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Abstract

The sea-level momentum spectrum and positive-negative ratio ofl
cosmic ray muons incident at large zenith angles héve been measurcd
with a spectrograph comprising Geiger counters, neon flash-tubes and
2 solid iron magnet., ’

‘Precise differential momentum spectra h;ve been derived in the
momentum range 3 - 550 Gei/c over the zenith angular range 77.5° - 90°,

In the lower momentum region, 5-il GéV/c, thére is éood agreement with
the spectrum determined with the earlier Geiger counter spectrograph.
Refined methods of-measurementvof the flash tube aata for particles

with momentum greater than 50 GeV/c lead to a maximum detectable momentum
of the instrument, bésed on the probable error of deflection measurements,
of (369 % 16) GeV/c.

The positive-negative ratio of muons at production has been found
to be consistent with the results of similar experiments in the vertical
direction in that the charge ratio does not.tend to unity at least before
several hundred GeV/c, indicating that the fluctuation in the multiplicity,
of high energy collisions increases with increasing energy.

A determination is made of the expected ratio of the production
spectra of muons from K-mesons and pions and this is compared with the
measured ratios. No evidence is found for K-mesons playing an important
role in the production of muons of energies above 100 GeV.

At low energies, the statis£iéal accuracy of the measurements is

oo low to permit a conclusion to be drawn about the importance of




Frontispiece; The Durham Cosmic Ray Horizontal Spectrograph.






Cosmic Rays: at Large Zenith Angles.

by J. B. M, Pattison, B.Sc.

A thesis submitted to the University of Durham, on an
application for the degree of Master of Science.

Augus-‘t, 19 63 .

\ UNIYE
‘“hxmilﬂil L ir>

[ 4 8 NOV 1963

L)
LignA 8




Abstract

Contents

Preface S 800 0800000880 0000000000EsNNss00000P0REE0EIROOIOROCECEOCETIOEOCETSOQTOEES

Chapter 1
' 1.1
1.2
1.3
1.4
Chapter 2

2.1

2.2

2.3
2.4
2.5

2.6
2.7
Chapter 3
3.1
3.2
3.3
3l
3¢5

Introduction a.....;........-........;...-........
History of Cosmic Ray Research ....,.....,;.......
Ofigin of Primary Cosmic RayS cececcccccsscncecces
Propagation through the atmosphere cececcceasccens
The sea-=level component at large zenith angles ...
The Spectrograph .................--;.............
TNETOAUCTLON soeococcaccessssssosesesssassssssnsne
ﬂmlhgmt,”.”.4.”.“.".u.n.”.u.u.”.g
2.2(a) Characteristics of the power supply to the

magnet windings ......................;;...
2.2(b) Measurement of the magnetic induction eeee.e

The neon fla-Sh tUbeS esesssss RN eRseENR IR RORSREES

Detection Of pa«rticles a0 0GB ssGSINLSEOCELEREPOTDPOIOOOIDRDROERRTSES

The geneiai arrangement of the horizontal spectro-
EYADN ceceeccesnnscanassacassssrsscsssssscscsences
The electronic circuits ceccccecvcccctcesscsccsnsns
Alignment of the spectrograph seeeeceeceececccnens
The Experimental Data ecevcecccescesscocccceccccse
Introduction ..;.,.....,...................,......
The measured rate of events cc.ecececccsccccrsecen
The measurement technique a.;.....................

The baSic da-ta- l....r..-l'..l..-...l..l..."'...._..'.

The Accélerator Characteristics of the Spectrograph

11l

12
13
13

15
16
17
20
20
20
21
22
28



Chapter 4

k1
4.2

L3

Lol
Chapter 5
S5el

5.2

5.5

Chapter 6
6.1

6.2

6.3

The Theoretical Momentum Spectra of Sea~level
Muons at Large Zenith Angles cieecescescescsccss
The method of calcUlAtion eeeeeecseercossncssnss
The expected sea~level spectra of muons from
Pions ONlY eccesecccsacccsccsccsscrcaccscccscces
The expected sea-level spectra of muons of K-
meson origin oNlY cceeccecccccsscssecscscncccrsece
The acceptance characteristics of the spectro-
BYAPh cevesccccosssssssccostsssvsscssssnssnsanne
The Measured Momentum Spectrum of Sea-level
muons at Large Zenith Angles eciceveveaccccnnces
The expected rate of events ceececscccsrcscccane
The charge-ratio OFf MUONS ceeceessscesscssaccans
Interpretation of the momentum spectra «c.cceeess
5.3(i) Statement of the problem seseseeccsssceece
5.3 (ii) Determination of the K/X ratio from the
measurements of inclined spéctn& ensces
Comparison with the Results of Other Workers and
Conclusions eeeescccssssccncsccssccssscccccccces
Sea-level spectra at éngles greater than 65° to
the zenith eeeerececssososcicssssesssccccccccens
The Ey%rratié cececesecsssettsassatsssssssssnses

COHOlUSionS ...-ﬂ.-no.-l.o.-;.o...-......mo.....

AOknOWledgmentS ;o--o.n.al..l..ncc‘.....n.l.--.t.to..r..oi.

REferences € 8 P P 0 CPE S 00T 000 ENEsTO0POEENRIGOENBIIOOEPROIOSIOEESVPTROETNTTSTON

Page

30
30

30
34
35

38
38
39
40
40

41

46
48
51
52



Abstrack

The sea~level momentum spectrum and positiVe-negative ratio of
cosmic ray muons incident at large zenith angles have been measured
with a spectrograph comprising Geiger counters, neon flash-tubes and
a solid iron magnet.

Precise differential momentum spectra hav; been derived in the
momentum range 3 - 550 GeV/c over the zenith angular range 77.50—900.
In the lower momentum region, 5-4 GeV/c, there is good agreemen# with
the spectrum determined with the earlier Geiger counter spectrograph.
Refined methods of measurement of the flash tube data for particles
with momentum greater than 50 GeV/c lead to a maximum detectable momen-
tum of the instrument, based on the probable error of deflection
measurements, of (369 + 16) GeV/c.

The positive-negative ratio of muons at pfoduction hgs been
found to be consistent with the results of similar experiments in.the
vertical direction in that the charge ratio does not tend to unity at
least before seveial hundred GeV/c, indicating thét the fluctuation in
the multiplicity of high energy collisions increases with increasing
energy. |

A determination is made of the expected ratio of the production
spectra- of muons from KFmesons and pions and this is compared with
the measured ratios. No evidence is found for K-mesons playing an
important role in the production of muons of energies above 100 GeV.

At low energies, the statistioal accuracy of the measurements is

too low to permit a conclusion to be drawn about the importance of
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K-meson production; it is found that the muon spectra at low energies
are comparatively insensitive to the nature of the parent particles and
very high statistical accuracy would be required in order to make an
estimate of K-meson production.

The measurements have been cbiﬁed with other data and used to
estimate the ratio of production of charged K-mesons to pions in proton-
air nucleus collisions and it is found that the upper limit of this ratio
falls from 0.65 at a proton energy of 105 GeV to 0.2 at 2.10% GeV. Tt
is concluded that there is no evidence for a rapid increase in the K/rt
ratio over-a range of primary proton energie;s extending from a few GeV .
to some 500,000 Géﬁq., and that the ratio is probably less than O.4 over

all energy ranges. -



PREFACE

This thesis describes the work done by the author iﬁ the Cosmic
Radiation Group of the Physics Department in the Durham Colleges, under
the supervisidn of Dr. A. W, Wolfendale.

Whilst the recipient of a research studentship from the European
Office, Aerospace.Research, United States Air Force, the author was
responsible for the second version of the Durham Cosmic Ray Horizontal
Spectrograph by the addition of arrays of neon flash-tubes.

In addition to the construction of the mechanical and optical systems
the author was responsible for the alignment of the instrument, its
operation and the derivation of the muon spectrum at large zenith angles.
The measurement of events.was supervised by the author and the analysis
was carried out jointly by Dr. F. Ashton and the author.

The final momentum spectra and the positive-negative ratios obtained
from the data and their interpretation were repp?ted briefly at the
Conference on Ultra High Energy Nuclear.Ehysics-held at Bristol in
January, 1963. A paper on the positive-negative ratio has been submitted

by the author and his colleagues to Physics Letters.
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Chapter I
INTRODUCTION

1.1 History of Cosmic Ray Research

Some sixfy years ago it was shown that, in a closed vessel shielded
from local radioactivity, there was a residual production of about two
ions per second per cubic centimetre of air. In later experiments,
balloons carrying ionization chambers showed evidenée of* an increase in
this résidual ionization above a height.of about 700 metrgs.from ground
level, there having been a slight-decrease up to this height. The
decrease up to 760 metres could have been due to the reduction in effect
of'the earth's radioactivity, but thé ihcrease above this height could
only be due to a radiation penetrating the éarth's atmosphere from
outside. - That there was no significant diurnal variation in ionization
pointed to the fact that the bulk of this radiation was not of solar
origin, but originated further afield in the galaxy or indeed was of
extra-galactic origin. Bothe and Kolh8rster pointed out that if the
radiation, which soon became known as the.Cosmic Radiation, contained
charged particles, the earth's magnetic field would prevent the less
energetic particles from reaching equatorial regions, giving rise to a
variation in intensity as a function of geomagnetic latitude, and success-
ful experiments were carried out demonstrating that this is indeed the
case. Recent rocket and balloon flights show that the primary flux
(i.e. the flux outside the earth's atmosphefe) of the cosmic radiation

consists of 85-88% hydrogen nuclei (i.e. protons), ~ 10% helium nuclei
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(X -particles) and 1 or 2% of nuclei with Z > 2 up to .Fe26. It appears
that the primary radiation is almost isotropic, the sma;l anisotropies
which arise being due to the effect cf the earth's magnetic field and some
solar effects.

1.2 QOrigin of Primary Cosmic Rays

Increases in the cosmic ray intensity have been observed at periods
of intense solar flares indicating that here there is a mechanism for
accelerating particles to the order of loloeV (10 GeV) in, or near, the
sun., It is also known, however, that there ;ré primaries of energies
up to lOzOeV, these particles having been observed indirectly by a study
of extensive air showers. Richtmeyer and Teller considered the problem
of a storage mechanism, and concluded that such very energetic particles

5 to 108 years.

emitted by the sun could become isotropic after about 10
However, a grave problem arises: if one considers the usual relationship
between the energy E eV of a particle of charge 2 in a magnetic field H

gauss then the radius of curvature Io of the particle's orbit is given

by

Nl

= 300 H/a
If the solar field H = 10—55auss, and an ‘orbit equal to twice the distance
of Fluto, the outermost planet (P = lolscm),is taken then |

% =3 x'lo12 eV.

This, obviously, is far below the energy of the most energetic particle
detected tc date. The only possibility is an enhancement of particles

of high Z, which is not shown to be the case, It is therefore thought

that the more energetic primaries are of galactic origin on the basis
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3.
of this argument, and that there is also a contribution’ from outside the
galaxy.

The composite theory due to Cocconi and Morrison (cf Handbuch der
Physik, Vol. 46/1, page 1, 1961) is regarded as the most promising at the
. present time. Essentially, it postulates that there are three main |
sources of cosmic rays, giving rise to various energy bands, as follows:

(i) Low energy (<JDIBeV) particles originate in the spiral arms
of the ga.la.:qy‘. (i.e. vithin ,»1000 light years from the solar system),

1016eV) come from the-

(ii) Particles of medium energy (1013 -
galaxy as a whole, arising mainly from regions of high density near the
galactic centre (rémembefing th;t the diameter of the galaxy is -~ 50,000'
light years and that the solar syétem is some 33,000 light years from
the galactic éentre). These particles diffuse into the halo and are
'reflected{ isotropically,
and (iii)High energy (>1016eV) particles originate outside the galaxy.

On entering the earth's atmosphere the primary cosmic rays can
interact with the nuclei. of the_atmosphere, in particular the nuclei of
oxygen and nitrogen, producing éecondany particles such as ¥ -mesons
(the most comﬁon secondaries), K-mesons, nucleons, and the other baryons.
The proquties of the various'eleméntany particles a;e shown in Tables
1.1, 1.2, 1.3 (after Powell et al). . It is seen that most of them are
unstable, decaying with a certain characteristic lifetime. It is of

interest to note that some of these particles (for example, the K-mesons)

have alternative modes of decay. Where this occurs the branching ratio




SEA LEVEL

Fig. 1.1 The propagation of Cosmic Rays through the atmosphere.



4
for'eagh mode is shown. One further important observation to be made
from this table is that the K-mesons, A-hyperons, £ and = baryons
can all decay either directly or indirectly to charged r-mesons (or
pions) which have the »-meson (or muon) as the predominant decay product.
The result is that the muoﬁ is the most common cosmic ray particle at
ground level.

It is with the m -meson component at ground level that the work
described in this thesis is concerned.

1.3 Propagation through the atmosphere

As mentioned in section 1.2, the particles comprising the primary
flux of the cosmic radiation have a certain probability of undergoing
collisions with a nucleus of oxygen or nitrogen, the result of which-is
the production of secondary particles. The primary particles and pions
are strongly interacting particles and their numbers are atténuated
exponentially in the atmosphere wiéh an attenuation lengﬁh of about
120 gm.cm-z. Since the vertical thickness of the atmosphere is 1033 gm
en™? it will be appreciated that the intensity of primaries-and of
secondary pions will fall rapidly as one proceeds down through the
atmosphere. A typicai sequence of events is shown in figure 1.1. The
primary particle considered will be of energy ~ 50 GeV. A variety of
particles are produced in this first interaction. Two positive picns are
shown to decay into positive muons (each associated with a neutrino, not
shown). One .of these muons survives to séa level without.decaying

whereas the slower muon. decays into a positron (and itwo neutrinos, not

shown). On the other hand the third positive pion and the negative pioch
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interact with an air nucleus emitting further secondaries. The neutral
pion decays very rapidly into two photoné, one of which materializes
into an electron-positron pair, whilst the-othef undergoes Compton
scattering. These electrons énd photons cascade down througn the
atmosphere producing a cascade of electrons and photons. For higher-
primary energies, the-number of' particles becomes very great and the
event is lmown as én extensive air shower. Lastly, the primary particle
continues as either a proton or neutron depending on the type of
interaction. This nucleon cascades down through the atmosphere producing

further interactions.
1.4 The sea-level component at large zeni%h angles
If one now considers the sea-~level flux of particles at large zenith
angles (i.e. near fhevhorizontal) consideratioh of interaction and decay
lengths of particles shows that the only particles arriving are muons
and the 'tails' of extensive air showers. This is mainly due to the
fact that the thickness of the atmosphere from a point on the earth and
in a tangential direction is 36,000 gm.cm_z, j.e. some 36 times that
in the vertical direction. Here, therefore, is an excellent opportunity -
for a determination of the sea level intensity of high energy M-mesons
without having to go underground and having recourse to the somewhat
uncertain range-energy relations in determining the sea-level intensity.
The usual method of measuring spectra is by the use of a magnetic
lens (cf chapter 2) with detectors above and below the magnet. Extremely
high energoes can only bé measured by making the arms of such magnet
spectrographs quite long or by using very high magnetic fields. The

latter being very difficult it is therefore a case of having spectrographs



é.

of large longitudinal dimensions. Obviously this can be more easily
achieved using a "horizontal" spectrograph. As pointed out zbove,
another advantage of studying particles at large zenith angles is that
one has-a pure beam of muons, thus enabling the interactions of high
energy muons to be studied at the same time as the momentum measurements
are made, by "parasite" equipment.

Whilst there have been many precise measurements of the vertical
cosmic ray intensity at sea-level, there have only been a few attempts
at large zenith angles (1i.e.260°). It has been shown that the intensity
at large zenith angles should exceed that in the vertical direction at
very high energy. For example, whereas at 100 GeV/c the ratio of
vertical muon intensity to that at 900 zeﬁith angle is expecéted to be
8.0k, at 350 GeV/c it is unity and at 1000 GeV/c the ratio is 0.32
(i.e. the 90° intensity exceeds the vertical intensity by a factor 3.1).
This emphasises the fact that in order fo study very energetic muons it
is better to work at large zenith angles rather than in the vertical
direction.

When an analysis is made of the propagation of the various cosmic
rey components through the atmosphere, it is found that the sea-level
muon flux is sensitive to the mass and lifetime of the parent particles,
and one of the objects of the present investigation is to attempt to
identify the parent particle (i.e} whether it is the j.-meson or the K-meson,

*the othef heavier hyperons and baryons being thought to be unlikely).

Starting with the measured vertical muon spectrum as a datum,

the sea-level intensities of muons at large zenith
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angles are predicted from a lnowledge of the pion production spectrunm
assuming that all muons are the decay products of pions. 4 similar
prediction is made assuming the K-meson to be the producing particle.
This meson has several modes of decay, the most important of which is
the mode

E“Q_‘i//; + WV
with a lifetime of 1.22 x 108sec.

The;e predicted spectra are then compared with experimental results
and conclusions made as to the origin of muons.

As mentioned above it is an obvious ¢onsequence 'that such a
horizontal spectrograph will be useful as a "source" of a clean beam of
fast muons which can be used to study interactions in targets placed at
the output end of the instrument and consideration is given to the
"accelerator characteristics® of the spectrograph., It is in this respect
that for many years to come this type of instrument will reign supreme
over the largest particle acceierators, the biggest of which is the
proton-synchrotron at the European Organization for Nuclear Research
(C.E.R.N.) in Geneva, accelerating protons to 30 GeV. 4 2 GeV muon
beam is being built at the pfesent time at this machine but this is
extremely low in comparison to cosmic ray energies !

A discussion follows in chapter 2 of the design and construction
of the horizontal spectrograph, details of the magnetic induction
measurements, the neon flash tube characteristics, the electronics and

the method of alignment. The measuring techniques are considered in
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chapter 3, where the basic dataare to be found. Consideration also is
given there to the use of the instrument as a sourcé of high energy
muons for studies of the interactions of muons. The acceptance
characteristics and the theoretical momentum spectra are considered
in chapter 4 and the momentum spectra derived for various zenith angilar
ranges are given in chapter 5. The positivé-negative ratio is then
~ derived from the measured data. Finally, the interpretation of the
present results as regards,the origin of the sea-level muon flux at
large zenith angles is gi?éh in chapter 6, and mention is made of future

work with the instruments.
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Chapter II
EHE SPECTROGRAPH

2.1 Introduction

Previous technigues available for measuring the sea-level flux
have involved the deterﬁinafion'of range, multiple scattering or momehtum.
A great disadvantage in obtaining the sea-level flux of cosmic rays by
minimum ranges in.conﬁensed materia1s or muitiple scattering in nuclear
emulsions or-multiplate cloud chambers is'thét thé maximum detectable
momentum (m.d.m.) is éuite low ( ~10 GeV/c) in comparison to.cosmic ray
energies. (In the relativistic region, ﬁOmentum and enefgy are
nﬁmgrically equal since in the relation

E2 = mzq%'+ p202

whgre m, E, p are réspective1§ the mass, energy and momentum of the
particle in question,

.

l+<§p2c.

’

m2c
and therefore Eapc.)

Further, a theory of the ranée-energy relationship etc. must be
known, reducing the accuracy of determining particle energies.

The most widely used technique for determining particle momenta
is that of magnetic deflection. Most previous workers have deflected
the particles in the gap of a.large electromagnet, the particles being
detected by either . counter controlled cloud chambers or Geiger counter

hodoscopes. For example Pine et al (1959) used three cloud chambers,
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controlled by Geiger counter arrays, in the Cornell spectrograph, the
geometry of the cloud cliambers being one above and one below the
electromagnet with the third chamber in the magnetic field. This
arrangement gave an m.d.m. of 176 GeV/c. Holmes et al (1961) using
two electromagnets and three cloud chambers in the lManchester spectro-
graph obtained an m.d.m. of 356 GeV/c. In more recent work Hayman et al
(1962) using the Durham vertical spectrograph have incorporated an array
of "Conversi" tubes (now more usually called "neon flash tubes®) with
an electromagnet. Using very refined measuripg techniques these workers
have obtained an m.d.m. of 657 + 112 GeV/c.

The work to be described here is a stuay of the cosmic ray flux
at large zenith angles at Durham (latitude 54047iN, longitude 1?35'W,
200 feet above sea-level). Because of the closeness of Dﬂrham to sea-
level this flux will often be referred to as the sea-level flux. As
previoﬁsly mentioned the great thickness of atmosphere in inclined
directions filters out virtually all particles except the mu-meson.
Since the mu-meson (or muon) is of the leptonic class (i.e. it has a
very small cross-section for interactioﬁ with matter) and the rate of
events would be expected to be considerably lower at large zenith angles
than in the vertical direction, it was decided to deflect the particles
in magnetized iron as distinet from the gap of an air-cored magnet.
Obvious édvantages are seen imméﬁiately in that the collecting volume

can be made Very large and high inductions can be achieved for low
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powers of excitation. This principle was first used by Rossi (1931),
and later by Bernardini et al (1945) and Conversi et al (1945) who all
used magnetic lenses to separate positive and negative mesons; the |
present work, however, seems to be the first to develop the tecknigue
of the 'solid iron magnet' for the frecise determination of particle
mﬁmenta.
Akthough the probability of a muon suffering a large deflection

through it's short range interaction with nuclei is small, there will
be a finite deflection in a thick absorber resulting from multiple
Coulomb scattering. This results in a limit being set to the accuracy
with which the momentum of a single particle may be detefmined. Although
the root mean square angle of ééatter incrgases-with length of trajectofy,
L, as L%, the hagﬁetic deflectiqn increases at a faster rate, proportional
to L, and the fractional error in momentum falls accordingly as L-%.
In practice, then, L is made as large as possible.

Previous work with this instrument (Ashtor} and Wolfendale 1963)
used a Geiger counter hodoscope but this has now been considerably
improved by the addition of an array of flash tubes.
2.2 The Magnet

The magnet construction is described by 0'Connor and Wolfendale
(1960),.but since it has been moved to the new laboratory entailing
dismantling and reassembling with new windings, extensive measuréments

have been made to measure the magnetic induction.
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Fig. 2.1 The solid iron mggnet.
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The fifty laminations are mounted vertically in an iron framework
and are held in the vertical position by two horizontal steel pegs
through opposite corners. The coils consist of 250 turns of 1, SWG
double cotton covered'copper wire on each 61 the yokes B and C (cf
fig. 2.1). The fotal resistance is 6.25.ohms when cold and the self-
inductance 250 mH. In the previous arrangement of O'Connor and
Wolfendale the coils were split to enable search coils to be inserted
at the centré of the deflecting volume, but in the present arfangement
the coils are continuous. Current is supplied to the coils by a mains
rectifier, and a reversing switch is inébrponated for field reversals,

2.2(a) Characteristics of -the puwer supply to the magnet windings

A standard resistarice of value 0.05 ohm was placed in series with
the magnet windings (fig. 2.2) and a double beam oscilloscope msed to
examine the current (C.R.C.1) and voltage (C.R.0.2) supplies. The
resulting display is shown in fig. 2.3.

Ip the study state it was seen that the current lags behind the
voltgge byvv3.m Séc:_ana that the r.m.s. variation-of'ths ripple in
the excitation current is’j.m%, corresponding to a_variation in
induction of 0.6%.

It was also observed that when the current supply to‘the magnet
coils was switched on and off at the reversing switch, the rise and
decay times to two-thirds and one-third peak height were one second and

a tenth of a second respectively. This Was,'b& far, much guicker than



H=10nH 250K8
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Fig. 2.4 Cncuit used to oalibrate tho flwxmeter F
and measuro the magnetic industion. (S is
- the reversing switeh).
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of pus&tﬁm on the 501iK iven magnet.
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Fig. 2,6 Comparison of the oporating values for the various
solid iron mgnets.
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when the rectifier was controlled at %he mains switch, the corresponding
times veing 1.9 and 1.3 secondslréspectively. Compared with the period
of the Cambridge Fluxmeter used (40 and. 34 seconds when in circuit and
out of circuit reSpectively) this is i&eal for'induction measurements.

2,2(b) Measurement of the magnetic induction

In order to measure the magnetic induction, the circuit shown in
fig. 2.4 was used, T being a single turn of wire wrapped round the
magnetized iron in various places (fig. 2.5 not to scale). The measured
inductions are aléo shown in fig. 2.5. Good agreement (.06%) was
obtained when the measurements we?e checked using a varigble induc£o-
meter in place of the 10 m H mutual inductence. A comparison of the
operating values for the varioﬁs s0lid iron magnets is shown in fig. 2.6.

2.3 The Neon Flash Tubes

A brief summary of the characteristics of the neon flash tubes is
shovm in figures 2.7, 2.8, 2.9, and Table 2.1 (Coxell Ph.D. Thesis).
The tubes used in the apparatus were ~ 80 cm. in length, and 1.5 cm. in
diameter containing neon (98% Ne, 2% He, << 200 vpm, 0,5 N2) to a
pressure of about 60 cm. The& were painted black, except for the plane
end window, with g'lower white iayer over théIZO cm. nearest the window.
As can be seen from the figures 2.7.to 2.9 and Table 2.1 the necessary
conditions for maximum efficiency and visibility are:

(i) The highest voltage pulse consistent with an insignificant

rate of spurious flashing.
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TR= 0.5m800, T = 4uses.

Pig. 2.7(b) The effisionoy tine delay characteristies, with
) g8 ;uum (;noﬂs) as paramcter. B . =’5.7 Kv/on,
T 0054880, < = & ~800c :

( Dotted 1ine: p= 60 on.Hg, olearing fisld = 3.6 Kv/emo )
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Fig- 29 (b) Folar diagren for 1ight output from the flash-tubes.




Table 2.1

Spurious Flashing

The ratios are per tube per 1000 pulses

Field .
Pressure 2,1 2.8 3.5 Le2
60 cm Hg 0.18 0.5 0.37 0.6
35 cm Hg 0.0 0.18 0.0 0.18

20 cm Hg 0.18 0.18 0.18 0.2

4e9
0.6

0.2

1.2

5.6 Kv/cm

0.6
0.8

4.0



°gfeaTe 6Qny GEYT oYy JO Jusuoluelye oyl o._."o.« o9va

7 eqz0dfte eqna-qevyg (a °foIv BqN3=qeeL3 © JO UOTR00E ¥ (®
‘ . S !

°39q Tougny, . _O



Plate 1 A tray of neon flash tubes, showing the track
of & cosmic ray muon.






(ii) Short rise time of the applied pulse.
(iii) Short delay between the passage of a particle and the application
. : ~
of the pulse.
(iv) A:direction of.photography making the smallest possible angle
with the axes of the flash tubes.

There are four trays (each having eight layers of tubes) of flash
tubes contained iﬁ the spectrograph, the tubes in each tray being staggered
in such a way that a single particle passing through a tray must
traverse at least four tubes (fig. 2.10(2), plate Z17). Thin a2luminium
electrodes are placed between each layer of tubes. The tubes are
supﬁorted in slots milled in 'Tufnol' square section rod (fig. 2.10(db))
and placed in such a mamner that any small bowing o% the tube is in the
horizontal plane since accurate measurements are required in the vertical
direction in each tray. The tubes within a tray are accurately parallel
to one another, and the trays are aligned so that all the tubes in the
spectrograph are parallel. The vertiéal separation of thie centres of
adjacent tubes is (1.905 + 0.001 cm.) which will be referred to as one
tube separation or "t.s." The horizontal separation of tubes in
adjacent layers of tubes in a tray is 2.8 cm.

2.4 Detection of particles

The passaéé of an ionizing particle through the spectrograph was

detected by means of five trays of 20th Gen{ury Electronics G60 Geiger |

counters each of sensitive length 60 cm. and internal diameter 3.28 cm.
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Four of these trays were close to, and parallel to, the four trays of
flash tubes whilst the fifth tray was situated above the apparatus to
act as an anticoincidence tray for the rejection of extensive air
showers.

2.5 The general arrangemant of the horizontal spectrograph

The general arrangement of the spectrograph is shown in figures

2,11, 2,12, and an aerial photograph of the apparatus is shown as the
frontpiece. The axis of the spectrograph is orientated at an angle of
N9°E, this being the most suitable position in order that firstly the
particle flux should not be affected by the thick sandstone walls of
Durham Cathedral mor by the copper covered Applebey lecture theatre, and
secondly the axis may be as close as possible to geomagnetic north.

The requirement for an event to be accepted is a four-fold
coincidence pulse ABCD without a coincidence pulse from the counters
in the tfay'E of Geiger counters above the apparatus. When this require=-
ment is satisfied, a high voltage pulse is applied:to the flash tube
electrodes and a photograph of the flashed tubes is taken through the
mirror system. The mirfors are so arranged that the camera views 2ll
four trays of flash tubes. At the same'time a cycling system is triggered
which firstly illuminates a clock under tray C and two fiducial marks on

each flash tube tray, and secondly moves on the film.






3y FusTnd Fma W UL Z T

36P0I00TH €




*SOTUOI}O08TT oYL 2 99391d






sosnd eSuyTon USTY eyz Jo uoyyvorrdde
ey 03 oToyjard Jurspuop us Jo odessud oyj woxF oousnbes OULY a1°2 °91d

(*aes v ) euyy
. m ot § 8 L 9 & 4 € T X
§ ¥ i

(=]

V ¥ _w—r. 1 38 A 1 ]

GouepjouUToD PO
. ootnd o3 <% Fosoy
- 0QUOPTOUFoITIUY

oToFI™d




16,

2.6 The Electronic Circuits.

A block diagram of the electronic sjstem is shown in fig. 2.13. As
has been mentioﬁed already, the requirement for an event to be accepted
by the instrument is a four-field coincidencé pulse ABCD without a
pulse from the anticoincidence tray of Geiger counters. A thyratron
is then triggered by the output pulse from the anticoincidence.gate.
This in turn triggers the high voltage unit which comprises an 8 XKV
hydrogen thyratron and pulse transformer. Four further units are
triggered by this latter unit: each of these units consist of an enclosed _
spark gap ('trigatron' - CV85) and a pulse transformer. The output
of each of these units is fed to a flash tube tray. The hiéh voltage-
pulsing unit is shown in fig. 2;14.' The arrangement of the electronics
is shown in plate II. o

The time.sequence of the events following the traversal of an
ionizing particle through the spectrograph is éhown iq fig. 2.15. From
this it is seen that a pulse of rise time O.stec. is applied to the
electrodes 8.§psec. after the paésage of the particle through the
apparatus. The measured rate of spurious flashes, i.e. flashes not

associated with an accepted particle, is ~6 x 1O-A

per tube per pulse.
¥rom a typical sample of 259 events, the layer effiéiency was found -
to be 78%. This figure and that for the rate of spurious flashes are in

good agreement with the values reported by Coxzell (1961) for the same

conditions of appliéd pulse.
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2.7 Alignment of the specﬁrograph

The alignmant of the instrument ana_the determination of the
geometrical constants afe subjles of greaf importance and a detailed_
discussion follqws.;

Each flash tube tray is fitted with four plates ithrough each of -
which a single hole is bored,;the plates Béing in identical positions-
on each tray; The trays B and Cla¥e supported on érms'fixe& fo the
pillars of the magnet framéwork and the trays A and D are suppofted on
frames bolted to the laboratory floor. Adjusting screws in the top
cross-member in each tray are located kinematically'on'the frameworks
allowing for rotation in the two directions parallel to and at right
angles to the spéctrograph axis. After the correct positions are found
the trays can be bolted rigidly to the frameworks.

In the allgnment process the four trays were adausted so that

(a) cotton fibres were able fo pass . through the centre of the hole
in each plate at both sides, and

(b) each tray was in the vertical plane and the tubes in it were
horizontal; the degree of horizontal levelling being checked in three
ways viz: | |

(i) optically with a cathetometer and telescope.
(ii) directly using a sensitive spirit level.
(iii) by using a straight glas$ tube, of the same diameter
as thé flash tubes, containing a'small_amount of mercury (gffectively

a large spirit level).
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Table'2.2

Adopted.Valﬁes of Geometric@;,Constants (cof, fig, 2.16)

Dimension . cm ;_- ' tesS,
4, - 149.15 £0.02 78.29 10,01
8, ThSh 20,04 39.13 +0.02
2, 71.95 +0.03 37.77 +0.02
L,  150.44 £0.05 - 78.97 +0.03
2 63.5 © 33.33
a | 25.643 0,003 "13.461 % 0.002
b " 25,864 +0.002 13.577 + 0.001
(o) - - . .
_ _ : . Normalised
c 25.512 +0.002 - 13.3924 0,001 |
o . tod =0
i, 0 +0.002 040,001 °

1 t.s. = 1.905 cm.
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The constants of the specﬁrograpﬁ (fig.:2.16) were determined
using cotton fibres .stretched along the lengthbof'the spectrograph
from knife edges at each end, oné pair on the east and one pair on the

west. A cathetometer was then'ﬁSedAto set the knife edges in the

- horizontal plane and to measure the distance from the fibre to a-

reference tube in each tray. .In each tray the reference tube is the
béttom tube in the fourth 1ayér5 The vertical and horizontal separation
of adjacent tubes within a tray wére also ﬁeasured at the same time.
The vertical separation of the centres of adjacent tubes in a particular

level is called the tube separation (t.s.).. Use is made of this quantity

. in the method of measurement of the accepted eventé. The.horizontal

dimension of the spectfograph were measured with an accurate steel tapé.
Corrections to the verticalhm@asuremehts were.made for the
catenary efféct and all the measurements were repeated by two other
independent observers. The final a@épted values are shown in Table 2,2,
The gquantities 8> bo; c,> db and the various lfs.are.found from
the alignment measureménts and the measurements on thé photographs.
(to be discussed later) give the coordinates a, b, c; d. With a knowledge
of these_cbnsténts.ahd the coordinates a, b, ¢, d the momentum of a
particle trgversing the appératuélcan be calculated.
If a charged ﬁarticle of-méﬁentum p(eV/c) passes_tﬁrough a magnetic

field of H gauss, the radius of_curvaturef>(cm)-of the track of the

~ particle is given by

b= Soo‘HII?
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where z is the charge. In the case of the)u-meson, z2 =1

' - 3éoJHdl
I) e

where 8 is the angular deflection of the particle track in passing
through an element of magnetic field of thickness dl.
ie. pO=300fHaL
From table 2.2 the thickness of the magnetized iron 1 is 63.5 cm.
giving p0 = 17.47 GeV/c degree for H = 16 K gauss.
In fig. 2.16, . o
O< {(arag)- (beb)) 4"
0= {(a+ar)- e+ )} &

in the small arigle approximation. The angular deflection, &, of the

]

particle in the magnetic field is given by

a6 ()= & (oo fers)- & (om0
a £,06= A+A4,

Thus A. is a constant of the instrument and has a value -13.39 t.s. in
the present arrangement, and A'is determined directly from the measured
quantities a, b, c; d for each accepted particle. Details of the method
of measuring these quantities is given in chapter 3.
 Thus for the above case where H.= 16 K gauss,
PlA+A) L = 17-47 Gevle
wmd  b(A+ A,,)‘ = 23.8] Gvje (ts)
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Chapter IIX

THE EXPERTMENTAL DATA

3.1 Introduction
The data .under analysis ﬁere collected over a running time of

169 hours 4 minutes. Dﬁring this period the mean mégnet current was
15.50-amp§res giving 2 mean value for the mégnetic induction of 15.85
K gauss. To obviéte any bias introduced by the experimental arrangement
the magnetic-figld was reversed for half the running time. Once again,
using the relation |

pe 3°°.JH‘*A‘)

\»o 73 GaVfe . deg.

and p(M-A.) = 23.b Ga.\//c. Lt.-s) )(.,_r 1;1 = 15.8% ijss.

3.2 The measu#ed rate of events
During the running time the measured rate of events was as follows:
Coincidences ABCD : 38.8 + 1.0 hour-l
Coincidences ABCDE: 16.4 + 0.k hour ™
Rate of single particle events obserﬁeq on film: 7.9 + 0.4 hour-l.
These figures demonstrate the large contribution to the counting rate
from extensive air showers (ABCD = single particle rate, ~ 30 hr-l).
The éverwhelming majority of the showers comprise electrons and have an
inténsity diétribution which varies with'éénith angle, O, as o O
(e.g. Coxell et al., 1962). They ar;3thus'collimated near the vertical
direction and in conseguence do ‘no%.cause confision in the analysis

of greatly inclined.particles.'It is coﬁsideréd that the number of muons

lost through their being accompanied by showers is very small. As it is,
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it is easily seen from the above figures that even with the anti-
coincidence arrangement about one half of the events recorded photo-
graphically consist of extensi&e air showers. These showers have a
low density and do not trigger the anti-coincidence tray of Geiger counters
by virtue of statistical fluctuation of density.

3.3 The measurement technique

In order to derive a momentum spectrum it is necessary to know the
angular deflection for each particle passing through the magnetic field.
The momentum can then be calculated uéing the relationship between f
and O . However, since the deflections ‘considéred are small it is more
convenient to work with the linear dimension £ 6 = A+4, and use the
rekation P(A+AQ= 23.6 GeV/c t.s. As mentioned earlier, A, is a constént,
of the spectrograph and A is determined directly from the measured
quantities for each accepted particle.

Each photograph was projected on to a screen on which was marked
the outline of each flash tube in each tray together with the pairs of
fiducial marks. A cursor was then adjusted over the images corresponding
to the passage of the particle through a single tray of flash tubes and
the best estimate made of the position of the track. A scale, in units
of tube separation (t.s.), was marked on the screen at the centre of
the fourth roﬁ of flash tubes in each tray. The coordinate where the
reference level and cursor cross was noted for each tray, giving the
values of a, b, c, d¢ The error in these measurements has a root mean
square value pf 1.49 mm at each level.

A seléction of recorded events is shown in Plates 3-8. Reaaing from
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Fig. 3.2 -The relationship betwesn the incident momentum and
" angular deflection for the present expsrizentnl
arrangenent.
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right to left, the flash tube traysare respectively C, D, A and B (a
peculiarity of the optical system used) and particles moving in a Norths
South direction traverse each tra;? from right to left.

344 The basic data

" During the peric;d in which tﬁe spedfrograph was in operatibn, some
1305 single particles were recorded.

From the measured data, comprising a, b, ¢, and' d for each particle,
the angles of incidence 'Va.nd emergence, - the displacément A+ 4; zana f.-he_
discrepancy, x (fig. 3.1), -a.t.the centre: of_fhe magnet were calcﬁlated.. s
Events where the zenith angle of incidence was less than 77.50, or with

|at4o] > 15.1 t.s. were rejected. ..

Table 3.1 gives the number of acc;epted .events f';s-r the various
momentum and zenith angular ranges. The momenta shoﬁ in this table:
are corrected for momentum loss in the iron Of the magnet according

to the relation

Ab-= - 2222 tm (1~ os.r;_t)

where 'A® is the angular deflection
B is the megnetic induction

& is the mean momentum loss per unity path length in
the iron _ . B

L is the thiclmess of the magnet
and \) is the incident momentum of the muon.
Figure 3.2 shows the relatiohstiip betweén the. incident momentum

and angular deflection for the presenf experimental arrangement. Also
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shown is the straight line .
PO =173 GeVie. des.
which asshmes that there is no momentum loss in the magnet. As can be
seen, the correction is significant for sitow mudns? being 30% for a
2 GeV/c mﬁon;

Although the accuracy of track‘ﬁgasurements'resulting from the simple _
observations on the projected iméges is sufficient for particles of |
comparatively low momentum (P £ 100 GeV/c), an improved technique is
necessar& for particles of higher momenta to give the necessary higher
degree of accuracy. Consequently the fast particles were re-examined
using the following method. The éositions éf the flashed tubes in each
tray were noted and this informétion was transferred to a scale diagram
(track simutator) (fig. 3.3) of a portion of a stack of flash tubes.

To improve the accuracy of location.the scale- diagram was enlarged by a
factor 2.5 in the fertical direction and by a factor 0.716 in the
horizontal direction. A cursor was placed on this scale diagram at an
_angle corresponding to the angle of incideﬁce or emergence of the particle,
depending on which tray of tubes was being examineq, ﬁhig angle being
obtained from a.knowlédge of the first-projeétion measurements. Consider
a particular tray (A say) where it is observed that the following tubes
had flashed (Row 1 is the North face of each stack):

Row No. ' 8 7 6 5 4 3 2 1

.Tubes flashed 10 10 - 10 11 - 11 11

and (a"b) = <+ 805 toSo
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.The procedure to obtain the best value for g is as follows:

1) Mark on the diagram the flashed tubes.

2) Place the diagram on the cursor baseboard and line up the cursor
along the horizontal line near the top of the scale diagram.

3) Swing the cursor about its axis until it crosses the scale for
(a-b) where (a-b) = + 8.5 t.s. and clamp it in this positdon.

L) Slide the cursor down the scale and obtain the two extreme limits
of the track which satisfy the above information.

5) Note the coordinates in flash tube row 4 of these limits and
obtain the mean value of a.

6) Repeat for trays B, C, D, using the emergent angular displacement

(c-d) for trays C and D. |

7) Recalculate the defiection A +4, and the discrepancy x at the
centre of the magnet.

In order to provide a wide overlap with the data scanned normally,
all particles with | A+A¢|£0.46 t.s. (i.e. p® 50 GeV/c) were re-
measured.

A very sensitive indiéator of the accuracy with which the measurements
are made is the magnitude of the-discrepancy, x, at the centre of the
magnetic field. The frequency distributions for x £or the two methods
of analysis are shown in figure 3.4. That there is an improvement in the
accuracy for the track simulator data shows up as a reduction in the
width of the distribution. For the normal scanning technique, x has a

mean value +(0.014 +0.010) t.s., whilst for the track simulator technique
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the mean value of x is -(0.008 +0.006) t.s.

There are two éources of x:

i) erfqrs in track location in each tray of flash tubes

and ii) the effect of Coulomb scattering in the ﬁagnet.
"Ashton et al (1961) showed tl’_lat the magnetic displacement, A, at a
" detecting level a distance L (>4, the thickness of . the maghet) below
: the top (1. e. incident face)of' the magnet is
Az S+ (L-2)(0a- 9)
.. where the magnetic dlsplacemsnt 5 , at the bottom (i.e. emergent face) of

the magnet is given by
. 2
d= - 2008 ftn (1o 2x) a
0 b
and i!he magnetic angular deflection (92-— 9,)13

- _ 30:_@ L. (l- :‘ﬁ.)

whez.'_-e Bis the magnetic in@uction,

‘ol is the mean momentum loss per unit path length of the muon in the
iron,

- byis the incident ‘momentum
They also showed that the mean square progected d;Lsplacement <:j *>at the

'same detecting level is given by

<32>'=<35>+2x1’ 2("“) { —) 2 (L-0)e 222

4 (he)(ne2),
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where <53'>is the mean square projected displacement for no energy loss,
K = 21 MeV and X, is the radiation length in iron. A and <y'> have
been obtained for the ma.gﬁet in use, the resulting curves being shown
in fig. 3.5. From these curves it is seen ‘.l:hat the ratio of r.m.s.
scattering deflection to magnetic deflection is 0.30. It is possible to
check this value experimentally, and to determine the magnitude 6f the
accuracy of track location by.studying the r.m.s. value of-the
discrepancy, x, at the centre of the magnet? with momentum. In fig.
3.6, x is given by

X 2 Lo+ Licty ¥y - 146)

where the first two terms arise Ifrom scattering in flash tube trays
B and C, and ‘the bracketed term from scatiering in the magnet.

The distribution inoL,, <, ére Gaussian with standard deviation -
(7.7 x 107 P"l) radians with the momentum p of the particle in units of
GeV/ec.

The probability P(t, y, 0 ) that a particle of momentum P, suffers
an angular deflection)e(projected -a.ngle), and a projected displacement

¥y in traversing t radiation lengths is given by:

Plog.o)t= i ol (£ 190 | 3ys)]4y

™
where w =%éand Es = 21 MeV/c. (Rossi and Greisen, 1941). From this
equation, tlrsze distribution in(j-'élb)is found to be Gaussian with standard
deviationd-_!_ £9» where<®pis the r.m.s. projected angle of scattering in
the ma.gnet.ll It follows that the distribution in x is a Gaussian with

standard deviation
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&
L XpaD = 280 + Lge>s xs
= (A¥a,) (0057 4+ 0.00032) 4+ x5 (&5)
The quantity X, is related to the r.m.s. uncertainty in track location,

w-, at each flash tube tray through the geometrical constants of the

instrument and is given by

xtz p.9q130°

The varj.ation of <’¢MA$ with A+A,): for particles of sufficient energy
for the energy loss in the magnet to be neglected is shown in figure
37+ The theoretical line, aséuming X = 0.30, is drawn through the
weighted; mean value. The fit to the experimental points is regarded as
satisfactory.
For small displa.éements » & sc,‘,,,,,“)1 = 4.9130‘2 s aﬁd the value of ¢ can
be found from figure 3.4. The resu.'bbiﬁg values of 0 are
(0.078 +0.003) t.s. for the px‘ojeé‘bor method
and (0.047 +0.002) t.s. for the track siﬁu}ator method .
An important quantity follows from the value of o~ (or, more usually,
from the value of the most probable error, P, given by P = 0.674 ¢ ).
This quantity is termed the maximum detectable momentum (m.d.m.)
~ and the corresponding probable error values of the m.d.m. for the present
instrument are:
(224 +9) GeV/c for the projector method

and (369 + 16)GeV/c for the track simulator method.



Table. 3.2 The overall momentum distribution of particles.

Il st | ot pecvieres. (aar’)
centrz G:€/ﬁ@et.
1.56-3.66 - | 78 1.1
5466-5.76 | 82 11.6
5.76=9.83 113 : 16.0
9+83-20.3 : 250 - 3565
20¢3=31e1 _ . 202 28.7
31.1-51.3 190 . 270
51.3-7348 100 14,2
75.8-215 173 24,6
>215 69 9.8

Total: | 1257 178.5
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The simplest way in which the m.d.m. can be inereased to higher values
for this instrument is by increasing the values of £ and 4.

2.5 The Acceleratof Characteristics of‘the Speétr graph

As previously mentioned, the. spectrograph is designed, not only to
measured the spectrum of muons ét iarge zenith angles, buf also to act
as a "source™ of very fast -particles (i.e; muons) in order that experiments
investigating the interactions of ﬁﬁese particies with matter can be
carried out, and this section concerns what is loosely termed the
‘accelerator characterisﬁicg of the instrument.,

It is thus necessary to know.the momentum and spatial distribution
of the emergent particies. The overall momentum distribution is shown
.in Table 3.2, where the total ﬁuﬁber of particles in the running timé of
the experiment and the.parﬁiéle rates are given,

The spatial distribution has been examined by gnalyzing the events
with respect to angle of trajectory on emergence at the measﬁfing levei
in flash tube tray D as a fUncfion_of position at this 1eyel.» The data
are given in figures 34,8, 3.9, and 3.10 where division has been made
between particles with momentum abové and below 25 GeV/c. The sign
convention is negativeafér downward diréﬁted tracks and positive for
upward tracks; “

The total distribution of exit angle is shéwn in figure 3.11, and
Table 3.3. shows how the total is;achievéa as one progresses up tray D.

It is evident that the majo:iﬁy of particles emerge from tray D with

angles between_-lO and —9037' to the horizontal, and leave the tray between



Table 3.3 Distribution of particles with exit angle

Position
(tose)
0-4
4 -8
8 - 12

12 - 16

16 - 20

20 - 24

24 - 28

28 - 32

32 - 36

36 - 1

at D as a function of position in D.
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flash tube numbe?s 8 and 28. The angular spread on emergence beth in
~ the plane under consideration and in the perpendicular plane dictates
that a detector ﬁsed to study interactions must be placéd as close to
tray D as possible. -

For studiés on tﬁe interactions of particles of the highest energies,
as long a path length in subsequent detectors as possible is required.
With the preéent arrangement some 5 metres is immediately available, with

a possible extension to about 8 metres if a temporary partition is removed.
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Chapter IV
. THE THEORETICAL MOMENTUM SPECTRA.OF‘§EA-LEVEL MUONS AT LARGE ZENITH

ANGLES = -

4,1 The method of calcq;ation'
| The objects of the experiment are two-fold:

i) to examine the validity of the model used for s%u&ying the

propagation of particles through the atmosphere, and
ii) to examiné the nature of the particles which give rise to the
muans penetrating to éea-level;

It will be shown that at low energieé (E..< 30 GeV) the exﬁected
spectra of muons at sea-level are not sénsifive to the nature of the
parent particles so that objecf-(i) is-at%ained by analysing the low
energy results. At highér energ;es the sPectra_afe-sensitive and it is
in this region that the relativencbntributions of'thé various parents
can, in principle, be determined.

As was pointed out in Bl.)4, the form of analysis is to take the
vertical sea-level mﬁon spéctrum gnd, assuming in turn that the parents 
are either pions or K-mesons, determine the pion aﬁﬁ K-meson spectra at
production, and thence derive thg expected sea-level muon spectra at
Jdarge zenith angles.

4.2 The expected sea-level Spectra of muons from pions only
On the basis thet muons are the progeny of pions 6n1y, the muon

differential energy spectrum at production, M(E,0), at a zenith angle,



8 | (x/e) Bﬂ(e) Br(8)

deg. kme ~  GeVe GeV.
0 6.36 90 509
60 i3 18y 987
0 18 255 145
80 32 . b53 2590
g2 - 38 538 3090
84 Ll 623 3590
86 | 51 72é 4330
88 57 807 4580
%o 61 863 4950

Table 4.1 The variation of the function B(8) with zenith angle.
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B, is given by the followin_g expression: -

MES - D) A 5 < )
M(E®) = TN TE S, (MyesolE bel.

(Barrett et al (1952)), where

 mass of muon A -
T = Tmass of pion - 02’7_6’

Fr(®/r) is the p'iog differential spectrum at production,
X“) )? are thc::- absdrpti‘on mean free paths for _pi_ons and mI)n-pion"
producérs of pions fespecti_vély,
Bn(e) 'is a function pf z-enith an.'gle and 1s given by the r'_elafi.on...
Bnlb)= M, where 0 is the density of the a'tn‘lbsphere- in units of g;tn.c.tm-3
.ata d:;th X gm.cm'_,z, ‘a.ﬁd_. '()').—-"é _p‘— );l |
The Ti-ffa. decay kinelm'atics are’simplified to the ext_enf, that the pion
energy ,Eq, is assumegl. proportional to _tHé muon energy, E, thg constant
of ﬁroportiona_li‘bjr ..b_e:'n;__ng' r-:l. ('The.e'ffe_dt of 'dec;g,.y' spr._ead' - the fact
-that ﬁxuons of -a ée'rta:'.n_énergy come from pions of a range of" energies =

is neglected.)
If )‘,_-.X‘—\ , equation 4.1 hsimplif_'.ies to the form
. P . ‘I' -| . . ) -' - - . .
MIE,6) = EnlE/r).v'[1+ {;:._/BN)] . L2
The justification for Mp=My is given in the reviews by Sitte (1961) and
f - Perkins (1961'). Fur‘tghe'r, it is assumed that production of muons takes
'_ place at & unique depth in the atmosphere (83 gm.cm-z). The valués of

1::hé function, Bn®) used are shown in Table 4.1. Also shown are the



E - M(E )

(GZV) (em2st™tsec™2Gev 1)
10 2.50 x 10~%
20 3.30 x 10—5
50 2.20 x 10~°

100 2.50 x 107

200 2.55 x 1078

500 1.11 x 10-°

1000 1.05 x 10710

Table 4 2. The vertical muon differential intensity at

production.



E F (E) Ey Fye(Bp ).

T -
(GeV) (em2st™tsec™GeV™t)  (GeV) (em™2st™tsecilGev™)

13.2 2,10 x 10~* | 12 4,90 xflo§4.

26.3 3.06 x lO‘; | 20 1.08 x 10:;

65. 7 2.59 x 10's .50 T.00 x 1o-~g

132 401 x 107 100 8.30 x 107

26k 6.21 x 1078 7250 5.10 x 1078
657 5¢51 x 1079 500 6.30 x 10-°
1320 9.50 x 10710 1000 | 7.90 x 1072°

Table 4.3. The pion and K-meson differential intensities at

production.
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0 E

(deg) (GeV) (cm@st™ sec™GeV1)

60 5. 60
6. 80
8.90
13,7
21.9
38.0
T0.0
134
300
800

80 15. 8
17.0
19.1
23.8
32.5
48,7
82.0
145
318
830

M(E

l.12 x

6.T3 x

35620 x
9.92 x
3.12 x
578 x
1.03 x
1obl x
1L.07 x
3.94 x.

Te 2L x

h,29 x
2.25 x
9.70 x
3,27 x
8.03 x
.49 x
.43 x
6.97 x

»9)

1072
10~*
107*
10°

10~S
1078

10-10

7

(deg)

T0

82

LR

-

E

M(E

,0)

(GeV) (em™2st~tsec™lGeV?)

8.00

9.30
11.6
16.0
2.5
.o
3.0

138

305

804

19.0
20. 8
23,1
275
36.2
52 8
85.8
148
320
858

h.34 x
2.86 x
1.54 x
6.81L x
2.02 x

533 x

9.83 x
.45 x
l.22 x
507 x

k.32 x
335 %
2.52 x
1.54 x
To40 x
2.75 x
T.26 x
1.4k x
1ol x
6. 84 x

10~4
10~%
10~%
1073
10—S
107°
10~7
10~7
1078
10—10

Table 4.4, Muon differential spectra at production at large

zenith angles.



0 Eu M(E ,0) 0 Eu M(E ,8)
(deg) (GeV) (cm™2st™tsecGeV™') (deg) (GeV) (cm2st—*sec—GeV-1)

.84 2540 2.05 x 107 86 36.0 T.63 x 10~
27.0 .64 x 1078 38,1 6.38 x 10~8

29.9 1.2k x 10~S 42,0 5,08 x 10~°

34,1 8,86 x 10™° L6.5 - 3,91 x 10~°

43,0 Lok x 10~8 56. 0 2.38 x 10~°

60. 4 1.98 x 10~8 Th. 2 l.11 x 10~

93.0 572 x 10~7 107 3.42 x 1077

155 1.32 x 10~7 R L - 9.96 x 10~

332 1.40 x 10°8 350 1.22 x 10~8
860 7. 48 x 1010 880 T. 43 x 10~10

88  58.0 2.15 x 1078 % 116 3.13 x 1077
61.0 1.90 x 10~8 117 3.07 x 10~7

65.0 1.60 x 10~° 118 3.02 x 10~7

TL. 0 1.28 x 10°® 125 2.59 x 10~7

81.0 9,00 x 10~7. 132 2.17 x 10~7

99.0 k.56 x 10~7 ' 152 1.46 x 1077

143 leTl x 10™7 190 T.67 x 1078

205 6.09 x 10~8 270 2.80 x 10~8

388 9.61 x 10—2 450 6.19 x 10~°

935 6.53 x 10710 1000 5.46 x 10-10

Table 4.5. Muen differential spectra at production at large

zenith angles.
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values of (J‘If)g at the production level.
The muon pfbduction sbectrum in the vertical direction,M(E,O), has
been derived in a straightforward way from the sea-level mion spectrum
| 6f Hayman and Wolfendale (19562), and the intensities.are given in Table
b2, |
Using equation L.2, with 3&5) = 90 GeV, and the muon production
- spectrum, M(E,0), the pion production spectrum, F,(E/r), has been
evaluated under the assumption that pions alone are the parents of muons.
The intensities are given in Table L¢3, and the spectrum is plotted in
figure 4.1. |
| Starting with this pion production spectrum, the muon differential
spectrum at production was calculated for vérious angles between 60° and
90o to the zenith usiné equation 4.2 and the appropriate values for
the intensities are given in Tables 4.4 and L4.5. The momenta at pro-
duction were converte@ to sea~level momenta by use-of figure 4.2 (Allen
and Ap@stolakis 1961) which shows the Y?riation with zenith angle of the
effect of the total energy loss on the energy at sea-level for muoﬁs.
Corrections were applied to the sea-level intensity foq/*—e decay
using the survival probability curves shown in figure 4.3 (Allen and
Apostolakis 1961). A porrection for cell width was also taken into

account according to the relation

N(P)s.g = N (b)es.(—dﬂi-zb

(Ap/an)s.c.
where the subscripts refer to sea-level and productionllevel (83 gm.cm-z).

Figure L.kt demonstrates the importance of this correction, particularly
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between 80° and 90o to the zenith. A further correction to take into
consideration the effect of scattering of muons in-the atmosphere is
extremely important pérticularly for low momentum particles
(<(15-20) GeV/c) incident at the larger zenith angles. The ratio of

corrected to uncorrected distributions is given approximately by the

following expression:

4, , za
oy - )

(L1oyd and Wolfendale 1955) where K can be derived from the variation

with zenith agle.of the intensity, I, of particles of a particular energy.

. This variation can be approximated to an expression of the form

T= T, oxp (- x8)
The variation of the f.m.s.-angie of scattering,c', %ith zenith angle
as a function of séa-level momentum is shown in figure 4.5 (Allen and
Apostelakis 1961). Figure L.6 shows the varia:ti,onlof axpls K.?) with
zenith anghe as a function of sea-level momentum.

The angular spread of pions at production and the Eap-angle of
decay have been ignored as has the effect of geomagnetic deflection
(this latter is justified because the specﬁrogrééh axis lies almost
along thé direction of geomagnetic north).

The predicted sea=level muon momentunsbectra.are shown in figure
L.7, together with the measured vertical speetrum (Hayman and Wolfendale

.1962). Thé dotted lines are intensities uncorrected for scattering in

the 'atmosphere whilst the solid lines are corrected for scattering.
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' As can be seen it is expected that the #ertical spectrum will cross
the 80° spectrum at about 100 GeV/c; and the 90° spectrum at about
550 GeV/c. The 80° and 90° spectra are expected to cross at about
1000 GeV/c., thué emphasising the importance of using cosmic ray muons

at large zenith angles to study high ene¥gy phenomena.

4.3 The expected sea-level spectra of muons of K-meson origin only

Using the same approach as in § 4.2, the muon production spectra
were derived assuming that muons-comeéfrgﬁ the Klu:decay_mode only. The
K-meson production spectrum is shown in figure 4.1 and the-intensitigs
are given in Table L.3. The values fbr'BK(Q) used to evaluate eguation
L.2 are shown in Table h.i.' |

The ratio of the-inclingd muon spectra at production, derived f?om
the Eﬁm-ﬁroddction spectrum and the f-production spectrum are shown in
figure 4.8. The ratio of the observed to expected rates of events
(on the basis of pion origin alone) converted to the production level
wiil then givenan indication of the origin‘(pioné or K-mesons) of muons
detected at sea~level when plotted on this graph.

However, whilst the K,p;mode of decay has a branching ratio of 5&%
and will therefore producé more muons than any other mode for K-mesons,
it is thought that thejéthér decay modes will also be'important (e.g.
Kii with branching ratio 26%, and Kxs with branchingratio 34.5%).

The effect of other decay modes has been considered by Osborne (private

‘communication). The decay schemes considered are shown in Table 4.6.
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Decay Mode _ ) Branching Ratio

K:a - u¥ 4y 58%
K:,‘, >t + 0 26%
K;':s - F + gt o . : 6%
Kﬁé-»'r.r*+_n°.+n° - 2%
Kﬁé-’pi+ﬂo+v ' ' : -Ll-%
Kga - xt + 5 - 34.5%
Kﬁs »pfry 4+ A7 - . 16%
K‘;é »eFay + 47 | . 17%
K?té > xt+ 7+ ° ~ 6.5%

Teble 4.6 The decay modes of K-mesons considered by Osborne’ (§4.3)
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Osborne has assumed. that the frequency of production of the four K-meson
states is given by N(X) = N(X°), N(X") = N(X°), and has derived the
K-meson production spectrum. From this the muon production spectrum

has been calculated, and the final ratio of Muons from all K-mesons to

muons from all pions,#f%%%%ggf, is shown in figure 4.9 with zenith angle
LY S.. .

as parameter. Also included in the calculation is an estimate of the
N:(%?)déé _1
N ()A€

represents the case for 100% pions as parents of muons. It is interesting

effect of "decay spread" (§4.2). A horizontal line through

to note that, as the number of different.aecay modes of K-mesons con-

E) A€,
sidered is increased, so the ratio,ljiiégiié=, becomes closer to unity,
_ Ngl;)ag;

calling for a higher degree of statistical accuracy before any conclu-
sions concerning muon origin can be made. (c.f. the curve for a zenith

angle of 90° in figures 4.8, 4.9).

ks The acceptance characteristics of the spectrograph

In order to compare the theory with the experimental observations,
the method adopted was to predict the nunber of evenits expected during
the running t;me of the experiment for particular momentum bands in
various zenith angular ranges (the selected momentum bands and zenith
angular ranges being shown in Table 3.1). Thesg predictions were
compared with the observed number of events and the observed intensities
were then calculated.

Before this can be done, however, a knowledge of the acceptance

characteristics of the spectrograph is reguired. The probability of =

particle being accepted by the spectrograph has been found graphically,
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the quantity determined being called the "acceptance function" measured
in units of "cm.zsterad.“ The expected rate of events recorded then follows
as the product of this function and the intensity.
The acceptancevfunction can be written as the product
Ao“’; 9)- - Q. where
Roi)is the geometric function .d.etemined by the overall size of" the
geiger counter trays, v is the probability o-f none of theappropriate
counters in the instrument being quenched at the instant when the particle
(of momentum, p, at zenith angle,® ) passes through them, and G is the
average probability of a particle not traversing an insensitive region
in any countertray on its passage through the instrument.
In the present case, 1 = 87.3% and G = 54.6%.
To obtain the fuuction,Ab(hQ%the following procedure was adopted.
A cursor describing the trajectory of a particle of momentum, p, was
placed on & scale diagram of the side ele@ation of the spectrograph such
'tﬁat the partiéle arrived at an incident zenith angle,Q)and passed through
a point in geiger tray D. Keeping this iatter point fixed the incident
zenith angle was allowed to vary by _4;89’ and the extreme values of the
position in geiger tray A were noted. This was repeated for the whole
of geiger tray D for particles deflected both upwards and downwards, and
£he whole process was repeated for various incident momenta and zenith
angles. The vertical range in geiger tray A which is limited by the
extreme edges of the geiger trays B and C and the magnet (and sometimes

by the extent of A itself‘), .wa.s plotted ageinst position in tray D as
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a function of momentum for each value of 8. Five values of 8 were
selected, namely 78.75°, 81.25°, 83.75°, 86.25°, and 87.75° with

§0 =21.25° so that the acceptance was found over the zenith anguler
range 77.5° to 906 at intervals of 2.50. The area under these curves

was plotted against angular defiection for each range of zenith angle and
hence the acceptance function, A, (},9) , was obtained. The acceptance
functions are shown in figures 4.10-4.l4 where they are plotted against

incident sea-level momentum.
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Chapter V -
THE MEASURED.MOMENTUM SPECTRA OF SEA-LEVEL MUONS

AT LARGE ZENITH ANGLES

51 The expected rate of events

As mentioned earlier (§4.4) the expected rate of events for a
particular inferval of momentum and angular range is the integral of
the product of the acceptence function, A?(p,e).q.G, and the predicted
inténsity N(p,%)dp. Comparison of the expécted.raté and the observed
rafe of events gives the measured moméntum spectra.

The.measured'mémentum spectra for intervals of 2.5° over' the genith
anglelar range 77.5'-90° are shown in figures 5.1 - 5.5. The solid
curves are the'expected spectra assuming. all muons come from pions only.
For mementa below 7.4 GeV/c, the measured intensities refer to the nofmal
- measuring technique whilst for momenta above 74 GeV/c the measured
intensities are~obfained using track simulator measurements (cf. §3.4).

Corrections for "noise® i.e. the errors in determining the trajectories
have been applied following the technique-due ts Lloyd and Wolfendale (1955).
The corrections are small downward displacement of the me!a.sured 'iritensities
at high momenta. |

Tables 5.1 - 5.3 show the theoretical and measured differential
intensities at large zenith angles as a function of momentum.

Before interpreting thése data the results on the charge ratio will

be considered.



Zenith Theoretical Measured

Angular Momegtum | Differegtial D;ffer?n?ial
Range Gev/e) a2, oo lier/c)  (entnienidles
77.5°-80° 3.2 1.58 x 107 (1.27 +-0.24)107°
55 1.40 x 1077 (1.09 + 0.24)107°
8.y 1.09x 10 (7.97 + 1.48)1078
15.1 6.20 x 107 (6.72 + 0.83)107¢ -
25.7 350 x 1078 (490 + 0.69)10™°
1.2 1.57 x 10™° (1.61 + 0.29)10"6
62.6 6.80 x 10”7 (6.21 + 1.68)10~7
88.4 3.12 x 10~/ - (3.02 + 1.01)1077
3 9.80 x 1075 (1.28 + 0.28)10~7
146 470 x 1079 (ho5h + 5:58)10'9
80°-82,5° 3.2 o 8.00 x 1076 (8.26 + 1.69)10™°
5.3 7.00 x 1078 (6.37 + 1.25)1078
8k 5.70 x 107° (5.26 + 0.80)10™°
15.1 5.88 x 10"6' (3.88 + 0.42)10™%
25.7 2.37 %:107° (2.42 & 0.31)10‘6
41,2  1.32 x 1076 (1.37 0.18)10"6
62.6 6.50 x 10”7 (5.09 + 1.04)1077
88.4. 3.12 x 107/ (2.99 x 0.53)1077
w3 _9.60 x 1078 (6.77 + 1.:27)10'-8
16l | 410 x 1079 (6450 + 1.55)1077

Table 5,1 The theoretical and measured intensitges of muons in the
zenith angular range 77.5 -82.5



Zenith

Angular
Range

Momentum
(GeV/c)
82.5°-85° 3.2
5¢3
8ol
15.1 -
25.7
Ll1.2
62.6
88..4

143
468

85°-87.5° 3.2
5.3
8.k
15.1 |
25.7
41.2
62.6
88.1
L3
518

_ 3.3 x 10

©1.95 x 10™
~6

. 1.20 x 10

Theoretical

Differential -
Intensi
(em” 25t Esec f'ZeV/

~6
3.06 x 10~

2.58 x 10~

1.32 x 10
8.10 x 107/

431 x 10°7

2.31 x 10~/
8

8.80 x 10™

4,00 x 1077

1.07 % 10"6

9.40 x 1077

7060 X 10-7

5,70 x 1°h7,'

3.68 x 1077
2.16 x 10~/
1.29 x 1078
5.40 x 1078

2.55 x 107

6
6-
6

-6

Measured
leferentlal

(cm st

(4.55

(3.80 +

(2.00
(1.82
(1.69
(8.09
(ke 26
(1.90
(7.81

" (2.87.

(7.70
(1.21

(7.98

(7.83

(4.82

(3.61
(2.29
(1.50
(5.86
(2.59

fn51ti

sec GeV/c

+ 1.01)10”

0.77)10"
0.40)10"

I+

0.24)10"
0.22)10"

I+

I+

1+

0.33)10

I+

I+

0.79)10

I+

Te4t9

be 18)10

+ I+

1+

+ I+

I+

I+

I+

Table 5.2 The theoretical and measured intensities of muons in the

zenith angular range 82.5 -87.5

1J4ND'

0.78)10~7
-7

0.38)10°

-6
-6
-6
-6
-6

1.16)10'8
-9

2.22)10"7
1.38)10~7
1.07)1077
0.59)1077
0.51)107/
0.25)10"7
0.87)1078

0.70)1077

1)



Zenith

Angular
Range

87.5°-90°

Momentum

(GeV/c)

3.2
5.3
8.4
15.1
25.7
41.2
62.6
.88.4
w3
561

Theoret
Differe
Infens
st sec

3.20 x

2,70 x

241 x

2,03 x
1.67 x
1.28 x
9.30 x
6.50 x
2.93 x
1.58 x

ical
ntial

504

GeV/c

1077
1077
1077
1077
10~/

10”7

1077

Measured
Differential

(em™ 28t

(9.96
(1.16
(3.67
(2.13
(2.79
(1.50
- (1.16
(7.81
(3.27
(2.06

Intfns1ti

sec GeV/c

5.89 5
3.95)10
2,66 7
0.95)10
1.96 .
1.34)10°

+0.64)1077

L+ 1 + 1 +

+0.72)10"7

+ 0.39)10"'7
+0.33)1077
+ 1.69)10'8
10.'59)10"8
10.56)10“9

Table 5.3 The theoretical and measured intensites of muons in the

zenith anglelar range 87.50-90

.)
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5¢2 The charge-ratio of muons

The charge ratio, K, of the number of positive muons, N( ), to

the number of negative muons, N( ) is defined simply by

K=z —!ﬁ— j)
N ()
whereas the positive excess is Nﬂm?) - N&M:) and the relative positive

excess, ? , is defined by

N -ND) k-t
94 Nls) K

V'I:

An excess of positive muons is to be expected when one remembers
that the primary radiation is almost entirel& positively charged. If
a proton suffers a catastrophic collision such that it undergoes charge
exchange (and emerges as a neutron) and if x pions are created, then
2(x + 1) will be positively charged and #(x - 1) will be negatively
charged, where x is odd in order that the charge conservation law should
be obeyed. As the probabilities of J-s decay and pion interaction are
independent of the sign of the charge, the positive excess of pions
results in an excess of positive mtions. The pion multiplicity at
production is theérefore teflected in the sea-level positive excess for
muons, and a study of the'positive excess ;t high enérgieé gives information
on the variation of multiplicity with energy (e.g. if the multiplicity
increased with primary energy the charge ratio would decrease with
increasing energy, wheresas it would remain constant for a constant
multiplicity).

The data from the present experiment have been combined and the

measured ratios have been determined as a function of muon energy at



Energy Range Field A - FMeld B

at production Positive-Negative
GeV N(ut) N(«™) NGut) N(.™) Ratio
10 - 20 3 67 96 1 1.46 + 0.23
20 - 30 33 95 8l 2 0.99 + 0,13
30 - 40 43 Wy 67 L0 1.31 + 0,19
4O ~ 55 45 .62 6l 5l 0.9% + 0.13
55 - 75 46 ' LN 5k 36 1.30 + 0.20
75 = 100 31 30 51 R 1.34 + 0.23
100 - 150 28 23 | L0 16 174 + 0.35
150 - 200 15 11 13 11 1.27 + 0.36

Table 5.4 The Positive-Negative Ratio as a Function of Muon Fnergy at
Production

(A and B refer to opposite field directions)
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production (i.e. the sea level energies have been‘converted to-energies
at production). The date are given in Table 5.4, and the ratios are
plotted in figure 5.6. Also shown in figure 5.6 are the recent results.
of Hayman and Wolfendale (1962); these measurements were made with the
Vertical Spectrograph ét Durham, and the measured enérgies have also
been converted to energy at production.

In the present work, the effects of instrumental bias were reduced

by defining the charge ratio K by

K= [M> | [NW'J
N AN g
where A and B refer to opposite field directions.

Although the statistical accuracy of the present data is low, the
results are of iﬁportance in that they confirm the conclusion of Hayman
and Wolfendale that the charge ratio does not tend to unity,at least
before several hundred GeV. This fact was interpreted by these authors.
es showing that the fluctuations in the multiplicity of high energy pions
increases with increasing energy.

5.3 Interpretation of the momentum spectra
5.3(i) Statement of the problem

The basic problem is to derive information about the characteristics
of high energy nuclear interactions from the measurements on sea level
muon spectra. Of the cheracteristics accessible to study, the most
significant is the Ieiative produétion'of particles in high energy collisons
which give rise eventuélly to muons. As mentioned earlier (§A.1) the
most convenient approéch is to take the measured vertical spectrum as thé

starting point and from it calculate the production spectra of the parent



L1.

particles for different assumed masses of these particles. The production
spectra are then used to predict the sea-level spectra at large zenith
angles and, by comparison with the o£served §pectrum, conclusions can be
drawn about the most likely parent particle (or combination of particles).

Prior to the present work it was not clear that the inclined muon
spectrum ﬁas, in fact, sensitive to the mass of the parent particle. The
early work of Jakeman (1956) showed that a large sensitivigy existed but’
the values taken for the masses and lifetimes of the relevant particles
were, at that time, necessarily iméreciée. Pak et al (1961) implied a
sensitivity, but quantitative estimates were not given. The theorefical
studies of Allen and Apostolakis (196_1), however, showed that the inclined
spectrum should be comparatively insensitive to the mass of the parent '
particle. The present work shows that there is, in fact, considerable
sensitivity (see, for example, figures 4.8 and 4.9).

5.3 (ii) Determination of the Kft ratio from the measurements of

inclined spectra

The spectra (figures 51 - 5.5) in the zenith angular range 77..50-80o
have been converted to spectra at production, and the data combined_to
give the ratios of muon intensities at production. These ratios =zre shown
in figure 5.7. Also shown on this figure are the ratios expected on thé
basis of 100% pions or 100% K, -mesons as parents, together with the
ratio expected on the Easis of 100% K-mesons after the treatment of
Osborne (ef. §4.3). In addition, the experimental points corrected for

the effect of decay spread after the treatment of Osborne are alsoc shomn.
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Muon N, (,)aE N_. (E_)aE
Tl ecn o

(Be7) (E,,) (x)

17.5 - 04855+ 0.090

28.2 0.926 +0.050 0,882 +0.049
52.9 ' 1.019 +0.048 1.022 +0.049
9542 © 0,948 +0.066 0,915 +0.065
171 . ' 1,009 +0,082 0.973 +0.081
565 1,405 +0.173 1,426 £0.179

Table 5.5 The measured ratios of muon intensities at production,
for K__decay mode only, and all K-meson decay modes (a
correction for decay spraead is included).
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The experiﬁental.values are given in table 5.5. At the lowest'eﬁergy_
a further acceptance function cofrection has been applied. This is
necessary to'accbunt for the particles lost by virtue of there being
insufficient track length near the top of flash tube tray A or near the
bottom of.D for.such tracks to be accepted during meéasuremert. It is
'not though that the point plotte@ at 17.5 GeV will in fact be accurate,
as it is in this.region that large corrections are made for the effects
of.scattering in the atmosphere, energy 1éss in the magﬁet etc.

It is possib;e, by interpolation, to make an estimate of the fraction,
-'FK s of %ﬂé-mesons or fraction, FK’ of all K-mesons giving risé to muons,

M2

required to give agzeement with experiment..

Thus, Fe = N (Kng)

- -
| g N(m)+ N (%)
and it can easily be shown that
' ' E R R
, K = - Fk.;
where R is the observed ratio plotted in figure 5.7, and 3K is the
. -

ratio expected for 100% 5;2 productién of muons oniy:‘ The error in

FK is given by'SF 2= |SP" o« Similar expressions exist for the
Py

case when all K-meson auon-producing modes are considered.

The fractions EK ) FK for the present work are summarized in table
. ./2 .

5¢6. Discussion of the work at zenith angleé 800 and 650-85o is deferred

until. chapter 6., The fraction, F,, for the present experiment is shown

K
in figure 5.8, togethér with the approximete best curve through the
. experimental points, and the approximate 16% upper limit to FK (i.e.

one standard deviation).
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Experiment Muon Energy F F

(cev) K2 K
Durham, 80° - 36 0.25 +0.23
4 0.22 +0.20
Durham 77.5°-90° 17.5 - $0.410
28.2 0.433 +0.292 . P<13.4% for Fe< 1
52.9 <0.111 £0.281
+ 0.184
95.2 0.5 T 0.491 +0.376
P : j + 0.319
171 <£0.173 0,106 * 0*2 7
565 - P<L1% for F&? P< 1% for >0
Durhan (Buulsion) 28 <0.23
65 -85 : :
55 . - £0.72
108 < 0.28
Table 5.6 F (FK) a.ls a function of muon energy 2t production.

K
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It can be shown that the ratio, (KAr), of the production of all
charged K-mesons to charged pions is given as follows

@(/ﬂ) =< ."'_M'E F

N-'\/N)r -— ( g
where N /N is the measured ratio

R is the' theoretical ratio

and F,,, Fn are the charged K—ﬁé_so,n and pion production spectra
respectively.

The résults of the ana-'ljrsis of the K/i ratio f_rbm‘ the present data

are sumrarized in table 5.7. Also shown in this table are the KAT ratios

derived from other work. The discussion of the KA retios is deferred
‘until the mext chapter.



Experimental - . Muon KAT Ratio
Source ' Energy

Accelerator 0.21-1.4 < 0.10
Polarization = | 3 0.5k +0.31
65°-85° . T S
80° 18 | <0.85
803" 21 ' o 0.28 * 3?28
65°-85° 28 : <0.32
80° 36 0.38 T 3+22
80° " LD iy
77.5° - 90° 52.9 <042
65° -85° | 55 02 * 238
77.5° - 90° 95.2 0.97 * g:gi
65° -85° 108 <_o.l+5
77.5° - 90° 171 0.09 * J+29
77.5° - 90° 565 Probability <1% for FAT > 0

Jets .300-7000 <0.40

Table 5.7 KAT ratios for muon energies < 7000 GeV.
(The large zgnltn angle results refer to the following:
-85~ Allen and Apostolakis (1961)
_ 80 o Ashton and Wolfendale (1963)
77 5°-90° Present work). :



Chapter VI
COMPARTSON WITH THE RESULTS OF OTHER WORKERS AND GONCLUSIONS: -

6.1 BSea-level spectra at angles greater than 65° to the zenith

Before the addition 6f-the neon flash tubes the present ingstrument.
was used (Ashton and Wolfendale, 1963) as a ‘geiger counter spectrogriph -
to measure the moﬁentum speétrum"of sea-level muons at 80° to the zenith
over the momentum range 1.5 to 40 GeV/c, with the axis of the apéaratus
pointing in a direction 55036' eést of magnetic north. The results of
this experiment are shown in figure 6.1 and a discussion of their
significance is givén later. ’

Using nuclear emulsion in the air gép of a éefmanent magnet Allen
and Apostolakis (iSGi) measured the absolute cosmic ray inténsity in fhe
momentun range 1 to 100 GeV/c at angles between 65° and 85° to the
zenith, They determined a pion pfoduction spectfum-from the vertical
sea-level muon spectrum of Ashton et al (1960) using equatién 4e2. With
this spectrum and t@e-appropriate #alues of:z/p, energy loss, survival
probability and the various corrections applied in §4;2 they computed
sea-level muon sPectra.for a'range of zenith angles. Howevef, a more
accurate measurement of the vertical sea-level muon spectfum has since
‘been made by Hayman and Wolfendale (1962) and, as a consequence, the-
theoretical prediétioﬂs due to Allen and Apostolakis are inéccurate and
in disagreement with the predictions presehted in chapter 4. Considera-
tion of the experimaxtal_data of Allen and Apostolakis is deferred until

the next section.
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Pig, 6;1 The measurdd sea-=lovel intsnsity spectrum at 80O to ths
senith, (ishton and wolfendale, 1965.)
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Pak et a1 (1961) havéltilted the Cornell spectrograph and have
measured the differential spectrum at 68° té the zenith. Their measure-
ments are coﬁparéd with the present.calculationé in figure 6.2, where it
is seen thav there is good agreément.

Sheldon and Duller (1962) have measured the iﬁtensity of muons at
various depths undefground-in inclined direétions and these workers have
derived an integral energy spectrum at 69° with the aid of therangee
energy relation given-by.Barretf et al (1952): Their integral spectrum
is given in.figure 6.3. Also shown in figure 6.3 is the theoretical
integral sPecfrﬁm from thé present work. ' There is seen to be a signifi-
. cant difference betwéen the two spectra. Sheldon and Duller find good
agreemeﬂt between their spectrum and the spectrum measured by Pak et al,
'but this is after the latters' spectrum has been integrated and
normalised to the intensity found by Sheldon and Duller at 68 GeV.,

Since the original spectrum of Pak et al was absolute this normalizgtion
procedure is considered by the present author to be invalid.

More recently, Smith and Duller (private communication, 1962) have
used the apparatus of Sheldon and Duller at larger zenith angles under-

ground and have derived the.integral energy spectra shoﬁn in figure 6.4.
Some of these measured intensities are compared in figure 6.5 with the
theoretical integral spectra‘(and the measured intenéities) found in the
- present work., There is again a s&stematiq_difference in the results,

the intensities found in the, underground measurements being higher than
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predicted, and measured, in the present work. The fact that the
difference between the intensities found in the two experiments increases
2s the zenith angle increases would appear to preclude an error in the
acceptance (i.e. solid angle x area) of the uhderground telescope. The
most likely explanation for the difference is that there is an increasing
enhancement of’the uhderground intensites through scattering in the rock

as the zenith angle increases.

Other work {e.g. Coates and Nash, 1962) has shown that the simple
propagation model uséd in the present analysis, and exemplified by
equation 4.2, is wvalid for éenith angles,léss than 650. The conblgsion
that can be drawn, therefore, is that this model is walid for all angles

between 0o and 900.

6.2 The K/n ratio

Froh the point of view of comparison of the results of various
experiments on the derivation of the K/T ratio it is easiest to
comparé the ratios calculated under the assumption that only the K,...
mode is effective in producing muons.

Ashton and Wolfendale (1963) have ﬁeasured the muon spectrum at
80° to the zenith and the r;tios of tﬁe muon intensities are shown
in figure 6.6. The values of E&»; derived by the authors are shown
in figure 6.7.

Allen and Apostolakis (1961) did not analyse their results with
respect to the determination of EK~«’ but this.analysis has been

carried out here. The data for the zenith angular range 65°-850



f fyuo

utitao uotd ¢/ooT Puv SATuo urdtao m.JH ~‘00T X0F 9913T9UNjUT DPajoedre Jo 30BN ey

e3v umoys osyy) °seyoyssed suased oyy g9 Aywo suoyd 30 ogvo oyl 203 pojoedis
seTafouejut ou3 yaja‘voronpoxd 39 Beyjyguejuy UONE PoIMIBEM SUG IO OFQOS eng 9°9 om.n.m
(a=9) °worzonpoxd 3e £R3emo wony

09 0% 0% ot 0C 94
q 1 { ] 0
L | - 9°0
1 , 4 oot
L. e N -1 §°0
.ﬂgﬂm %ﬂ 0“ : . .Oe..ﬁ
\%h.\nﬁz
- (£96T)°urTusE omy 03 4 et ELNE
508 39 OTUPUSFTON B UWOIYEY
i i 1 i



-~

(°€961 “etvpuesron ¥ uousy ° 09 ¢ juswyasdxe juegead ° 06=,6°LL
$196T anﬂ?ﬂoomog.# aetTIy nommuomov ocomoomw ofuenx .uwd.uﬂe y3Tues oy3 w@.« ﬂoﬂowsuo.ua 9%
p. |

fBsowe wonw 3o uoTsemny § 99 suonm 03 esTa IpaT wuoaen-""y Jo °° gtuoracnsy eay 209 °
(1e9) °uopzonpoad 3v fBIous uwony Ly
000T 006 002 0

vy : o -

T = T v c
S, - \
e -~ ) 0.
“.ﬁ °Qodig , M/ ] A °0
. ™~ |
7
i ~ 4 o
- ) ) . R @ o o éoo
- oqTapy xeddn ot eavuroxddy 1 o m
- ) ] o
- - 1 406
008 7 |
Oomﬂomop @ | . 5 1 - 1°0
L 098=059 nv . i - .
d
u . 1 6°0
4 gy - . ; nﬁ . . 0"t

AR | WS Lt cema e T



47.

have been combined and the ratio of the observed to expected inten-
sities of muons at production. These results are presented in
figure 6.8. (a summary of the ratios for the experiments at 80° and
650—85° to the zenith is shown in table 5.6). The corresponding
values of EK are shown in figure 6.7.
el

It is clear that there is consistency between the values of

E@uz

made from all the data taken together. The best curve through the

found in the various experiments, and a best estimate can be

points is given together with an estimate of the 16% upper limit
(one standard deviation). The 16% lower Timit clearly lies along
the axis at Fk?“-= O..

. The upper limit can be transposed to a limit on the value of
the.Kﬁt ratio for the.qése where all decay modes are considered, FK.
Although the relative frequencies of production:of’the dther K-meson
.states‘(K%,K?,Kp,fP) is not accurately known it is considered that
the'ratio EK will be more realistic thanlﬁg;“:

An approximate anglysis has been made to convert the upper
.limit on FK“* from figure 6.7 to an upper limit on FK’ and this is .
plotted on figure 6.9.

'Comparison is also made in figure 6.9 with the values of Fy
found in other experiments. The machine results are those of
von Dardel et al. (1960) using 25 GeV protons from the CERN proton-
synchrotron. The mean KAt ratio was found to be 0.1. 'Analysis of
the resuits of polarization stu@ieé of muons by Bradt and Clark

(1962) and Alikhanyan et al, (1962) yields a K/r ratio (0.538 +



_ (°#tvo uydteo wopd 00T el Ao wrinlo Enoaaw&u 900t

X0z SOT3YSULjuUy pezoodse ey3 JO SOTIBX oy} oxv uuous osyy) °(T96T ‘ePITozeody P uoTTY)

nomm»omw o3uvx JuTnSus yjTuas oyy ugp coyorzxed juexnd eyy sw Ayuo sword Jo ©8vo oyl I03
peaoedrze goraToussuy ouz yta Suopjonpoxd jv S6TITOUSUT WONM PAINCUSW oYY JO SOTIVI our @°9 °Syyg

go.s.gonagooua 99 L9zoue wong

00 . o0g - . 00T . 0% 0z ot
) g T (i T e¢°0
ﬁ =1 ¥°0

~5 2°1




°£9I0WS UATA OTIBZ 1A U3 JO TOTITTEEA OUL 6°9 °Fd
(Aeg) °L9z0ue uojoad Lzvwtxd ezwupxoaddy

weﬁ_ 0T . £OTxG 0T=g 0z
( AeD) °fBz0fe wony
0000T . 000% 00T ot T . T
e 1 T ? T ¢ 7 = 7 4 ? Y ¥ i 10°0
i =120°0
" : : “150°0
- rmwg GO
. INTHOVH o
- L . - o - z°0
m ﬂ *.
3 ’ e . .
M. seme //! m 3 o o gog
! - )
L °SHONH CFNITONI NOTIVZTIvIOd o1
i )
L d.
¢ 0°¢e
U 4 ) f 3 f a | h) { { 4 ¢ 1

-«
E



48,

* 0.310) for muons of mean energy 3 GeV (Osborne, private communication). ;
At ﬁuch higher énergies studies of cosmic ray jets have showmm that the .
K/n ratio is still comparatiﬁely low. Thus Bowler et al. (1962) find
K/t < 0.4 for the range of energy of éroduced muons 300 - 7000 GeV,

In addition to the energy scale for the resulting muons an esti-
mte is made of that for the primary protohs;

The conélusion to be drawn is that there is no evidence to
suggesf & rapid increase in the K/t ratio with increasing proton
energy. In particular, the studiés on inclined muons show that the
upper limit to the ratio is as would have been expected by interp-
olating between the results from polarization and jét measurements;
thus there is clearly nopronounced maximum in the K/fT ratio in the
hitherto unexamined protoﬁ energy range 100 = 10,000 GeV,’

Under the assumption of a constant K/T ratio over the proton

6 GeV the data indicate the limits to be 0,23 -

energy range 50 - 10
0.40.° Tt must be borne in mind, howéver, that the lower limit comes
from the-fafhef indirect polarization measurements and the gdtual

K/ ratio could in fact be .even lower than 0.23.

6.3 Conclusions

"It has been shown that the application of neon flash-tubes to
the magnetic"épectrograph of Ashton and Wolfendale (1963) has resul-
ted in an instrument capabie of making more accurate momentum deter-
minations. The instrument has pofentialities-not only'for studying
momentum spectra in greafly inclined directions but also for examining

the local interactions of high energy muons.
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The sea-~level intensity spectra of muons incidenf at lafge zenith
angles have been measured and compared with theoretical spectra under
the assumption that pions only are the parent particles. Comparison
has also been made with the expected pfoduction spectra of muons from
the E,a_decay mode as well és from all muon-producing Ksmeson decay
modes and it is found that there is no evidence for a large contribu-
tion to the muon flux at sea-level from particles other than pions.

A quantitative estimate of the ratio of the number of charged
K+mesons to pions (of the same energy) produced in proton-air nucleus
collisions has been made in the present work. It is found that the
lower 1limit is effectively zero and the upper limit: falls from

0.65 at a proton energy of 10° GeV to 0.2 at 2.10* GeV. Taken
together with the results of other experiments it is clear that there
is no evidence for a rapid increase in the K/ ratio over an energy
range of primary protons extending from a few GeV to some 500,000 GeV;
it is likely that the ratio is 1es$ than O.4 over all energy ranges.

The measured charge ratio of muons shows consistency with the
recent results of Hayman and Wolfendale (1962) although the statis-
tical accuracy of the present experiment is low. The main coneclusion
is that the charge ratio does not tend to unity at least before
several hundred GeV, indicating that the fluctuation in the multi-

plicity of high energy pions increases with increasing energy.
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The type of experiment described in this thesis is important in
that the conclusions about the K/TUratio are made with & minimum of
assumptions about nuclear processes. .In this respect it is superior
to both the polarization studies and jet studies.

More extended measurements on both the inclined spectrum and the
positivé—negative ratio should enable closer limits to be, put on the
K/M ratio and an examination to be made of fluctuations in the multi-
plicity of produéedm particles at ultra-high ;nergies. It is therefore
important that the linear dimensions of the spectrograph be extended so
that higher momenta can be determined.

The usefulness of the instrument as a source of very energetic
muons has been demonstrated and experiments are being carried out at
the present time to study the energy loss of these particles in a
liquid scintillator. Further interaction éxperiments are being
planned.

It is in this field that instruments similar to that described
here are expected to reign supreme over particle accelerators for a

long time to come.
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