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ABSTRACT

The charge excess and momentum spectrum of cosmic ray
muons have been measured at 60 m above sea-level by means
of the "Vertical Durham Spectrograph" which had been modi-
fied in many respects (e.g. by the addition of a solid iron
plug of thickness 45 cm) and re-aligned and calibrated. The
effect of the multiple scattering in the magnet is found to
be the most serious limitation of the instrument and methods
of coping with it are investigated, among others a new statis-

tical method.

The values obtained for the charge ratio are 1.240 +
0.036 at 12 GeV/c, 1.262 + 0.031 at 23 GeV/c, 1.279 + (.038
at 31 GeV/c, 1.208 + 0.069 at 47 GeV/c, 1.269 + 0.085 at
66 GeV/c, and 1.324 + 0.111 at 1lu2 GeV/c. These results
have been combined with the results of previous workers.

The best estirk.tes thus obtained are compared with the theoret-
ical expectations calculated by liacKkeown et al. (1965a). The
expectations are calculated for an empirical model of nuclear
interactions including kaons, for the isobar model (Peters,
1963; Yash Pal, 1963), and for the peripheral collision

model (Narayan, 1964; Crossland and Fowler, 1965), including
the empirical low-energy pionization in the two latter models.
A qualitative agreement is found between the experiments and

theory in each case but quantitative conclusions



ii.

cannot be drawn because of the statistical errors of the
experimental results and because of uncertainty in the
parameters of the models.

The momentum spectrum observed agrees well with the
spectrum given by Osborne et al. (1964) within the accuracy
of the instrument. The underground muon spectrum observed
by Vernov et al. (1965) and the spectrum of primary nuclei
measured by tiie satellite Proton I (Grigorov et al., 1965;

Vernov, 1965) disagree with the present results.
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PREFACE

This thesis describes the final experiment of a long
series performed with the "Vertical Cosmic Ray Spectrograph"
in the University of Durham under the general supervision of
Professor A. W. Wolfendale.

The present work was started in October 1962. During
the preparation of the experiment, lir. K. Gijsbers was mainly
responsible for the work, until he left the country in June
1964, Dr. Y. Kamiya also worked on this project until May
1964. The contributions of tiese two workers are acknowledged
at the appropriate points in the thesis, The author joined
the experiment in October 1963 and had the main responsibility
for the work during the actual experiment. Drs. G. Brooke and
K. 1l. Pathak collaborated in the experiment. The methodo-
logical corrections %o the data (Chapter 4) and the subsequent
comparisons and interpretation were the sole responsibility of

the author.
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CHAPTER 1
INTRODUCTICL

Research into the energy spectrum of cosmic ray muons
had its origin in the cloud chamber experimers of the
19%0's, actually before muons had been distinguished from
protons and electrons. As a side-result, these experiments
also revealed a difference in abundance between positive
and negative muons, the so-called positive excess or charge
excess. Rossi (1948) collected the results of the early
experiments and gave a momentum spectrum in the region of
1 GeV/c in terms of absolute intensities. Iater, the measure-
rents of the muon spectrum and fhe charge excess were exten-
ded to higher momenta by various methods. The theoretical
interpretation of the results gave fundamental information
on the high-energy neclear interactions involved in the
propagation of cosmic-ray particles througih the atmosphere.
Apart from its role in nuclear physics, muon research also
took a rather central position in cosmic ray phenomenology
proper. The development of research on the charge excess
and momentum spectrum of muons prior to 1960 was reviewed

by Fowler and Wolfendale (1961).
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For the needs of this thesis it suffices to review
only the status of tihe research at about tie time of the
preparations of the present experiment. According to the
rapporteur paper given by Rochester (1963), at the Inter-
national Conference on Cosmic Rays in Jaipur, the vertical
muon spectrun was known at that time with an accuracy of
5-10% for momenta up to 100 GeV/c and with less accuracy
up to 1000 GeV/c. The main source of information below
1000 GeV/c was the measurements with cosmic ray spectro-
graphs (e.g. Hayman and Wolfendale, 1962). Between 1000
and 5000 GeV/c, the spectrum was deduced indirectly by
three different methods., Firstly, the spectrum was derived
from the gamma-ray cascades observed in nuclear emulsions
exposed in the atmosphere on the assumption that the muons
came only from pion parents (Duthie et al., 1962). Secondly
the momentum spectrum was deduced from the size spectrum of
the muon bursts recorded in ionization chambers (Krasilnikov,
1963%; Kitamura and Takahashi, 196%; see also Higashi et al.,
1964). These two methods gave consistent results at 1000
GeV/c but the burst spectrum gave progressively higher inten-
sities at greater momenta; at 5000 GeV/c it was higher by a

factor 4. It was thought that the first method gave too low



values because some of the parent particles should be
kaons. Iurthermore, according to the experiments of the
Japanese and Brazilian Emulsion Groups (1963) there was
also a marked error in the slope of the gamma spectrum
of Duthie et al. On the other hand, the second method
was believed to lead to an overestimate because of the
effect of fluctuations and nuclear interactions in the
walls of the ionization chambers. Additional controversy
was caused by the momentum spectrum measured at 40 m w.e,
underground by Dmitriev and Khristiansen (1963) by a burst
experiment. At high momenta their results were much higher
than those from other burst experiments, the discrepancy
being a factor of 10 at 8000 GeV/c. The third method for
the determination of the sea-level muon spectrum was provided
by the analyses of underground muon inteosities (Ramana
Murthy, 1963; see also Miyake et al., 1964). The corres-
ponding spectrum lay between those obtained as described
above but was nevertheless considered unsure because of
the many assumptions involved in such analyses. In general,
the uncertainty in the momentum spectrum was more methodo-
logical than statistical.

The excess of the positive muons has been represented

quantitatively by the so-called charge ratio R or by the
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relative charge excess 7. These quantities are defined by

tlhhe following equations:

R(p) = 1,(p)/1i_(p) 1.1
n(p) = (i,- 1)/ (i,+1i.) 1.2

where i_(p), and i_(p) are the differential momentum spectra
of the positive and negative muons, respectively. (In the
case of the relative charge excess, another definition has
also been used; see e.g. Fowler and Wolfendale, 1961). Until
tiie time of the Jaipur Conference, the measurements of the
charge excess had been extended up to about 500 GeV/c, although
with very poor statistics. The only source of information was
thie spectrograph measurements. The charge ratio had been found
to remain roughly constant at about 1.25 with an indication of
a slight minimum between 20 and 50 GeV/c and a tendency to rise
above the average between 50 and 500 GeV/c (lMacKeown et al.,
1963), although it should be pointed out that the measurements
made showed a remarkable degree of dispersion. The variation
of R with momentum was given more emphasis than the statistics
alone allowed, because a change in the production mechanism at
high momenta could introduce some variation.

On the theoretical side, the principal features of the

propagation of cosmic rays through the atmosphere could be
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accounted for with the basic assumptions of iscbars and a
little pionisation (Peters, 1963; Yash Tal, 1963). A
qualitative agreement between tlieory and experiment was
obtained for the variation of muon charge excess with momen-
tum, and the abundance ratios of neutrons tc protons, pions

to protons, and kaons to pions. However, many of the features
of cosmic rays in the atmosphere could equally well be accoun-
ted for by other reasonable models (Grigorov et al., 1963;
Grigorov and Shestoperov, 196%; MacKeown et al., 1963;
Wolfendale, 1963). The conclusion was therefore that many
cosmic ray phenomena are relatively insensitive to the model
especially in view of the fact that there were many adjust-
able parameters.

The present experiment was planned to improve the ac-
curacy of the experimental data on the charge excess at high
momenta by means of the "Vertical Ccsmic Ray Spectrograph
of tne University of Durham. As the same basic data could
be used for the determination of the momentum spectrum, this
objective was also included into the project. This experiment
resembles the earlier work of Hayman and Wolfendale (1962)
carried out with the Vertical Spectrograph, but several modi-
fications have been made to it since then, the most important
change being the installation of an iron plug in the electro -

magnet (Palmer, 1964). Hence an essentially new instrument
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was used in this case and the results are quite independent
of the earlier measurement. Great emphasis was laid during
the present experiment on high precision in the measurement
of the characteristics of the spectrograph, such as the geo-
metrical constants (section 3.1) and the magnetic field
(section 3.2), and in the methodological corrections (Chapter
4).

In connection with the methodological corrections of the
experiment (section 4.2) a statistical problem was encountered
which seemed to be important not only in the present work but
in all experiments using spectrographs with solid iron magnets
(in fact, in all indirect determinations of unknown distribu-
tion functions). This problem has been studied in detail as
far as was reasonable within the scope of the work. Apart
from this, the theoretical part of the work consists of an
interpretation of the experimental results (Chapter 6).

The present work was linked with another project going
on in Durham, namely the measurement of tlie charge excess in
a nearly horizontal direction (MacKeown et al., 1963). Since
the decay probabilities of pions and kaons should vary in
different ways with the zenith angle, a difference might exist
between the results obtained in the vertical and horizontal
direction, reflecting the portion of kaons in the meson produc-

tion.



CHAPTER 2
THE EXPERIKINTAL EQUIPLELT

2.1 General features of the spectrograph

The original Durham cosmic ray spectrograph was described
by Brooke et al. (1962) and by Jones et al. (1962). Iater on,
thie spectrograpn was essentially modified by Hayman and
Wolfendale (1962) and again by Palmer (1964) and his colla-
borators. In this work, some further modifications were made
as will be accounted for at the appropriate points in the
sequel.

The spectrograph consisted basically of an electromagnet
to cause a deflection of incoming charged particles and a
detector system for the purpose of measuring the deflection
(Pig. 2.1). In the present experiment, the effective part
of the magnet was an iron plug of dimensions 45 cm X 45 cm X
40 cm, the field being in the geographic east-west direction.
Thie detector system involved four Geiger counter trays for
tne initial detection of a particle and four flashtube arrays
for accurate location of the particle trajectory.

The principle of the use of the spectrograph was as
follows: The statistical frequency distribution of particle
deflections was observed, taking into account the sign of the

deflection. The momentum spectrum was then calculated according
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to the relation between the particle momentum and the mag-
netic deflection. Similarly, the charge excess could be
determined as a function of the momentum. In the calcula-
tions, account had to be taken of the variation of the accep-
tance of the spectrograph with the particle deflection and a
correction was needed because of the Coulomb scattering in

the magnet.
2.2 The detector system
2.2.1 The Geiger counters

The Geiger counters G, and G, (FPig. 2.1) were of the

D
type G.60 (20th Century Electronics). The counters GB and
GC were of the type G.26. The effective lengths of these

counter types are about 60 cm and 25 cm, respectively (Brooke
et al., 1962). The effective diameter of both types is
3.4 0.1 cm,

At each level, the counters were mounted in a horizontal
plane, with their axes parallel to the magnetic field. The
separation between the axes of adjacent counters was 3.8 cm.
In a tray, the counters were mounted to the correct positions

within *1 mm.
2.2.2 The flash tubes

The flash tubes were glass tubes which had been painted
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black except for a window at one end. Their lengths were
about 67 cm at the levels A and D (Fig. 2.1), and about
42 cm at the levels B and C. Their external diameter was
0.72* 0.02 cm and internal diameter 0.59% 0.02 cm. The
tubes were filled with commercial neon to a pressure of 2.3
atmospheres (Coxell and Wolfendale, 1960; Hayman and
Wolfendale, 1962). Their sensitive time was about 39 micro-
seconds after the passage of an ionizing particle through
them (Brooke, 1964). In the present work, the operating
high-tension pulse was applied to the tubes 154 microseconds
after the ionizing particle.

In the flash tube arrays, the tubes were in 8 horizontal
layers, with treir axes parallel to the magnetic field
(Pig. 22). The tubes had been positioned to the proper places
to within +0.2 mm. The flash tube arrays had been aligned by
means of two plumb lines at the sides of the spectrograph,

with several subsidiary plumb lines (Hayman, 1962),
2.3 The electronic equipment

A block diagram of the electronic equipment is given in
Pig. 2.3. llost of the circuit diagrams and other details have
been described by previous workers, Jones (1961), Joneset al.
(1962), Hayman and Wolfendale (1962), Brooke (1964), and

Palmer (1964). The circuit diagrams of those units which were
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modified after Palmer's work are presented in Appendix 1.

A particle passing through the spectrograph was
initially detected by means of the Geiger counters, demanding
four fold coincidences, so that at least one counter was dis-
charged at each level. The counters of each tray viere num-—
bered serially from south to north so that the middle counter
was numbered 13 at every level. The 'momentum analyser'
determined the quantity =N -Np-N+N, where n, is the number
of the discharged counter in the tray A, etc. The quantity n
is called the category number and it gives approximately the
deflection of the particle (in units of 3.8 cm). By means of
the momentum selector, particles with n less than a chosen
limit could be selected.

In order to have a check on the performance of the elec-
tronic selection, a hodoscope, in which each counter was
represented by a neon bulb, was constructed by Gijsbers. ‘hen
there was a fourfold coincidence, the bulbs corresponding to
the discharged counters were 1lit and gave a general picture of

the event.
2.4 The photographic recording

The flashes of the flash tubes were recorded by two
cameras (Fig. 2.1) in the usual way, i.e. the spectrograph

was 1in a darkened enclosure and the cameras couvld then be
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used without shutters. The hodoscope had a separate shutter
which was opened for tlie zero category events but remained
shut during the other fourfold coincidences. After an accep-
ted event, reference bulbs were illumineated at thie edges of
the flash tube arrays and hodoscope to assist in the iden- -
tification of the records on the film. Two clocks were also
photographed to enable the corresponding AB and CD photographs
to be found.

The sequence of operations when a particle passed through
the spectrograph and satisfied the conditions required in the
coincidence unit and momentum selector was as follows:

a) The coincidence unit was paralysed (see Fig. Al.2).

b) The high voltage pulse was applied to the flash

tubes.

¢c) The relevant neon bulbs in the hodoscrope were

1it and the shutter in front of it was opened.

d) The reference bulbs and the clocks were illumi-

nated.

e) The cameras were wound on.

f) The paralysis was removed from the coincidence

unit.
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2.5 EBquipment for scanning the photographic records
2.5.1 Tae projection system

FPor the analysis of the two data films a system of
two projectors had been constructed. The films were pro-
jected onto movable boards on a table. On the boards, there
were full-size charts of the flash tube arrays and hodoscope.
In the chart of each array there was a scale immediately
below the fourth tube-layer (Fig. 2.2). The tube spacing
was used as the unit of the scale (1 t.s. = 0.8 cm).

To determine the location of the particle trajectory,
the best estimate of the track was chosen by eye using a
cursor. This determination is subsequently called the
'‘projection measurement'. The detailed rules of the projec-
tion measurement accepted for the present experiment are
represented in section 3.4.l. sccording to previous work, the
root-mean-square error in the track location in the projec-
tion measurement was at each level 0.091 %t 0.003 cm (Hayman,

1962).

2.5.2 The track simulator

In order to improve the accuracy of the track location
for the high-energy muons, a "track simulator" had been

constructed (Hayman and Wolfendale, 1962), This device
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consisted of a model of a section of a flash tube array
in which there was an enlargement by a factor of 10 in
the horizontal direction and a factor 3 in the vertical
direction. Eachh tube was represented by a slot behind
which light bulbs were mounted. Over the face containing
the slots there was a cursor.

An approximate way of taking into account the in-
efficiency of the flash tubes was provided as follows
(Hayman, 1962): liarks had been drawn onto the slots to
mark off 10% of the length of the slots a2t each end. The
central part was assumed to have an efficiency of 100% .
This means that the variation of the efficiency across a
flash tube was approximated by a square function corres-
ponding to the tube efficiency 80, found experimentally.
The effect of this approximation on the accuracy of the
track location was found to be small. The marks on the
slots will subsequently be called "the efficiency marks".

The measuring procedure was as follows. The films
were projected and the flashed tubes were noted. The pattern
of tubes flashed in a tray around a chosen reference tube
was reproduced on the simulator by switching on the appro-
priate bulbs. The direction of the trajectory was known to

guite high accuracy from the projection measurements. Thus,
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the cursor could be set at the correct angle by means of

a suitable scale. Then, usually a range of possible posi-
tions of the track was found, called the '"corridor". Some
criteria had to be adopted for determining the best estimate
of the position. The criteria used in this work are given
in section 3.4.3. According to previous work (Hayman, 1962),
the root-mean-square error in the track location with the

track simulator was at each level 0.055 % 0.002 cm.
2.6 Determination of the particle momenta

In Pig. 2.4, a schematic diagram is shown of the spectro-
graph and a particle trajectory. It is seen that a useful

measure of the deflection @ is the displacement
Azﬁll. 2.1

For small angles 8 and @, A may be approximately expressed

as follows:

A=a-b-c+d-Ao 2.2

A - a - b - [
where ° o o c, *+ do

This formula is derived in Appendix 2 where the effects
of the approximations are also evaluated. The values of the

geometrical constants are presented in connection with the

remeasurement of the dimensions of the spectrograph in
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section 3.,l.2. In addition,zso is determined in a statis-
tical way in section 3.5.

The deflection f is related to the momentum by the
well-known formula

$ = 300/Bdz = 300 Bz/p 2.3
p

where p = momentum (eV/c), g = deflection (rad.), and
fBdz = the integral of the induction along the trajectory
of the particle (G. cm). This formula neglects the effect
of energy loss in the magnet. The corresponding error
becomes perceptible for p<20 GeV/c (see Appendix 5). Accor-
ding to equation 2.3, the momentum and the displacement are

related by the equation:
p = 300 Bzl,/a. 2.4

Tne value of the constant 300 Bzl, is determined in section
3e3e1e

The accuracy of a cosmic ray spectrograph is often
expressed in terms of the maximum detectable momentum,
defined as that momentum for which the magnetic deflection
equals the probable error of the deflection. Instead of the
probable error, the standard deviation is also sometimes
used. According to an approximate determination (Palmer,

1964), the maximum detectable momentum of the Vertical
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Durham Cosmic Reay Spectrograph was, after the installation
of the iron plug in the magnet, about 400 GeV/c, referring

to the probable error of the track-simulator tecimique.
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CEAPTER 3
Thiis LXPERIMENT

3.1 Alignment of the spectrograph

3.1.1 The preliminary checks

Before starting the actual measurements, the alignment
of the spectrograph was checked by means of tie method of
~zero field runs used by previous workers (e.g. Hayman and
Wol’endale, 1962). The total number of useful events in
these runs was 1043. The resulting value for the mean A was
-0.19 £ 0.10 cm. Because this value was not convincingly
consistent with zero the geometrical dimensions cf the
spectrograph were remeasured.,

A plumb-line system (Fig. 3.1l) was constructed so that
tl.e position of the plumb lines could be directly observed
at the measuring level of the flash tube arrays (Fig. 2.2).
There were two such systems as seen in Fig. 3.1, one at the
south side and one at the north side. The horizontal posi-
tioning of the flash tube arrays and of the counter trays
were checked. Several small errors were found but they were
in general inconsistent with the result of the zero field

runs, To be sure, the horizontal positions of the detector
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arrays were re-adjusted, as described in the next section.
3.1.2 The re-alignment and remeasureuments

Trhe flash-tube array A was adjusted above the magnet
plug to within +0.02 cm. The flash-tube arrays B, C and D
were aligned with respect to the array A to within +0.0l cm.
The counter trays were aligned according to the flash-tube
arrays to within +0.02 cm (by using auxliary plumb lines
wiiere necessary). Thus, the accuracy of the alignment of
the detector arrays was better than the accuracy in the
positioning of individual counters and flash tubes in the
arrays (section 2.2).

After the alignment, the geometrical dimensions of the
spectrograph were measured. Iour months later, after about
half of tue runs of the present experiment had been carried
out, the alignuent and the geometrical measurements were
again thoroughly ciecked. Agreement with the previous results
was found. It was also ascertained that the magnetic forces
in the spectrograph had no perceptible effect on the alignment.
The best estimates of the geometrical dimensions and of the
geometrical constants in the formulae of section 2.6 are shown

in table 3.1 .
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Table 3,1
The geometrical constants (definitions

in section 2,6 and Appendix 2)

1, = 189.56 ¥ 0.016 cm L, = 193.6220.03 cn
1, = 61.314 % 0.021 cm Ly, = 7T1.47 *0.03 cm
13 = 60,002 £ 0.030 cm L = 72.14 % 0.03 cm
14 = 189.,240%C.041 cm L4 = 192,39 % 0.03 cn
AO = £1.989 * 0.033 t.s.
X, = 0.498 * 0.C23 t.s.

z = 45.0 cm
3.2 Measurement of the magnetic field

During the preparation stage of the present experiment
the average magnetic induction B in the effective part of
the magnet plug (Fig. 3.2) was measured by means of a flux-
meter and search coil by following the standard practice of
reversing the field. According to the measurements by
Gijsbers, B = 18.0 kG for a magnetizing current of 59 A.
The pulses induced in the search coils were long (of the
order of 1 min.) and of peculiar shape, so that the correc-
tions for the restoring effect in the fluxmeter were large
(10 - 20%) and uncertain. After about 70% of the actual
runs of the spectrograph had been carried out, it was decided

to check B. A new measuring method was accepted, as described
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below.

The voltage V induced in the search coil D (Fig. 3.2)
during the reversal of the field was measured as a function
of time (t) by means of an oscilloscope. Then the average

magrnbic induction is:
. 1 00
B = ([ vdt)/Na 3.1

where N is the number of turns in the search coil (=25),
and A is the ares of the cross-section of the plug.

It was found that the stray field of the magnet affected
somewhat the electron beam of the oscilloscope. A correction
had to be determined by measuring the deviation of the beam
when the input was disconnected but the magnet was switched
on and off. It was also found that after switching off the
magnetizing current the thermal demagnetisation of the iron
had a significant effect. This effect was seen as a tail in
the oscilloscope pulse, lasting about 150 sec. after the
switching off. The tail caused by the self-induction lasted
only for about 60 sec.

The result from some 20 experiments with a mean current
of 60.2 A was B = 18.4 kG. The discrepancy between the result
of Gijsbers' measurement and the present one is well within

the estimate of random errors. To obtain the best estimate
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of ﬁ, the mean is taken of the values of B to give
B = 18.2%* 0.5 kG for I = 59.6 A

The error shown is an estimated standard error, amounting
to 2.7%. It is based on the estimated uncertainty of the
time corrections of the fluxmeter measurements and on the
observed spread of the oscilloscope messurenents.,

According to the measurements by Gijsbers, the field
in the effective part of the magnet plug was homogeneous
within £3%. The small errors inAcaused by the existing
inhomogeneity are of different signs and should cancel out
in statistical work.

According to the measurements by Kamiya, AB/ AI was
C.043kG/A, 0.2%/A, in the region from 51A to 61A. Thus,

the iron was quite well saturated at 60 A.
3.3 Operation of the spectrograph
3.3.1 General procedure

In order to obtain large deflections of the particles
and a steady, saturated field, the magnetizing current was
set up to its nominal maximum value 60 A. For the purpose
of avoiding instrumental biases, the standard practice of
reversing the magnetizing current between separate runs was

followed. The field direction from east to west was called
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positive. As the interest was in the high-momentum muons
only, the momentum selector was set to accept the events

of the category zero and to reject the others. The actual
setting of the bias in the discriminator valves corresponded
to £0.6 category units.

Tr:e collection of the basic data was carried out during
the period between June, 1964 and January, 1965. The total
running time was about 3000 hours. The useful times for
positive and negative fields were 1382 and 1421 hours, res-
pectively, in a satisfactory balance. The operation involved
109 separate runs, each of which lasted for one or two days
depending on practical circumstances. Some 720000 four-fold
coincidences were recorded of which about 34000 were selected
and photographed as category zero events. The rate of four-
fold coincidences was, on the average, 3.96/min. and it did
not vary nuch. The mean rate of the category-zero events
was C.19/min. This value was found to vary somewhat with
time. A chi-squared test for a sample of 15 consecutive runs
yielded the result x* = 39.9 and tius t.e possibility of the
variations being due si.ply to Poisson fluctuation was only
of ti.e order of U.lw. More probably there was extra variation
caused by some instability in the electronics. However, this
variation could not affect the frequency distribution of the

particle deflections within category zero.



23,

The mean of the magnetizing current was 57.8 A, as
evaluated from the readings of the current at the beginning
and end of the runs. Tl.is mean vealue is so close to the
mean current used in the field measurements (59.0 &), that
vari.tion of B need not be taken into account. Using the
geometrical constants given in table 3.1, the constant
300 BzZ, becomes 58.2 (GeV/c) (t.s.). Because of the
fluctuation in the mains, the ageing of the rectifiers, and
other changes in conditions, the current varied within
*3,0 A from the mean. The corresponding limits for B were
$0.13 kG. The corresponding fluctuation in the particle
deflection is negligible.

During the dismantling of the electromagnet after the
experiment it was found that for some reason considerable
heat damage had happened to the supports of the current coils.
Some lezk currents had probably occurred. However, as no
significant increase was found in the total current during
the experiment and no decrease in magnetic field compared

with previous measurements, the leakage has not been serious.
3¢3.2 Daily checks

Before every run the values of the supply voltages,
discriminator voltages, and the magnetizing current were

checked, and the functioning of the counters, flash tubes,
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hodoscope, and the recording system (cf. section 2.4) was
tested. During each day, the values of certain supply
voltages, the magnet current and the rates of the four-fold
coincidences and category-zero events were checked at inter-
vals of a few hours. After the runs the films were examined
visually and, in particular, the efficiency of the flash-
tubes was checked. TFor a few runs at the beginning of the
experiment, the efficiency was checked by calculating the
mean number of flashes in an array. For the érrays A, B, and
C the mean number was close to 5, for D it was about 4.4.
Later, the stability of the efficiency was checked by count-
ing the number of those events when only 2 flashes occurred
in D. This number varied randomly between 1% and 9% of the
total number of events in a run but no systematic deteriora-

tion of the efficiency was found.
3.4. The scanning of the photographic records
3.4.1 The projection measurements

To be accepted for the projection measurements, an
event had to satisfy each of the following requirements:
Pirst, one and only one flash was to be unambiguously seen
at every tray in the hodoscope, Second, the category nuuber

calculated according to the hodoscope flashes was to be zero.
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Third, one track was to be unambiguously seen in each
flash tube array. However, if a knock-on electron had
been produced within an array and the electron could be
distinguished from the muon, the event was also accepted.
Finally, the number of flashes was to be23 in each array.
For an accepted event, a, b, ¢, and d were measured
to the nearest 0.1 t.s. At this stage the selection of the
most probable location of the track was not done according
to any strict criteria. However, as far as it was possible
by eye, the angle of the curscr was set to be equal in arrays
A and B and again in arrays C and D. Allowance was nade for
the few flash tubes which were known to be not working. A
standard check was that the flash in the D tray of the hodo-
scope had to agree with the location of the track in the
flash tube array D.
Finally, A was calculated according to the equation
2.2, using for 4, the value 62.0 t.s. obtained from the
geometrical measurements (table 3.1). According to the sane
measuremerts the upper limit of 4 was 8,15 t.s. However,
because of some technical failures in a few cases, amounting
to some 0.5% of the total, A was >8.15 t.s. These events

were rejected.

3.4.2 The displacement distribution from

the projection measurements
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In order to obtain the statistical frequency distribu-
tions of particle deflections mentioned in section 2.1, the
particles were histogrammed in fixed cells of displacement A,
It was found necessary to use individual values of A as cells,
i.e. the cell width was 0.1 t.s., defined by the accuracy of
the scale reading (section 3.4.1). This method made it con-
venient to join the cells later to form different cell systems
according to the need (section 4.2). By taking into account
the direction of the magnetic field, the events were histo-
grammed so that positive muons wereon the side of positive A
and vice versa. The resulting histogram is sumown by table

3.2 and by figure 3.3.
3¢4e3, The track-simulator measurements

The procedure of the track-simulator measurements was
established by Hayman and Wolfendéle (1962) and has already
been described in section 2.5.2. In the present work only
certain details of the working ruleswere changed. In particu-
lar, the criteria needed for determining the corridor were
reconsidered, taking into account the fcllowing requirements:
1) The nmiddle of the corridor should coincide with the mean
of the probability distribution of the location of the trajec-
tory. 2) Half of the width of the corridor should give the

first approximation of the standard deviation of that distribu-

tion. 3) The criteria should define the corridor objectively.
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4) To make the measurement gquicker the criteria should

be simple, even at some cost in accuracy.

Table 5.2 The observed displacement distributions

Cells rom projection from track-simulator
measuremnent measurenent

(t.S.) M+ /‘-’ M M-

0.05 - 0.15 58 76 54 48

0.15 - 0.25 02 78 69 57

0.35 - 0.45 139 94 118 T7

045 = 0.55 146 102 133 107

0.55 - 0.65 170 136 158 134

0.65 - 0,75 184 156 177 146

0.75 - 0.85 184 185 155 146

0.85 - 0.95 245 187 217 183

0.95 - 1.05 257 196 179 149

1.05 - 1.15 274 199 174 112

1.15 - 1.25 257 214 116 108

1.25 - 1.35 267 205 75 66

1.45 - 1.55 299 226 26 17

1.65 - 1.75 303 237 1 5

1.85 - 1.95 298 238

1.95 - 2.45 1437 1187

2,45 - 2.95 1314 1014

2.95 - 3.45 1118 863

4,45 - 4.95 490 360

5045 b 5095 177 138

595 = 6445 118 86

6.45 - 6,95 58 47

6.95 - 7.45 24 25

Te45 = T7.95 12 16

7.95 - 8.15 5 6
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main types of such events wereas follows (Palmer, 1964):

(1) A muon generated a knock-on electron in the
spectrograph.

(ii) A nuon was part of an extensive air shower, and
the shower electrons were }ecorded together with
the muon.

(iii) Two muons were sufficiently close to each other
to pass together through the effective area of
the spectrograph.

The majority of these accompanied muons were rejected
by the momentum ‘'selector becauée the pulse representing the
category number was usually far from zero if two or more
counters were discharged in one tray. Further accompanied
muons were rejected during the scanning of the films in
order to avoid ambiguous measurements (section 3.4.1). These
rejection procedures can be expected to reduce the number of
positive and negative muons in the same proportion. Conse-
gquently they should not affect the charge ratio. In the
momentum spectrum the normalization reduces the bias and
some error is generated only if the bias varies with A.

Now, the relative frequency of the accompanied muons is known

to increase with momentum, mainly because of the incident
showers (Hayman et al., 1963%; Palmer, 1964). Thus there will

be some bias at high momenta. In equation 4.1, the bias can
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be conveniently considered as variation of the acceptance
of the apparatus with varying 4.

Palmer studied tne bias effect in the same spectrograph
as used in the present work. He collected some 4000 events
without using the momentum selector and measured the dis-
placement for the accompanied muons, as far as possible,

He worked out the ratio of accompanied to single muons in
terms of integral spectra. The function B(A) is calculated
from Palmer's results in Appendix 4 and the resulting values
are shown in table 4.1. It should be pointed out that Palmer
did not make any scattering correction and therefore the
corresponding bias function should apply expressly to the

scattered distribution N(A) used in equation 4.1.

4.2 The correction for the noise in A

4.,2.1 Introduction

In previous works, two different methods have been used
in the correction for errors in the measured displacements A.
Firstly, the statistical standard deviation of amay be deter-
mined quite accurately and consequently the effect of these
errors on the results may be estimated theoretically
(e.g: Brooke, 1964). Secondly, the particles with erromeous &
may be found by suitable check measurements and they can be

then rejected. For instance Hayman and Volfendale (1962)
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used the "discrepancy"'" x defined in Appendix 2 to detect

events with large errors,

4.2.,2 Detection of the noise by means of the

discrepancy X

The discrepancy x was calculated for the events of
several runs in the beginning of the experiment. Setting
the upper limit of x| at 2.00 t.s. it was found that only
6 events had to be rejected out of 973. PFurthermore, these
events should be attributed rather to accidental coincidences
than to large scattering. Therefore, a special test was per-
formed on the usefulness of this method in the high-momentum
range 0% 1481<0.4 t.s. Rejecting events with 1x(>0.3 t.s.
removed 20 events out of 82, which is 24%. However, it was
estimated by the aid of the theoretical methods,which will
be explained in the next two sections, that according to the
OWP-spectrum the reduction should be 41% at the limit
l1al =04 t.5. and it should obviously increase to 100% ata =0.
Tiiis proved, in spite of the poor statistics, tlat the errone-
ous events could not be efficiently revealed by mems of .
Also the vnossibility of rejecting part of the scattered muons
was sbandoned because it would have made the theorectical esti-
mation of the remainder more complicated. Furthermore, the

revealing of the few accidental events was not considered
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wortl. much effort as the scattering was clearly a much
greater source ¢f error. ©So tlie calculation of x was
ceased altogether, The reason for tie failure of this
metirod is the fact that in the present experiment the
noise occurred mainly at the centre of the spectrograph
and not at the detector levels as in the work of Hayman
and Volfendale. It should be pointed out, however, that
the method of detecting scattering or other noise by
checking against inconsistency in the particle trajectory
can be applied to spectrographs with solid iron magnetsif
certain special design is used(e.g. Rocchester et al., 1965;

liacKeown et al., 1965 a).

4,2.3 The root-mean-square -error of A

The effect of Coulomb scattering in the magnet on the
magnetic or true displacement 4, is estimated according to
the tiieory of ashton and Wolfendale (1963). The theory
gives tie mean square (projected) displaceuent <y2> taking
into account the momentum loss in the magnet. The quantity
<Y2> is calculated for the present spectrograph in Appendix 5.
Tiie resulting values are given in table 4.2,

The mean square value of the location error of the pro-
jection measurement or the track simulator measurement can

be added to<y2) because their effect on a,is similar. These
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