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PREFACE

This thesis describes the work done by the author
in the Cosmic Radiation Group of the Physios Department of
Durham University under the supervision of Dr. M.G. Thompson.
The work on the small area scintillator counter with
regards to the energy loss was done by the author, the
running and construction of the spectrograph to obtain the
varticle momenta was carried out with the assistance of the

other members of the group.




CHAPTER 1
1.1 Introduction

Wheﬁ fast charged particles namely muons pass through
a medium they interact with the atoms of the medium transferring
energy to the atoms by ionization or excitation processes.

These are the most important sources of energy loss for muons

of energy less than 10"2 eV.  Bethe and Ashkin (1952), Price
(1955) and later Cousins and Nash (1962) have reviewed the studies
made oh the processes of energy loss.

In studying the rate of energy loss as a function of packtick
momentum it is necessary to have a method for measuring the energy
lost by ionization accompanied by an accurate determination of the
energy i.e. momentum, of the incident particle. There have been
few experiments using the scintillation counter asthe detector
and these have suffered from either insufficient statistics or
uncertainty in the energy determinations and usually the momen tum
range over which the energy loss has been taken has been restricted.

The study presented in this thesis describes the energy
loss of muons in a small area plastic phosphor scintillation
counter of thin cross-section using the Durham Mk 3 Spectrograph
and covering a momentum range of 0.4 to 100 Gev/c. The energy
loss proéesses are discussed in Chapter 2 and a qualitative
expression for the most probable energy loss in the plastic
phosphor as a function of momentum derived. Chapter 3 reviews
the recent experimenté by other workers on the enefgy loss of
charged particles in plastic phosphor. Chépter 4 describes the
Durham Mk 3 Spectrograph including all the electronic circuits,

coincidence units and pulsing units for operation,with the details

°




of the photographic technique and gating system used to record

the pulse heights. The construction and test of the scintillation
counter used to record the energy loss is described in Chapter 5.

The calculations required to find the momentum of the incident
particles, their accuracy and the final result are presented in
Chapter 6; Chapter T concludes the study with a critical comparison

of the results with the theory. The introduction closes with a

short discussion of the theoretical work investigating ionization

loss.

1.2 Previous Investigations of Ionization Loss

It has already‘been indicated that the two most important
processes by which a particle losses energy in traversing matter are
ionization and excitation. Using the simple orbital model of the
atom, excitation occurs when an electron is displaced to an orbit of
1aréer radius and ionization when the electron is completely removed
from the atom. Bohr (1913, 1915) presented the first theoretical
treatment deriving bhzexpression given below for the rate of energy

loss ~i§ of a particle for energy transfers less than 7’)

dx

2,2
~dE _2Cme 2t [L {g&czé‘%mz;) A z-(g‘J 1.1
dx<p Tt - T2 w72
where ')7 =2 2me f*c®  for non relativistic particles ™M D) Me
which is the case for muons. /3<; is the wvelocity of the
incident particle of charge 2€ ,Me is the mass of the electron, and

incident
™\ the mass of thelparticle.




I(2> is the mean ionization poitential of the absorber of

atomic number Z y o the fine structure constant and

C=m Nz ( e? )1, the other symbols have their usual
A wec? |
meanings.

Although Bragg (1912) verified the variation of - g_ E
with '{32 predicted by equation 1.1 it was later shown that thex
theory was inadequate. Williams (1945) has shown this particularly
well. Bethe (1930, 1932) using Quantum Mechanics extended the

treatment to cover relativistic particles giving equation 1.2. for

the rate of energy loss, - é_E 9 for energy transfer less than ‘)7
ax

- dE = 2wmec? [(«{2M¢czﬁz’7 Z '/52_] 1.2
X< £ C-p2) I:C2)

The work of Williams (1945) shows that this expression
agrees well with experiment however Swann (1938) indicated that the
logarithmic increase of ~dE with particle energy E would be
reduced by polarisation ofa;';;a medium because this would directly
effect the energetic particle‘s field..* Fermi (1940) and laterupen‘menfal
workers showed a plateau in the energy‘loss curve at higher energies
due to the reduction in the logarithmic increase as a result of this
polarisation; the onset ;)f the plateau region depending on the
material.

Extensions to the Fermi theory have been made by several

_ authors )M%s&s—end—ﬂeﬁh-@%@- but particularly by

Sternheimer (1956) who calculated the error introduced by Fermi's
assumption that the electrons of the absorber have only one
dispersion fregquency. This he found to be a few per cent in the

region of the minimum and zero at high energies.

£ Unen a Mio\tm rle 0‘\\':)">o(bu' the atom & ace \x'\o«\‘sed ‘D\_) ivs
Geld W swiha wa,_;s thak thow Geld op peses ek of the incident
paﬁcide ) Hue redmos Fhe imbtecaction oC rhe podnde  omd \MM‘—&
W\L MM—rz\7 lOQS.




Recently Tsytovitch (1962 a,b,c) has predicted a
. reduction in the energy loss due to small energy transfers

: pachide
(<20 KeV) athenergies above 10 GeV ( ¥ > 100) which occur
as the result of radiative corrections not comsidered in the
earlier theory. His work has been supported by the experimental
work of Zhdanov et al (1963) and Alekseeva et al (1963) using

nuclear emulsions. However other workers have not found this

decrease and the present study was undertaken to try and clarify

the position.




CHAPTER 2

The Theory of Energy loss by Ionization

2.1 Introduction

Before looking in detail at the 'theory of energy loss
due to ionization' it is necessary to understand why the many
other mechanisms by which fast particles lose energy in
traversing an absorber are not considered. These include,
direct pair production, bremsstrahlung, Cerenkov radiation
and nuclear interactions.

When the energy loss of a relativistic particle is
measured using a thin absorber, high energy losses which include
pair production and knock-on electrons, cannot be measured because
the resulting high energy knock-qn electrons escape from the
absorber. What are measured areathe more frequent low energy
¢collisions of the particle with the atomic electrons of the
absorber which result in the ‘'ionization' or ‘'éxcitation' of the
atom. Moreover, this means that the average or mean energy loss
cannot be measured using a thin absorber because either it fails
to record these high energy losses or if they are recorded the
electronics associated with the counter become saturated. What
is measured is the most probable energy loss or mode value which
it is shown later is insensitive to these high energy losses.

Consider now the various phenomena that may take place when
a charged particle passes in the neighbourhood of an atom. The
impact parameter b is defined as the perpendicular distance from
the trajectory of the incident.particle to the atom, such that the

'collisions' can be divided into three groups:




(a)

(b)

(e)

Distant collisions, whére the.impact parameter is large
compéred with the atomic dimensions. The particle passes
at some distance away from the atom and the field set-up
at the atom by it increases to a maximum and decreases as
the particlelpasseé. Energy is transferred to the atom
which undergoes ‘'excitation! or 'ionization'. TFor these
distant collisions the binding energy of the electrons to
the atoms must be taken into account, while the passing
particle may be considered as a point charge.

Close collisions, where the impact parameter is of the

-order of the atomic dimensions. The interaction no longer

involves the whole atom but rather the passing particle and
one of the atoﬁic electrons. The energy transfer becomes
much greater, exceeding the ionization potential of the
atomic eléctron which is ejected from the atom with
consideréble energy.

Where the impact pafameter is smaller than the atomic radius
so that the deflection of the trajectory of the passing
particle in the electric field of the nucleus becomes the
most important effect. This results in either photon
emmision (bremsstrahlung) or in the creation of an electron
pair (pair production). However these effects only become

12

predominant at muon energies in excess of 10°° eV and will

therefore not be discussed;




electron

particle

(a)

Dynamics of the collision between a charged
particle and an electron (a) Before,(b) After,

(p-refers to momentun 2nd E to energy)
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2.2 Energy Loss by Ionization

The theory of energy loss by ionization which is taken
t6 include loss by excitation has been covered in detail by
Fano. (1963) and Rossi (1952). The summary presented here is
taken from Rossi (1952) and also Wolfendale (1963).

When considering the problem of calculating the total
rate of energy loss by ionization it is convenient to treat
separately the close’and distant collisions. When an atom
becomes ionized an electron is ejected with a.given energy.
If we select a predetermined value 17 for the electron energy,
a distént collision can be regarded as one where the electron
is ejected at an energy less than 07 and a close collision where
the electron‘is ejected with energy greater than?] . Providing
the value of '7 is sufficiently small and the corresponding
impact parameter sufficiently large it is possible to treat all
distant collisions by considering the incident particle as a point
charge. Conversely close collisions can be treated by considering
the atomic electrons as free particles if the value of 07 is
sufficiently large and the corresponding impact parameter suffic~
iently small. 4 valus of the limiting energy 4) betwoen 104

and 105 eV simultaneously satisfies both conditions.

2.2.1 Close Collisions

As indicated previously a close collision is not unlike a
collision between a chargedearticle and a free electron. Consider
the collision shown in Figure 2.1 between a heavy particle of mass m

and an electron of mass my. The initial momentum of the particle




L
is p and its momentum after collision p . Then the
energy of recoil of the electron E' which is ejected at
an angle 0 to the direction of the incident particle is given

by:

Bz Qwe ct,_ ptc?Gs?6 | 2.1
C[Mec *(chz,,, mzc4)VzJ ?zcz Gs? 9)

Thus the energy of recoi-l E* increases as 0 decreases such that
electrons knocked on at small angles have high energy. @ The
maximum transferable ensrgy corresponds to a 'head on' collision

armd putting 9 = 0 in equation 2.1 takes the valuey

2
E'.m = 2 o 02 P2 c 2.2

[rf\.}cq' +mic® -‘-ZMec"(f *Mlc"’)v"_]

For relativistic particles where p>> mc and for muons where

| = 207 Mg the term M¢2C4

Iu

equation 2.2. reduces to:~-

! 2.2
M“-c“ +2m
For particles of very large momen% p >> 2m

can be neglected such that

then the maximum transferable energy becomes:-

B
m

pc = E 2.4
“where E is the initial kinetic energy of the incident particle.

Thus a particle of extremely high energy can transfer almost all

its kinetic energy to an electron even if the mass of the particle
is much larger than the electron mass. However this condition
applies only to muons with momentum in excess of 2§ GeV and

c
when considering the most probable energy loss close collisions




with high energy transfer are neglected.

Thus the conditions which do apply are m/t >>m,
2
w pes g2
e

such that equation 2.2. becomes:-—

El, == 2mec? (P/m)l= 2me C’_lﬁz 2.5
g2
where P is the velocity of the incident particle in terms of
the velocity ofA light. Hence for heavy particles of sufficiently
small momenta (< 20GeV) E'm the maximum transferable energy depends
_ G

only on the velocity.

Now when a charged parficle passes through an absorber it

' passes the atoms at a wide variety of impact parameters. The energy

transfer to the electron for each impact parameter can be calculated.
To find the total energy loss of the particle as it passes through
the absorber it is necéssary to find the probability of the particle
having a collision with a given energy- transfer and then sum this over
the whole energy range from'7 to E'm. Note that any transfer of
eﬁefg&é? _-is' regarded'é.s a distant collision.,

let % (E,E')dE'dx represent the probability of a charged
particle of kinetic enerng E traversing an absorber of thickness
d.x.g.cm-2 transferfing an energy between E!' and E' + dE' to an
atomic electfon. An approximate relétion for this probability is

given by the Rutherford formula,’

F(EE)dbdx = 2C mezm?  dEldx

p'z ' (E')f 2.6

Note that it is usual to express the thickness of the absorber in

units ofAmass/uﬁit area, “thus allength of xem of an absorber of
- . - . 7 - .
densityf gn.cm 3 has a thicknesspx gm.cm sy 2represents the

charge on the incident particle and the constant C is given by:

C:Mg 2:‘5_°2.—_ ﬂm".cw\"
A A 2.7
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where Z is the atomic number and A the atomic weight of the
material, N is Avogadro's number and re:e/%cz the classical
radius of the electron. C represents the total 'area!
covered by the electrons contained in one gram of absorber,
eaqh considered as a sphere of radius T,

If the dependance of the collision probability on the
parameter of particle and medium is examined: +the term Cdx shows
the pfbportionality of the collision probability to the electron
density: +the term /Pl shows the effect of the time of duration
of the collision i.e. a slow particle (small/S) spends a long
time in the vicinity of each electron giving a correspondingly
higher energy transfer: the factor z2 shows the dependance of the
energy transfer on the strength of the electric field at the electron
and the Y(pY* term arises from the higher probability of large impact
parameters i.e. the larger the impact parameter the smaller the
energy transfer.

The Rutherford formula is valid for E'<< E' the maximum
transferabéd energy, however when the energy of the knock-on electron
is high the relation breaks down and correction terms are necessary.
When higher energies are being considered obviously the impact para-
meter is small and because of this the spin of the incident particle
must be taken into account. Bhabha (193%) and Massey and Gorban (1939)
calculated an expre531on for the colllslon probability for particles

of mass m and spin & given below:-

§ (5, E)dEdx - 2C.mp <zt 4 (1 - ,gze' h (-— o
when E'<:<:E' this reduces to equatlon 2.6
Equatlons have been derived for other values of the spin of
the particle these ave listed by Rossi (1952).
It is notw possible to caloulate the average loss per gm.cm-
“dE/dx >% for the close collisions. If f( (E, E') dE'dx
represents the probability of a particle with kinetic energy E

transferring an energy between E' and E' -+ dE' vhen traversing an
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absorber of thickness dx gm.o:zm-2 then E'%(E,E') dx

will repr'esent" the energy lost by the particle. Integrating
. +
this over the energy transfer range 7 to Ety for close
collisions gives the average loss:-
E,.
- é_E = E‘ (E E).G\E'dX. -
) 2.10
dx C?‘I)) 7)
Thus for an absorber of thickness 1 gm.cm'2
E.,
t \
- = [ B¢ (eE)dE 2.11
x()?) i
where E' may be obtained from equation 2.1. Then substituting

for %(E,E')dE' from equation 2.8 and imposing the conditions:-

2.2
m ) mgy E << mm; and 9 << B, we find:-

ji(m)_ZC e Gﬂ ) e

2.2.2 Distant Collisions

When considering a distant collision it is necessary to
take into account the bindi_ng of the electrons to the atoms.

Bethe (1930, 1932) developed a theory for the average energy loss

~AE * due to distant collisions by considering the system

aAx
formed by an atom and by the :anldent particle and computing the

proba'bilities for the va.rlous poss1ble transitions leading to
excitation or ionization of the atom. Using Born's approximation

he obtained for a particle of charge % an average energy loss

-dE
ax (<q,) given by:-

- dt = 2C mgec 2" c (a2
| dx@*)) = [flﬂ?ﬁé_(z)/g]zu

o
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where I () is the average ionization potential of an atom of
atomic number Z. The value of I (2) can be found theoretically
or deduced from experimental data;
Bloch (1933) suggested the relations—
I(2) = I A , 2.14

where IH = 13.5 the energy corresponding to the Rydberg frequency.
More é.ccu.rate-calcula.tions have been carried out by Wick (1941,
1943)‘, Halpern and Hall (1948) and Caldwell (1955), these are listed
in Rossi (1952) . There is an uncertainty in the actual wvalues of

I (Z); however the subsequent error introduced in calculating

~db . s ey s
- ax (<?) will be small because I (Z) is in the logarithmic term.

2.2.3 The Total Energy Loss by Collision

The total average energ&r loss for both close and distant

collisions will be given by:-

Fewd” [ E oyl [ £yl o

Substitution of equations 2.13 and 2.12 gives:-

_dE ]_— 2Cwm, 22 [L, (2 B EL) . j 2.16
As would be expectedv this expression is independant of’)? the

limiting energy.. Then substituting for E"m"v from equation 2.5

gives s~

| -dE 22 Ciypct2? A met ) LR 2.1
A% (,\.’ob\l,)] w:é:. ll:\‘\'(%;z)e' 11'22% Zﬁ] -
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" This is known as the Bethe-Bloch Formula. It will be noted

that' the energy loss is independant of the mass of the incident
particle»but a ﬁfq;tion of its velocity and charge. Further a
plot of energy loss -%(tétd) versus P (=%) or m‘z' (= _l'g'g o)
will be a universal curve for all particles with £ = 1 providing
the mass of the incident particle is much larger than that of the
electron., which is the case for 'muons. Figu;e 2.2, shows the form
of this curvejy there are four distinct regions divided according
-to-thewpartidle-velbcity;

Region (a). The particle has a low velocity with /3 in
" the range 0.96 7(5? 0.1. This is the classical region, the
rate of energyjloss falls.rapidly as 3?52 s a8 the velocity is
v»increased, because the time of collision of the particle with the
atbm becomes progressively reduced.

Region (b). The particle has a velocity such thag/ﬁggpproaches
‘ unity, tﬁeﬂ term }' (52 becomes almost constant such that no further
reduction can occur and thelraté of energy loss takes on a minimum
value with /8-_@ 0.96.

" Region (c). The logarithmic term in equation 2.16 becomes
imﬁortaﬁf producing a slow logarithmic rise. This is due to the
increased value of the maximum transferable energy E'  (This can
best be éeen b& reference.to equation 2.%) and to the relativistic
extension of the Coulomb fisld of the incident particle at right
angles to its path making the particles' presence felt at large
distances from its path.

Region (d). s fs increases the logarithmic rise is
reduced by the onset of the density effect which will be discussed

in the following section.

o



14

2.3 Corrections &P the Basic Theory

2.3.1 The Density Effect

In studying the interactions of charged particles with
atomic electrons the atoms have been considered to be isolated,
thus no account has been taken of the effect that meighbouring
atoms have on the collision. Any effect will of course depend
on the nuﬁbérfof atoms in the material. It is in order to
neglect to a large extent this effect when considering gases and
close collisions, however when the impact parameter is larger than
atomic dimensions, as for distant collisioné, this is not possible.
For such collisions the electric field of the passing particle is
écreened by the intervening atoms of the media thus reducing the
interaction and hence the energy loss. Since the distant collisions
.becﬁme more and more important as the particle velocity increases
the correction applied to the energy loés expression is an increasing
finction of the velocity. Sternheimer (1959) showed that for lead
the density effect becomes significant at mg' = 100 i.e./ls= 0.99995
with a correctién of about 0.1 MeV/g.cm-zon the energy loss.
Reference to Figure 2.2 shows that despite the density
correction there still exists a slow rise in the energy loss. This
is explained by the fact that the close collisions are not influenced
by neighbouring atoms and increase the energy loss as the value of
the maximum transferable energy E;m increases with increasing
particle velocity (}eference équafions 2.12 and 2.2). Thus a
density effect correction normally known as the 'Demsity Correction'

must be inserted in equation 2.12 which then becomes:-

[_%—E(teﬂ)] ZCM?Z UA ((I\*-“eh‘) i‘S(z) T




15

| Although Swann (1938) put forward the idea of a 'Density
effect! Fermi (1940) was the first to treat it theoretically.
Assuming only one dispersion frequency he calculated the Poynting
Vector for the radiation field of the excited macroscopic absorber
and equated it to the energy loss giving the following expressions

for SY@) for the case of singly charged particles.

for <£S<€ SQ&) ZCMeCzL\€ 2.19

£
for /3 :>'é£’”‘ S;qg> SLC:-"“e<5Ll'°n €e-\
& e e

where € is the - dielectric constant of the medium relative to

h:

2.20

vacuum.

Balpern and Hall (1940, 1948) and Wick (1941, 1943) extended
Fermi's treatment by considering in detail the behaviour of atomic
electrons belonging to different shells. This showed again the
dependance of the collision loss on the density of the medium and
that Fermi's theory over estimated the reduction in the collision
loss. However agreement between the two studieswas poor (see
Rossi 1952). Further studies were made by A. Bohr (1948), Messel
and Ritson (1950) and Schonberg (1951). The_y pointed out that
part of the energy dissipated by high energy particles in their
interactions with atomic electrons goes into Cerenkov radiation
rather than into excitation or ionization of atoms. The intensity
of the Cerenkov radiation increases with increasing velocity such
that it appears that the relativistic increase of the energy loss
by distant collisions is mainly due to the increase of this

radiation. ( CecenlUoy radiation feabserbed).
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Finally Sternheimer (1956) evaluated the density
correction for different absorbers taking into account the
true.dispersioﬁ frequencies of the atomic electrons. His
result was identical to that of Fermi for’/3:>e§%%and differed
by only a few percent in the region ‘S:esf%,Sternheimer's
expression for the ‘'Density Correction' is used later in this
chaptef to evaluate a theoretical curve for the most probable

energy loss in the absorber used in this experiment.

2+.3.2. Radiative Corrections

Tsytovitch (1962ﬁa;b,c)'has predicted a reduction in the
energy loss due to small energy transfers at high particle
velocity by taking into account radiative corrections. These
radiative corrections to the basic theory result from the multiple
virtual emmision of photons by the incident particle and Tsytovitch
has carried out a calculation of this effect te#ﬁﬁreeéer-eﬁ-eﬂ.
Providing the group velocity of the virtual X-ray photons is
sm;ller than the particle velocity he stresses that the interaction
of the virtual photons with the material greatly magnifies the
effect, i.e. for extremely high particle energies and for high
density material.

A density.éffect applies to these radiative corrections and
occurs at energies larger than those at which the density effect
in the main part of the losses arises. When these radiative
corrections are taken into account Tsytovitch finds that a decrease
of ionization energy loss of about 7 to 10 percent for densities of
approximately 4.g.m5} and electron energies with.E:>1200mc 2 should

with muons |

occur. Thus the effect if real should be detected)in the energy

range 10 - 100 GeV.
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.2;4 The Most Probable Energy Loss

2.4.1 Introduction

When a particle of a given incident energy passes through
a given thickness of material the energy lost by it is the result
| of a large number of ihdependant‘collisions. No unique value for
the energy loss is obtained for a given energy and it must therefore
follow a distribution. Landau showed the resultant distribution
of energy loss to be a negatively skewed distribution Figure 2.3,
the high energy tail being caused by collisions in which a large
amount of energy is transferred to the target electron. It is the
peak of this distribution which is meésured experimentally i.e. the
most probé.ble energy loss.

It has already been indic;ted that experimentally it is

all He everys, degesited fom
difficult to record)high energy losses using a thin absorber because
the resﬁlting high energy electrons escape from the absorber, or
o.\khau;s\a the lalter problem can be overiome.

the associated electronics saturatép Thus the mean energy loss is
not recordedlbecause these high energy losses are not present.
Reference to Figure 2.4 shoﬁs that the most probable energy loss
unlike the median and mean value is insensitive to these high energy
losses.s Thus providing the mode value or most probable energy loss
is taken thesé high energy losses can be neglected by imposing an
upper cut off. It is now necessary to give an expression for this

most probable energy loss as previously we have derived an expression

.for the Average Energy loss.
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2.4.2 An Expression for the Most Probable Energy Loss Ep.

Symon (1948) showed that the most probable energy loss
of a singly charged heavy particle trawersing an absorber of

thickness X g.cmm2 is given by:-

EP = ZCM{Z;."X [\m(l*(‘c_‘&:“}c}f('%\ -/S" +J- Skﬂ 2.21

where j is a function of the parameter G given by

= Cx C"ﬁz)
f;#

Note that this expression is identical to that derived by

Landau for G < 0.05 where j then has the constant value of
0.38. Sternheimer (1952, 1953, 1956) also obtained the above
expression and it is more convenient to use his notation. Ep

- the most probable energy loss is then given by:-

t=Ax|B+le 42A 4 ln a2 S(B)| 2.2
B = A B vtot o2l ) ) - 0]

where m = mass of the incident particle.

(m, €@ (10%) ev)

12 (2)

A= 20m 02 and B = 1n

The term SQ?S) represents the density correction and Sternheimer
gave expressions for this as follows:-
8((5): 4.606 . X+€,+a (X,- X)* for X < X< X 2.23

Q@ = 4.606. X4 €, for X D X, 2.23a



where X-‘-IOg(m-P—c) and a, m¥¢€, are constants

wﬁich depend on the absorber. Xo is the value of X

which corresponds to the momentum below which & ((3 Y= 0. X,
corresponds to the momentum above which the relation between
g(é ) and X can be considered linear.

Substituting for X in223 andl23a.

S(@)"' 2ln (P/Mfc,) + < va(X-x)" 2.24

S((s): 2 b (P/Mrc>+ <, 2.24a

In the experiment to be described a plastic phospher N.E.102a
was used to measure the energy loss. For this X, takes the
value 2 i.e. log‘(p/m/tc )< 2 which corresponds to a momentum

p < 10.56 GeV/c. |

Thus for”partic.zles of momentum << 10.56 GeV/c & ((8) is given by
equation 2.24 and for particles of momentum 710.56 GeV/c by
equation 2.24a. ‘

Substituting the expressions for g(ﬁ ) in the equation 2.22 for

the most i)roba:'ble energy loss.

For particles ﬁaving momentum p << 10.56 GeV/c

E :%[gn.ou LA(%’Q -c@“-c.—e Oq-x>"‘] 2.25



: - ‘Yo smo G°2 , . :
ToyuJsoyd o1as=Td ut ssor ASxaus oTqmqOXd 4SOM JOJ 2AINO T2OT33X08YJ G'2 *3t3
. o) . . . ' ’ :
A5 d  mmauswouw | 01
R . Ly

— 4 +

" T t

9°%

m'ﬁ

uf ds ésot £Sxous ayqeqpad 3soK

K

ARN



20

For particles having momentum p > 10.56 GeV/c

EPz A'x [84\-0(, +|M(A-_{<)-(Sz-c|] 2,26
3 ¢ ~
Equations 2.25 and 2.26 show that Ep depends only on the
constants of the absorber and the particle velocity
For particles having momentume> 10.56 GeV/c (5 may be taken
as unity such that Ep becomes invariant for incident particles
with momentum higher than 10.56 GeV/o.
The constants in the Sternheimer equations 2.2%, 2.26,
have the following vaiueé for the N.E.102a plastic phosphor

absorber;

A = 0.0833 MeV/g B= 18.69
a = 0.514 01:: -3.13
m = 2.595 x'_l=2

1@2): 6z6ev - Xo = 0-044

Using equations 2.25 and 2.26, the values of Ep for various
momentum in the range 50 ﬁev to 1000 GeV have been calculated
for a plastic phosphor 2.5 cms. thick and are presented graph-
ically in Figure 2.5

2.4.3. Comparison of the Most Probable Energy Loss Curve with
the Average Energy Loss Curve

The regiéﬁé denoted by (a), (b), (c), and (d) in Figure 2.5,
the most probable energy loss curve, refer to the same regioné as
in the average energj losé curve given in Figure 2.2. It can be
seen that there is_little difference in the shape of the curve
over the regions (a) and (b), however in the region (c) the

logarithmic#se is less than that for the average loss curve. This



2l

".is easily understood because although the maximum
t?ansferable energy E'm is increasing it does not influence
the mode value Ep, swek Thu5 the increase in Ep in this region
is due solely to the relativistic extension of the Coulomb
field. The fact that Ep is invariant to the increasing
values of E'm becomes more pronounced in the region (d). In
the average energy loss curvg)Ea increases in this region with
increasing values of/g because of the corresponding increase
in E'm for close collisions, this is despite the reduction in
Ea caused by the density effect. Without this increase for
close collisions, which is the case when considering Ep the
most probable energy loss, Ep approaches a constant value and

the curve takes on the form of a plateau.



Skednemesc \5\52>

22

CHAPTER 3

Recent Work on Energy Loss in Plastic

Phosphor Scintillation Counters

Because the relativistic rise in the energy loss curve
depends-on the magnitude of the density correction which varies
depending on the value of the atomic number Z for the absorber,(see
it is only of interest to consider experiments which have used
similar absorbers. Three experiments are described; Barnaby (1961),

Crispin and Hayman (1964), and Smith and Stewart (1966).

3.1 Experiment by Barnaby 1961

This'was one of the first experiments to use plastic
phosphor as an absorber with which to meaéure ionization loss and
was a fore-runner to the experiment by Cfispin and Hayman.

Figure 3.1 shows the experimental set up which was placed 55 m.w.e.
underground where the incident radiation is more homogeneous than
at sea level. A large plastic phosphor 58 em. x 17.5 cm. x

3.8 cm. was used to measure the energy loss of the incident muons
and their energies estimated by using lead absorbers in the telescope.
A simple hodoscope arrangement indicated whether the muons had
stopped between)trays Cand D or)trays D and E or had‘passed through
tray E. 12.5 cms. of lead was placed between the trays C amd D and
between trays D and E. Different thicknesses of lead 10, 35,

85 cm. were placed succesively between trays A and C. This enabled
six different muon energy ranges to be detected because some

particles were stopped between C and D and others between D and E.




o . 20¢cm [/ \\ | Trayv Db\
T et
Scale ﬁ Tray Ef B

Side View Front View

Fig 3:1 The telescovne used by Barnaby
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Two final points were determined by using 7.5 cm. of lead
between tray C and D, 7.5 om. between D and E and 10 cm.
between A and C. " With the maximum amount of lead in the
telescope the minimum energy of the particles which just
passed through waeﬁ 1.55 GeV. Then ‘for all particles which
passed right through a mediam energy of 10 GeV was calculated
from the energy spectrum at 55 m.w.e. Thus the energy loss
was determined for nirme values of particle momentum.

The results are shown in Figure 3.2. Curve (a) shows -
the most probable energy loss distribution for muons in the

Rethe -Bloch

phosphor calculated according to Sterskeimes without the density
correction and curve (b) shows the distribution with the density
correction. Bar;%y concluded that the results did not show any
significant rise (less jhan 1%) between 0.5 and 10 GeV and were
in agreement with the Stermheimer prediction that the density
offect in organic materials is sufficiently large to eliminate

the relativistic increase of the most probable energy loss of

muors.

3.2, Experiment by Crispin and Hayman 1964

This experiment was designed tc extend the previous
investigation by Barnaby to energies approaching 200 GeV. The
scintillation counter of dimensions 55 cm. x 17.5 cm. x 3.7 cm.
was similar to that used by Barnaby. This was mounted in the
middle of the Durham éosmic ray spectrograph; the experimental
arrangement is shown in Figure 3.3. Geiger counters were used
as detectors and recorded the particle track automatically.

The associated electronics and automatic recording systems have
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been described by Brooke et al (1962) and Jones et al (1962).
In order to make high energy measurements, requiring greater
accuracy, layers of neon flash tubes were used. These have
been describéd in detail by Hayman and Wolfendale (1962) and
it is the results from these measurements that are discussed.
There were four measuring levels A B C and D in the
spectrograph, two above and two below the large electromagnet.
Each level had a tray of Geiger counters and eight layers of
flash tubes. P and G are the counters associated with the
scintillator gnd magnet gap respectively)Figure 3.3, The
pulses from the scintillation counter were analysed using a

10garithhic pulse height analyser, Barton and Crispin (1962).

Two series of experimenté were performed, the firsg in
the momentﬁm réngé 6;4 to 10 GeV/c ran concurrently with a proton
absorptionAexperiment in.whibhﬁa layer of lead was placed above
the level D. Particles passing through this layer were recog-
nised as muons. In the secondyparticles having momenta above
3 GeV/c were selected electronically using a momentum selector
described by Hayman and Wolfendale (1962).

The two.sets of data were combined for the final result

and are shown in Figure 3.4 together with the results obtained

bvaarnaby 1961 and the theor;tically predicted curve using

A Sternheimer% densit& correction; _Since it was possible to

distinguish the charge of particles-passing through the spectro~
graph the ratio of positive to negative muons was measured, a
value of 1.009 &£ 0.015 was obtained which is consistent with

there being no difference in ionizing power between the two.
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Crispin and Hayman concluded tﬁat within the
experimental error their results agreed with Sternheimers
theory up to a momentum of 15 GeV/c which predicts a 1.5%
rise over the range 0.2 to 10.5 GeV/c and no further rise

\above this momentum. There was however an indication of a
slight increase of 3% i‘%% over the theoretical value at
100 GeV/c. The results are comparable with those of

Barnaby within the experimental error and lend no support to

the theory of radiative corrections by Tsytovitch.

3.3 Experiment by Smith and Stewart

The ionization loss.of relativistic electrons in the
energy range 20 ~ 150 MeV has been studied in a small area
scintillator consisting of a N.E. 102a plastic phospﬁor disc
3.1 mm. thick and 2.5 cm. in diameter. The electron beam was
obtained from a pair specfrometer placed in the bremsstrahlung
beam of a 320 MeV electron synchroton. The field of the spectro~
meter could be varied to supply electrons up to 156 MeV energy.
The beam after passing through the counter under investigation
C1 was defined by two small counters C2 and C3 to within ¥1°
these counters were also used to gate a pulse height analyser
recording the pulse height from C1.

The experimental results are given in Figure 3.5 together
with the theoretical curve predicted by Sternheimezs theory for
the energy loss. Curve (a) shows the loss without the density
corrections and (b) with it included. The results agreed well

with Sternheimers theory and did not support the decrease

predicted by Tsytovitch.

S
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3.4 Summary

All three experimenté support the Sternheimer theory
of energy loss and give no indication of the T — 10% decrease
over.the momeﬁtum range 10 - 100 GeV/c predicted by Tsytovitch.

Of the three experiments that by Crispin and Hayman is
the most reliable. The muon energies were determined using
a cosmic ray spectrograph such that errors affecting the energy
loss i.e. Systematic drift in the electronics and ageing of the
plastic phosphor of the scintillation counter)could be neglected.
This is because a spectrograph accepts particles of all momenta
in each day's run so that any drift etc. will not affect the
actual energy loss values rélative to each other.

The experiment by Barnaby suffered from lack of precision
in determining the particle energy because the method relies on
estimating a mean value of particle energy for all particles
which have been stdpﬁed,in a given thickness of absorber.

of about 8%

The results of Smith and Stewart show a rise)over the
meaéured. range Y= 50 to 300, this is inconsistent with theory,
for these values ofa the energy loss curve for plastic phosphor
will have reached the plateau value. The theoretical curve given
by the authors does not correspond to that predicted by the
Sternheimer theory for a plastic phosphor counter and it is
unfortunate that the momentum range is too restricted to enable
the genefél form of the energy loss curve to confirm the validity
of the results. A systematic drift in the electronics could
account for the rise in the curve because the energy loss was

measured separately for each value of momentum i.e. the field of

the synchroton was adjusted so that the beam contained particles



of a given momentum and the energy loss for this value of
momentum was then measured. However the authors confirm

that the electronics were checked against drift during the

experiment.

27
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CHAPTER

The Durham_ Mk 3 Horizontal Spectrograph

This instrument was designed to supersede the Mk II
spectrograph by providing a much larger accepting power to inclined
muons, with a magnetic air gap deflection to reduce errors due to

.

elastié scattering of the muons.

4;1 A Brief‘Description of the Instrument .

.A defléction plane view and a back plane view of the spectro-
gfaph are'giﬁeh.in'Figures 4.1 and 4.2. The spectrograph consisted
of four flash tube trays A.B.C. and D. which defined the trajectory
of the particles in the deflection plane passing through it. Sl.
S52.53.54. and S7. were plastic phosphor coincidence scintillators.
S5. and S6. were plastic ﬁhosphor anti- coincidence scintillators i.e.
a pulse from Sl; or 87, S2, S3 or S4, and no pulses from S5, and S6,
constituted an event which triggered the flash tube trays.

The electromagnet used was of the Blackett type, constructed
by Métro.Vickers with an air gap of 38 cm. producing a field of 4
kilogauss at 40 amps. The field could be increased further by
reducing the air gap and this wouidiserve to increase slightly the
maximum detectable - momentum (M.D.M). The deflection of the muons
was in the horizontal plané-énd thus was symmetrical for both positive
and negative muons,Ahénce the acceﬁf;hbe for both particles was the
same. It should be noted that in the previous Mk II spectrograph
the deflection was in the verticai plane which lead to possible
éssymetries in the results. Prébably the most important advantage
over this Mk II spectrograph was th; air gap magnet which reduced
considerably the problems of scattering. The Mk III spectrograph

was positioned to select particles from a direction 27° East of

S

geomagnetic North.



ydeaoaqoa’ds ayyr 0 Mata ausTd worioeTyaa  *T°Y Aty

@ - XUwrAoNULIan 5 q

TS 2

| &

s ¥S . !

I

4
wrn

o8

¢s




ydnxfoxyoeds eoyr Jo MmatA auerd Jomg 2°% *ItI

[

P

~

@ D €Y sfri] eqny us3LA N

ls 93 Gs %S ¢S 25 IS A ~ : 4
SI0}RTTTIUTOS Joydsoud o13s31d § ﬂ



‘M

I9]UN0D UOTFBILIFULOS B JO WBISRLIP O1l3€Weyog

epIng 3ystTy

hoﬁmmoﬂm

gy . g

opTnd uBTy

‘K*d




+200V 4400V F600v 4800y 41000
Paths of eleetrons : .

: ) i Anode
X —F—
\\ // \\ // A
\ rd \ y
N 7 N/
TV /4300y 4500y 700y +900v
Dynode
- Pig 4:4 Schematic diagram of a photomultiplier tube.



29

m4;2 " The Scintillation Counters

The scintillation counters S3, S4, S5 and S6, which were
.identical and counter ST are described in this section. Counters
S1 and S2 which wére dalso identical are discussed in Chapter 5.

A Scintillation counter normally consists of a rectangular
phosphor with t;; light guide# at each end to which are attached
‘iphétéjmultipliers;. Schematic diagram Figure 4.3. A particle

- passing through the counte}_excites or ionizes the atoms in the
phospﬁor. Moét of the excitation energy is lost in heat but about
20% (for the mést éfficient phosphors/Breitenberger 198%) reappears
as 1ight.és the atoms return fr0m>their metastable excited state to

50325%)
the ground level state. This light)is then picked up by the photo-

J

- cathodesof the photq:bultiplier tubes cemented to the ends of the
perspex light guides; a small fraction of the light will of course
- be lost due to reabsorption in the phosphor and by total internal
reflection trapping within the phosphor and light guide assembly.
The incident photons on the photocathode of the Photomultiplier
tube producérfhotoelécfrio emnision and the subsequent electron
ourfent ié'amplified by sécondary emmision from the dynodes of the
tube. A schematic diagram of a Photomultiplier tube is given in
Figure 4.4. The fiﬁél pulse is produced between the @node of the

dube and earth and is proportional to the energy absorbed by the

phosphor.

4.2.1 Description of the Counter Assembly for Counters S3,S5S4,55,56.

A diagram of the scintillation counters 53, S4, S5 and S6,is
Each.
given in Figure 4.5. These- counterg consisted of a rectangular

piece of plastic phosphor N.E. 102a manufactured by Nuclear

o
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Enterprises. The ‘makers quote a density of 1.032 g'm.cmTB and a
decay time .for the fluorescence of about 3N sec.i.e. this is the
average time for an atom to decay from its metastable state back
to its ground state. The dimensions of each counter are given

in table 4.1

TABLE 4.1

Counter Length Breadth Thickness
3 133 75 5
S4 oL 133 75 5
S5 : 155 55 3.8
S6 133 75 5
ST 22.86 22,86+ 2.54

..Dimensions given are in_cms.

To thié phosphor were attached twq perspex light guides and to the
end of each of these a Mullard 53-AVP photomultiplier. All joints

" were cemented with an optical cement type N.E.580 again supplied by
Nuclear Enterprises.' It was necessary to screen the photomultiplier
tubes from any.stray magnétic field Which would deviate the secondary
electrons passing between'the dynodes of the tube and hence affect
the gain of the tube. To do this a cylindrical mu-metal shield,

and theh'ah outer iron shield concentricvwith it, was placed over
.each photomultiplier tube. The iron shieid semved.to reduce any
large magnetic field to the order of a_feﬁ@auss which was then
eliminated by the mu-metal shield. Each counter assembly after
being cleaned very carefully was placed in a frame of aluminium
channel on supports which held the phosphor firmly in place. To
make the whole assembly light tight the sides of the frame were
covered with 20 gauge (0.022") aluminium sheet screwed in place

and all joints were then covered with plastic tape supplied by the

t3M!' Company. On the first counters the joints were first filled




plastic phosphor . light guide P.M.

&"L&—me tal shield

\A' Al case .

Fig 4:6  -Schematic diagram of counter S7.




with plasticine however it was found later that this was an
unheéeSsary precgution and possibly affectéd the adhesion of

the tape. The base of each photomultiplier tube was earthed
to'the counter frame, and the E.H.T. and pulse output leads were
taken from each'base through holes drilled in the counter frame

. to make the necessary connections to the head amplifier units of

.each counter.

4.2.2 Description of the Counter Assembly for Counter S7

A diagram of counter S7 is shown in Figure 4.6. This
counter had only one light guide attached to the plastic phosphor
N.E.102a, the dimensions are given in Table 4.1l. A Mullard
53 AVP photomultiplier was cemented to this light guide with
optical cement N.E.508. Construction details were as for counters
S3, S4, S5 and S6, and the aééembly ﬁés mounted in an aluminium box
sealed with plastic tape.. This type of counter is obviously not
as efficient as those fitted with two photomultiplier tubes as part

of the light collection relies on reflection from the blank end of

‘the counter.

4.2.3 The Positions of the Counters in the Specirograph

Pigures 4.1 and 4.2 show the relative positions of the

counters. Counters 81, S2, S3, S4 and ST were all mounted wdh-

vestkico \\y
thoin bpeedside at right angles to the axis of the spectrograph.
Counters S1 and .52 (described in Chapter 4) were mounted veatieeily
with the axes of the photomltipliers horizontaljin an aluminium
frame. This was necessary to eliminate any distortion of the

’ frame

mounting)by the field from the electromagnet. Counters S3 and

54 were mounted vertically with the axes of the photomultipliers

31
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vertical in a steel frame-work. The anti coincidence counters S5

and S6 were placed horizontally while counter ST was supported

verfically with its photomultiplier at the lower end.

4.2.4 The Counter Electronics and Balancing of the Counters

Figure 4.4 shows that each consecutive dynode of a photo—
multiplier tube has an increasing potential placed on it with respect
to the cathode which is earthed such that the secondary electrons
are accelerated from one dynode to the next. To do this a dynode
resistor cﬁain was connected to the base of each photomultiplier
tube, the resistor values which were used along with the head
ainplifier circuit for the Mullard 53 AVP tubes are shown in Figure
4.7, The actual pin connections to the base of the photomultiplier
tube are also»giveﬁ.

For each scintillation counter the two photomultipliers had
to have equal gain, i.e. the most probable pulse height from each tube
had to be the same to within a few per cent. To do this each tube
was supplied with a variable high tension voitage. The circuit for
this is shown in Figure.4.8. A.two kilovolt high tension supply was
fed to eachrtube through a ten position adjustable 1M X potentiometer
for coarse control and in series with this a ten position 100k 3.
potentiometer for fine control. To adjust the gain of each photo—
multiplier tube for a particular coupter the following procedure was

adopted.
The output from one of the tubes was fed into a Pulse Height

Analyser, and the Analyser was. triggered by a scintillation counter
telescope selecting cosmic ray particles passing through the centre
of the counter Figure 4.9. The most probable pulse height for

the photomultiplier buis. was thus determined. This was repeated
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for the second tube and the gains of each tube then adjusted
until their most probable pulse heights were equal to within a
few per cent. Each ccunter was balanced in this way.

A block diagram of the electronics associated with each
counter is given in Figure 4.10. The negative output pulse taken
from the dnode of each photomultiplier was first fed into a head
amplifier. This is a three stage unit, the circuit diagram is
gshown in Figure 4.7, which was designed to give a gain of unity
and drive the cable feeding the channel adding unit. This was
necessary as the cables had to be matched and a power loss would
occur. |

The channel adding unit is shown in Figure 4.11 and
incofporates section 2 of Figure 4.10. The two pulses from the
head amplifier units of the counter were fed into this unit which
 has 7 stages. Stage 1 mixed the two pulses producing a single
pulse which was then amplified in Stage 2. Stage 3 split this
pulse which then fed the two sepafate sections 2 and 3. Section
2 incorporating stages 4 and 5 consisted of an Emmiter follower
and Discrimiﬁétor. The discriminétor level was set at 250 m.V.
and stopped any unwanted noise pulses of value less than this.
The output pulse then had a constant height of + 10V (matched)

which was used to feed the spectrograph coincidence unit.

Section 3 incorporates Stage 6 an Amplifier Invewter and
Stage 7 an Emmiter follower. The positive output from this section
which is still proportional to the energy loss in the counter was
in the case of 82 fed through a gate and mixer and displayed on
the Cathode Ray Oscillograph as shown in Section 3 Figure 4.10.

Note section 3 applies only to the counter S2.




LINQ EONAQIONIOD HAVEDOUIOEAS HOd WVHOVIQ 2001€ T3V *3rd

9
_ —--8
< !
——
o/ | |
ELCI 1 ... | .
-13up
N s
% - ¥ IE0 |
__ | G ts

QN ¥

N
n

Y




NO

T:g TS O MG S S o«u«.n.o ﬂeu,_un.
T : oy b, € o0% -
N P 2 Ny sy e, >
Oitiqg 125 auLUd ALTT XE LT T Ao
A 4WPP ~-
- aqnns.m % oge
:,w.r_ a < ..lbmm.wll.ll__lcv ~\u. l\axf\r.-l.:l&v ‘e
.l\s?l\(.__l.v S b . bo)
> A 9 An
it Y 4 Ty n_
. N-..n \/Mﬁ 251 . | ._n
._ w:r b2 _ ] 1 3
3ile EICH
% . _
13 dlr .P\
. ] B R B
Wtonn Yaet ot T
o . . e
LZASD 89 _\d -
28 LT A4S uﬂ —
Y A1) .nhwm_
WY
~
\/ 0 ]
d.OOJ.w PP 0"
eV 300909 1}
‘ § Yool ifhg.0
N+

w3

ﬁi 3l

JL

) irosre amieDan (

(425

ANOLNC BAVLISYY

A=




33a

The discriminated output from each counter was fed into
the Spectrograph coincidence ﬁnit. " A block diagram of this is
shown in Figure 4.12 and the actual circuit in Figure 4.13.
Pulses from counters S3 and S4 were fed to an OR gate (1) such that
a pulse from either cbunter would produce a pulse which was fed
into the AND gate together with pulses from Sl/S7 and S2. This

ac

unit gave an output pulse providing pulses were received from SlAS?
anti-comcide e unik

and 52, 83 er S4. This pulse was then fed to the FAND- sade. Pulses
from S5 and S6 were fed into an OR gate(z)andvthe output from this
anti-comerdena wnt ’
fed to the ¥AND- sade-. This unit gave an output pulse providing no
pulse was received from OR gate(Z)when a pulse was received from the
anti-coincdene unit
AND gate. The output-pulse from this HANB mede was used to trigger

the Sbectrograph electronics which are described later in this chapter.

4.3 The Air Gap Electromagnet

The electromagnet (Métro:Vickers) was originally used in the
Durhaﬁ Vertical Spectrograph, for fhé present experiment it had a
gap of 45 cm. x 45 cm. x 38 cm. and the field was in the vertical
direction. It was necessary to plot the variation of the Magnetic
Induction B across this gap and to determine the fall off in field
outside the gap. The field was measured using a search coil of
100 turns and area l.l cm2 rotating at a constant 50 cycles per
sec§nd. The output from this coil when displayed had a sine wave
form with amplitude proportional to the field strength. The
instrument was calibrated using a pair of Helmholtz coils specially

constructed for the purpose. To determine the field distribution
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FIG 4:150)LInes of force In‘ the central plane along
' the trojectories of the particle.
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the air gap was divided into three levels L1 L2 and L3 at a

10 cm. separation with level L3 on the centre line of the gap.
Each level was then given a 10 sq.cm. horizontal grid as shown

in Figure 4.14 a, b. With the magnet switched on the field was
measured in each of these grid squares and at each level by
plaéing the rotating coil in it and noting the sine wave amplitude
on the Cathode Ray Oscilloscope: the results are shown in Figure
4.14.

A plot of the lines of force produced by the magnet is
shown in Figure 4.15. 4.15a gives the distribution of field
along the particle trajectory plane and 4.15b the field perpendi-
cular to this, i.e. the deflection plane. The field was uniform
within the pole pieces and qropped off rapidly outside. Unfort-
unately there was still a sufficient field within the vicinity of
the counters S1 and S2 to affect the gain of the photomultipliers
and these had to be moved further from the magnet. The measure-
ments indicated a maximum field strength of about 4 kilogauss

in the gap at the mean working current of 43.5 amps and 210 volts.

4.4 The Particle Track Recording System

To enabie‘the tracks of the particles to be recorded four
flash tube trays were used in the positions A, By, C and D, shown
in Figures 4.1 and 4.2. These trays consisted of banks of Neon
Flash tubes. The neon flash tube,often called the Conversi
counter because it was introduced by Conversi et al (1955), consists
of a glass tube a few m.m. in diameter containing neon and is
mounted between parallel electrodes. If a high voltage pulse

is applied after an ionizing particle has passed through the tube
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there is a high probabilify of an electron avalanche occurring
and with it the characteristic red glow, or flash of the neon
discharge. These flashes can be easily photographed through
the end of the tube. Each tray was aesigned and constructed so
that the rows of tubes were staggered relative to each otheg
7. .this meant'that at least four tubes per tray
were traversed by a particle passing through the tray and in most
cases at least six tubes were observed to flash along the path of
the particle. Each tray had two fiducial lights which were
switched on when thespectrograph was triggered. These helped to
locate the positions of the trays when the films were projected to

analyse the tracks.

4.4.1 The Flash Tube Trays A and D

A different type of tube was used in trays A and D to those
in trays B and C. The tubes in trays A and.D described by Coxell
(1961) had a mean internal diameter 1.55 cm. and a mean external
diaﬁeter 1.75 cm. and were made of soda glass with a plane window
at one end. The first 12 inches of each tube at the window end
were coated with white paint. This reduces the collimation of the
light from the flash tube so that flash tubes off axis from the
camera lens become easier to record. Each tube was filled with
Reon gas to a pressure of 60 cm. of mercufy. When a tube flashes
it is necessary that the light is contained within the tube and
prevented from entering adjacent tubes)hence each tube was covered
with a black polythene sleeve before being inserted in the tray.

In traj A the flash tubes were two metres long - these were
used because the spectrograph was to be run later in conjunction
with an Extensive Air Shower experiment. In tray D the tubes were

1 metre in length.
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Both t;ays A aml D were made up from two separate flash tube
tray units (figure 4.1) since the frame work for these had
al:eady been constructed for a previous eiperiment. These
units however had to be stiffened with a steel framework, and
were then mounted vertically on adjustable screws in a steel
framework constructed in position on the spectrograph. The
tubes in each of the units were supported on sets of mrallel
Tufnol rods,Figure 4.1§?aocurately milled to ensure an identical
spacing of each tube. Each tube was secured to the Tufnol rods
using an elastic band so that it could not be displaced during
the experiment. The tube separation was measured using a
travelling microscope and a mean value of 1.905 * 0.002 cm.

de termined. Each unit céntained eight rows of tubes with a row
spacing of 2.80 cm.

For tray A each unit contained 39 tubes per row giving a
total of 78 tubes per row for the complete tray. TFor tray D each
unit contained 29 tubes giving a total of 58 tubes per row for the
complete.fray.‘ -Béfore the trays were installed the electrodes for
each unit were positioned between the rows., Alternate electrodes
were held in position, and hence commscted electrically, by two
threaded brass rods set diagonally opposed at the corners of each
units, Figure 4.16b Electrodes 1 3 57 9 were earthed so that the
outer electrodes were at zero potential for dafety. Finally the
trays were carefully mounted in the spectrograph framework and

adjusted so that the flash tubes were vertical.

A

4.4.2 TFlash Tube Trays B am C

These two trays were identical. Because of the lack oflspace

in the magnet area a complicated mirror system had to be designed to
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enable the flashes to be photographed. This contained 6

mirrors and three of these were built int¢ the framework of the
tray such that the whole unit could be aligned before it was
installed, Figure 4.17 shows an exploded diagram of the mirror
system. All the material used in the construction of the trays
had to be non-ferrous because of the proximity of the magnet.

The tubes used in the trays were described by Brooke (1964) and
Aurela (1965). They were 42 cm. long with an external diameter
of 0.72 cm. and internal diameter 0.59 cm. with a plane window

at one end. The tubes were filled with commercial neon gas to a
pressure4of.2.4 atmospﬁereé; Coxell and Wolfendale (1960), Hayman
and Wolfendale (1962). As before the window end of each tube

was dipped in white cellulose paint and the tubes were then painted
with two coats of black cellulose to prevent any light from a tube
which had flashed entering an adjacent tube. The tubes were
supported on sets of parallel milled aluminium bars and held in
position with strips of plastic foam acting as pressure pads glued
to the adjacent bar,Figure 4.18. To prevent any vertical movement
of the tubes the plane window of each tubé rested on a thin sheet
1/10" thick of transparent perspex fixed to the lower face of the
tray - Figure 4J8.

The Electrodes for the trays were constructed from thin
sheets of polyurethane foam carefully covered with Aluminium foil.
These were suspended using P.V.C. tape from the aluminium bars
and positioned between each row of tubes. The outer electrodes
of each tray were of 1/32" thick aluminium.

Using a travelling microscope the tube spacing was measured
to be 0.8 cm. and the position of each row of tubes with respect

to the adjacent row determined. Each tray had 8 rows of tubes
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with a row separation of 1.15 cm, each row contained 46 tubes.
Thus the exact position of each tube was known with respect to a

predetermined reference tube.

4.4.3 The Alignement of the Flash Tube Trays

Figure 4.19 shows a schematic diagram of the flash tube trays
with the measurements necessary to compute the deflection of a
particle traversing the spectrograph. The fixed constants 849 ao',
bo,co,do,q; and tl’ LZ’ h3 and tﬁ had to be measured. The origin
df the coordinates in each tray was taken as the centre of the outer
most tube on the northewest side of the specirograph in the fourth
Tow, counting from the centre of the magnet. [Each unit of the trays
A and D was given é separate origin to eliminate any error which
could occur if £he two units in either of the trays A oi D were not
exactly parallel. Before the actual Qeasurements could be taken
each tray had to}i&justed so that the flash tubes were vertical and
the rows of the tray exactly perpendicular to the centre line of the
spectrograph. Because each tray was at a different level it was
neoessary.to describe a wertical plane parallel to the centre line
and on the north side of the spectrograph. A single nylon fibre was
suspended along the length and set parallel to the centre line of the
- spectrograph. From this, four plumb lines were suspended one at each
of the measuring levels for the respective trays A, B, C and Q’and
adjusted to be in the same vertical plane as the row of tubes containing
the reference tube for that tray. The distances of these plumb lines
.from the centfe of their respectiﬁe reference tube was then measured
using a cathetometer to give the values of the fixed constants ags 85"y
byc, and d,yd,' . The separation constants tl’ 12, L3, and t4,of

the trays were determined by measuring the distances between the four
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plumb lines with a steel tape. The measurements were then
repeated independantly to check their accuracy. The values

finally accepted for the fixed constants are given in table 4.2.

Table 4.2

Values of the Geometrical Constants

Dimension QE:

a, 41.26 + 0.002

a,= (aj+p) 64.55 + 0.004
]

b, 114.52 1 0.003

e, 112.62 1 0.003

a, 68.64 * 0,002
- ' +

d, = (3,49) 87.38 T 0.005

L, 317.50 % 0.05

Ly ' 59.35 * 0.03

L, 368.38 % 0.06

4.4.4. The Flash Tube Pulsing Systen
ankiceincideuer

The pulse from the ¥M® gate of thgxspectrograph coincidence
1

unit (6 volts positive) was amplified to about 20 volts and fed
into the pulsing unit; . The circuit diagram for the unit is

shown in Pigure 4.20. This unit consisted of three stages.

Stage one further amplified the 20 volt input pulse to 220 volts
positive, using two power pentodes 6 CH 6 and EL 360, Because the
350 volt supply used had a low impedance a 56'R resistor was placed
in the supply together with a 1 /~fd capacitor lirked to earth;
this prevented any feed-back from the EL 360 to the 6 CH6 which

had caused the unit to osc¢illate previously. The 220 volt pulse

from stage one triggered the XHI6 Thyratron of stage two. This

discharged theifOOZ/Af condenser and produced a pulse of about



phecs

¥
'>'§ o~
e B -
C ot ’ ! ! M

——

et"' £ H e
Sas— H— {1 =

& ol - £ 1 5LO0E

\ 4 R
E .
| | |

OKNLOSC TRGGER

o

T

s\

0e$1 —fal- . ~ | | o
s - —) = | >
% H | ] . . ?afakp'\'i
s @ |

|
=
L.
Fd3
&
_."-"'

S5 A __._..‘ PARALYSIS
s6 5 : |

a - Piscaminaters

b - Uniselector.
- e = Pantout -

d - Cameca Cicomit.

e ~ Wﬁfa?\’\ Camera
¢ - Oscilbscope Camera.

AF‘ig 4:21Block diagran of the spectrograth electronics

WA




40

1

3 kv. This pulse triggered the surge diverter in stage three;
hence discharging the four condensers connected to the flash tube
trays Ay B, C and D. Thus a negative pulse of about 13 Kv and
25/% sec width was applied to each flash tube tray. The delay
between a particle traversing the spectrograph and the pulse
appearing on the trays was aboui 3/K sec and the rise time of the
pulse about 0.8/L sec, this was well within the sensitive time of
39/M-sec for the flash tubes.

The field developed between the electrodes of trays A and
D was about 4.6 Kv per cm. and about 11.3 Kv per cm. between the
electrodes for trays B~and c. The higher field for the two smaller
trays was nedébssary to enable the flashes to be photographed because

of the large amount of light absorption in their mirror systems.

4.5 The Spectrograph Electronics

A block diagram of the electronics associated with the
spectrograph is shown in Figure 4;21.‘ To check that the scintill-
ators 57, 52, S3 and 34 were working correctly hourly counts were
made during the running of the spectrograph. To do this the
discriminated output from each counter was fed to a uniselector
unit. This unit selected each input for one hour. The putput
from this unit was.fed to ap—i~¥~»Ue mechanical counter which recorded
the number of pulsgs, and when the input to the unit was chanéed
Aprinted out the totai number of pulses counted in the previous
interval. Hence a record of the counting rate for each counter
was made.

The coincidence unit for the scintillator counters has already
been described. The pulse from the NAND gate of this unit was split
into two pulses; one was used to open the linear gate to allow the

AN
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e pulses from the Cerenkov Counter and scintillator counter
Sznfo pass to the oscilloscope and also trigger externally the
oscilloscope displaying these pulses: the other pulse was fed
to a paralysis unit which prevented any further pulses from
triggering the spectrograph. This pulse was then fed via a delay
to the flashwtube pulsing unit and to the camera circuit. The
By te gulse
camera circuit consisted of a set of cams which were set in motion)
These,.illundhated the clocks on the spectrograph and oscilloscope
and the fi&ucaﬁy marks on the flash tube trays, wound the cameras
.on, and then via a flipflop circuit reset the paralysis unit such
that it would accept the next pulse from the coincidence unit.
Thus the sequence of operations when a particle traversed the

spectrograph was as follows:-
1. The coincidence unit was paralysed.
2(a) Sequence of operations on the spectrograph,

(i) High voltage pulse was applied to the flash tube trays

and the flashes photographed.
(ii) The two clocks and fiducary marks were illuminated.
(iii) The cameras were wound on.
(b) Sequence of operations on the oscilloscope.
(1) The oscilloscope was triggered externally and the pulses
photographed.
(ii) The clock and oscilloscope graticule were illuminated.
(iii) The camera was wound on.

3. The paralysis unit was reset ready to accept the next event.

This ‘sequence took about 6 seconds.
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4.6.1 Photographic Record of the Particle Tracks

To record the track of a particle passing through the
spectrograph two Vintex 35 m.m. Cine Cameras were used. One of
the camefas ﬁounted above the magnet recorded the tracks in Trays
A and D and the other mounted below the magnet recorded the tracks
in Trays B and C. The cameras were used without shutters because
the spectrograph was run in complete darkness. Figure 4.2. shows
the positions of the mirrors on the spectrograph for each flash
tube tray and Figure 4.17 shows the mirror sysiem devised for the
trays B and C. To synchrohise the frames on the films of each

~camera two clocks, one for each camera, were illuminated together

with the fiducary marks on the trays and phofographed for every event.

4.6.2 Photographic Record of the Scintillator and Cerenkov Pulse
Heights

The spectrograph was used to measure the energy loss in

plastic phosphor and the intensity of Cerenkov Radiation as a
function of muon momentum, thus for each event it was necessary to
record the pulsg height from the scintillator counter S2 and the
pulse height from the Cerenkov counter. To do this the pulses
from these counters were fed into a linear gate triggered by a pulse
from the spectrograph coincidence unit. This meant that the gate
was only open when the spectrograph had been triggered and thus
ailowed only those pulses associated with the particular event to
pass through. The Cerenkov pulse was then delayed by 110 n sec
and the écintillator pulsefby 660 N sec. The two pulses were
then mixed and fed into a C.R.0. (“Tektronix) which was externally
triggered by the spectrograph coincidence unit. Thus when the

oscilloscope was triggered the Cerenkov pulse was displayed after
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a deiay of 110 A sec and the scintillator pulse after 660 n sec.
Foliowing this the scope graticule and a clock showing the time of
the event were illuminated and photographed to enable the pulses
t6 be4corre1ated withvthe particle tracks on projection of the
film. A typical feoord of the pulses is shown in Figure 4.22.
The time basehéettingg for the oscilloscope was 200 0 sec rer cm,
this gave a full scale time of 20000 sec which was sufficient to
accommodate both pulses. The X plate deflection of the
oscilloscope was set atAO.l volts per cm, however to accommodate
both the Cerenkov and scintillator pulses the scintillator pulse.
hadé%é%baaé&&énuated.

Ilford HPS film was used for all photographic recording.

4.7i The OpéfétiOn 6f'thé Spectrograph

The maéﬁéf took‘ —a.bout~ two hours toveach its normal working
current of 43;5}t-0.5 amps after being switched on and thus had to
be switched on well before the start of each run. To minimize
the possibility of any acéumulative error due to magnetic effects
the direction of the current through the magnet was reversed nightly.
The spectrograph was run overnight and before each run the following

checks were made.

(1) The countirig rate of each scintillator was checked.
(2) The shape of the Cerenkov and scintillator pulses were
checked.

(3) The fiducary marks and lights illuminating the clocks were
checked.
(4)  The pulsing unit was checked to make sure that no breakdown

was occurring on it or the flash tube trays.
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4.8  The Particle Rate

| Using the scintillators Sl’ 82 and S3 or S4 to select
particlesithe specirograph coincidence rate was 150 * 2.5 per
hour for zero magnefic field, with the anti-coincidence counters
Sg and Sg in this was reduced to 133 %2 per hour.  With a
coincidence rate as high as this the data énalysis would have
been difficult such that‘Counter S1 was replaced by a smaller
counter S7. This was bositioned such that the spectrograph only
accepted particles which traversed all four flash tube trays.
This cﬁt'the coincidence rate to 40X 2 per hour without a magne tic
field and to 36 % 2 per hour with the magnetic field.  When the
reéults were analyséd and unsui%aﬁle events rejected the final rate
was reduced to 6}1 1 per’hour. A large number of the events had
to be rejected because of.faint tracks in the trays B and q/and
because . . some of the trajectories.passédé through the gaps in the

trays A and D. ' The number of events in this experiment with tracks

recorded in all four trays was 2037.

4.9 The Acceptance of the Spectrograph -

The acceptance of the spectrograph was governed by the flash
tube tray A. Figure 4.23 shows the relative acceptance plotted as
a function of the Zenith Angle for the Spectrograph calculated by
Pathak (1967). The shaded area depicts the working range of
67o - 78.5° for the present experiment. A detailed discussion of
the écceptaﬁce function is given by Pathak (1967) and only a summary
is given here.

The acceptance for an ideal spectrograph may be defined as:~
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N ( 9, P) ala.a\r = ¥, (6,P) F(B, P)an.ap

where N_ (& ,p) d)Z.d{) is the number of particles incident on
the spectrograph and N (9 P) A7 dp the actual number detected
by the spectrograph, in an element of solid angle d-Q at an angle®
to the horizontal in the momentum range D to p 4 dp. The function
F(O) P) may be replaced by:-
F(G,P) = A(g, P) . s(®, P)
where A (9’ P) is fhe géometrical differential aperture and
s( 9) P) fhe scintillator efficiency function.

Having calculated the Relative @cceptance as a fgnction of
momentum, Pathak (1967) estimated the number of particles accepted
by the Mk 3 Spectrograph as a function of their momen tum, using the
momentum spectrum'gf cosmic ray mu§ns at large zenith angles given
by Allen and Apostolakis (1961)J§zFﬁgure_4:24,

Further Pathak (1967) compared the 'collecting power' of the
present spectrograph with those of earlier omes. The collecting
power is deFined as ffdAdJZ where AJ2 is the allowed solid
angle-of collection for an area 0|A » The integral is taken over
the effective area at the scintillator level S3, S4 and at the
central plane'of the magnet. For the Mk 3 Spectrograph the

_ 5
collecting power was calculated to be 19.41 Sterad.cm.

4.10 Scattering in the Spectrograph

| Although the problem of scattering is much less when using an
air gap magnet, particles traversing the spectrograph will still be
scé.ttered by the scintillation counters and the flash tube traya.
Brooke (1964) has treated the problem in detail and shows that the

ratio of the r.m.s. scattering displacement SA to the magnetic
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displacement Zﬂ is proportional to %& sueh that in the
momentum range 2 to 100 GeV/c of the present experiment, where

(@ approaches unity, this ratio is almost constant. Thus this
scattering causes the mean momentum of each cell 4o be lowered
by a constant amount and the overall effect is to shift the whole
energy loss curve. Since the experimental curve is finally
normalised to the theoretical cuive the effect of scattering can

be neglected.
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CHAPTER 5

Construction of the Scintillation Counter
used to Record the Energy loss

5.1 Description of the Counter Assembly

The scintillation counters S1 and S2 were identical in
conéfruction apart from the thicknéss of the plastic phosphor;

the dimensions of the phosphor are given for each counter in

Table 5.1
TABLE 5.1
Counter Length Breadth Thickness
S1 43.7 37.6 5.00
S2 43.7 37.6 2.54
Che. Che Cie

The specification of the phosphor N.E.102a has already been given
ig'@h@pter{4: A diagram of one of the counters is given in Figure
5.1. Two perspeX light guides B were attached to the plastic

- phosphor and to the ends of each of these, cylindrical perspex light
guidés‘2 inches in diameter and 2 feet in length., Each cylindrical
light guide had a Mullard 53 AVP photomultiplier cemented to its end.
Allithe joints in the counters were made with N.E. 580 optical cement.
These cylindrical 1ight guides were necessary so that the photo~
multipliers were positioned well outside the magnetic field of the
spectrograph-magnet. The counters had previously.been constructed with-
out the extension light guides aml the photomultipliers had suffered

a very large drop in gain when the magnet current was switched on. To

further protect them from stray magnetic fields each photomultiplier was

enclosed in a mu-metal shield and concentric with this an iron
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cylinder which also enclosed the cylindrical light guide.

The phosphor A and light guides B were housed in an aluminium
box‘and the iron cylinders enclosing the cylindrical light

. guide extensions were attached and held rigidly to it using
aluminium -cantilever supports R. (Figure 5.1)

As has previously been described each counter was carefully
cleaned befdre being placed in its housing and then all the joints
were carefully sealed using'plastic tape to make each counter light
tight.

The electrical‘connectioﬁs for the photomultipliers and the
'eléétfonics aésdciated-witﬁAeach-counter are the same as for the
coﬁnters-S3Ato S6 and have already been described in sections4.2.4.
Similarly each counter was balanced so that their respective photo-
multipliers had an equal gain to within a few per cent.Since the
counter was very-near the magnet the counting rates of the 2 photo-
'multiﬁiiers were checked for zero field and both polarites of
magnetic field throughout the running of the spectrograph. Thege
"was no~difference between the counting rates for positive or negative.

. field although the zero field rate was slightly higher.

5.2 Measurement of'the Response Curve for Counter S2

When a paf%icle traversed the spectrograph the output pulse
expressed in millivolts from the counter S2 was taken to be proport-
ional to the energy lost by that particle when it traversed the
counter. Ideally for a particle of given energy the pulse height
from the counter would not vary, irrespective of where the particle
"traversed the' phosphor. However because of absorption effects in
the phosphor the counter will beleast sensitive at its centre, the

sensivity increasing towards the light guides. This non-uniformity

»
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is not a serious defect providing it is small. For this
reason it was necessary to obtain a response curve for the
cduntefmahd to do this a small telescope was used to gate the
counter'output such that the particles traversing a small area

".’of the phosphor could be recorded.

52,1 The Telescope Counters

The telescope consisted of two small identical scintillation
counters Tl and T2, A diagram of one of these counters is given in
Figure 5.2. The §ounter consisted of a piece of plastic phosphor
N.E.102a 14 cm. x 6 cm. x 2.5 cm. (A) cemented to a shaped perspex
light guide(B)and a 1 inch diameter photomultiplier (C)cemented to
the other end of this. The whoie assembly was put in an aluminium
box and then sealed with plastic tape to make it light tight.

Figure 5.3(a) shows the base pin comnections for the photo-
multiplier and the resistor values for the dynode resistor chain
Figure 5.3(b). The output from thg photomultiplier was fed to an
emmitter follower circuit shown in Figure 5.4. which was housed in
the end section of the counter. This provided sufficient power to

b

drive the cables to the :oincidence unit.

5.2.2 The Telescope Control Unit"

To make the telescope sel¥ contained all the necessary power
supplies were fed to one control box and each counter was supplied
from it. Bach counter required an H.T. supply to run the photo-

multiplier and a negative 9'volt supply to power the emmitter
follower cireuit. Beesanse the counters were used as a telescope

it was not necessary to balance them to give an equal gain.
Consequently the counters were run at the common potential of 2.3 Kvj

the counting rates for each counter at this potential were 34.4
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counts per sec. for counter Tl and 18.9 counts per sec. for

counter T2.

The control box also eontained the coincidence unit for the
telescope. The output from each of the counters was fed into this
unit which consisted of an AND gate such that it produced an output

pulse only if pulses arrived at the gate from each counter simult-

aneously.

5.2.3 The Measurement of the Response Curve

The counter S2 was placed horizontally to measure the response
as this gave a higher incident particle rate than the vertical
position. To measure the tregsponse! of the counter at a particular
position AA(Figure S.S)the telescope counters Tl and T2 were placed
laterally across the counter one above and the other below in the
position AA. The counter positions are also shown in plate 5.1.

The output from the telescope coincidence unit was fed to the gate

of a Pulse-Height Analyser. The output from the counter S2 was

fed to the input of the P.H.A. When a particle traversed the telescope
counters T1 and T2 the corresponding output pulse from the coinci-
dence unit opened the gate on the P.H.A. so that it could accept the
corresponding output pulse from the counter S2. If a particle
traversed another part of the counter i.e. did not traverse the
counters Tl and T2, the gate of the P.E.A. remained closed such that
the corresponding pulse from the counter S2 was rejected. Thus only
pulses which corresponded to particles which traversed the section AA
of' the counter were accepted by the P.H.A. and in this way the pulse
height distribution.for this section was obtained. From this pulse
height distribution the most probable pulse height for the position
was determined. Values for the most probable pulse height were

Il

determined at approximatelyﬁ3 cm. intervals along the axis of the

counter; the exact positions are given in Figure 5.6 which shows

the final response curve.
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5.2;4 The Effect of the Non-Linear Response Curve

It can be seen that the response curve was almost symme trical
about the centre line of the counter and that the sensitivity increased
outward towards the light guides. For particles of a particular energy
traversing a thin section of plastic phosphor the;e is no unique value
for the energy loss; it has already been shown in Chapter 2 that the
energy loss takes the form of a negatively skewed distribution
(Pigure 2.3 ~ Chapter 2).

For particles traversing the counter in the centre, the pulse

' whilst
height will be less than the expected value-énéi for those particles

PhogP\ﬁo(‘ neac tg bho-endemtsoth He pkobca*kodw
traversing the MMW&#%M& pulse

height will be higher than expected. Thus the overall effect is for
pulse heiqht for packides of a. pacticulaceneayy

the)distribution}to be broadened about the most probable pulse height.

It is estimated from the response curve that this non-uniformity will

account for an 8 per cent broadening of the distribution. The non -

uniformity is also evident when considering the distribution of pulse

heights from the scintillation counter for particles of all momenta

however this will be discussed with the results.
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CHAPTER 6

Analysis of'the Data and Presentation of the Results

6.1 The Reconstruction of the Particle Trajectory

Because the particle trajectories were recorded by two
cameras, one phofographing the inner trays B and C and the other
the outer trays A and D it was neceésary for correlation to project
the two filmé simultaneocusly. A system of two projectors was
used, with path lengths of about 8 feet to get images of acceptable
8ize. Two moveable white boards oﬁ the projection table were used
as screens, this allowed the images of the flash tube trays to be
positioned by adjustment of the boards which was much easier than
adjusting the film carriage of the projectors.

To obtain the projected positions of all the tubes in each
tray the spectrograph cameras were loaded with film and a Gamma
radiation source was placed in front of the flash tube tray A.

A series of high voltage pulses were then applied to this tray and
the fidueciary bulbs illuminated, the cameras were then wound on.
The position of the Gamma source was altered and the procedure
repeated several times to ensure that all. the tubes in the tray had
flashed. This was repeated for the trayé By, C and D. These
films were then projected, the positions of the fiduciary bulbs and
the clocks were marked on thé projection boards for each tray and
circles corresponding to the positions of the flash tubes drawn in.
The tube positi&ns were numbered consecutively for each row starting
from the North West side of the specitrograph and the rows numbered
from the direction of the incident particles for each tray. By
noting the tube numbers and corresponding row numbers of the tubes

which had flashed in each tray a particle track could be recorded.
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For each 'run' of the spectrograph three films were
obtained, one recording the oscilloscope traces, the other two
recording the flash tube trays A andi% and B and C’respectively.
To analyse a 'run' the latter two films were projected and their
respective frames synchronised using the clocks on each film.
The projected images of the flashes in the trays were positioned
on the boards by means of the fiducial marks.

Events were accepted if there were single tracks in all
'four trays, a track consisting of at least three flashes in line

across the tray. ZEvents were rejected if:-

(1) Two or more tracks were present in tray D.

(ii) If in any tray there were two adjacent flashes in two or
more layers of flash tubes indicating the presence of
knock=on electrons.

(iii) If any tray contained two particle tracks neither of which
could be distinguished as corresponding to the tracks

produced by the particle in the other trays.

When an acceptable event had been found the positions of the
tubes which had flashed in each travaere recorded on a data sheet
together with the time of the event given by the clock in the frame
of trays A and D. ~When the complete film had been scanned the
corresponding oscilloscope trace film was projected onto a drawing
of the oscilloscope graticule. By reference to the clock recorded
on the film the appropriate traces for the accepted events were

found and the heights of the scintillator and Cerenkov pulses measured.
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Thus for each accepted event the track in each tray
and the pulse heights were recorded; To find the momentum
of each particle it was necessary to find ité coordinates with
respect to the origin of coordinates in each tray. Figure 6:1
shows a particle trajectory, the required measurements are a,

b, ¢, and 4. In order to determine these, exact scale diagrams
of a section of each tray A, B, C and D were drawn, the diagrams
for trays B and C were enlarged by a factor of four to make the
reconstruction more acourate. A sealg)marked in units of one
tube separation,was drawn on each diagram along the base of the
fourth layer of flash tubes counting from the centre of the magnet.,
Figure 6:2 shows such a diagram for the tray C.

To.reconstfuct a particle track through a tray the tubes
which had flashed were marked on the appropriate diagram from.the
data sheet. A cursor, consisting of a piece of perspex with a
fine line scribed across it, was adjusted so that the line passed
through all the tubes that had flashed and either missed or passed
as near to the edge as possible those tubes which had not flashed.
The point of intersection of the cursor with the scale on the diagram
was recorded as the coordinate of the particle in that tray. Hence
the coordinates of the particle in each tray could be determined.

To check the errors in the coordinate measurements a sample
éf events was analysed by three independant scanners. In most cases
the agreement was to within 1’0.05 tube spaces giving an accuracy of

track location of 1 m.m at levels A and D and 0.5 m.m at levels B

and C.
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6.2 Calculation of the Particle Momentum

A particle of charge -e and momentum p moving for a
distance dl through a magnetic field H will suffer a deflection
df which is perpendicular to its own direction and that of the

field by a right hand rule. The deflection d/ is given by:~

CHAL: P d% . 6.1

Integrating this equation over the width 1 of the magnetic field

givess- dP = foHaL
so that P%-‘- 300 .ﬂ'UL

6.2

where p is expressed in eV/c
’ . [
# " " 1 radi&ns
HA1l " " " gauss cm.

This integral of the magnetic field was measured to be(2.0% 0.1)

5

X 107 gauss cm. so that equation 632 may be rewritten:

p= ((-o;o%)xu’ 6.3

Since the deflection # ig small it can be expressed as
% =4  radians where O is the lateral displacement of the
L
trajectory over an arm of length 1 of the spectrograph. Thisis

shown in Pigure 6:1. Equation 6:3 may then be written:

pa = C(6% 03) xlo7 eV . cm

604

This lateral displacement A can be measured from the coordinates
of the trajectory in all four trays A, B, C and D or alternatively
by using only the first three trays A, B and C, which is necessary

when the Coulemb scattering in the Cerenkov tank becomes too large.
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For the four tray measurement

pA4 = 19.05 GeV/, om. 6.5

where A4 is measured over the arm 11 = 317.5 cm.

For the three tray measurement

P A3 = 21,68 GeV ol 6.6

where A3 is measured over the arm 1,4 1, = 361.25.cm

A low momentum particle suffers large Coulomb scattering
when traversing the Cerenkov tarnk. (4 feet deep). This produces
a large location error in tray D. Thus a 3 tray calculation was
used for all particles having a displacement A4 > 2.0 cn. |
The error in ﬁeasuring A 3 was about 17% such that for particles
having momentum above 10 G(-:V/c vwhere this error becomes equal to
that due to scattering, the four tray measurements were used.

Ifsing the measured coordinates of the trajectory in all four

trays the displacement of the trajectory A 4 measured over the arm 11

is given by:-

1 .
44 = (a+ao) - (b+b°> - 1_1{(04- co) - (d+d°)} 6.7
4
The measurement of the geometrical constants a, 'bo co and do has

already been discussed in Chapter 5, they remain constant for all

events hence equation 6.7 may be written:-—
A4=(a-b)-0.868 (o-d)-\-Ao | 6.8

where Ao = a - 'bo - 0.868.(00 - db) and Ll/lzz 0.868.
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Using the measured coordinates of the trajectory in the first
three trays the displacement Z13 measured over the arm (Ll-&Lz)

is given by:-

b=l 4ls [Gre) (Lrly - (o)l (oo
L3 | L1 L1

. 6.9
or eliminating the geometrical constants ags bo’ co;
As= l4lo [a( Lo+ls) = vllyaloely)+ o] 4 A, 6.10
L3 L1 Ly
where
Ao = L1407 [ao(L2+L3) =0 (L 4lp+ly) + °o:)
L3 Ly L1

Thé measurement ofJa, by, ¢ and 4 the coordinates of a partic%e
trajectdbry with respect to the origin of coordinates in eac@A;Z:
already been described.- These are expressed in units of tube
space. Rewriting equations 6:8 and 6:10 with the coordinates

a, by cand 4 expressed in units of tube space:-

Equatioﬁ 6:8, the four tray displacement, becomes:-

| A4 = 1.905a - 0.86 - 0.695¢ + 1.6554

6.
'l'( Aol, AOZ’ Ao3, Ao4) 11

The value of ZS o Can take one of four values depending on the

particle track position in trays A and D because these trays were

each made up from two separate units, then:-
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Abl = - 87.55 cm. fora 2 39 t.s. 4 <30 t.s.
Aoé\: -‘3‘95543 cme for a £ 38 t.s. a2 30 t.s.
Dyy = -110.84 om. for a < 38 t.s. 4 <29 t.s.
Aoy = — T2.14 cm. for a 2 39 t.s.  d 230 t.s.

Bquation 6.10, the 3 tray displacement, becomes:-

A3 = 3.772 = 6.45b + 4.87c ~+ (Ao',AO") 6.12

again A o can take one of two values depending on the position of the

track in tray A.

Ao' = - 15.5 cm. fora < 38 t.s.

Ao": - 110.42 cm. for a 2 39 t.s.

The relation between the two displacements A3 and 4.-4 is given by:-

La
A =1. A .
3 1.138 . 4 6.13
6.3 The Accuracy of the Momentum Measurements

The accuracy to which the momentum of a particle can be
determined depends on the accuracy of measurement of its displacement
A_ . The error in measuring. the displacement depends on, the accuracy
to which the coordinates of the trajectory a, b, ¢ and d can be deter-
mined and the accuracy of the geometriéal constants a9 bo’ Cq and do
obtained by direct measurement. In order to check the accuracy of these

geometrical constants the spectrograph was run without the magnetic field.
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The displacements A'3 and A4 were calculated for all the 'eventst

and their frequency distributions are shown in Pigures 6.3a and 6.3b.

I+

The mean value of 4, = (0.184 0.14) cm.
The mean value of A,4 = (- 0.1271 4+ 0.05)cn.

Theoretically without the magnetic field, particles traﬁersing
the spectrograph should suffer no deflection however these mean values,
are zero within the limit of accuracy of the track location. This |
indicates that the measured values for the geometrical constants are
acceptable. Had the.mean values been outside the limit of accuracy
of tréck location this would have indicated that a mistake had been
made whilst measuring the geouefrical constants.

Obviously this zero field could not be used to check the
acéuracy of traék location during the actual spectrograph runs. To
check these coordinates, the discrepancy X at the centre of the field
was calculated. This represents the difference between, the lateral
coordinate of the particle trajectory at the centre of the field
- calculated using the particle track located by its coordinates in
trays A and B and the lateral coordinate calculated using the particle
track loczted by its céordinates in the trays C and D.

The main reasons for this discrepancy X are:-

1. Errors in locgtion at the measuring levels i.e. the coordinates
a, by ¢c and d.

2. Inaccuracies due to uncertainties in the positions of the flash
tubes in the trays.

3. Inaccuracies in the measurement of the geometrical constants.

4. Multiple coulomb scattering in the Cerenkov tank causing location
errors in tray D.

I+t can be shown that the discrepancy X is given by the relation:-
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X = (b +b°)-(c+ c,)- 1;2_ {(a +ao)-(b+ bo)}+[3{(d +do)-(c+ co)] 6.14
Ly

Ly

or

X=Db - c--lz(a-'b)'l-l,_}_(d—c) + X
L2 Ly

° 6.15

where X,= (1+l_2) b, -, a, - (1+E_3_) c, + I.3 a,

\1 L1 Ls

P
S~

Then expressing coordinates a, b, ¢ and d in units of tube space and
substituting for the numerical values of Ll’ l2’ L3 and L4.
X= 0.91b - 0.263a ~ 0.929¢ + 0.307d+(X_, X, X_ , X_) 6.16
o) o o) )
: 1 2 3 4
Again because both the trays A and D consisted of two units Xo can
take one of four values depending on the particular position of the

track in thenmn.

Then, X , = 4.93 cm. fora < 384 £ 29
Xo=T7-95 em. fora < 38d 2 30
X°3 = 4.7A3 cn. fora 2 394 =2 30
Xoq= 171 om. fora 2 394 < 29

The frequency distribution of the discrepaﬁcy X has been calculated for
the zero field run and is shown in Figure 6.3c.

The mean value of this distribution= -0.067%0.032 cm.
This is close to zero and again indicates that the values for the
geometrical constants are correct. Similawxly the frequency
distribution of fhe discrepancy'x for all the accepted events with the

magnetic field on has been compiled and is shown in Figure 6.4.
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‘The mean value of this distribution = (0.0075 ¥ 0.0068)cw.
This is also close to zero and indicates that track location
errors are acceptable. Events which had values of\X| greater than
unity were rejected, these were probably due to two unassociated

rarticles traversing the spectrograph at the same time.

6.4 The Maximum Detectable Momentum of the Spectrograrvh

When a particle traverses the spectrograph the scattering
is a second order effect compared to the magnetic deflection thus
the accuracy of track location must define the maximum detectable
momentum (m.d.m.) The m.d.m. is then the momentum of a particle
whose displacement 4 is equal to the probable error <Sa  in
measuring this displacement.  This probable error <4 can be
obtained from the distribution of the discrepancy X for all accepted
particles and is defined such that the area of the distribution
be tween - <ig and + <ia ig half the total area. The eshmated

value of <\a wae 0.187 such that the m.d.m. is given by:-

21.68
Pm.dem. = &g, = 116 GeV/,
6.5 Presentation of the Results

Twenty~-five overnight runs of the spectrograph were made
ﬁith the magnetic field switched on, thirteen positive field runs and
twelve negative field runs. A total of 2037 accepted events were
recorded from the spectrograph films and of these 1822 events were
finally selected as being single particles traversing the spectrograph.
Thoéeirejected either had no corresponding scintillation pulses
recorded for them or their X discrepancy was too large.

The stability of the scintillation counter electronics was

checked as a fuction of time by dividing the data into four successive

time intervals with approximately equal numbers of events in each.
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The frequency distribution of the scintillator pulse heights was
drawn and the median pulsé height calculated for each interval.
These -agreed to within by 3% which indicates that the counter response
was stable over the twenty-five rums of the spectrograph.
Figure 6.4 shows the frequency distribution of pulse
heights for all accepted events. The peak of this distribution has
a width at half height of 35 ¥ 3% which is close to the expected value
of 29%. The width of the distribution at half the maximum height
has been expfessed as a percentage of the pulse height at this peak
and this is sometimes referred to as the {esolution of the distribution.

This 'resolution' is made up from the following factors.

(i) Laudau fluctuations in the ionization loss (Laudau 1944)
which are caused by the statistical variations in the energy
absorbed from the radiation by the phosphor. These account
for 19% broadening which includes 2% broadening to take account
of the variation in muoRenergies.

(ii) The statistical variation in the number of electrons emmitted

| by the photoéathodes of the photomultipliers, 20% broadening.

(iii) fie gon—uﬁiformity~of the counter. The maximum variation
of the counter response was found to be 1715%,’ but its
contribution to the width of the distribution depends on the
way in which the sensitivity varies throughout the phosphor.
Beeeuse the response of the counter rises sharply as the outer
edges. of the phospk‘l&ﬂ ﬁf:bfpprogched) the effect on the distridyt-

ion w8 estimated to be,\S%, because the size of Ye coumle—sS7
re duwoe the effective apebuie o—? Re cownter S2.

The total contribution of 29% is obtained by adding quadratically the

above independant contributions.



TABLE 6:1

The momentum cells for grouping the scintillator

puTses

Mean Momentum in Cell Units A Number of

the cell (GeV) cm. Particles

c

0.355 42<0€80 59
0.723 18<Aag 42 168
1.50 | 12< A<18 133
2.32 8 <&<12 166
3.18 6< Q€8 163
456 o 4 <86 214
8.04 2 LAg 4 361
15,19 1 <A€ 2 301
30.48 0.5 <A<1 144

98.6 A< 0.5 113




TABIE 6:2

The distribution of the scintillator pulse heights in the

momentum cells

Mid Valus of Scintillator Pulse Height, in mV.

Cell 25 35 45 55 65 75 86 95 105 115 125 135 145 155
80 91 4 5 2 11 26 7 2 1 5 0 3
42
2
- 03 31018 18 18 15 17 T 8 12 1 6
18
18 .
- 3 3 T 10 17 9 11 11 14 15 4 5 3
12 | |
7 '
-, 15 2 W8 151828 8 10 u 6 5 5
8
- 02 3 6 5 19 17 22 16 8 11 10 5 6
B’ |
6
-~ 02 815 16 21 29 33 8 20 9 8 5 1
4
4 .
- 0 9 18 27 36 45 42 39 26 27 15 12 9 11
2
2
- 07 9 21 31 31 38 4 2 12 12 7 8 9
1 o
)
- 23 411 10 10 14 20 15, 13 7 5 1 4
0.5 ~
05 0 2 6 14 11 16 12 17 7 6 3 5 2 5




TABLE 6:2 (contimed)

Mid Value of Scintillator Pulse Height, in mV.
Cell 165 175 185 195 205 215 225 235 245 255 265 275 285 295
80 17 3 2 0o 0 1 ©0 2 0 ©0 O O O O
42 -
42

- 2 4 -3 2 3 3 1 1 1 1 1 1 0 2
18

18
- 1 0 2 1 0 1 1 1 2 1 1 1 0 0
12
12
- 1 1 1 1 1 2 1 2 2 0 1 0 0 2
8
8
- 3 2 1 3 2 1 3 1 1 0 1 1 1 2
6
6,

- 10 2 4 2 3 3 1 0 2 1 0 0 0 1

4

- 5 6 6 4 2 5 2 1 0 4 2 2 0 0
2

2

- 7 15 5 2 1 4 2 1 2 4 0 3 1 1
1

1

- 1 5 2 2 1 3 o 1 1 2 2 1 0 ©O©
0.5




TABLE 6:2 (continued)

Mid Value of Scintillator Pulse Height, in mV.

Cell 305 315 325 335 345 355 365 375 385 395 400

80

- 0 1 0 0 0 0 0 0 0 0 0
42

42

- 0 0 0 0 0 0 0 0 0 0 1
18

18

- 1 2 0 0 0 0 0 0 0 0 0
12

12

- 0 0 0 1 0 0 0 0 0 0 1
8

- 0 0 0 0 0 1 0 1 0 0 2
6

-

- 0 1 0 2 1 0 0 0 0 0 0
4

4

- 0 1 1 0 1 1 0 0 1 0 1
2

2

- 0 1 0 0 0 0 0 0 1 1 1
1

1

- 0 0 0 0 0 0 0 0 1 0 3

05

0.5 0 0 0 0 0 0 0 0 0 0 0
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In of&er to compare the ionizing power of positive muons

' and negative muons the pulse height distributions were compiled for
“ each. The sign of the particle of each event was determined by
reference to the direction of the magnetic field and the sign of its

displacement 4 . The distributions are shown in Figure 6.6.

6.5.1 The Scintillator Pulse Height as a Fuction of Momentum

The 1822 selected events were divided into ten momentum
cells which were chosen so that there were sufficient events in each
group to give a reliable pulse height distribution.' The mean
momentum of each cell in units of GeV/c together with the cell limits
expressed in terms of the displacement£3 ‘and the number of particles
in each cell are given in table 6.17 Table 6.2 gives the distribution
of the scintillator pulse heights within these cells, The frequency
distribution of these pulse heights were drawn for each momentum cell
and are shown in Pigure 6.7 (a) to (j). A cut off at 200 mV was
imposed to exclude high energy losses and other spmfeauseffects in
the counter. It has already been shown in section 2.4 that this will
not affect the mode values of the distributions since they are
insensitive to the high energy losses, |

There are various methods by which the most probable pulse
heights of the skewed distributions may be found and the following three

me thods were considered.

(i) The subjective method

Each of the skew distributions was transfommed to approximately a‘normal
curve by plotting the pulse height frequency against the logarithmn of
the pulse height. This can be done because the distributions are
approximately log normal. To each distribution a smooth curve was

fitted and a master curve compiled from these. The peak position was

marked on this master curve. The peak position of each distribution
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was then found by fitting this master curve to it. This was
repeated by ten different people and a mean value for each peak
determined. These mean values were accepted as the most probable

pulse heights for the distributions.

(ii) The Reciprocal Method

If a distribution is log normal then using gxithmetic
probability paper, if the cumulative relative frequency of the
distribution is plotted.against the reciprocal of the variable a
straight line is obtained. The most probable value of the distri-
bution is then given by the point on the straight line corresponding
to the cumulative relative frequency of 50. For each cell of a
distribution the cumulative relative frequency will be the number of
pulses of height less than fhe middle value of the cell expressed
as the percentage of the total number of pulses in the distribution
with the cut~off at 200 mV.

This method was applied to each of the distributions and
using a least squares fit to draw the best straight line in the region
10 to 90 of the cumulative relative frequency the most probable pulse
heights were aetermined.

A similar method to this can be used by plotting the logarithm
of the variable instead of its reciprocal using logarithmic probability

paper. Again a straight line would be obtained providing the distri-

bution was log normal.

(iii) The Area Method

This method has been discussed in detail by Barnaby (1961).
Using the pulse height frequency distribution of all the accepted
events the ordinate of the peak value was drawn in and with a cuteoff

at 200 mV the area under the histogram on each side of it measured

with a pla.nimeter. The ratio of these areas was 1.1.42.




" TABLE 6:3

The mean, median, and the mode of the scintillator pulse height
distributions

Cell Mean Median Mode in nV by
in in in . .
Reciprocal Subjective Area
o oV mv Me thod Me thod Me thod
42<48<80 99.55 94.2 92.5 80.86 84.0
_35.5 5.5 13.4 13.4 +3.4
18¢A< 42  100.62 94.3 90.5 86.9 88
11.9 44.9 2.5 .5 $2.5
12<A <18 97.38 97.4 86.5 84.88 89
¥4 +4.1 *2,.5 *2.5 2.5
8 <agl2 92.19 90.2 | 84.5 81.88 83
» *3.9 ¥3.9 _*0.2 2.2  *2,2
6L0<8 103.7 97.9 93.99 90.33 92
' +4.2 x4.2 4 2,1 42,1 42,1
4<A<£6 9.27 92.6 86.0 83.35 86
T 3.2 +3.2. 1.8 +.8 $1.8
2<L0d 4 94.00 87.97 85.0 78.22 81
. 2.5 +2.5 H.3 *1.3 +1.3
1444 2 101.0 90.6 84.5 81.22 84
_*s5.0 45.0 +1.6 +1.6 +1.6
0.5¢A¢1 97.8 95.3 84.5 83.44 89
‘ +5.04 *5.04 + 2.2 X 2.2 + 2.2
0.5 88.4 85.4 81.0 76.4 79
A +3.6 +3.6 2.8 22,8 *2.8
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Acgordiqg to Barnaby the method is insensitive to the position of
the cut—off providing the area exduded in the tail does not exceed
20% of the total area. In this case the tail of the distribution
above the cut-off was 8 percent of the total area. The same cut-off
was applied to each distribution and its mode value estimated by the
method of successive approximation such that this ordinate divided
the area in the ratio 1l.1l.42.

The mean and median values of each distribution were also
calculated however these are dependanE‘on the high energy tail of
the distribution. Table 6.3 shows the most probable pulse heights
of the distributions for each momentum cell measured using each of the
three methods outlined. The mean and median values are also given.

The error in estimating the most probable pulse height was taken to be

the same as that for the mean value. This is given by:-

The standard error of the mean = Luil width at half height
2.4 . J ¥

Where N is the number of events in the distribution up to the 200 mV
cut-off.

Figure 6.8 shows the most probable pulse height plotted as a
fuction of momentum for each of the three methods used. The values of
the most probable pulse beight obtained from each method were not the
same. The subjective method is the most reliable and the results from
this method have been adopted.

Since the output pulse height from the scintillation counter
is directly proportional to the energy lost by ionization in the counter,
the most probable energy loss due to ionization can be obtaiﬁed as a
fuction of muon momen tum by normalising the most probable pulse height
curve to the theoretical energy loss curve already calculated according

to the theory of Sternheimer and given in section 2.4, figure 2.5.




TABLE 6:4

The mode and nofmalised mode values of the scintillator pulse
height distributions

Mean Momentum Mode of Distribution Normalised Mode
GeV/c in my in MeV
0.36 80,9 * 34 4.41 * 0.19
0.72 86.0 + 2.5 4.704 0.14
1.50 ' 84.9 + 2.5 4.67 % 0.14
2.32 8l.9 *+ 2.2 4.5 %+ 0,12
3.18 90.3 + 2.1 4.93% 0,12
4456 83.4 + 1.8 4.53 * 0,10
8.04 78.2 1.3 4.30 % 0.07
15,19 8.2 * 1.6 4.46 + 0.09
30.'I48'. 83.4. % 2.2 4.59 1 o.12
98.60 6.4 % 2.8 4.20 t 0.15
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TABLE 6:5

nml
The mode values)\for positive and negative muons i -
7

Reciprocal Subjective Area
Method Method Me thod

83.37 83.0 86

22,2 *2.2 42,2

81,87 81.80 86

+2.8 40,8 42,8

/“,
/a.
/g_* 1,018 1.015 1,00
pz

+0.033 - d20.033 +0.033
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awer
To determine the normalising factor the meem value of the theoretical

curve was calculated over the momentum range 1 - 100 GeV/g and compared
to thejzzz?:alue of the experimental curve taken over the same range.
The normaliged values of the most probable energy loss in MeV are given
in table 6.4. Figure 6.9. shows the variation of the most probable
energy loss due to ionization as a fuction of muon momentum.

Finally the most probable pulse héights were determined for
the pulse height distributions of positive muons and negative muons
taken over the complete momentum range using the three methods already
outlined. These are given in table 6.5 together with their respective
'ratios. The mean value of the ratio was (1.011Y 0.035) which tends to
indicate that there is no significant difference in the ionizing capacity
of the two kinds of particle. It would however be difficult to detect
any effect because the whole momentum range-has been considered. Ideally
each cell should be examined, separating the positive and negative

particles, but in the present experiment the numbers were too small to do

this.

6.5,2 Analysis of the Experimental Curve

There are two regions of interest on this curve the first is
the form of the curve from the onset of the density effect at about 2
GeV/c and the secpnd the form of the curve over the range 10 ~ 106 GeV/c
where a descrease in the ionization loss is predicted by Tsytovitch.
The slope for all pointé above 2"GeV/c has been meagured by fitting a
straight line using the method Af weighted least squares to them. The
gradient of this line=(5.0% 4.2)% per decade of momentum has a large
| error mainly because of the high mode for muons of mean momentum 3.18

GeV/c. Neglecting this point the gradient is reduced to - (1.5% 1.1)%.
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This is consistent with the Sternheimer theory which predicts a rise of

about 1.5% over th; range 0.2 to 10.5 GeV/c and no rise i.e. a plateau

for particles of momentum greater than 10.5 GeV/c

To test the‘Tsytovitch prediction another line was fitted to

the points on the curve in the range 10 - 100 GeV/c again using the

method of weighted least squares. The gradient of this line was

-@.236 T 0.12)an overall decrease of (2.7 ¥ 1.7)%. This result
voéuwseiwx320nfirm$ the Sternheimer theory and lends\ﬁﬁfsupport to the

Tsyovitch theory which predicts a reduction of 4 - 8% below the plateau

value over this range.
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. " CHAPTER 1T

Discussion v

T.1 Comparison of the Present Results wifh Previous Work

The main aim of fhe'preSent experiment wﬁS‘tp test the
Ts&tovitch predictions. To improve thé precision the present
results have been combined with those of Crispin and Hayman (1964);
this can be done because the two experiments were very similar,
4The experimental points ha#e‘beeh normalised fo the theoretical
curve at a point corresponding to the mean momentum and mean value

_of' the most probable energy loss of the recorded muons and are
 shown in Figure 7:1. A straight line has been fitted to the
points above 2 GeV/c usihg the method of weighted least &quares
lénd has a slope of + (2.7 % 3.3)% per decade of momentum. The
mean value of the energy loss for muons having momentum greater
than 10 GeV/c is (1.24 2% 0.69)% above the plateau value. These
two facts clearly agree with the Sternheimer predictions and lend
no support to the 4 - 8% decmoesuggested by Tsytovitch.

The results of the present experiment together with those of
the three experiments described in Chapter 3 are plotted in Figure 7T:2.
To do this the energy loss for each experiment was expressed per unit
thickness of absorber; the results of Barnaby and those of Crispin and
Hayman had already been combined. It is immediately evident that there
is a variation in the possible values that the energy loss could take in
the range of momentum § GeV/0 to 30 GeV/c. A best line has been

fitted to the data over this range and this shows
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an increase of (9% 3)% in the- most- probable energy loss.
However because there is a lack of agreement over this range
the probability that this line could lie on the'plateau has
been estimated to be as high as 70% 8o that there is little
significance in the increase.

In conclusion all four experihents support the
Sternheimer theory which predicts a rise of 1;5% for the
momentum range 0.2 to 10;5 GeV/c and a plateau above this value
and there is no evidence of a decrease of energy loss as

sugges ted byﬂhytovitch.

T.2 Discussion

To date the only results which support the Tsytovitch
‘piedictions have been from experiments on the energy loss of
electrons in-nuciear emulsions by Zhdanov et a§;:§g Alekseeva et al
(1963). Crispin (1966)has made a very comprehensive survey of
energy loss studies and shows that other workers notably Stiller
and Shapiro (1953) and Jongejans (1960) who have used muclear
emulsions; give no indication of a decrease,in fact both their
results suppo£t the Sternheimer theofy. It should be mentioned
that later experiments cast doubt on the reliability of the nuclear
emulsion technique.as a method of measuring the ionization loss.

Because the recent experimental work supports the
Sternheimer theory, Fowler and Hall (1966) made a critical study of
the various classical and semi-classical theories of energy loss
of relativistic.charged particles. TUsing perturbation theory

they predict a logarithmic increase in the ionization loss similar

to Sternheimert's theory and show that radiative corrections given
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by Tsytovitch apply only to the case of Cerenkov radiation,
where damping in the medium is negligible. If strong damping
is present/as is the case for organic absorbers,any suppresfiaon
effect will be smaller than that sﬁggested by Tsytoviteh. This
suppression correction is also dependent on the sign of the
ionizing particle so that to detect the effect charge separation

*
would be necessary.

Crispin and Fouler (1969)

More recently still)?eﬂiey-haieshown that the Sternheimer
results are to be understood as a represegytation of the ionization
loss in terms of a fictitious "equivalent" Cerenkov effect. The
extent to which the real Cerenkov radiation actually contributes
to the ionigation is expected to be small particularly in organic

absorbers and hence the effect of the Tsytovitch correction will

be small.

7.34 Future Work
There are two possibilities for future work:

(i) A machine experiment measuring the energy loss over a wide
range of ff operated under carefully controlled conditions
to prevent any systematic errors. To check the validity
of the results the energy loss would have to be measured
a.t low values of /g to prove the 1/152 dependance before |
going on to look at the plateau expected for high values
of /f.

(ii) 4 cosmic ray experiment similar to the present onme but with
many more events so that the accuracy could be improved.

This would however be difficult because to increase the
accuracy by a factor of 10 the number of accepted events

% . .
Fowler anmd Halt CH“’) rreo\\'c.tu\ o coweckion vaownh'vss Yo |\ wirh
opgesite Sign Cor poskie amd wesa.ﬁve\j chorged pasticks,
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would have to be increased by a factor of 100 which would
mean a running time for the experiment extending over a

number of years.
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