorded as the co-
ordinate of the particle in a tray. It was known that

there might be some latitude for adjusting the cursor as




6

the exact direction of g particle's path in a tray was not
known. | In order to check the erfors in the co=-ordinate
measurements, a sample of events was reanalysed by three
independent scanners snd in majority of the cases, agreement
was very gond, i.e. within : 0.05 tube space. The accuracy
of track location using this method of co-ordinsgte messure-
ments is 1 mm (remes.) 2t levels A and D, and 0.5 mm (r.m.s.)

at levels B and C.

5411 Selection of Events:-

A track in any one of the trays was accepted initially

25 a possible one 1f there were at least three tubes flashed

{

03

with appropriate configuration. An event was recorded if
there were single trascks in sll the L trays. Events were
rejected for the following reasons:. .
{a} If in any tray there were two sdjscent flashes in
two or more layers of flash tubes, due to knock-on electrons.
(b} 1If there were two particle tracks in any tray and it
was not possible to decide, from their angles and the angle
of the tracks in the other trays, which was the track produced
by the particle that had passed through the other trays.

(c) If two or more tracks were observed in tray U.

5612 Alignment of the Spectrographs-

In order to make accurste measurements on track location,

it is essential that 211 the flash tubes be accurately
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6

parsllel to each other throughout the instrument snd that
their relative positions be known. The tubes were, as has
hesr mentioned earlier, held firmly in accurately milled
slotse Thus, the tubes, inside a frame, were parallel to

I SRS ]
each other within - 0.0l cm. The tubes were kept vertical

o)

by adjusting their supporting frames. The latter in each

tray was provided with screws with the help of which the

frames could be adjusted in three mutually perpendicular
™y

directinns. The adjustments were carried by using spirit

level, plurb lines and a cathetometer. After, thus havin

(}?”

sligned the trays, the geometrical constants of the instrument

were measured. The important onss were 84 a;, by Cys do.
and dﬁ 28 shown in figure 5.17, these being the distances
from a reference line to an srbitrary origin of co-ordinate
in each trav. The origin of co-ordinates in all the trays
was btaken as the centre of the outermost tube from the north
in the Lth row from the centre of the magnet. As shown in
fige 5.17, each unit in trays A a2nd D was taken to have
separate origin. This would eliminste the errors if the
two units in either of the trays A and U were not parsllel.
Zince the measuring levels in the trays were at different
heights above the floor, a vertical plane parallel to the
centrsl line of symmetry of the spectrograph and defined

by & system of plumb lines, was tasken as the reference line
For this, a tensioned monofilament (0.2 mm dismeter) nylon
thread was stretched along the length of the 5; > CLIog

-~ ‘y
cranhle




particle trojectory

flash tube trays
A

<“Qq - Pe—

FIG. 5|7 Schematic diagram of the spectograph
and a particle trojectory.
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The thread was made parallel to the central line of

symmetry of the spectograph, with the help of two plumb

lines suspended at equal distances from the central plane

of the magnet, in the north. Four other plumb lines, slso
of nylon thread, were hung from this thread. Each of these
latter plumb lines was set parallel to the measuring row

of s particulsr tray by means of a cathetometer. The
distances of these plumb lines from the origins of their
respective measuring levels were measured by the cathetometer.
The separation of the trays, also determined from the same
megsuring level in a tray, were found using an sccurate steel
‘megsuring tape. The measurements were carried out by two

independent observers. The accepted values for the geomet-

rical constants are shown in table 5.3:-




el

Teble 5.3

Adopted Values of the Geometrical Constants:-

Dimension Cifle
E L1.26 = 0,002
1 ‘ A
a,” =l(ag + p) = 6455 = 0.004
bg 11452 £ 0,003
¢, 112.62 £ 0,003
d, 68.6L™ - 0.002
1 . 4
d_ *(dﬂ + Q) = 87438 - 0.005
Ay 317.50 £ 0.05
+
L3 5935 - 0.03
L, 368.38 L~ 0.06
R
- +0.0075 ~ 0.0068
b4

i

letess in A and DU tray 1.905 cm.

letes. in B and C tray = 0.80 cm.

[




The accuracy of the above constants was tested by
having s run of the spectrograph without a masgnetic field

28 described in section 50146

5.13 Calculation of the Particle Momentum:-

Ir

jovd
6]

particle of charge e, on moving transversely

through mognetic field of strength H over a distance dAd ,

suffers a deflection, d¢ , then, it can be shown that

Q‘HdL == dep = P d¢ o o & 4o e 2 96 l

where m is the mass of the particle, v its wvelocity, and

mv = P = particle momentum.

Integrating equation (1), one gets

9@ = e _/fHdL

Oh) P?-BOQ’-[‘L{QL e o e o & @ o0 2

v

with P in units of eV/c ‘/Hdl in gauss=Cm, ahd

96 in radiznse

For a given value of the magnetic current, /fHd[ is

constant, and so eguation (2) can be written as

P = constant

since the angles involved sre small, 95 can be evaluated
by finding the displacement, A , of the trajectory over

a given arm of the spectograph, fig. (5.17).
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If a2, b, ¢ and d are the co-ordinates of s trajectory
measured with respect to origins in trays A, B, C, and D
respectively, and 859 b@’ Cqs ahd dy are the distances of
the origins from the vertical reference planes, the dis-

placement, £, over the arm Ll’ for four tray instrument

is given by

D= (a+ ay) - (b +b,) —11 ({c + cy) - (4 + dy) 3
)

i
T

It is, however, possible to calculate, £, from the
measured co-ordinastes in A, B, and C only. If A be
measured over the arm ( 11 A+ 19 ) (see fig. 5.17), then

o

for 3 chamber arrangement, it can be shown that

L+ A

1 2 (L, .1
A = 7 g__a_m__g_,(a+ao)_il+£2+13
3 (Y i
1
(b + b,) = (¢ +cy) ) l

If a, b, ¢ and d are measured in units of tube space,
and expressed in cm, then for L chamber megsurement,

equation (3) becomes,

A, 1.905 5 = 0.8 © = 0.695 ¢ + 1.655 d +

i

(AO’I AOZ/ AO3/ 404} ® % 005
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where ‘ .
doi= ~ 87.55 cm for a N 30 tes, d £ 30 tes.

Agp= -~ 95.4,3 cm for a £ 38 t.s., d = 30 t.s.
dez= =110.84 cm for a £ 38 t.s., d £ 29 t.s.
& ',>/ 38 t-S-, d ') 29 ttS-

Loy= - 72.1L cm for

And, for 2 chamber measurement, equation () becomes.

' / /1
A5= 3’778 = 6./\1,5 b + LL087 C + (AO ) AO ) «t e 8 6
where |
Ay= -156.5 cm for a £ 38 t.s.
n
Ay= =110.42 cm for a = 39 t.s.
The deflectiocns AB and Aly bear the following
relationship
Lo, L
R .
AN, - 2 A - o113 AL, 7
> ] L L

If A is the distance over which the deflection 925 is

measured, then A& =2 , and from equation (2) one gets.

PA = C, where C = 300 )4 /B al .

r
For /B dl = 2.0 x 107 Gauss Cile , [ = ’{‘l - L,)

=361.25 cm,

8+

P A = 21:68 G‘@V/C Clile 'S ° @ e e
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Eell Acecurgcy of leasurement:-

Ei

The accuracy of measurement of the displacement
depends not only on the accurate values of the co-ordinstes
a, by, ¢ snd d but also on an accurate estimate for the
constants in the equations (5) and (4).  The accuracy of
the constants obtained by direct messurements (see table
5.3) are tested by running the spectrograph with zero

" magnetic field. Fregquency distributions of £3 as well as
A j, from this zero field run are plotted and shown in
figures 5.18 a and 5.18 Db. From these distributions,
it ie seen tnat the mean values OfZSB = 0.184 T 0.1 cm,
and forlsh, the mean is equal to - 0.127 < 0.05 cm.

These mean values are within the limit of accuracy of the
megsuresents in track location which indicates that the
accepted constants are quite relisble.

A test for the measured co-ordinates can be obtained
from s quantity, X, which shows (fig. 5.17) the discrepesncy
2t the centre of the field., This discrepancy arises

mainly due to three reasons:

(L) errors in location at the measuring levels and

uncertginties in the position of the tubes,
(2) multiple coulomb scattering in the instrument,

ond- (3} possible inaccuracy in the geometricsl constants.
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The discrepancy, X, can be shown to be given by

X = X' 4 ¥y = (b + byl - (e + ¢eq) - 12 (
‘I;“ g(a + ag) -
) ( )
(b + b,)) + }’2 ( (d + do) - {c + CO))
) ] ( ) o ee g
L
where X = (1 «+ l; N L I
SRR L, 7 )
1 Lh
CO " ..:!ij.. do
£ ® & 6 ® lO

Using the mesasured values of ll,lﬁ, etcCe
<

£ o= ro;}l b - 00263 8 - 00929 C o+ OoBO?d

+ ( ){O, ’ XOZ 3 2{‘05 5 qu ) e e ve ll

where Xoi = 4.93 cm for o £ 38 d £ 29
Loz = 7.95 cm for a £ 38 d = 30

o3 = he73 cm for a > 39 d = 30
Xoy = le71 cm for 2 > 39 d £ 29.

In fig. 548 C, the X - distribution for the zero field
run is shown. The mean of this distribution is equal to

B . N T, *
- 0,067 =~ 0.032 cm, which is close to zero. This again
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supports the accuracy of the geometrical constants used.
The frequency distribution of ¥, for 21l the accepted

particles in the sctusl experiment, with field on, is shown

&

3 " - 2 3 ~ - o~ +

in fige 5.19. The standard devigtion is 6k.2 J.125 -
0.0L8 cm. The spresd of the distribution, as mentioned
earlier, is due partly to errors of measurement. The occas-

ional high values of X{ > 1 cm) are largely due to cases

where two unassociated particles traverse the spectrograph

gnd in the experiment, all events with X )1 have been
omitted. For high momentum psrticles, the scattering will

be small and the spresd »f the sbove distribution can be
used tn find the error in 4 due to measuring errors.

o

he error in the deflection & mey be used to define

=3

2 cusntity known as the maximum detectable momentum (m.d.m. )
of the spectrograph, which is that momentum corresponding
to which a deflectinn egusls to the most probsble error in
deflection.

P iedethe = 21.68 =  21.68 . 115.6 GeV/c.
N L.56%

A marticle passing through the spectrograph has to

traverse, besides the s¢intillators and flash tube trays,

about 4 feet of water in the Cerenkov tank (see sectiocn 5.156).

As such, a low momentum particle will suffer large coulomb
scattering which may give rise to large location error in

tray e To minimise this error, three chamber calculstions
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using levels A, B and C have besn made for sll particles

o ‘ A N ¥ e 1 g 3 Ny ¥ €T «—b @ ln G TJI!{“
having 2.0 cm. For particles of momenta above = 1U GeV/jc,
error in messured values of A (= 17.8%) using three chanbers
becomes eaual to that due ton scattering in water. so for

/\ £ 2.0 cm, four chambsr calculations have been used.

5015 Operation of the Spectrograph:-

Before every run, the counting rates of all the scint-

illators were checked. Tre magnet was switched on at least
3 hours ghead of the actual starting of the spectrographe.
This was found necessary since the magnet current showed a

high reading every time it was switched on and took about
two hours to settle down to its normal working mean current
of 43.5 M Oe5 amp. The directinon of the magnetic field was
reversed daily to reduce the effect of any sources of biss

slowly varying with time. The oscilloscope gain as well as

o

3

the shape of the Uerenkov and scintillator pulses were slso

checked daily.

5,16 Installation of the Cerenkov Counter in the
Spectrographi-

A water Cerenkov counter to be described fully in the

next chapter was installed in the spectrograph between the

%

travs C and D The exact position and orientzstion of the

counter in the spectrograph have been shown in the figures

5.1 and 5.2 From fige 5.16, it is seen that the rate of
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accepbance of muons by the spectrograph is meximum around
177 to the horizontel direction. In order to make full
use of the spectrograph, the Cerenkov tenk was tilted to
the same angle (170) to the horizontal direction such that
21l the detected particles had to traverse the whole depth
of water in the tank., Further, the trev D was so placed
through the four trays A, B, C

that any particle passin

o
<

and D, had te trzverse the Cerenkov counter as well.




CHAPTER 6.

THE CERENKQV COUNTER.

In the construction of a Cerenkov counter twe main
factors are to be tesken into consideration: (i) Photon
econony, and (ii) the cost. The main aim alwsays should
be to get maximum number of useful photons per particle
traversing the counter at the minimum cost of production.
To achieve this, it is best to use a less expensive medium
having miniman absnrption and the refractive index n >) 1,
over the useful spectral renge. Again, to have output
electrical pulses of useful sizes from the photomultiplier
tubes, the optical collection efficiency with which the
Cerenkov photons are directed to the ph@t@Csthodes should
be pushed tn the highest possible value. S0 as to make
the counter a truly directicnal one, the back reflection
should be avoided. The side walls of the container should
te good reflectors.

Taking the above factors into consideration, a direct-
ional but non-focusing type of water Cerenkov counter has

been constructed. Given below is a deteziled description of

this countere.

6.1 {a) Description of the Counter:-

The Cerenkov counter consists of:
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galvanised steel tank of inside dimensions

e
pact)
——r

@

fto x L ft, containing water, a metre deep;

G
4y
ot
B
4
‘;‘

(i} four light collectors, each viewed by a 53 AVP
{(Mullard) photomultiplier tube and filled up with a solution
of liguid pareffin snd dimethyl popop.

The tenk is so placed at the resr part of the spectrom
graph (fige 5.1) that its 6 ft. sides are symmetrical in the
deflection plane of the spectrograph. Further, it has been
kept at an sngle of 17O‘with the horizontel direction along
which the relative acceptance of the spectrograph is maximum
(fig. 5.16). Thus the situation of the tank is such that a
cosmic rey particle of infinite momentum, sfter passing
symmetrically through the spectrogrsph, will also traverse
the tank symmetricslly through the 6 ft. sides.

The light collectors are kept in such a manner that
for a’symmetrically passing particle thé path length in water
is one metre. The two inside surfaces (each I ft. long) as
well ss the inside bottom of the tank are fitted with good
plane mnmirrors. SJince the angle of emission of the Cerenkov
radistion in water is about 42°, the Cerenkov light striking
the air-water boundary at the top surface is internally
reflected intc the water. The tank along with the light
collectors is made light tight by cbvering the top with an .

aluminium lid fixed with black 3cotch tape.




421DM (0 S2(dW0S 1u2Z551P }O 6I1I81I2300IDUD UOISEIWs D] 19 B3

—— N'v u ybuzerom

" oot oore 00ZE - 00OE 008 009z oorz ooz
%% 000§ Qoer 009 oovy  oozy ooor oo8¢E
o00% 00BS Q098 (o014 Q0 \
9¢ : uwDpo )
09 : $U0N0Yd x I

p23npUN - YOUOD

WO : 12D

(066 =Hd)P230223 puDpPNY dousig
(IO001=Hd)J2310m p2iD2sy pudyouDig :

owo._._n_v 204210q X2 12IDM 3OS
Awboinuu_o:u..oa X2 J21DM puDy

R \
= \
/fﬂl e S -
F

HhHE’H

[s,¢]e]

uoissiwsunyy  jo 20p320024 -2anDjRY




w11 0m

fel b Selection of Water:

The number of useful photons arriving at the light
collectors surface would depend on the absorption charsct-
eristic of the water used. In order to select a sample of
water having minimum absorption, the transmission charact-
eristics of severszl samples of water are studied using a
spectral photometer. The results sre shown in fig. 6.1l.

It is seen thet over the useful spectral range (3000 to

5000 AU), the trensmission characteristics of the water

from exbore hole are similar to those of laboratory distilled
wabter. The former, beihg less expensive and easily avazil-

able, is used in the present experiment.

(92
®
A

The Light Collectors.

o

c? Be Descrintion of the Light Collectorsim-

The light collectors used in this experiment are

similar in principle to those developed by Bergeson et

5

Each of the light collectors isa one metre long quartz
tube of internsl diasmeter 5.0 cm. and wall-thickness = 0,32
Clle The lower end of each tube is tightly fitted with a
rubber bung snd carries a mirror for reflecting the light
UDe At the upper end of the tube a short glass cylinder

(10 cm long and 7 cm in diameter) is sealed with fibre glass




14

SY3INdILIMNOLOHd  HLIM SYOLO3TI00  LHOM 29914

€

Z

|

JouIW “—

Bunq J2Gqnd I&

aqn} z3Jonb €———

dodod
pup uyjoIDd PINbI) o

b - -
-

I

Py

+ S|

.

“*

P

b2

b~ o

Japu|A> mmoupl_m

J21dinwojoyd «—

2809 Wd L[]

7

- »
7 % " L

e
=
e -
= =
o -

=2

L1

“.m...v_

X

Pl —Fre

/,

A

S-6¢

Sl ————




-111l-

so that the photomultiplier together with the mu-metal
cylinder can rest inside the cylinder safely. Each of

the tubes is filled with a solution of liquid parafiin and
dimethyl popop, the concentration of the latter being 5 ngm

v

per litre of paraffin. The photocathode of each photo-

multiplier tube is in optical contact, being dipped into the
solutinn. The light collectors are fiwxed 14 inches, centre
to centre, apsrt in an aluminium 'handy-sngle' rack (fig.6.2)
standing normslly on the bottom of the tanke.

The reasons of using guartz tubes, liquid pareffin and
dimethyl popop in a light collector are explained below.

Quartz tubes, although they are more expensive compared
to those of perspex, have been used because of their excell-
ent ultraviclet transmission properties. The Cerenkov
light, being predominantly of shorter wavelengths, is easily
transmitted through the guartz wall of a tube and thus can
be trapped inside the latter.

The absorption and emissicn spectra of dimethyl popop
in paraffin is shown in fig 6.3. Since the emission spectrum
closely metches the spectral response of the photocathode of
a 53 AVP tube,the dimethyl popop has been used as the wave-
length shifter. It may be mentioned here that by using a
similsr type of light collector, Hilton et al.{1966)
observed that the collecting efficiency does not depend

critically on the .concentration of popop in the range from
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0.01 gm to 0.02 gnm/litre. But in the present experiment,
the popop concentration is kept to s minimum (about 0.005 gm
per litre) to avoid possible scintillation effect within

4 collectors.

Be? e Action of o Light Collector:-

Whenever a relativistic cosmic ray muon traverses the
water in the tank, it produces a forward cone of Cerenkov

light. The letter is partiaslly intercepted by the quartz

09

(refractive index = 1.55) light collectors filled up with
liguid psraffin (r.i. = 1.48). The ultraviolet Cerenkov
light penetrating the light collectors is shifted to the

higher wavelengths by the popop and is isotropically re-

radisted. A fraction of this light is trapsed by total

internal reflection and reaches the photocathode of the

photomultipliers.

He2 C Efficiency of the Light Collecting Svstemi-

The photon collection efficiency depends very much on

the srea covered by the collecting system. Ideally the
lotter should cover the whole surface over which the Cerenkov
light spread. It moy be mentioned here that at the beginning

of the present experiment, sn attempt was made to cover the
whole back surface of the tank by means of a 1/2" thick

perspex sheet coated in front by s thin (1/8") layer of
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popop znd resine. Four 56 AVP photomultiplier tubes were
fitted at the four corners for viewing the light trapped

in the perspex. But unfortunstely the system, particularly
the popop and resin layer, deteriorated very fast in water
ond hence it was necessary to try the alternstive method

of the collection described heree.

In the present arrangement the four collecting elements
cover only sbout &.3% of the availsble area. Ooviously the
light collection efficiency of the system is low. Theoret-

icel calculations show that each tute traps about 14% of
the rersdiated light. Further it can be shown that the

four light collecting elements together trap only about 1.7%

L]

o

of the Cerenkov radiation emitted by the passage of a Tast

muon through the tanke.

5e3 Calculation of the Expected Number of Photoelectrons:-

A theoreticsl estimate f@f the number of photoelectrons
to be produced at the photocathode of the 4 photomultiplier
tubes, taken together, when a2 relativistic muon passes
symmetrically through the tank, can be made in the following
WaY e

The number of photoelectrons, Ne, produced st the

photocathode depends on several factors and may be written

empirically as:

Ne = Ng-o. &G. 721
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where »
H. = total number of photons produced by the

passage of a fast muon through the tank,

at the detector level,

A= transmission co-efficient in water,
G = geometrical collection factor,

o= reflectivity of the mirror system,

and N = mean photocathode efficiency of the photo-

4

multipliers.

An analytical method of caslculating Ne has been used
Lere.

First, the number of photons per cm path of the muon
in water has been calculated by using the following

equation (3.8).

an .
— = “,.E.ZC § 1 - “%—“E‘“ g dA
1% , \ =

dx 137 /5 n 22

If A=~ 1, snd nn is the average refractive index of wabter

1

over the two wavelengths ﬂ‘and ’kz,‘we get,

aN  _ 2T g
ax 137

st
fod
e
S
Do
i
=

T % photons/cm.
i 2

Fig. 6.5 shows the differentiagl distribution of the

number of photons per cm path of the muons in water; the
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average value, 1N, of the refractive index for any wave
length interval ( %2 - Al} has been obtained from the
From figure 6.1, which shows the transmission characte-
eristic of the water used, the transmission coefficient
has been found for each wavelength interval, and NOO( R
the number of photons per cm at the detectors level has
been cslculatede. The result has been shown in fig. 6.6,
TJtilising the graph 6.3, which shows the absorption

characteristic of popop, the number of photons absorbed by

L cm patk in the solution has been calculated a The
results are shown in fig. 6.7. Although the internasl dia-

meters of the tubes are 5.0 cm each, an average value of
L cm has been assumed as the absorption path in the popop
solution, as most of the rays will not pass diametricslly
through the tubes.

Then, on integration of the curve 6.7 in the wavelength

LOOO AU, one gets 108 photons

interval A, = 2500 to A,
per cm arriving at the detector level. Therefore, for a
fast muon having 100 cm path in water, ¥, « = 108 x 107

photons. But, since the geometrical collection factor i.e.’
the fraction agbsorbed and collected by tne L, light collectors

is 1.7% the total photons falling st the detector, the

nunber of Cerenkov photons seen by the 4 light collectors is

My o G = (108 x 10°) x 0.017 = 18k
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Again, for a muon passing symmebtrically through the
tank, the Cerenkov cone reaches the detector level without
undergeing any reflectione. 3o we assume here the reflect-
ivity factor L = L.

Assuming n o the mean photocathode efficiency as 10%,
the number of photoelectrons per muon is

Ne NOf - &. %YL

[

~ 18
For muons pessing in a direction other than the one
described above, the expected number of photoelectrons may
be different due mainly to two reasons: (1) the change in
actual path length in water, and (2) the change caused by

the reflections in the mirrors.

6.,  The Blectronks:-

{2) General Features:w

The type of the dynode resistor chains for each photo-
multiplier tube is shown in figure 6.8, The output pulses
are taken from the anode of each photomultip 11 r tubee

A block diagram of the electronics for the Cerenkov
counter is given in fig. 6.9. The nutput pulses from the
anodes of the four photomultiplier tubes, after being
imnediately fed through emitter followers, are first resist-

vely mixed, and then inverted. After that, they are

jodo

qmb¢1 Ffied to a factor of 15. A typical unamplified pulse
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has a half-width of ~300 n sec, and rise time sbout 20 n

SecC. The emitter followers and the other electronic
components are kept outside the tank. The finally
smplified pulses were gated (see fig. 5.14) and delayed by

110 n sec and then displayed in a C.R.0, {Tektronix) alon

e

with the scintillator pulse. A typical photograph of the
pulses are shown in fig. 5.14. The circuit diagrams for
emitter follower, mixture, inverter and the smplifier are

given st the appendix 2.

6.0 b The Variations of the Most Probable Pulse Height
with High Tension Voltavess-

In order to fix the operating voltsges on each photo-
multiplier so that all may have the ssme gain, the variation
of the most probable pulse height with high tension voltages
for each tube was studied using a standard light flasher.
The latter was a mercury-wetted relsy switche The source
of light was the arc between two contacts which had a
potentisl difference of 300 V D.C. (stabilised). One of

the contacts could oscillate and cguse g make and bresk with

the other one. The oscillations were genersted by an
electromognet oscillating at mains frequency. The oscilla-

o

tions of the moving contact were steadied by a small perm-
anent mognet held at one side. The stability of the light

¢ the same tube at different

L

flasher was checked by testin

o

. \ NS
time and was found Lo be stable within - 1%
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The relay switch and the photomultipliers, cne at
a time, were kept at fixed positions, the photocathode
viewing the flasher, inside a light-tight box. Then, the
varistions of the most probable pulse height with L.H.T.
were studied by recording the photomultiplier pulses in

an oscilloscope {(tektronix). The results sre shown in

fig. 6.10. It is seen that although the tubes are of
sgne make, there agre differences in their gaine. The E.H.T.

values of the four tubes are fixed at (1) 1.660 KV

(2) 1700 KV, (3) L.650 KV, and (L) 1.675 KV respectively.
From the fig 6.10, an ides of the total gain as g

function of the voltage scross dynode chains can be derived

gs follows. - Gain, G, with voltage, V, can be described by

CilL-

):13

a power law as G o€ V .  The exponent m has been c
ated for each tube from the curve 5,10, and has the follow-
ing values;
m= 10,99 I 0.2, 10.96 = 0.20, 10.94 % 0.2, and
10,93 © 0.2 respectively for the tubes (1), (2), (3),
and (L).
Because of the high power relationship, the voltage
supply to the photomultiplier must be extremely stable.
The stability of the E.H.T. supply unit (I.D.L. type 532/D)
was tested over several days and was found to be constant

to within 0.01%.

Goly C The Linearity of the Amplifier flrcu1ts.

A test for the linearity of the asmplifier circuits was




ofe

HNOJID J2pidwo jo Ayupaul 2y3 Bumoys 2MND)  19Big

o8

“——AW W 3ndy

oY

09
T

-1 OOl

00¢e

00¢

009

4100L

Jooe

AW W Indino




~119~

™

made by using pulses from a pulse generator. Four input
pulses from the pulse generator were fed into the four
chsnnel of the mixing and amplifier circuits, sznd the
resulitant, output pulses were recorded in the Tektronix
Ceola The results esre shown graphically in the fig. 6.11.
It is seen thet the mixing and the amplifier circuits are
guite linear up to an input pulse of 100 mV in each of the

four chennels.

6.5 Res se of the Cerenkov Counteri-

The response of the Cerenkov counter was tested by

using a plestic seintillator coincidence telescope. The

~

Llatter was nlaced 2t the btack of the tank in such 2z manner

[

that it selected cosmic ray particles traversing the tank,

in the forwsrd direction i.e. coming from the spectrograph

,.J-

LER

S

The telescope was first set to select particles passing

symnetrically. The output pulses from each tube were
recorded separately in the P.H.A. (RIDL) triggered by the
telescope coincidence pulses. The results are shown in

the fig. 6.12 (s, b, ¢ 2nd d). Later on, the mixed output

gl

pulses from the four tubes were also recorded in the similar

Wway . Fig. 6.13 shows the results of this run. It is
found that the mest probable pulses in the two cuter tubes

{tubes 1 and 4) are respectively 9.82 t 2 mV and 10.80 £ 3.5

mV  whereas the most probsble pulses from the two inner tubes
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A—+ MIXED CERENKOV PULSES FROM THE 4 LIGHT COLLECTORS IN
POSITION A OF THE TELESCOPE.

FIG613. B+ MIXED CERENKOV PUSES FROM THE 4 LIGHT COLLECTORS IN
POSITION B OF THE TELESCOPE.
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tubes 2 and 3) are found to be 19.64 L 3.5 mV and 18.66
3.5 mV respectively. The most probsble value from the
four mixed pulses is 68.7 r 5 mVe

A theoretical estimate for the relative photon collec-
tion efficiency of the /4 tubes for Cerenkov radiation from
o symnetrically passing fest muon showed that the collection
efficiency of the two outer tubes (tube 1 and 4) should

T

sbout L&.59 of that of the two inner tubes. he observed

T

value of this ratio is zbout 53.%%. hus, within experi-
mental error, the observed proporticn of the most probable
values for the 4 tubes gre in good agreement with the
expected results
Next, the telescope was set s0 as to cover one of the
tubes. Thus, some of the muons passing through the telescope
; .

would a2lso traverse the tube. The output pulses were

>orded {(Tektronix) triggered by the

4
453
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telescope. The histogram in fig. 6.14 shows the experi-
mentsl results In. addition to the first peak due to
Cerenkov radisticn, the distribution indicates a second
@eak around 200 m¥. Considering the area covered by the
tube inside the telescope, and the proporticn of the number
of pulses in the second peak with respect to the total
number of pulses, it is guite ressonable to attribute the
second peak to the particles passing directly through the

d

tube. Tt was not possible to carry this run with the PHA

since the latter added up 21l pulses above - 300th channel-

I
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meking the interpretation very difficult. 5o as to
eliminate any personal biss, this series of observation
was repested by asnother worker, and was found to substasntiste
the previous resulis.

Next, the telescope was set so as tec select muons

traversing the tank in different sngles i.e. having differ~

ent path lengths in water. The added pulses were recorded
in the PHA. The following table shows the variation of the

added most probable pulse height frem the L tubes with

direction of motion of the muons in the tanks.

Angle with the Most probsble pulse height.

54
line of symuetry
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From the above table, it is seen that although the psth of

g wuon in water increasses with inclinstion with respect to
the line of symmetry, the overall most probable vslue does
not change very much., That is to say, the effective number
of photons remsin the same within 5% of those due to 3

- . PR . 2 e Y T - . . ~ ao
symnetrically nassing particle. his apperently contradic-

tory result mey be interpreted as follows.
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For a fast munn traversing the tank in an zngle with
the centrsl line of asymmetry, the path length inside the
tank would be longer than that of 2 muon passing symmet-
ricallye. As such, for a fast muon having a longer path in
water, one would naturally expect a greater number of photons
at the detector level, and consequently a higher value of the
most preobsble pulse height. But the Cerenkov redistion from
an inclined muon will undergo reflections a2t the side mirrors.
Moreover, increasse in psth length also involves increszse in
absorption of the emitted Cerenkov vhotons. These two
factors will reduce the apparently expected incresse in the
number of photons. So the number of useful photons will
not chasnge very much - for muons having slightly varying

path length inside the tanke

6.6 Directional Properties of the Counter:-

The directional property of the counter was tested by
using the telescope sand cosmic ray muons. The telescope

was set in order to detect muons from two different direc-

tions. First, (say position A) to select only particles
in the forward direction so that the Cerenkov cone is
directed towards the collector systen. Secondly, (say

position B) the telescope was set to select particles going
in the opposite direction so that the Cerenkov cone diverges

away Irom the collector system.




The four mixed Cerenkov pulses in the two positions
of the telescope were recorded in the PHA, the latter being
triggered by the telescope coincidence pulsese. The mixed
pulses, when the PHA was triggered rendomly, were zlso
recorded for comparisone |

The results are shown in fige 6.13. It can be seen

A

from the above figure that only in position A of the telescope,

v

the graph shows a definite pesk, indicating thereby that the

counter is acting as a directional one. The greph in the
position B is much higher than that in random coincidences.

This means that some Cerenkov photons in the position B
are also detected by the collecting system - probably due
to the reflections inside the tank. Nevertheless, its

directional property is well-preserved.

6.7 Conclusion:-

I'rom th@ above analytical description of the working
of the counter, it can be ressonsbly concluded that the |
counter constructed has the desired directional property.
The response of the counter for particles of slightly vary-
ing path lengths in water is uniform within 5%. The
sccuracy may be improved further if the actusl direction of
the particle tlrough the tank is known.

The counter, as it stands, should be guite suitable to

investigsate the relative Cerenkov radiation loss of cosmic
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ray particles with an accuracy of better than 5%,

the direction of the particle is precisely known.

e
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7h (O The Scintillation Counter.

The scintillation counter 32 {(see fig. 5.5a) was used

for investigating the ionization loss of cosmic ray muons

in & phosphor. The dimensions of the counter are given in
table 5.1, The response of the counter and ite other detsils

will be given elsewhere. (I.3. Jones, M Sc. thesis, Durham,
1067 or 1968), Only a brief description of this part of
the experiment along with the main results will therefore
be given here.

The electrical connections of the counter are described
esrlier in chapter 5 section 3C. The scintillation pulses
were properly sttenusted so as to aécommodate toth the scint-
illator as well as Cerenkov pulses on the same screen of the
oscilloscope. The stability of the electronics was further
checked by dividing the whole set of dats into five successive
groups in time, each containing approximately equsl numbers
of eventse. The median pulse heights among the groups were
found to agree to within & 3.

3ince the counter 32 was very near the magnet, the
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photemultiplier response for the two polarities of the
magnet was checked several times during the whole run of
Lhe experiment., For this, the counting rates of the two

photomultipliers were examined for different field directions,

nogitive, negative, zero, and then reverse direction again,

for the same magnet current.  The rate with zero field was
slightly higher than those with the field on. There was

no significant difference in the counting rstes for positive

and negative field directions.

7A Ubj The Hxperimental Date:-

As mentioned eagrlier in chapter 5, section 6b, the
pulses from the scintillation and Cerenkov counters were
recorded simultaneously on the oscilloscope film. For
measuring tne pulses, the film was projected on to a drawing
of the oscilloscope graticule and the heights of pulses in
millivolis were recorded. The frames on the oscilloscope
film were correlated with the corresponding frames on the
spectrograph film by mesns of the clocks on the films.

Of the total 2037 events recorded from the spectrograph

films, only 1822 events were finally selected and used in

the ionization loss experiment. In table 7.1, the pulse
heights of a1l the selected particles are reprocduced. The

frequency distribution of pulse heights for particles of

all moments is shown in fig. 7.1.




Table

a2y

Freguency of Pulse Heights for Different Momentum Cell

Mid Velue of Scintillator Pulse Height, in mV.

25 35 L5 55 65 85 95 105 115 125 135 145 155
cell
8 o L5 21 2 6 7 2 1 5 0 3
1.2 '
52
4 0 3 3 10 18 18 18 15 17 7 8 12 7 6
18
"4 0O 3 3 7 10 17 9 17 11 1 15 4 5 3
12
-1 5 2 17 18 15 1¢ 28 & 10 11 6 5 5
o
3
- 0 2 3 6 5 19 17 22 16 8 11 10 5 6
6
6 ,
- 0O 2 & 15 1% 21 29 33 8 20 9§ & 5 7
L
A
-, 0 9 18 27 36 45 42 39 26 27 15 12 9§ 11
2
=, 9 7 9 21 31 31 38 42 22 12 12 7 8 9
1
- 2 3 4 11 10 10 14 20 15 13 7 5 1 |
0.5
£0.5 0 2 6 1, 11 16 12 17 7 6 3 5 2 5




Table 7.1 {(Continued)

Freouency of Pulse Heights for Different Momentum Cells

Mid Value of Scintillator Pulse Height, in mV.

165 175 185 195 205 215 225 235 245 255 265 275 285 295
80
%, 1 3 2 0 0 1 0 2 0 0 0 0 0 0
[
5,2
e 2 4 3 2 3 3 1 1 1 1 1 1 0 2
18
- 1 ©0 2 1 0 1 1 1 2 1 1 1 0 ©
12
12
-1 1 1 1 1 2 1 2 2 0 1 0 0 2
L .
8
- 3 2 1 3 2 1 3 1 1 0 1 1 1 =2
6
&
—1102423310210001
L
1,
m?5661+25910z422®o
o
-17155211.,212,1,L0311
1
-1 5 2 2 1 3 0 1 1 2 2 1 0 ©
0 0 0 0




Table 7.1 (Continued)

Freguency of Pulse Heights for Different lomentum Cells

Mid Velue of Scintillstor Pulse Height, in mV.

go o 1 0 o0 O O 0o o o 0
i

52

g 'O C 0 0 0o 0o 0o 0o 0 0

18

- 1 2 0 0 0 0o o o 0o @
12

12

- o ©o o 1 o o o 0o o ©
8

8

-0 © ©°o © 0 1 © 1 0 o =2
6

6

-, ¢ 1 o =2 1 0 0 0 © 0

L

-, 0 1 1 o 1 1 ©0 0o 1 ©

2

", 0 1 o0 o o0 O ©0 ©0 1 1 1

1
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7A {“C )i The Rescolution of the Peak of the Pulse Heieght
Distributions:

If dh is the width at half-amplitude (figz. 7.1) and
h is the pulse height corresponding to the peak position
of the curve, the resolution R may be defined as dh x 100%.

h

The finite width comes from (a) the Landau effect,
due to the statistical varistions in the energy absorbed
from the traversing particle by the phosphor,

(b) the statistical variation in the number of photo-
electrons ejected from the photocathodes, and the variation
in the number of electrons emitted from the various dynodes,
(¢c) the variation of the proportion of light collected
from different regions of the phosphor,

(d} momentum distribution of the muons, (if indeed there

is a momentum dependence) and

(e} the variation in the path length of the muons through
the counters

nf these, the first two i.e. the Landau effect and
the photomultiplier effect are the two main contributors
to the resolution.

It can be shown that in a phospbor of thickness egual
to that of the counter 352, the resolution due to the iandau
effect is = 199. Again, for an energy loss (mean value)
egual to L.5 MeV, the résolutien due to the photomultiplier

effect is = 209. {(The geometrical collection factor in
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a2 2= 0.08). The varistion in response over the phosphor
is ~ 8%.

Thus for a monoenergetic particle, the totsl resolution
can be found by adding guadr@tically the above independent

s equal te 29% e The observed

R

contributions =nd

¥

resolution is 35 3% di.es. a value close to expectation.

7h (CJ) Pulse Height Distributions for,Mf ang s~ Particles:
4 /

In fig 7.2, the pulse height distributions for positive
and negative muons are showne. The most probable pulse
heights of the two distributions have been calculated and

will be discussed later.

7A (€) Grouping of the Data:

The pulses were grouped in momentum cells as shown in
table 7.2. The freguency distribution of pulse heights

for different momentum cell is shown in fig. 7.3
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Table 7.2:

Momentum Cells for Grouping of the Scintillator Pulses:

Cell Limits Mean Momentum in No. of Particles
{cm) the Cell (GeV/c)

L2 &I\ €80  0.355 59
18 L ANL )2 0.723 168
12 £ ADZL1g 1.50 - 133
8 L AL12 2632 166
h LD Ls 3.18 163
L, & ALy Lo 56 214
2 ALk 8, 0L | 361
1 & AL2 15.19 301
0.5 ¢ Azl 30.48 1k,
A £0.5  98.6 113

78 (£) Anzlysis of the Data:-

The mode i.e. the most probable value of each
distribution is the quantity of greatest physical interest.
This is because in a skew distribution the most probsble
value, unlike the mean and the median, is insensitive to
the infreguent high energy losses which give rise to the

tail of the distribution. As such, the mode of a skew
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distribution is a very useful parameter for assessing the
relative magnitudes of energy loss for particles of different
momentum groups, and has been used in the present experiment.
Three different methods were used to calculate the peak

positions of the distributions:

(a) The Subijective Method:

In this method a histogram of the frequency of pulse

gainst the

e
02

heights for each momentum cell was plotted
logarithm of the pulse height and a smooth curve was fitted
to each of the log-normsl distributionse. Comparing the

curves for sll the distributions, a mester curve was drawn

on was marked. Then, the distributions

jde

and the peak posit
were submitted to ten independent observers, each of whom
found the pesk position in each distribution by fitting the
master curve. The mean of these ten values for each
distribution was accepted as the peak position of that

distribution.

() The Reciprocal Method:

In this method, the cumulative percentage frequencies
(iees the number of pulses of height less than the middle
value of each interval in a distribution expressed as 2
percentage of the total number of pulses with a cut off at

200 mV)} were plotted on "arithmatical probability! paper




against the reciprocals of the mid-points of the pulse
height intervals for each distribution. A straight line

rawn using the method of least squares, which gave

,A
=3
0
%
o
=

reasonable fitting between 10% and 90%. The peak of the
distribution wss given by the pulse height corresponding

to the ordinate 50. (Barnaby 1961)

(c) The Ares Method:

The peak position of each distribution was also
estimgted by messuring with a planimeter the aress on each
side of the maximum ordinate. For this, a master histogram
was drawn combining all the data. The tail of the
distribution was artificially cut-off at 200 mV. The area
on the cut-off portion was = 8% of the total area under the
CUrve. The maximum ordinate divided the remaining sreas
in the ratio 1 : 1.42. Barnaby (1961) found that the
method was insensitive to the position of the cut-off
provided the area removed was not more than 20% of the total
areas

The peak position of each distribution was then found
by applying the same cut-off and estimating the ordinate
which divided the remaining area in the proportion 1: 1.42,
by the method of successive approximations.

The results obtained from the three methnds are

tabulsted in table 7.3. The errors on the most probable
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73

The Fean,

the Median,

and the Mode of the 3cintillator

Pulse Height Distrubtions:

Cell Mean Medisn Mode in wV by
in om in mv in mV Recia 3D - Area Norme-
procal jective | Methodl alised
method Method Mode in
MeV
L2 AL80 | 99,55 | Ohe? 02.5 §0.86 1§ 8L.0 Lell
“5e5 5.5 1334 3.4 13344 10.19
18<A U2 1100,62 | 9443 19045 86.0 as 70
+ | + 4
Theo 1 En.0 Io.5 foo5 1ias lo.14
&12 (Aél& 97033 97014/ 880) 8.{},08 89 /40()7
thel .1 2.5 to.5 2.5 0.1
3.9 3.9 k2.2 0.2 2.2 £0.12
6 dNAed 1103.7 079 93.33 00.33 92 LeG3
)62 t),.2 22,1 2,1 2.1 20,12
LeACH T 99,27 | 92,6 26.0 83¢35 ! 86 Lhe53
ta,2 £3.2 1.8 £1.8 £1.8 0,10
20N T 94.08 | B7.97 85,0 78.22 § 31 Je 30
2.5 in.5 1.3 1.3 1.3 £0.07
1 ¢AZ2 1101.0 90,6 1845 81.22 | 8L Lel6
5.0 Y50 .6 Y1.¢6 t1.6 0,09
Oe5 <AL 97.8 95.3 &Le5 83« Lk 89 e 59
Ys.on | fs.on Yo,2 o,z to.2 0.12
A<O5] 88,4 8540 81.0 76l 7G 420
Ta.6 3.6 2.8 Yo, to.8 ¥0.15



Table 7.3 {(Continued)

linde in mV by

>al | Subjective Areg
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pulse heights were estimated by assuming that they would
be similar to the error on the mean of a normal distribution.

The error on the mean = full width at halfuheight ,

el K

where N is the number of events in the distribution (up to
200 mV). (West, 1962).

7A L%fj The Results

The arithmetic mean, and the median have also been
calculated for esch distribution and the results for all
three are shown in fig. 7.4 a and Db. The nature of the
varistion with momentum for all the three parameters i.e.
mean, medisn, and mode, is seen to be similar. (fig. 7.4 2
and b).

The values of the modes obtained by the three methods

been
are not equal, a2nd as such they have not combined together,
although all are given in table 7.3 Only the results
obtained by the subjective method (which seemed to have less
error, being observed by ten people) are used for comparison
with the theoretical prediction.

In fig 7.5, the observed values normslised to the mean
value of the theoretical curve in the momentum range 1 - 100
Gev/c, given by Sternheimer for ionization loss in plastic
scintillator of thickness 2.58 gm cm™? are shown.

Above 1 GeV/c i.e. from about the onset of the density

effect, the slope of the experimental curve was cslculated
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by fitting a2 straight line by the method of Least squares

through all experimental points above 1.5 GeV/c. The

- .

resultant curve has a slope of - 0.64L8 - 0.38, giving an
overall decrease of

(5.6 Y 1.8) 9% per decade of momentum
in the theoretically predicted plateau region. The slope
for the points above 8 GeV/c was also calculated separately
and a decrease of about (2.7 % 1.7) % was found.

The most probable pulse heights for positive and negative
muons were also calculsted by the three methods and are
shown in table 7.3, The ratios of the most probable pulse

heights as obtained by the three methods sre 1.018 % 0.035,

4

»l‘,
1.015 0.035 and 1.00 - 0.035respectively, the mean being
. P . e o . .
1.011 - 0.035. Thus there is no significant difference in

the ionizing capacity of the particles of the two kindse

7 A ;.41”} Discussinne

The main aim of the present experiment was to test
the Tsytovich prediction according to whicn there should
be a decresse in ionization loss ét high energy ( ?‘> 100)
by about 7 to 104 . below the Fermi plateagu. As such the
present discussion will be mainly confined to the results
in the momentum range 10 GeV/c ( £ : 100} to 100 GeV/e
{ 4 = 1000},

The results of the present experiment show a decrease

of 2.7% % 1.79 of the energy loss over the momentum range
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10 - 100 GeV/c.  This decrease { = 2.7%) is not
significant and is certainly much less than that predicted
by Tsytovich. In other words, ocur results do not support
the Tsytovich prediction, Rather, the present result is
not inconsistent with Sternheimer's theory according to
which th@ ionization loss should show g plateau value above
a momentum of 10 GeV/c (see chapter 2, section 6).

The only other comparable measurements at high energy
in a plastic scintillator are those of Crispin and Hayman
(1964). These workers, using cosmic ray muons, found an
indication of a small increase ( =~ 3% % i%) of the most
probsble energy loss at high energy ( =~ 100 GeV/c).

It is wvalid to take a mean of the values in the two
experiments in view of the fact that the type of scintillator
used was identical and the instrument and method of analysis
was very similar. The result is that the relative increas
above 10 GeV/c is 0.15 i 2.3%, a value even more clesrly in
agreement with St@rnboimév expectation.

Recently &Jton et al. (1965} studied the ionization
loses of cosmic ray muons using a liguid scintillator.

Their results also confirm the existence of density effect
up to the highest momentum (>~ 250 GeV/c) measured. They
too did not find any evidence for a decrease of energy loss

at high energy as suggested by Tsytovich.

&..
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78 The Results on the Cerenkov Hadiation Loss:
78 {a) Stability of the Electronics:

Before anglyvsing the finsl dats, o further test for
the stability of the counter electronics was carried out.
or this, the events were divided into five groups 4, B, C,
D end B, in secuence of running time of the spectrograph,
each group having approximetely egqual number of events.
Then, the median of the pulse height distributions for each

group was calculated with a cut off at LOC nV. The resultd

are tabulated below.

Table 7.4 Median Values of Pulse Heights in Different
Groups:

Group Medisn in mV

A 103.8 *

WY
&
fS )

B 103.1 = 5.2
C 102.2 I 5,7
D 100.2 L 5.7
15 99.0 I 5.9

It is found that there is a small systematic decreése
of pulse height with time. This is probably due to the
ageing of the transistors. Since the particles of all
momenta are included in each day's run, this decrease should

not affect the actual energy loss values relstive to each
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other. As such no correction was applied to
datae
The pedastal from the amplifier and gate circuit was

checked by taking photographs on the oscxl¢o cope and

similating the actual working condition of the spectrograph
but without any Cerenkov or scintillator input pulse.
The anslysis of the film showed that the pedastal was

oibly small {less than 5 mV).

Altogether 1765 events were found useful for this part
of the experimente. In table 7.5, the nulse heL@rt of all
the selected particles are tabulated. The frequency
distribution of particles Ofyall momenta is shown in fig.7.6.

78 (e} The Resolution and Shape of the Cerenkov Pulse
Height Distribution:

The finite width of the Cerenkov pulse height distribu-

tion (fig. 7.06) arises due to

R g

the photomultiplier effect,

—~
a3

v
7
L
N

the varistion in the path length of muons in water
in the counter and variation of position of the
tracks with respect to the quartz tubes,

and {(¢) a possible component due to the momentum

o
o
(_,

ti f muons.



Toble 7.5

Freguency of Cerenkov Pulse Heights for Different

Momentum Cells.

Cells 10 30 50 70

™ LI

Midwvaglue of

Q0

P

Pulse Height in mV.

110 130

150 170 190

210 230 250

30)4yL2 | O 5 & 5 W, 5 3 L 3 2 1 2 2
42JA4)18 | O 22 27 2, 17 16 10 9 3 7 6 7 9
18ya¥12 | O 5 23 11 20 12 11 &6 &6 7 3 7 5
12458 | 0 16 26 20 10 12 13 13 10 6 3 3 3
80>6 | 0 20 25 23 15 19 & 12 7 6 10 L 2
6yL)L | 2 15 37 23 4 13 13 13 9 8 10 2 4
LyAy2 1 27 47 36 30 23 22 20 11 13 12 11 11
2yBYL | 0 21 57 32 31 22 21 31 6 10 10 7 8
&5 0 15 28 13 10 13 09 6 6 5 2 3 6
ALC.5 | © L1811 8 8 100 07 2 '5 L2 2




Table 7.5 {Continued)

Freaguency of Cerenkov Pulse hejlghts for UDifferent

.

Momentun Cells.

Midevalue of Pulse Height in mV.
Celd:f = | 270 290 310 330 350 370 390 410 430 450 470 490
oMY L2 © ¢ 1 1 0 0 0 0 0 0 ¢ L
L2y8%18 Lt -2 3 0 3 1 1 1 1 © 7
18512 10 2 ¢ 1 1 1 © 0o 0o 0 5
1254y 8 36 1 1 0 © 0 0 1 2 © 5
gy> 6 3 2 0 2 232 3 1 0 0 1 0 5
YS! & 5 7 2 5 7 2 3 0 3 2 8
Lyby 2 i 5 3 10 4 5 4 2 3 2 1 5
250 Y] 7 5 2 &6 1 L © 2 2 0 1 10
LAY0.5 7 3 2 3 0 1 © 1 ¢ 1 O 2
ANO.5 2 2 2 3 © 1 1 o 1 © 0 17
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Of these, the photomultiplier effect gives the single

N

largest contribubor. This may be estimated as follows.

suming the pulse heights to follow a @aussian distribution,

olution (Garlick and Wright, 1952

n
N

the pulse height re:

Mullard Manual on Photomultiplier Tubes) in a photomultiplisr

tube is given by

R = 2 JE;#vEZTZ
lf N

100%
whnere N = number of electrons from the photocathode

f = collection efficiency of the cathode/first
dynode = 1

§ = Average electron multiplication per dynode
stage = Le3

therefore,

For 18 photoelectrons, R = 7263%.

The variastion in response over the whole counter

contributes about 5% to the resolution. Thus for a mono-
energetic muon, the total resolution is = 72.5%. This may

be compared with the observed resolution = &L.1% = L¥%.
he pulse heigh istributic as Can seen from fig.
The pulse height d bution, can be en from fig
o0y is o skew distribution with a2 long tail. When th
7.6, is skew distribution with long tail. hen the
number of photo-electrons involved is small, as in the
preseant case, the theoretical noise curve obeys a distribution

intermediate between a Gaussian and a Poisson distribution.
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(Breitenberger, 1956). In fig. 7.7, a Poisson distribution
for 18 photoelectrons normalised to the peak position of the
pulse height distribution for a sample of ALO00Q events is shown.

w

The observed long taill of the distribution is cleesrly of a

2

it

S

fferent origin and is considered to be due to the effect

I3

of knock-on electrons as indicated in chapter 3, section 5.

78 (4} The Pulse Height Distribution for Positive and
Negative Muons:

The pulse height distributions for positive snd negstive

muons are shown in fiz. 7.8 The most probable pulse heights
of the two distributions are (43.88 & 0.51) mV, and (43.37 &
0.87) mV respectively, and their ratio is equal to 1.012 %

Qo 03(60

7B (&) CGrouping of the Data:

As in the ionization loss experiment, the Cerenkov
pulses were slso grouped into momentum cells, and the results

are shown in table 7.6,
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Momentum Cells for Grouping of the Cerenkov Pulses.

Cell Width Mean Momentum Noe Of Particles
{cm) in the Cell ( to LOO mV)
(GeV/c)

ne <A $¢0 04355 56
18 <A & 12 0,723 171
12 <A <18 1.50 122
g LA &12 2e32 1.6
65 LN\ &8 3.18 16l
L o« /N ¢« 6 lye 56 197
2 LN\ < L Ol 305
L LA ¢ 1542 281
05 L N4l 30.5 13

ARSI 08.6 o2

iagh)

The histograms for the pulse height distribution for

different momentum cells are given in fig. 7.9

7B (f£.) Analysis of the Uatg:

311 three methods used in analysing

.
&y
P

the data on
ionization loss were also tried in the present case.
However, only the subjective method was found to be satis-

P

Tactory in anslysing a skew distribution of the present kind.
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The reciprocal method was also tried, with different cut
of I positions, but a good straight line could not be fitted
through the pointse. This is presumably due to the peculiar
pe of the distribution, the lstter being more Poilssonian
n Gaussiane The presence of the long tall gave very
inconsistent results with the area method. So only the
subjective method was used for final anslysise. As before,
a2 mean master curve using 211 the distributions plotted
separately in log-linear graph papers was drawn, and the
date d.e. gll the separate log-normel distributions, were

submitted to ten independent observers. The mean of the ten

D

peak values for each group was evaluated. The error on the
most probable value was taken as that for 2 normal distribu-
tion of the same width.

The arithmetic mean and the medisn of each group were
also calculsted with the tail of the distribution artifice
izally cut off at 400 mV. The accepted values of the mean,

median and mode asre given in table 7.7
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Ol 10 ' 100 00
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FIG.710. Voriotion of mean, medion & mode of the Cerenkov pulse heightsas @
function of muon momentum.
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Table 7.7

T

£ Mean, lMedian and Mode of the Cerenkov Pulse
istributions

Values
ileight

O
)

Mean Momentum Mean in Median Mode in
GeV/c omV in nV mV

i+

9.3 814 =

815

i+

9.3 L2e3
4560

HE

[0

-3

O

i+

b= W
E ]

~3

i+

&0
O
i+

s

-3
S
W
|
.
™)
@

~N O W

i+
o
®

o

104.2 2 8.9 50.5 £ 2,

L3.3 % 2.

8+
O
®
o

3
17:.4 £ G0 102.5
2

ad
&
§-....7
o
'r._l
N
o
o0
§ -
~J
-3
A3 {

i+
5

i+
-
L]

Ce }4,!4,.03

j‘\_
»
15
on
r‘"“’
Poy
l....i
k-2
o
! <
[ee2
&
O

1

1

100.5 £ 7.5 L3.6 £ 2.0
111.5 9
6

It
(__i
%

110.0

i
T
°

s

l;ig,» 2

503
®
2
et
a2
0
s
|t

§4

J

L 4
A%}

1542 122,02 L.Q  100.0 £ 4.0 LAl E 1.
30.5 124.8 & 7.7  100.8 £ 7.7 L3.9 % 2.3
8.6 133.9 £ 0,1 113.7 £ 9.1 £l.2 X 2.8

7B (igl) The Results.

The mean, the median snd the mode values of the
Cerenkov pulse height distributions are plotted against the
muon momentum in fig. 7.10.

The slope m for each of the three curves for points

sbove 1 GeV/c id.e. in the region corresponding to-the

%

platesu value of the classical theory has been calculated

5
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e 1112 e

B ogean =  (0.480 I 0.862) per decade of momentum

m ~ + - R 3 e oo
cedian = {0356 ~ 0.253) oper decade of wmomentum

i = (0.183 % 0.181) per decade of momentum

mode

not significently

@

The slopes for 211 the three curves ar
different from zero. The percentage rise of the mode
values in the classical plateau region’ab@ve 1 GeV/e is
found to be (4.3 2} 4 per decade of momentume
This means that within experimental error, the Cerenkov
radistion loss maintsins its platesu value from 1 GeV/e
onward up to the highest momentum { =~ 100 GeV/ easureds
In fig. 7.11, the theoretical curve due to Frank and

Tamm, and the observed most probable values normalised to

the theory st momentum corresponding to mean of all points

above 1 GeV/e are shown.

As mentioned in chapter L, section B, there are only
s few experiments performed so far to investigate the
variation of Cerenkov radistion loss with energy. In

the high energy region (GeV renge) only two experiments

(Rassi et al.(1952), and Millar ond Hincks (1957) ) have




been reported so far. These workers used cosmic ray muons
to cover the energy range up to sbout L.2 GeVe The results
of Bassi et ale. indicated o relativistic rise above that
predicted by the classical theory of Frank and Tamm.
However, their results were not inconsistent with the
theoretical predicticn of Buaini (19533). But the authors
gave only three observed points. As such, the actual
magnitude of the observed rise is difficult to estimate.
Their last observed point corresponding to energy sboub 4.2
GeV seems to be about 30% higher than the theoretical plztesu
value given by Frank and Tamme

Millar end Hincks (1957}, also working in the energy

region of a few GeV did not observe any relativistic rise.

Y]

As such, their results were inconsistent with that of Bassi
h (GeV) energy range. They concluded that
the theoretical Cerenkov intensity as given by the classical
theory of Frank snd Tamm was valid to within few per cent
from the threshold up to the platesu region.

The present work extends to moments much higher than
hitherto. The results indicate that the Cerenkov radiation
lnss after attaining its plateau value at about 1 GeV/c
remaing comperatively steady up to the highest momentum
measured. Thus, the data are quite inconsistent with the
results of Bassi et al., and are in agreement with the

#,
5

. s o &
résults-of i Miller and quks and with the clgssical theory




of Frank snd Tamm. There is no sign of & decrease of
Cerenkov intensity above 10 GeV/ie (. ?'> 100) as predicted
by Teytovich instead, the last point at momemfum ~ 100
GeV/c shows, if anything, a small rise sbove the platesu

VaLlUu€.
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CHAPTER 8

CONCLUSTONS

g A Conclusion on the lonigation Loss

rom the study on the idonization loss of cosmic ray
muons in plsstic scintillator, the following conclusions

are drawhe

{a) The study on the ionization loss of positive and
negative muons indicates that there is no significent
dependence of the ionization loss on particle sign, the

. . . - . - e, -
ratin for positive to negative muons being 1.011 - 0.035.

(b) Experimental results on the ionization loss dbove
1L GeV/c show s slight reduction with increasing momentum,
a best straight line giving a decrease of 3.6 L 1.8% per
..... ecade of momentume. The slope above 10 GeV/e is (2.7 &
1.7 per decade and is considerably smaller than predicted
by Teytovick (1962) for thL region.

It is contended that the results gre not inconsistent
with the ‘conservative'! predictions of Sterrnheimer (1952,
1953) who expects a constant value of ionization lméﬂ above
10 GeV/e, sand this contention is strengthened when a mean is
taken of the present dats with that of Crispin and Hayman
(1964} who used an identical scintillator plastic and who
found a small increasse in ionizstion loss with incregsing

momentunis
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& B Conclusion on the Cerenkov Rediastion Loss

The conclusions on the study of Cerenkov radiation

are as follows:

{a) The results on the Cerenkov radiagtion loss on positive
snd negative mucons indicate that there is no significant

1ifference in Cerenkov intensity for the two types of

o

A

particles, the actusl ratin measured for positive to negative
. «.§,.
mions being 1.012 = 0.036.

(b) The present results do not show any decreasse of

P " Y
Cerenkov intensity at momentum = 10 GeV/ec ( ¥ > 100)

as suggested by Tsytovich from his theory on radiative

correcthions.

{c) Turning to lower momenta, the results agree with
those of Millar and Hincks (1957) and are in dissgreenent
with the only other experiment at a momentum above 1 GeV/c,
of Bassi et gl. (1952) which showed a msrked incresse

t
in Cerenkov loss at ~ L GeV/c.

(d) The present results are in good agreement with the
clsssical theory of Frank snd Tamm up to the highest ( =

100 GeV/c) momentum measured.
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Apmendix 1
Technical Dsta for the Plastic FPhosphor NE 1024

The phosphor used in all the

type NI 1024 mgnufactured by the

The following

given by the manufactures

&

General description s«

Decay constantl o so o0
Mgximum emission ce o
Specific gravity s oo

Softening temperature ..

Bffects of liquids <+ <o

No. of ateoms per cm barn
.
i
\ort

No. of eslectrons per cc

(Catalecgue

[}

scintillators was of

Nuclear Enterprises Litd.

are the technical data for the phosphor as

- September 1965).

Seintillstion chemicals in
polyvinyl - toluene.

659% that of an anthracene
crvstal of the same geometiy.

2e? X 10“9 seconds
L250C AU
1.032
o
757 C
1.581
Soluble in aromatic solvents,
acetone etc,
Unaffected by water, dilute

acids, dilute alkalis or
lower alcohols.

0.0525
0.0L75
1.8 x lQ“é
1070
1023

leg X
3l ¥
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Appendix 2

Hlectronics Circuits

This appendix contains the circuit diasgrams of some
of the circuits not given in the text but used in the

apparatuss
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