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ABSTRACT

the cosmic radiation over the momentum range 1-30 GeV/c. Both unaccompanied
particles and NMAPs in extensive air showers (EAS) are studied near ses level
at Durham using an air-gap magnet spectrogréph in conjunction with a neutron
monitors

Details are given of the design.of the spectrogrqph, neutron monitor
and asséciated equipment aé used for ﬁeasurements on unéccompanied NA?S
{Chapter 2); and the tééhniques used fbf derivation,Qf the momentum spectra
from the basic data are described in Chapter 3. |

The results, in the formof momentum spectra of unaccompanied protons
and negative pions, and the limited analysis of MAPs in EAS are presented
in Chapter 4 where they are compafed with the results of other workers.
Measurements of the momentum of NAPs in EAS were found to be difficult and
the data are mainly concerned wdth the response of(the neutron monitor to
EAS,

A model of the propagation of cosmic rays through‘the atmosphere,
which was mainly intended for predictions of the properties of large EAS,
is described and used to predict the momentum spectfa of unaccompanied
particles at sea level. The results of this prediction are compared with
the experimental data (Chapter 5) and the results of other model predictions
(Chapter 6)s It is shown that no single model, when combined with a
reasonable spectrum of primary cosﬁic rayss can adequately explain all the

data on unaccompanied particles at sea levels It is also shown that the

" spectra of high energy protons and pions are likely to be the sea level

measurements which are most sensitive to the form of the primary cosmic

ray spectrume
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PREFACGCE

The work describéd in this thesis was dohe by the aﬁthor when a research
stﬁdent in the Department of Physics of the University of Durham under the
supervision of Dr. K.E. Turver. |

The author was involved in all aspects of the construction of the
equipment and shared responsibility with his colleagues for thé collection
and initial reduction of the experimental data. ‘The derivation of the
momentum.spectra of unaccompanied NAPs was done by the author,

Dr. J.G. Earnshaw was respoﬁsible for the development of the model
used here but the author was entirely responsible for the prediction of the
spectra of unaccompanied particles at sea levele

Preliminary results of the'experiméntal'méasurements have been
reported at the international Conferences on Cosmic Rays.held in

Budapest (1969) and Hebart (1971).
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CHAPTER ONE ‘

INTRODUCT ION

1.1 Gereral Intrzoduction

The primary cosmic radiation incident én the Earth's atmosphere is
how known to consist of atomic nuclei (predominantly hydrogen, but
including nuclei of larger atomic mass numbers ), electrons addwpe%itrons,
neutrinosy and electromagnetic radiation covering the whole frequency
spectrum from radlé-waves to high energy y -quanta. Studies of these

components to date have yielded information on the structure of the Solar

System, the Galaxy and the Universe as a wholes The energies of the
charged particle component of the primary radiation range from less than

1 GeV up to a maximum, at present, oleOl

ll GeV, These charged
particles interact wilth the galactic magnetic field so that all information
concerning the oxiginal direction of the lower energy particlesy; and hence
their sourcey, iz losts the effect 1s less impoftant at higher primary
energiess An obvious source for these particles is the Sun, and indeed
there is a good correlation between the intensity of the low energy nuclel
and solar flares, indicating that the Sun is in fact a source of such
atomic nuclei. However, no known stellar process can accelerate particles
to the highest energies observed,; and so there must be some other origin
for the nuclei of energy in excess of w10 GeV.

Various theories, which predict the energy spectrum and mass composition
of the primary nucleig have been proposed to explain the origin of the nuclear
components a recent example being the pulsar model of Gunn and Ostriker, 1971,
Hence it 1s of considerable importance to know these parameters as accurately,
and over ag wide a range of energy, as possible. Up to energies of ~'1013ev
it is feasible to make direct cmeasurements on the primary nuclei using
balloon = or satellite - borne equipment, but at higher energies the flux

of particles is so low that the.atmosphere must be used to magnify the

effect of individual particles by means of the showers of secondary particles
“““’gglslt’a%{;wf 7y
producede 1 U7 EER 1°?3>
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1.2 Cosmic Rays in the Atmosphere:” "

When a primary nucleus is incident on the Earth's atmosphere it
interacts with the nucleus of an “air moleculgjlbreaking up into its
constituent nucleons, and loses energy which isvused in the production of a

number of secondary particles. Although there is evidence for the production

‘of a small proportion of kaons and baryon-anti-baryonc pairs, the majority

of the particles are charged and neutral pions,' These secondary particles,
together with the fragments of the primary nucléus, then either decay or .
interact; beading to a cascade of particle; throuéﬁ the atmosphere, giving
rise to the various components of the cosmic radiation observed at sea
level. Neutral picns decay into two photons whichninitiate electromagnetic
cascades forming the “soft" component (which is stroﬁgly attenuated by
~ 10cm of lead), while muons, from the decay of charged mesons, anq
surviving nuclearmactivé particles make up the "hard", or penetrating,
compcnent., Muons are the mgs£ commonly studied sea level particles, mainly
because they are the most intense and easily identified component, but more
information on the primary radiation should be obtained by studying all types
of particlesy i.eo muons and nuclear=active partiglesg together3

During their passage through the atmepphere, and at their point of
production, the secondary particles are scattered about the direction of
the trajectory of:the primary particle. Thus the effect of the primary
particle may be detected at large distanceé from its projected impact point
on the Earth's surface although much information concerhingcthe nature of
the primary particle is lost.

There are so few surviving particles at sea level from the primary
particles of energy less than "'lO4 GeV that only one will be observed in
a detector of atgiven area. These constitute the "unaccompanied" cosmic rays.
If-the primary particle is of an energy 2L104.Gev, sufficiently large
numbers of particles survive so that coincident signals can be bbiained from
separated charged particle detectors. Such events are known as extensive

air showers (EAS), and the collecting area from a small number of reasonably



sized detectors enables the arrival of higher energy primary particles to

be detected at acceptable rates.

In order to obtain useful information about the primary particles
it is necessary to relate the results of observations low‘in the atmosphere
to the energy and type of the primary particles To do this a mpdel of the
propagation of cosmic rays through the atmosphere must be formed and used,
together with assumptions about the primary particles, to predict the
properties which are measureds Then, on the basis of the comparison
between the predictions and the observations, the validity of the
assumptions about the primary particles may be checkeds The model can be
used in this way only if there is confidence in the accuracy of the
representation of high energy nuclear interagtions. Hence the model must
be constructed using the best data currently available on nuclear interactions_
and then tested as extensively as poséible. Some of the data which can be
used for testing the model are the sea level momentum spectra of unaccompanied
particles and observations on small EAS.

In order to tést the model satisfactorily the experimental:dapa ony
for estample , the unaccompanied cosmic rays at sea level, must be well known.
This is so in the case of the momentum spectrum of unaccompanied muons‘which
has been extensively studied,; ee.ge Hayman and Wolfendale, 1962, Allkofer
et aley, 1971, However,; there have been only two measurements of the
spectrum of protons, over a range of momentum at momenta greéter than
1 GeV/c (Mylroi and Wilson, 1951, Brooke and Wolfendale, 1964), and only
one measurement of charged pions at sea level (Brooke et-ale s 1964b). This
paucity of measurements of these components means that the conclusions from
comparisons of the prediétions of models with the observed data must be
restricted.

Several different models for cosmic ray: propagation through the
atmosphere have been developed recentlys e.gs .-Bradt and Rappaport,‘1967,

Jabs, 1968, and O'Brien, 1971. Jabs and O'Brien developed their models



4
mainly in attempts to explain the observed properties of unqcppmpanied cosmic

rays in the atmosphere; and used numerical techniques to solve:theudiffergntial
equations set up to describe the diffusion of the various components through
the atmosphere, O'Brien obtained satisfactory agreement between’hjs prgdictions
and the experimental meagurements, but Jabs was unable to explqiq”simpltan= A
eously the spectra of muonss protons and pions. Thus thexe is not,‘at
present s agreement between predictions of the properties of unagcompanied
particles ffom various models, which apparently contain mo gross over=
simplificationy further, in the case of unaccompanied protons and pionsg
there is a paucity of experimental data at sea leyel momenta greater than
1 GeV/co

Bradt and Rappaport used a Monte Carlo technique to predict the properties
of EAS arising from primary particles of energy > 105 GeV,y and did not
compare the predictions of thgir model with the unaccompanied cosmicvray
spectra arising from primary éarticles of lower energys . They obtained
reasonable agreement between their predictions and the existing measurements
in EAS and also predicted that the ratioc of the numbers of pions to protons
in the nuclear=active component of an EAS could be related to the atomic
mass number of the primary particle, a parameter of considerable_importance
which is difficult to determine.

loe4 The Present Worke.

Following the work of Bradty La Pointe and Rappaport, 1965, equipmént
was constructed to attempt to meaéure therproperties of the nuqlegrjactive
component of small EAS,; in order to estimate the primary'mass‘pompgsitiono
This proved to be an extremely difficult measurement to make and a brief
feport of the initial attempt was given by Hook et al., 1970, .Since this
report the equipment has been extensively modified and used, in additdon,
for measurements of the momeétum spectra of unaccompanied nuclear-active
particles near sea level, of which there have been few previous measurements.

At the same time a model of the ﬁrogébéfioﬁ‘ﬁf{Césﬁiéwfgy;;fgféuéﬁJf |

the atmosphere was developed inpended mainly for predictions of the



properties of large EAS. However, as a check on the validity of this
model, it was also used to predict the momentum'spegtra of unaccompanied
cosmic rays at sea level, for comparison with the sbeptrg.measu:ed_in-

the present experiments and the previouSgpredictions”from‘thequdels"

of Jabs and O0'Brien.



CHAPTER TWO

EXPERIMENTAL EQUIPMENT

2e1 Int;odyction

Measurements of the momentum spectra of nuclear—=active particles
V(NAPs) in extensive air showers (EAS), and of uQaccompanied protons
and pions in the cosmic radiation néar sea 1e§el have similar
experimental requirements. A detector of large area and solid angle of
acceptance‘is needed to obtain a.useful rate of even@s, sinc e the intensity

Sk

of EAS of size 23 x 105'charged particles at sea 1eyel (of interest in
this work) is approximately 2 x 10“7 m_2sec_lsterﬁl, and the density of
NAPs of enexgy > 1 GeV at a lateral distance from the shower axis of ,
says 10 m isvonly 0.45 m“2 (Greisen, 1960). Similarly, because of the
low intensity of unassociated protons, for which previous measurements
indicate fluxes at momenta »1 GeV/c of only ~ 1 m_2 sec_lster—l,
(Brooke and Wolfendale, 1964) and of single pions of ~8 x lO—me?"secm1
(Brooke et al. ;1964a), ailarge detector is needed for statistically
accurate studies of such unassociated NAPs,

& detector has been constructed for which rates of useful NAPs
in EAS of ~1 day“l and of unaccompanied NAPs of ~18 hr-l were expected,
neglecting losses due to inefficiencies in the detector. In this
instrument the particle momentum was measured by détermining the deflection
of the particles in the field of a magnet. Since the particles of interest
interact strongly, it was essential for the spectrograph to contain as
little material as possible, and so an air-gap magnet was used in preference
to a thick solid iron magnete To obtain a large solid angle x area of
acceptance the magnetic field muét present a large area to the incident
particles; and visual detectors capable of covering a considerable area

are requireds Neon flash tubes were used as vistal detectors since they

had previously been used successfully in large arrays (Hayman and Wolfendale,

1962, Earnshaw et a10311967)



Nuclear=interacting particles were identified by the response of a
neutron monitor to their interactions in the lead neutron-producing layer
as used previously by Hughes et al., 1964. The neutron menitor (NM) was
situated underneath the spectrograph and, to reduce the number of chance
coincidences between charged particles and background neutrons, the
sensitive time of the monitor was limited to within a few hundred ysecs
after the passage of the charged particle. The multiplicity of neutrons
detected in pairs of non-adjacent counters was recorded to assist in
the identification of an NAP in shower events when more than one track
was recorded in the spectrograph since the neutrons should be detected .
clpse to their point of productione

The equipment was operated initially for a period of 4 months in
summer 1969 with the spectrograph triggered by small EAS which were
detected by an array of 4 water 5erenkov detectorse From the results‘of
this period of operation it was concluded th;t the :éte of measurable
NAPs in EAS was lower than‘expected due mainly to obscuration of the lowex
part of the spectrograph by the electromagnetic component of the EAS,
and ambiguity in identification of the NAP, Hence it was decided to
modify the equipment in an attempt to improve the rate of analysable
NAP events, and, at the same time, to extend the measurements to the
momentum spectra of unaccompanied NAPs.

In the attempt to improve the rate of measurable NAPs& in EAS
events the following modifications were installeds- |

a) a wall of barytes-concrete bricks, of thickness> 4 radiation
lengths, was placed around 3 sides of the lower part of the spectrograph,
to reduce contamination by the electromagnetic component of the EAS,

b) the multiplicity of neutrons detected in each neutron counter
was recorded separatelys to reduce the ambiguity in NAP identification.

A diagram of the modified NAP spectrograph is given in figure 2.1.

To enable single particles in the instrument to be selected, trays

1]
.of Geiger-Muller (GM) counters were installed at various positions
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throughout the spectrograph. Howevers, 1f all the éoincidences between
GM counters had been recorded9 the percentage of useful NAP events‘would
have been small since the ratio of unaccompanied NAPs to unaccompanied
muons at sea level is approximately 1%.

It was necessary, therefore, to Sélectg and then record, only those
events which produced a response from the neutron monitors Since the

neutrons in the neutron monitor may be detected up to several hundred

.ggecs after the passage of the charged particle, it was essential that

the particle tracks could be recorded after a similar delaye. This was
done by using the method developed by Brooke and Wolfendale, 1964, which
utilised the "“after-flashing"™ property of neon flash tubes. It had beenk
observed by Coxell and Wolfendale, 1960, that, when a neon flésh tube
had flashed, there was a high probability of the tube flashing again if
a further high voltage pulse was applied within a short time interval
(~tens of millisecs)s In this way a memory may be impressed on neon
flash tubes by applying a high voltage pulse immediately a charged
partiolé is detected, enabling the particle tracks to be recorded several
msecs later. During the modifications, electromechanical shutters were
placed in front of the cameras and, only when a particle with a response
from the neutron menitor had been detected was the event recorded, by
automatically opening the shutters and repeatedly pulsing the flash tubes.
Equipment has been constructed to enable the waﬁer &erenkov detector
responses to be stored, and recorded digitally, if required, but has not
been used during the work to bé described in this thesis,'which is
confinéd to measurements of the momentum spectra of unaccompanied NAPs
and attempts to obtain measurable fluxes of NAPs in showers.

The sequence of events was as follows for the spectrograph when
operated to record single NAPs,

1) A single charged particle was selected, the neon flash tubes

were pulsed and paralysis was applied to the system.



9.
2) One or more neutrons were detected within 40 to 34Qusecs of the
passage of the charged particle and the multiplicities of neutrons
detected by each counter were stored.

3) The camera shutters were opened and the flash tubes repeatedly

pulsede

4) The neutron multiplicities were mecorded, fiducial lights on the
i .

flash tube trays were flashed and an identifying frame number was recorded

on each filme

5) The films were advanced and the frame number was incremented by one.

6) The paralysis was removeds

-~

If no neutren was detected operations 3-5 inclusive were not cariiled

26201 The Air=Gap Magnet

-a) Desian and Construction

The form of construction of the air-gap magnet is shown in figure

202 This design was developed tovincorporate materials available from
earlier solid iron "picture-frame"™ type of magnets as used by O'Connor
and Wolfendale, 1960, and Earnshaw et al., 1967. Pairs of iron platéé
from a “"picture=-frame" magnet were placed side by side and cut to the
shape indicated in figure 2.2a. Twenty four of these pairs of plates
were then placed on top of each other, and firmly bolted together, to
form the main body of the magnet with a thickness ofv3O cmSe Coils of
copper wire (C,D) were wound around the poles and, to increase the
magnetic flux density in the air-=gap, further coils of copper wire
(A4B) were wound around the short arms of the main body of the magnet.

The magnet had a useful volume of O,lm3 with a maximum magnetic
flux density of 0.45 tesla when a current of 30A was passed through the
coils dissipating up to 12 kw of power, which was removed by forced-air
cooling. To prevent overheating, and damage to the magnet, protective

devices were installed which comprised:-
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(i) a pressure-operated switch placed in the outlet of the cboling
ducts so that, if the cooling fan should fail, the current in the maghet
would be reduced to zero,

(11) thermal cut-out switches installed around the magﬁet coilsy
to switbh of f the magnet power supply should the coils overheat,

(111) temperature-sensitive devices were placed in the input and
output air-streams and the temperatures continuously monitoreds

b) Operation of the Air-gap Maqnet

Throughout the work described in this thesis the magnet was
operated at a nominal current of 20A. The actual current was recorded
continuously so that, if needed, the value of the precise current at
any time was available. It was found that the current varied with the
ambient temperature, but the maximum variation throughout the entire
run was only * 3%. and has been ignored.

The polarity of the magnetic flux was changed daily to reduce any
biagses which may arise if the acceptaﬁce of thesspectrograph was not a
symmetric function of thé particle deflections .

c) Spatial Variation of the Magnetic Field

The magnetic flux density at each of a matrix of points in and
around the air-gap of the magnet was measured with a palibrated Hall
effect probe. The reéults are shown in figure 2,3 from.which it can
be seen that the flux density was unifofm over a large proportion of
the air-gap and that the variations over the regions of the air-gap which
were . used were negligble. Also marked on figure 2.3 are the positiong
of the lower and upper edges of the neon flash tube trays A3, B3
(see §2+2.2a)s The magnetic field within these flash tube trays can
be seen to be measurable, but it has been shown that the deflection
of particles within the trays was negligble. From the measurements

it was found that the value of J’Bdﬁ was 250 k& cm for a current
of 30A. '
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2.202 The Vigual Detectors

Neon flash tubesy first developed by Conversi et als, 1955, and then by

Gardner et al.s 1957, had been used successfully ih large spectrégraﬁhs
(Hayman and Wolfendale, 1962, Earnshaw et al., 1967) and have formed the
large area visval detectors in this - experiment. Unlike'spark chémgé£slthe§
function in regions of high particle density without loss of efficiency

due to preferential discharge of single tracks,; and can readily be used in
extensive arrays. The flash tubes used here were of mean internal diameter
le6 cmss mean external diameter 1.8 cms, filled with neon gas to a pressure
of 60 cms Hg and placed with their axes horiéontal and parallel to the lines
of magﬁetic flux.

a) The Momentum Measurement  FElaih Tube Trays

Four trays of accurately located neon flash tubes were used for the
measurement of the deflection of the particle in the magnetic field; two
trays above and two trays below the magnet (Al, A3 and B3, Bl respectively
in figure 2.1). Reconstruction of the track in Al and A3 led to the angle
of incidence of theparticle on the magnetic field, while the track in B3
and Bl gave the emergent angle. Each tray contained ten hofizbntal'

layers: of neon flésh tubes and eleven horizontal electrodes of aluminium
sheet 0.5 mm thick positioned as shown in figure 2-4a. The vertical pitch
of the flash tube layers within each tray was 3.2 cms and the centres of
tubes in a layer were separated by 1.907 cms. The tubes in each layer
were supported at their ends in slots accurately machined in rectangular
duralﬁmin tubing to ensure precisely khogn lécatione 'Trays Al and Bl each
contained 990 tubes of length l.2m, while trays A3 and B3 each contained
760 tubes of length O«bm. The layers were positioned horizontally éo that

the pattern of the flash tubes in each tray was approximately as shown in
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figure 2-4a. This configuration led to a maxiﬁum layer efficienqy of 84%;
the layer efficiency being defined as the average number of flashed tubes
‘per track expressed as a percentage of the maximum number. The maximum
layer efficiency is the ratio of‘the internal diameter of the flash tubes
to the horizontal pitch, i.ee. 1.6/13907, expressed as aﬁpercentage, and
should be observed experimentally for flash tubes with an internal efficiency

of 100%.

The measured capacitance of each of the flash tube tra?s wast=

Al 8000 pF
A2 2900?pF
B3 3550 pF
Bl 11,000 pF

1

b) The “Neutron=Moni+or“Screen“ Elash Tube Tray

A tray containing 4 layers of close-packed neon flash tubes of length
2.5 m, (tray Xl, figure 2-1) with aluminium electrodes after every second
layer (see figure 2-4b) was placéd immediately above the neutron monitor.
This flash tube tray indinated the presence of charged particles which weré
incident on the neutron monitor,; but which, not having passed through the
spectrograph, could have led ﬁd incorrect identification of particless Since
no angular measurements were to be made with this flash tube trays accuracy

of location was not important and the simple close-packed configuration

of tubes was acceptable.

¢) The Sub-Monitor Flash Tube Tray

In order to observe the charged particles emerging from the neutron
monitory, two trays of neon flash -tubes were situated underneath the neutron
monitor (X2, figure 2-1). Each tray consisted of 642 neon flash tubes
(Length 2°Qm) in 12 close«pécked layers with aluminium electrodes after
every second layer (see figure 2-4b). These trays were used to measure
the lateral position of a particle emerging from'the neutron monitor,
which, when compared with the expected position, allowing for scattering

in the material of the neutron monitor assuming the particle %o be a muon s



Fig. 24. The Disposition of Neon Flash Tubes
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enabled the incident particles to be identified(§3.43 )o Since the Tumes,
value of scatter expected at the levél of the centre of tray X2 for a muon
of momentum 3 GeV/c was ~10 mms a location accuracy for the flash tubes

of 1 mm, which could be achieved with the close-packed configuration,

was satisfactory, The trays were positioned side by side, as close together
as possible, although a gap about 10 cms wide remained between the tubes

of the two trays. The effect of this gap on particle identification was

allowed for in the analysis of the momentum spectra (§3.6.5)

d) The High Voltage Pulsing System

The high voltage puise}applied to the flash tube trays was generated
by discharging a capacitor, Cp’ through a thyrat;on‘and the primary winding
of a high voltage pulse transformer; a technique used in the early applications
of flash tubes. A diagram of the circuit used for pulsing the momentum-~
measurement trays (Al, A3, B3, Bl, figure 2-1) is given in figure 2-5. The
optimum values for the various resistors and capacitors in the circuit,
and the advantages of including the mirror circuit, were determined empirically.
A similar circuit (but without the mirror circuit) was used for the other
flash tube trayse

The capacitor Cp was fully discharged each time tEe thyratron was
triggered, and so, when multiple pulsing was required, a high voltage
supply capable of recharging Cp with a time constant of ~10 msecs was
needed. The use of an E.H.T. power supply capable of supplying the necessary
average currvent of 0.32 amps was avoided by using a large storage capacitor,
CST' The storage capacitor was continuously charged, to a potential of
8 kV, by the power supply,tﬁrough a IMQ resistor leading to a maximum
charging current of 8 mA. When the thyratron was triggered Cp was
discharged with a time constant of ~4 [Lsecs while CST was discharged with
a time constant of 0.1 secs. 9o, when Cp was completely discharged and
the thyratron had turned off, CST had lost a negligble amount of charge.
Then QST transferred charge ‘to Cb, with a time constant given Ey Ry CSTﬁSp/
@ST + Cp), (16 msecs for the values used) until the voltagesof Cp and

. s _ "
Cqp were equal. The final voltage reached, Vfg was VOCS /(CST+Cp)’_(O°8Vo)3
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whete V_ 1s the initial voltage of Cgpe Hencey V.5 is always less than V
although, if CST>>(3p, the reduction in_voltage is smalle This process
was repeated after each bulse, leading to a decreasing E.HeT. for each
successive pulse. The usual procedure was to pulse the equipment seven
times, and on the completion of the seven pulses CST was left withe~ 26%
of its initial charge and was recharged by the power supply with a time
constant of 2 secse

The low voltage (~av) pulse from the control circuiltry (@205 )
was amplified, sufficiently to trigger the thyratrony with the circuit shown
in figure 2-6, A silicon controlled rectifier was triggered by the low
voltage pulse, and the voltage pulse from the anode was inverted and mateched
to the grid of the thyratron'by the pulse transformer.

e) Operational Charagtexigticg of the Flagh Tubes

The layer efficiency of the momentum-measurement trays was found to be
69% for protons which typically are minimum ionizing, when operated in the
muitiple pulse moce, with the shutters opening after the first pulse. When
allowance was made for the geometry of the trays (see §2.2.2a), an intérnal
efficiency of 82% was obtaineds. This figure is rather low, but there were
additiohal losses of efficiency due to the finite time delay before application
of the initial pulse to the flash tubes‘("alsecs)g the non=unity probability
of after=flashing, and the reduction in ‘the effective aperture of the cameras
by the shutters. An estimate of the latter two factors was made by triggering
the system with cosmic ray beam muons and operating with the shutters, firstly,
jammed open, and then removeds The first of these experiments removed the
loss of efficierncy due to the probability of after-flashing while the second
allowed an estimate to be made of the effect of the shutters. From these
experiments the probability of after-flashing was found to be~0.95 per puise
while a reduction in layer efficiency of 5% was found to be caused by the

shutters. Hence the true internal efficiency of the flash tubes was at

least 91%
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2+3e. The Neytron Monitor
2.3.1 Introduction

The design of the standard neutron monitor adopted for studies of the
low energy nucleon component of cosmic rays during the International Geo-

physical Year (I.G,Y.) was developed by Simpson, 1957, from the earlier
arrangements of Tonglorgi, 1949, Simpson, 1949, Cocconi et al.s 1950

Adams and Braddick. 1921, and Simpson, Fonger and Treiman, 1953. For a

detailed discussion of neutron monitors, particularly their response to

low energy nucleons { 1 GeV) see Hatton, 1971,

In the gtandard monitor, evaporation neutrons, emitted from an excited

nucleus produced in an interaction in a lead target, were detected through
the reaction
1OB+ - 7 4

5. n L13 + He2

using boron trifluoride (BF3), enriched with the lOB5 isotopes proportional

counters of length 86,4 cms, diameter 3.8 cms and filled with BF3 gas to a

presgure of 45 cms Hgo The cross=section for this reaction follows a 1/V

dependence (where v is the velocity of the neutron) and is ™~ 3820 barns for

thermal neutyronss Since the mean energy of the evaporation neutrons is

~2e5 MeV, the counters were surrounded by a moderating layer of paraffin

wax to thermalise the neutrons and utilise the large cross-section. Neutrons

produced in interactions in the atmosphére, and the surroundings of the NM,
were excluded from the equipment by an outer layer of paraffin wax, which

absorbed or reflected these neutrons. This layer alsc increased the counting

rate of the NM by moderating, and reflecting back to the counters, some of

the neutrons produced in the lead target. A lead target of thickness 13.% cms

(153 g om or Q.76 interaction lengths)9 an outer reflector of mean

thickness 28 cms ard an inner moderator of average thickness 3.7 cms were
used in the standard 1.GeY. monitor. This neutron monitor responded to
various components of the sea level cosmic rays, but predominantéyy (~B80%)

to interactions of low energy neutrons (~150 MeV), Evaporation neutrons arey

however,; also produced by protons, pions, extensive air showers, negatively
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charged muons captured by Pb=nuclei and interactions of phqtons associated
with muons of both charges.

In the present experiment an improved response to high energy chargec
particles was required in order to improve the detection efficiency of
NAPs, especially those of typical energy ~10 GeV in EAS, and so a modified
neutron monitor was usede It was also expected that the sensitivity of the
multiplicity distribution of detected neucrons to the energy spectra of NAPg
would be increased by the modifications and that megsurements of the multiplicity

distribution may be useful estimates of the energy spectra of NAPs in the

range 1 - 150 GeV,

203024 The Desion of the Modified'Monitor

Shown in figure 2=7 1s the average number of evaporation neutrons, ¥ ,
produced per inelastic collision of an incident neutron of kinetic energy
En’ predicted from Monte Carle simulations by Shehy 1968, as a function of
the thickness, 1y of the lead target. It can be seen that v increases
with £ and that the increase 1s greater for high energy than for low energy
particles.s Similar cur&es can be drawn for incident protonse Hence, to
improve the response of the monitor to high energy particles, the average
thickness of the lead target for vertical particles was increased from 13.5 cms
to 23:3 ‘ems (264 g cmm2 or 1.32 interaction lengths)s Figure 2-8 shows the
ratio of ¥ for this new thickness to that for the standard I.Ge.Y. monitor
for incident neutzuns and protons as a function of the kinetic energy of
the incident particieo The increase in v for low energy particles is
smaller than that for high energy particles,; and so the response to high
energy particles should be enhanceds

It would be expected that the mean multiplicity of detected neutrons,
defined as the mean number of neutrons, including the first reutron, detected
withiﬁ a given time of the detection of the first neutron§ would be increased
relative to a standard I.G.Ys neutron monitor, in the modified NM because of
the increased v » However, the thicker lead increases the number of negative

‘mucns which will be captured by Pb = nuclei and the number of neutron=



Fig, 2.7 The Average Number of Cvgporation Neutrons produced per  inclastic
Collision of an lIncident Neutron of Kinetic Energy €, as a Function

5 of Lead Target Thickness (Shen (1968)
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producing interactions of muons by a factor of ~2 compared with ~1l.4 for the
increased number of interactions from the other componentse The mean
multiplicity of evaporation neutrons produced in both these processes is
verf small { ™2 for negative muon capture and ~9 for muon interaotions)
and will not be incceased by the thicker leads Hence, the increased
contributioné from these very low multiplicity processes will tend to .reduce
the mean multiplicity of detected neutronse. An approximate consideration
of the expected performance of the present neutron monitor leads to a
predicted mean multiplicity of l.2+ The mean multiplicity of the NM most
similar in counter design, the Leeds, I.G.Y. neutren ménitor was found to be
lo24 (Hatton, 1971) for a detectioﬁ efficiency of 3%, which is reduced to
le2 for a detection efficiency of 2% this being more appropriate for
comparison- with the present NM since the sensitive times used were different.
Thus it is eﬁpected that, although the rate of neutrons detected should be
increased, the mesn multiplicity of neutrons in the neutron monitor would not
change much with respect to the Leeds I.G.Y. neutron monitore The enhancement
of the high energy response of'&ﬂ%modifiedANM will only become apparent
when the multiplioiﬁy distributions from interactions of high energy particles
are considered. | |

In an attempt to increase the overall efficiency of the detection of
thermgal neutrons and the counting rate, the number, size and gas pressure
of the thermal neutron detectors were increased, Ten cylindrical broportional
counters (20th Gentury Electionics type 107 EB 70/50G) of diameter 5 cms
and sensitive length 1.07my filled with lOB -enriched'BFé gass at a preséure
of 70 cms Hg, were useds However, it should be noted that the anticipated
increase in efficiency due to the increased diameter and gas pressure of the
counters will be offset by the larger volume accessible to the evapdiation
neutrons due to the thicker producing layer, This reduces the density
of the evaporation neutwons and hence the efficiency with which they are
detected.

The thickne§s of the outer réflector of paraffin wax was reduced

to 10 cms in the vertical direction, although a much greater thickness
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was used at the sides and backe This reduced thickness was chosen so that the
NM could be placed as close as possible underneath the flash tube trays of
the spectrograph, in order to reduce the chance of background events caused
by undetected charged particles. Adequate reflection of evaporation neutrons
produced in the lead should ke obtained with this thickness, but the
attenuation of low energy neutrons produced in the atmosphére and the
surroundings will not be completes Neutrons with an energy of a few MeV
should have an attenuation of % and so will contribute more to the counting
rate of this NM than to a standard I.G.Y. neutron monitor in which the
attenuation is ~150. The muitiplicity of evaporation neutrons prodﬁced by
these low energy incident neutrons will.be small s and theif increased
contribution to the counting rafe will be another factor tending to decrease
the mean multiplicity of detected neutrons discussed above.

| In the normal mode of operation of a neutron monitor, the anodes of
the proportional counters are electrically connected, and information
concerning the location of detected neutronssiis iosto Since it wasvéxpecféd
that the neutrons would be detected close to the point of productiéng a
knowledge of the:spatial location of a neutron, when detected, should aid
the unambiguous identification of particles. The pulses from each counter
were, therefore, recérded separately to prévide such information.
26343, The Proportional Counters

A block diagram of the electronic circuit used with each proportiocnal

counter is given in figure 2-9, A pulse transformer, with a centre=tapped
secondary winding, was used to give two pulses, of opposite polarity, from
the negative pulse of the counter. The turns-ratio of the transformer
windings was chosen go that the‘efféctive resistance in the primary, when
the pre-amplifier was connected, critically damped the circuit giving the
optimum shape of pulse. Ilhe positive and negative pulses from the secondary
of the transformer were fed into the inverting and non=inverting ihputsa
respectively, of a variable gain differential amplifier (S.G.S. type

HA T028). The amplified pulse, of negative polarity, was then discriminated
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and shaped, in one operationg‘by an integrated circult level defector»

{S.G.S. type A 710A), connected as a pulse-former, which produced,; pssitive
square pulse of amplitude ~ 4V and duratione 3 fisecs.s This pulse was passed
through an emitter-follower to a coaxial cable leading to the digital

scaling circuilts (§2.3°4)° All the circuitry was enclosed in an earthed copper
box to reduce the electronic bidk-upAfrdm the higﬁ yoltage pulse applied 0

the flash tubes.

All the proportional counters were @perated from a common high voltage
supply of -4.1 kV applied to the cathodes, and so the operating point of each
counter was selected by Qarying the géin of the pre-amplifier. A pulse-=
height distribution from one counter, with the electronics disconnected,
was measured (figure 2-10) and the rate of "genuine“ neutrons deduced from
these dqta. For each éounter, the gain of the pre-amplifier was then
‘ adjusted until the rate of‘pulseé from the‘discriminaton/pulse-former unit
equalled the rate of "genuine“ néutrons; é similar techniqde was used to
set up the edge counters where the counting rate was reduced relative to
a counter in the centre of the monitor.

2.3.4 The Recording and Gontrol Electronics.

When a neutron was defectea'by a broportional counter, a shaped
pulse was transmitted along 68 1 c§axia1 cable from’the NM to the remote
digital electronics.s The digital electronics were requifed to provide
a master pulse when one or more neutrons had been detected in coincidence
with a charged particle agd to record and display the number o% neutrons
detecte& in each counter. The pulses from each proportional coUn£er
were fed into individual identical circuits so that the neutrons detected
by each counter were recorded separately. |

Figure 2-11 is a diagram of the qircuit used to provide the neutron
coind dence signals. Each channel wés gated by a long (~ 6 msec) pulse
from an S.Co§o unit (figure 2-12), with the output normally grounded, to
imprave the rejection of pulses induced by the high voitage pulse applied

to the flash tubes. This gate inverted the, initially positive, neutron



Fig. 210 The Pulse Height Distribution from a Proportional Counter.
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pulses and so "positive logic AND" gates were used té combine the pulses from
ail channels. This "added" signal was then gated by the "neutron monitor gate"
(the NM gate) which was a positive pulse of accurately determined duration
(300 psecs) and delay (4Busecs) relative to the GM coincidence (see §2:404),

If a neutron wés detected within the duration of the NM gate, a pulse of
length 1 méec was generated and sent to the control circuit (§205elj to ihdicate
a neutron coincidence. Also available from this circuit were posifive‘and
negative versions of the "added" signal ungated by the NM gate. The positive
pulses were displayed on a cathode ray oscilloscope and photographed

(see §2.7) - as confirmation of the satisfactory performance of thé NM,

Figure 2-13 is a diagram of the scaling unit of one channel. The
pulses, after the S.CoR. gate, were inverted and then gated with the NM
. gate. Any pulses detected within the durationvdf the NM gate were counted
by the 4-bit binary counter unambiguously up to a maximum of 15 Multiplicities
My greater than 15 were counted as M-15. The multiplicitles in exh of the
channels were displayed in binary fofm.using bulbs situatedvon the spectrograph,
which were photogravhed on the same frame as the flash tube information. Binary
digit 'O' was represented by an illuminated bulb, and sos since most binary
digits were 'O most.of the read-out system was tested every time an event
was recordeds |
The shaped pulses from each‘BF3 counter were fed to ratemétérs so.that

the counting rate of each of the counters inthe NM eould be continuously
monitored and any significént change in the performance of any counter couldA 
easily be deteétedov The:inaiviéual ¢;Qh£ef fates'QEre ;hecke& af leéét %Wicé
daily, at the beginning and end of each film.

20305 The Multiplicity Kecorder

in order to check the performance of the neufron monitor, an inst;uménﬁ
was designed and constructed to record the multiplicity distributions of
detected neutrons under various conditions. The equipment could be triggered
either by a detected neutron or by any desired pulse (e.g. a coincidence
from the single particle selection system or an EAS signal)s A block

diagram of the system is given in figure 2-i4. The trigger pulse initiated
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a series of monostable multivibrators which provided, in a suitable gequence.

a) a paralysis to the system,

b) a gate pulse which enabled neutrons to be counted,

¢) a read-out pulse which caused the ﬁultiplicity of neutrons, detected

in aoincidence with the trigger pulse to be recorded,

d) a reset purse which réturned the neutron counters to zero,
and €) a pulse which advanced an event counter.

‘Neutrons detected within the duration of the gate were counted by two
4-bit binaxy countera9 the outputs of which were decoded to give multiplicities
of O to 15 and greater than 15. The decoded outputs were read-out on
electromechanical counters.s The counter gate was delayed by 45 M secs and
of duration 300;Lsecé 50 as to simulate the nommal operation of the
spectrograph scaling unitse This led to an underestimate of the true
multiplicity since any neutrons which were detected within 49 pysecs of the
trigger pulse would not have been counteds
2.3.,6 Performance Ghecks

Various tests were carried out to measure the characteristics of the
neutron monitor in order to confirm that it was operating satisfactorily

and to obtain an understanding of its response.

a) Dependence of total counting rate on atmospheric pressure

The total number of neutrons detected during periods of approximately
one hour (typically =~ 3 x 104) was recorded for various values of the
atmospheric pressure. Figure 2-15 shows the counfing rate of the neutron
monitor as a function of the atmospheric pressures The attenuation, or
barometric, coefficient of the counting rates 0 o defined by

dN = - N dp

where N is the counting rate and P is the atmespheric pressure, was found
to be 1.08% {mm Hg)m:‘L at 760 mm Hg, in reasonable agreement with the precise
value of (0,991 + 0.007) % {wm Hg)”]' found by Griffiths et al., 1966, for the

leeds I.G.Y, monitors,
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b) Arrival Time Distributions

Arrival time distributions were measured by displayingvthe shaped pulses,
after ﬁixing, on an oscilloscope and photographing the trace.

Two time distributions, wﬁich differed only in the definition of time
ZeTO were‘measureda In ones.time zero was defined as the time of the .
interaction which produced the evaporation neutronss which in turn was
defined as the time of detection of the charged particle which interacted,
and hence can be measured only for charged particle interactions. Thi; is
the "real" time distribution. The other distribution is the "“apparent"
time distribution in which the-arrivél'times were measured relative to the
time of detection of a neutron,

Figures 2-16 and 2-17 show the measured real and apparent time
distributions for this neutron monitor compared with the eguivalent
distributions for the Leeds I.G.Y. meutron monitor (Hatton and Tomlinson, 1968).
The real time distributions are in gdod égreement over the range of times
measured (40 to 340y secs) and follow an exponential law. The main features
of the apparent time distributions are also in good agreement, consisting of
two sections. However, in the region of the section characterised by the
longer time constant, the distribution for the present monitor falls
significantly below that for the Leeds monitor, alfhough the time constants
are the same. Hatton and Tomlinson have suggested that the two sections
of this distribution can be attributed to thermalisation of neutrons-in the
inner moderator (the short time constant sectioh) and the outer reflector
(the long time constant section); the reduction in the contribution from
reflected neutrons in the present monitor is probably due to the reduced
thickness of the outer reflector.

¢) Multiplicity Digtributions

Multiplicity distributions for each BF3 counter were measured using the
neutron multiplicity recorder triggered by a detected neutton. This gave
the multiplicity distribution and counting rate of each counter and so the
uniformity of the monitor could be checkede The counting rate of each of

the counters across the monitor is shown in figure 2-18, This shows that
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Fig. 2.17 - The Distribution - of Apparent Detection Time of Recorded Neutrons.
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Fig 2.18 The Counting Rate of fthe BFy Counters
of the Neutron Monitor.
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counters 4,6 were counting at a significantly lower rate than the other
counters, although there was no detectable differemce between the multiplicity
distributions of the counters; the mean multiplicity from a single counter

was 1.08.

As a further chegk on the uniformity of the menitor the events used

'in the measurement of the momentum spectra of unaccompanied NAPs were

analysed to give distributions ofs:-=

(1) the point of impact of the particle track on the neutron

monitor, and

(ii) the proportional counter which detected the neutrons.

These distributions are shown in figure 2-19¢ In neither of these
distributions does the apparent inefficiency of counters 4,6 appear. The
dip at counter number 5 inbthe distribution of impact points is caused by
the rejection of genuine NAPs because the particle track could have passed
through the gap between the two trays of flash tubes which constitute the
X2 tray and has been allowed for as described in 83.6.5. . Since these
distributions were derived from thé data used in the measureﬁents of the

momentum specira, it i1s concluded that the monitor must have been operating

- uniformly during the collection of the experimental datas

A multiplicity distribution for the complete monitor was measured,

triggering the multiplicity recorder by the first detected neutron.
This distribution is shown in figure 2-20, where it is compared with the
distribution found for the Leeds I.G.Y. monitor (Hatton, 1971). The
distributions are seen to be similar and, as expected, there is no
statistically significant difference between the mean multiplicities found
for the two monitors.

On the basis of these results it was concluded that the neutron monitox
vas operating satisfactorily during the collection of the experimental data

which formed the basis for the measurement of the momentum spectra.
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2«4 The Slnele Partlcle Selectlon Svstem

Charged partlclee pa551ng through the spectrograph were detected by
four trays of Gelgeeruller (GM) counters (flgure 2= l)

2 4.1 The Uppex Deteetors

On top'of the spectrograph were three tfaYs‘(A,Bgc),each’gontaihthg-
ten GM counters (2oth Genturynﬁlectrenics Ltda'typebG6C) of length Ooém
and diameter 3'cmss arranged in a horizontal plane with their aXes parallel
to the:neon flash tubes (§2:2¢2). fﬁ‘eaeh tray the counters were selected
to have similar plateau voltage59 sovthat only a sihgle value of high voltage
need‘be supblied, and the counters were connected in parallel enabling a
single output cable to be useds The pulses from the trays were fed to a
mixing unit, the output of which was‘shaped to produce a pulse of fixed
amplitdde andAduration whenevervanyeene of the GM-couhterS’was dischargedo

2¢4e2 The Magnet Air”dap Detectors

In the air~gap of the magnet were two trays (DE flqure 2= 1)9 each
contalnlng 11 G6O GM counters arranged in twe close=packed layers. The
axes of the counters were horizontal but perpendicular to the axes of the

neon flash tubes. Because of their inaccessibility and the high magnetic

field”inewhich these counters operated, all the electronic circuitry was

remote: and the-voltage_applied to;eaeh_couhter:ceuld be indiVidually'

varied, The pulses from each eouhter were fed inte an electronic selection
'system sUch that an output pulse, of fixed amplitude and durations was

produeed when, there was a c01ncldence betWeen any counter.in tray D .and

any rounter in txay E.

2.4.3 The:SumeS Deteetor‘

A tray (F; figure 2-1) of 10 G60 GM counters was installed underneath
the neon flash tube tray. B3 with the counters placed parallel to the
air~gap detectors, D,E.. The counters in tray F were operated in the same

manner as the detectors A,B,C (see §2.4.1)s
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24444 The Selection System.

The shaped pulses from the three sets of detectors were fed into a

coincidence unit, ahd,'by'suitable selection of plugs and switches, any

combination ofs=

a) any one of the 3 trays A, B and C, (A+B+C)

b) the 2~fold coincidence of the air~gap detectors, (D.E),
and c¢) the sub-B3 detector (F)
could be selected, However, throughout the unaccompanied NAP studies
described in this thesis the following combination was used

(A +B+C). (B.E)o F

but no provision was made for the electronic rejection of events with more
than one particle incident upon the spectrograph.

2¢405 The Mopitoring System

As a check on the operxation of the GM trays the rates of pulses from

each of the unite could be monitored on a ratemeter. The rates were observed

at the beginning and end of each film and compared wilh the normal rates,
due allowance being made for atmospheric pressure variationse
2.5 The Control Svstem
2:5¢1 The E e;tronic Circuits
Events agcompanied by a neutron monitor response were gelectéd by

the électronic circuit. shown, in block diagram form, in figure 2-21. All

‘the delay and pulse-forming units and logic gates were made using SN7400

transistor-transistor logic ihtegrated circuits. The circuit could be
triggered by the 'pulse from the "single-particle® selection system
(82.44,4) either alone or in colncidence with another pulse (eog.vffom
the EAS.arrayg see §2.6 ); A paralysis of écl secs was applied,
immediately aftervtriggering, to the whole circuilt so that the equipment
could nbt be retriggered until the recording cyclé had been completedo.
Pulses were transmitted, after suitable delays, to tirigger the flash tube
pulsing system {no delay)s to'op@ﬂ the gate which allowed heutrons to be

recorded (45!Lsecs delay)e to reset to zero the neutron multiplicity
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scalers (delay 240 mseps) and to the EAS recording system. The "single-
particle" selection system.pulsg also triggered the time=base of the
oscilloscope used to record the detection times of the neutronse

| If a neutron was detected wifhin the sensitive time of the neutron
gate; a pulsey after a fixed time (340;Lsecs) relative to the initial
triggering of the system, was sent to the circuit controlling the
information-recording. This circuit produced pulses of various lengths,
after appropriate delays, which operated the equipment required to record
all the information. A diagram of the time-sequence of operations is
given in figure 2.22.

205+2 Tests of the Control System

When the control system was first installed it was found that spurioﬁé
triggers were induced when the flash tube high voltage pulse was applieds
This was traced to direct radiated pick-up on the integrated circuit inputsy,
and was eliminated by filtering the high frequency compoﬁents, Since the
pick-up contalined components of a higher frequency than the signals, the
filtering did not affect the normal operation of the system.

However, it was found that there was still a low, but significant,
rate of spurious events. ‘Thesé were caused by the flash tube high voltage
pulse producing spurious neutfon countss within the sensitive time of the
neutron gates through pick=up on the anodes of the BF3 proportional
counters. The rate of these events was reduced to zero by delaying the
opehing of the neufron gate and modifying the take=-off circuits of the
prdportiohal counters, to that shown in figure 2;9, to reducé the‘amount
of piékmup.

The operation of the control system was tested by operating the
equipment without applying any high vdltage to the proportional counters
in the neutron monitor. Under these conditions there should be no neutron
pulses from the neutron monitor, and any events recorded will be spurious,
The rate of épurious events was regarded as acceptable when the equipmenf

had been operated in this way for 48 hours without any events being recordeds
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2.6. The Extensive Air Shower Array

A plan of the extensive air shower (EAS) array, including the logation
of the spectrograph, is shown in figure 2-23. Water &erenkov detectors,
similar in type to those used in the British Universitiés Joint Air Shower
Array at Haverah Park were used as particle detectors (Wilson et al., 1963).
Four detectors, each of area 1.5 m2 and depth O.6m, were used for the
initial detection and analysis of the EAS. Eight smaller detectors, each
0.2 m2 in area and O.6m deep, were available for refinement of the accuracy
of the location of the core of the EAS,

Because no electronic rejection of dense events was applied, any NAPé
in EAS will be detected by the "single=-particle" trigger used for the work
on unaccompanied NAPs, and so, in order to reduce the work load, the
EAS array was not operated during most of the work described in this thesis.
2;7 ﬁegorgjng of Information |

The particle tracks in the spectrogréph were recorded on 35 mm I1lford
HP4 £ilm using 2 Shackman automatic recording caméras;‘TraysAAlvaﬁdiABv

were . recorded on one camera and B3, Bl; X1 and X2 on the otheres Since

the light from a flash tube is emitted oniy intq a smlil soiid angle,

the flash tube trays must be viewed by the cameras from a long distances
This was achieved by using a mirror system as shown in figure 2.24, The

path length for light from each of the trays is given in table 2.1

TABLE 2.1 OPTICAL PATH IENGTHS (FROM FIASH TUBE TRAYS
TRAY PATH IENGTH (FT)
Al 24
A3 05
B3 23
Bl 22
X1 24
X2 26

The path~lengths are all rather similar and hence the images of all

the trays were in fosus when a lens with an aperture of fl.9 was used.



Fig. 2.23 The E.A.S.  Array.
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The shutters used were of the venetian bhlind type, mounted in front
of the lens, operated by a solenoid and were fully open 13 msecs after the
detection of a neutron coincidence.

In addition to the flash tube information, the multiplicity of neutrons
detected in each counter was recorded by each camera and British Standard
Time was recorded by camera A (figure 2-24). -

| The detection times of the neutrons were also recorded photographically
by a third camera (camera C)

Aiso recorded on each frame was an event number used to assist in
correlation 6§ frames during analysis.
248 Run Statistics

For the measurements of the momentum spectra of unaccompanied protons
and pions and the study of the production of neutrons by muons, events
were recorded when the following conditions had been satisfieds-

a§ a GM counter coincidence of the form

‘(A +B+C) . (D.E)s F

b) a neutron‘detected in the neutron monitor within 4% to 34&1ﬂsecs
of the GM coincidence.,

This method of operation is called the "single particle! modes

The average rate of “single particle™ events was ~10 hr-l and the
film was changed daily, the equipment being serviced at the same time. At
the beginning and end of each film the frame number, British Standard Time
and the current in the -magnet coils were noted. In additionsat the end
of each film period,the number of GM counter coincidences which had occuzred
during that period was noted. At the same time the counting rates of each
of the proportional counters in the neutron monitor, and the GM counter
coincidences‘(A + B+ GC), (D&E) and F were checkéd, and corrected if found
to be abnormal. Lo covrect for any asymmetries in the acceptance of the
spectrograph as a function of the deflection of the particle, the magnetic

field was reversed afler each film, so that the on~time with each polarity

was approximately equal,



29

The'spectrograph was operated in this way‘during.January and February
1971 for a total period of 986.8 hours. However, allowance must be made
for the dead time of the equipmént, equal to 2.1 secs per GM counter
Céincidence, and losses of sensitiye time due to instrumental failure.
- The effecfive on~time Of the equipment was 1,56 x 10° secss During this
pvevr‘iod 867,617 GM counter coincidences were detected which gave 10,273

“"single particle" triggers.
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CHAPTER THREE

ANALYSIS OF DATA

3e.1. Intmwoduction

Using the apparatus and techniques described in Chapter 2, the following
data were‘available for each event recorded by the spectrograph:-

a) British Standard Time,

b) the tracks of particles in the spectrograph,

c) the magnitude and polerity of the magnetic field,

d) the multiplicity of neutrons detected in each proportional counter

in the neutron monitor and their detection times relative to the
‘ GMlcounter'coihcidence signaig
and ,éi the tracks of any particles which emerge from the neutron menitor.

This inférmation must be extracted from the films . and converted to a
form which can be anélysed conveniently to provide angular deflection spectra
of NAPs, frbm whichlmomentum‘speotra can be derived;

The deflection of a particle is measured by reconstructing its'tragk
through fhe épeéﬁrograph 1o give its arrival &irection‘projected on the |
measurément plane of ﬁ&-specfrograph and its angle of emergence from lthe
magnhetic fields Having thus determined the angulsxr deflection, arknOWiedge
of the lateral position of the particle track in the neutron monitor, the
point of detection of the neutrons and the scattéring of secondaries, if any,
emerging from the neutron monitor leads to identification of the type of
particle. Deflection spectra of NAPs can thus be obtaineds - Then, assuming
there are no antiprotons in cosmic rays near sea level, and that the momentum
spectra of positive and negative picns are identical, the momentum spectra
of protons and pions can be derivede allowing for Coulomb scattering in the
material of the spectyograph and errors of track lecation. These spectfa
must then be corrected for losses due to interactions in the material of the
spectrograph and inefficiencies in the neutron monitore Such procedures
indicate the shapes of the momentum spectra and the relative intensities

of protons and pions, but do not give their absolute intensities.



320 Extraction of Data

3¢2.1 Initial Scanning of Filmg

The three films vsed to record the dats were inspected, and the availabls
information from each event was noted so that it was easily accessible for
further analysis. Lhe data noted were:-

a) the frame number and film number ,

b) British Standard Time,

. ¢) the multiplicity of neutrons detected in each counter,
d) the number of tracks observed in each flash tube trayg
e) whether there had been an interaction in a mementum meagurement
flash tube trays
and‘,f) the arrival times of recorded neutrons.-

If there had been ar interaction iﬁ é flash tube tray, the event was
rejected since the track of the particle could not be accurately reconstzuctede
The remaining events were assigned to one of four categories, based upan the
number of tracks in the momentum measurement trays, which weres-

(1) Dense events - events with many tracks in the spectrograph such

that no track could be reliably reconstructed and which were
'rejected for the present analysis,

(i1)"B" events - events with one complete track. in the spectrograph,

(111)"F" events - events with one complete track, suitable for analysis,
together with partial tracks in one or two adjacent momentum
measuremant lrayss,

(iv)“EAS" events - events with more than one complete track, some or all
of which could be reconstructed. These were designated "EAS"
events to distinguish them from the single particle events in
categories B and Fs

3s2¢2 Enumeration of Tracks

After initial classification as in 8302, 1 the particle tracks were

reconstructed. In order to do so, it was necessary to determine which of

the neon flash tubes had flashed to delineatfe the particle tracke Each
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flash ﬁube.in each layer was identified by numbering and so any flashed tube
could be identified. ‘

Those events which had only one track in each flash tube tray could be
enumerated immediately. Thus, B and F events which had no more than one track
in flash tube tray X2 were enumerated directly from the filme However, 'EAS'

‘events and B and F events with more than one track in X2 were more complex,
and had to be considered further before enumeration and so photographic
prints were ﬁade of the events for detailed examinatidne
Direct Enumeration

The stfaightforward events were projecfeé by. a phoﬁographic anlarger
onto an underlay on which the positions of the fiash tubes in the spectrograph
together with their numbers were markede. ‘The track wes enumerated by aligning
thevunderlay with fiducial marks so that the flashed tube numbers coﬁld be
encoded on punched cards ready for analysis by a digital computer.

Enumeration from Prints

The prints of the complex events were examined and the tracks which
could be enumerated were selected. These were then enumerated from the prints
using a transparent overlay on which were marked the fiducials and the
positionsg of the tubes of the spectiograph.
3.3 Irack Fitting
3.3,1 Introduction

Previously usged methods of track reconstruction have involved the
adjustment of a cursor over a scale model of the flash tube array (Hayman and
Wolfendale»1962), or the use of a computer techniques e.g. Bull et ales 1962,
The former method suffers from the disadvantages of being subjective and
limited‘in accuracy by the precision with which the scale model is constructed.
An even greater drawback in the present experiment, involving the anélysis
of 10,000 tracks is that it is slow and laborious. Hence a computer method
was devised and used for the recdnstructionﬂof the particle trackse

Most methods of computer analysis of tracks have utilised a probability
function P(z) which is he probability that a tube will flash when a particle

traverses it a distance z from the centre. A line was set up and the total



probability Qf:the obsérved pattern of flashed tubes occurfing was calculated.
Vériéué ﬁossiblé iinés were then tried and that line which gave the highest
| probébility was regarded as the 'best eétimate’ of the actual trajectory of
thé-pérticle. However,‘it.was found that the 'best estimate’ track was
sénsitive to:the form of the probability function used iﬁithe analysis
(Qrford 1968) 5 and this probability function:was not well known. In vieﬁ of
these disadQéﬁtages a computer traék—fitting method was devised which, it was
considéréd,>wbula give the best simulation of thé'hand analysis methode
.'For}eébhllineltried a:3—stage‘cri£erion was applied:-
é)iDbesjfhelline miss fewer flashed tubes than the previous 'best estimate’s
| B b)~Ifbthe nﬁmber of missed flashed tﬁbes is the same as for the previous
v:.‘.;jbégt‘eétimate', then, is the path=~length in non-flashed tubes
leés‘thah for the previous 'best estimate's
;§) If ﬂhe péth-length in non-flashed tubes equals that for the pievious
 thest estiméte', is the path length in flashed tubes greater than
invfhe previous 'best'esti@ate'.
3,3.2 Ggmgg#ei Track Fitting P;oggamme
A_éimpiifiéd fldw chart for the computer programme used for the analysis
of the pa;tiéle‘tracks‘is given in figure 3-l.
.'An initia1 estimate of the particdé trajectory must bé made to use as
a'étartih§ poin£ qu'the lines which are to be tried in fhe:ahalysis part
of tﬁé.prdgramﬁé, .A le@st—équares £it is performed on the co-ordinates of
the ‘centres of. the flashed tubes. The line which this gives is then used
to findvﬁhe'gap between tubes in those layers with no flashed tubes which
is neéreéf,to the propesed trajgctdry. A line is then fi£ted to the céntres
of'thelflésﬁed tubes andvﬁhé'gaps using'the method of Gauss. This anéiysis
'giVés'thevihciination of the line tolthe vertical (¢&F)-and the lateral
poiht (RGF) éﬁ?which it intersects a horiéontal plane midway between the
two £rays.of‘fiash tubese. The number of ignored flashed tubes (IIG), the
path—lengthﬁin non-flashed tubes (BMIN) and the path-length in flashed

tubes (BMAX) are then evaluated for a set of lines with a matrix of angles,
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E, and lateral positions, R, symmetrically arranged around ¢CF and R... Lines

GF
+ 0.5° and R

up to Y o + 0.4 cms. were tried using angular steps of 0.05°

GF
and lateral steps of 0.04 cmse Using the criteria outlined in 83.3.1, the
"best track" is selected and its angle, ¢BF’ and lateral position, Rpps
are storede. This process is carried out on the track in both arms of the
spectrographe

This flow chart assumes only one flash tube has flashed_ih each layer,
but the programme can handle a limited number of layers with more than one
flashed tube. Tracks using all possible combinations of tubes are tried
in turn and the 'best track' for each combination is selecteds The ‘best
tracks' are then compared and the 'best-track' is chesen, A maximum of 9
compbinations can be so evaluafed.

Having estimated the 'best track' for each half of the spectrograph
independently, various parameters, some of which indicate the acceptability
of the 'best track' (see §3.3.4) and others which are needed for the later
derivation of the momentum spectra (§3;6)‘can be calculated. The latter ares-

a) the angular deflectioﬁ,_é¢ 5

b) the approximate impact pdint of the 'bestiréck; on .the neutron

monitor. For the.pﬁrpdses éf this meaéurement the neﬁtron'.
imonitor is split ups at the level of the top of the inner
moderators, into 80 cells and the cell in which the 'best
track' impacts is calculated.

¢) the momentum, py corresponding to a deflection,b¢ s in the

magnetic field (no allowance being made for Coulomb scattering
_oT errors ofAtrack location)

d) the apparent charge of the particle.

4On completion of the analysis of the track id the spectrograph,
any track, in tiay X2 (see §2.2.2¢) 1is analysed. Since the accuracy
required from this flash tube tray is not as great as fo¥ the spectrograph,
the .analysis carried out is confined to a least~squares fit to the
flashed tubes, léading to estimates of the co-ordinates of the centre-of=

gravity of the flashed tubes and the angle of inclination of the track
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to the verticala

3.3,3 Tests of Validity of Procedure

The reliability of the computer traék-fitting programme was checked
in the following wayss~ |

a) computer fitted events were compared with the results of hand
analysis 6f the same events - 200 comparisons in all being madép

b) artificial tracks with known ahgles and lateralApositions were
generated and the results of fitting by the computer programme
compared with the known parameters,

¢) a mementum spectrum of comsic ray muens was measured and compared
with the previous measurements,

a) Comparison with Hand Analysis i

Scale drawings (2/3 actual size) of each half of the spectrograph

were  constructed and used to give estimates of the trajectéry of a

particle (the "hand analysis" method). Figure 3=2 shows a plot of ¢C
(%ﬁ:from the computer analysis) againsbwkl(wBF from the hand analysis)
and figure 3~3 is a histhram of|¢(;~'¢}1!o It can be geen that there

is good agreement between the trajectories selected by the computer

programme and the hand analysis. Hence, if hand analysis gives a good

estimate of the trajectory, then so will the computer analysise

b) Artificial Events

Events were generated by positioning a line randomly on the two trays

of flash tubes in an arm of the spectrograph and then detérmining through

which flash tubes the line passed. For each tube the probability of flashing

was then determined using a probability function, and a random number between

0O and 1 was generatede If the random number was less. than the probability

of flashing then the tube was considered to have flashed. The events generated

in this way were ther analysed by the computer pregramme and the resulting

"best tracks" compared with the known trajectories. It has been shown that

the precise form of the probability function is not important when generating

tracks in this way and 3 different forms of the functian wefe considered. In
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each case tﬁe r.m.s; angular difference between the actual artificial trabk
and the besftrack‘selected by the computer was < 0.1%

c) Ihe Meagured Muon Momentum Spectrum

About 1000 events were recorded by the spectrogréph when triggered sclely
by a GM counter coincidence (A+B+C). (D.E)s F (see Chapter 2); These events
were predominantly unassociated muons which were analysed in the same'way as
the “single particles“, A value of apparent momentum was determined for each
event and.the‘resulting integral momentdm'spectrum is shown‘in figure 3.4,
where it is compared with the muon spectrum of Allkofer et al,9 l97l¢ »The two
speétra‘are arbifrarily normélised at a moméntum of 1AGéV/c9 and no.oorrectioné
for écatteriné and instrumental errors‘ha§e>been applied to the present
spectrum. It can be seen'thatvthe agreement is good up to'»30 GeV/cg .
indigating thaf the preéenﬁ instrumént and analysis ‘techniques may be réliably
used up‘to this value without any corrections and to higher momenta if the
appropriate allowance is made for scattering effectss

3.3.4 Checks of the Validity of Combuted Particle Tracks

When an event had been analysed by the computer, various tests were
applied to the track to check whetﬁer a satisfactory ﬁbest estimate" of the.
trajectory had been obtaineds Poor results can be produced through errors
in the enumeration of the tracks, or through problems iﬁ the subsequent

analysis.. The human errors were usually incorrect enumeration of flashed

tubes or the failure to note a flashed tube from the film record.

The following parameters of thg track were computed‘aﬁd used in
checks of iteg acceptabilitys=~

a) the number of ignorved flashed tubes (LIG),

b) the “efficiency" éf the track, defined as the path-length in
flashed tubes as a percentage of the total path=-length in
the neon gag of flash tubes, BMAX/(BVAX + | BMIN | Ys

c) the lateral‘bositions9 y, and y; ¢ of the intersection point of the
upper-and lower tracks, respectively, with.the horizontal

plane through the centre of the magnet air~gap and their



Fig. 3.4. The Integral Muon Momentum Spectrum recorded
with the present instrument (no corrections for
instrumental noise have been made.)
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difference, A (= ¥y, - yo).

d) the intersection points of the appropriate tracks with the various
GM counter trays.

If tubes were incorrectly enumerated, it was impossible to fit é
straight line through all'the flashed tubes and hence test a), together
with test (b) would indicate such mistakes. Misseds and ignored, flashed
tubes would be indicated by test (b) since the path-length in non=flashed
tubes would be increased andthe:path~length in flashed tubes decreased
with respect to their values for the correctly enumerated event and so
the efficiency would be noticeably reduced. Figure 3-5 is a histogram of
the efficiency obtained with goed tracks, and on the basis of this
information tracks having efficiency less than 70% were further scrutinised.

The remaining tests, (¢) and (d),detect other poor track reconstructions.

The simple theory of the propagation of a charged particle through the
magnetic field in the spectrograph indicates that the value of A obtained
for -all events should be zeroe However, scattering in the material of the
spectrograph and instrumental errors will mean that finite, but small, values
of A will be obtained for most events andthe actual distfibution obtained
is given in figureA3w6. Erroneous analysis will give rise to larger than
normal values of A for tracks which can be detected and re-examined.

To have triggered the spectrograph the particle must have passed
through all the GM counter trays, and so any track whichy apparently9
does not do so must be faulty ahﬁ\W1ll be detected by test (d).

Any event which failed any of these tests was automatically re-
enumerated. If the enumeration was found to be different the event was
re?analysed by the computer and further checks made. For those eventg
still faulty on one or more criteria, for which the enumeration was found
tc be correct, the tracks Were.examined clogsely to see if any reason for
the popr fit could be found. Correctly enumerafed tracks which were found
to ignore one flashed tube were accepted since they may be expected to

arise from knock-on electrons which cause tubes to flash which are near,
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Fig 3.6  Distribution of the Lateral Separation in

the Mid Plane of the Magnet of Incident
and  Emergent Particle Trajectories
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but not on, the particle trajectory. The only events which remained unexplained
were a few with comparatively lafge values of A and these were taken to be the
extreme tall of the distribution of A , and accepted in the analysis.

3.4 Identification of Partigles

3e4els Iptroduction

Assuming there are no anti=protons in the cosmic radiation at sea level,
there are four categories of particle which are expected to be recorded.by the
.present equipment:-

a) nuclear-active particles consisting of protons and pésitive and

>negative pions,'

b) low energy negative muons which stop in the neutron monitor and

are captured by Pb-nuclei to produce a response,

¢) muons which have produced a response in the neutron menitor through

| a photo=nuclear interactions

d) cosmic ray particles (predominantly muons) in accidental coincidence

with a neutron recorded by the neutron monitor.

Using the data obtained from the film records and that deduced from the
particle track analysisy each event may be &dentified as belonging to one
of these four categories,

The data available for use in identification ares-

(i) the impact point on the neutron monitor of the particles

(ii) the magnetic deflection of the particle which leads to estimates

- of the momentum and charge;
(iii) the location of the neutrons detected in the neutron monitors
énd (iv). the number afd location of any particles emerging from the
neutron monitore.

The momentum of muons which would traverse the neutron monitor, average
thickness 264 gucm”29 is Qu45 GeV/c,(Josebh 5 1969). Thusy if all events
with a measured momentum <‘1Gev/c are rejected, the low energy negative
ﬁuons will be much veduced. The limit of 1 GeV/c allows for errors in

momentum measurement due to scattering in the spectrographe Similarly,
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any particle which has a measured momentum 3 1 GeV/c and is absorbed in
the neutron monitor can be identified as an NAP.

As stated earlier, it was expected that the evaporation neutrons
produced by'ah interaction would be detected close to the point of production,
and that this property could be useful in identifying particle. :The ‘paint: 6l
impact of the'track on the neutron monitor at the level of the top of the
inner moderator was calcuddted. The number of 2 cme cells between this point
and the centre of the nearest counter which had detected a neutron was then
estimateds If the distance were>» 15 cells (see §3,4°2)9 and if there were
a track emerging from the neutron monitor, the particle was said to be an
accidental muone If there were no track underneath the monitor the event
was rejected and a correction for the events lsst in this way was applied
laters In this way the events with no track in flash tube tray X2 were
identified and someiof the accidental muons were eliminated.

There will, however, be muons which have impact distances €15 cells,
and also NAPs which have tracks in X2, These were separated using the
scattering of the particles in the neutron monitor. From the flash tube
déta in trays B3 and Bl, the éxpected position of the particle in the X2
trays in the absence of the materdal of the neutron monitor, can be predicted.
Also the approximate thickness of lead traversed by the particle can be
estimated and, using the estimated momentum of the particle, the Temese
Coulomb sCatteringgcry, can be predicted, assumiﬁg the particle to be a muon.
The pbéition of the particle in X2 is known and so the actual amount of
scatter, S, can be compared withcry. If s> ESU&(see §3.4.3 for the
justification of this 1imit) then the particle was identified as an NAP,
while, if s ¢ SO} the particle was said to be a muon. Hence the NAPs

were selected ffom the total events and distributions of the measured

deflection for podtive and negative particles were compiled.

Those events in which the predicted position of the particle in the
X2 flash tube iray was close to the gap between the two trays which

constitute X2, » :'and” there was no visible track in this tray, were
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rejected and the necessary correction was applied to the datas
3.442. Impact Criterion

The evapofation neutrons emitted by an excited nucleus are characterised
by an isqtropic angular distribution and an energy spectrum which is peaked
around a few MeV (Hatton, 1971).' Neglectiﬁg scattering in the lead since the
Cross~section_for elastic scattering of 2 MeV neutrons is ~1 barn and the
angular-sCattering distribution is peaked in the forward direction,r
and assUming.fhat neutrons are detected by the counter in the moderétor
on which they are incident; it can be seen that the ﬁajority of evaporation
neutrons will be detected in the nearest counter, since this counter subtends
the largest solid angle at the excited nucleus. Hence it is expected that
the méjbrity of the evaporation neutrons will be detected close to the point
of production.

The neutron monitor was divided into 80 cells, of approximate width 2 cmss
and the cell upon which the 'besttrack' impacts was calculated, Then the
number of cells from this point to the centre of the nearest counter unit

‘which . had detected a neutron was estimated and called the impact distanﬁeo
Figure 3-7 shows the distribution of impact distances obtained for all the
analysed events. Superimposed on this distribution is the distribution which
would be expected if all the events were muons in accidental coincidence
with a background counting rate uniform across the neutron monitor. As
suggested these distribufions indicate thaf the evaporation neutrons are
indeed detected close to their production pointe.

Figure 3-8 shows the distribution of impact distances for events which
can be direétly identified as NAPs, These are the events with measured
momentum » l GeV/c and no secondaries emerging from the neutron menitors
On the same figure the'expecfed-distribution of impact distances, calculated
andef the ébove assumptions, is drawn. The similarity of the distributions
indicates that the assumptions are not unreasonable.

From these results an impact distance of €19 cells was considered

necessary for the particle to be identified as an NAP, and for the necessary
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correction to be of 1lifited effect.

8.4.3 Scattering of Particles in the Neutron Menitoz

To identify those events which have one or more particlesemerging
from the neutron monitor, and which have impact distances €15 cells, the
different scattering in the neutron monitor expected for NAPs and muons
is useds The events which constitute this grou#fmay be accidental muons,
interacting muons or NAPs,

In an inelastic proton-Pb nucleus interaction the surviving nucleon
retains ~0¢5 of the incident energy and so will be the most energetic
emergent particles Assuming the distribution of traverse momentum of all
types of particle to be the samerihe surviving nucleon will be scattered
the least. S0, in those events which had more than one track beneath the
neutron monitory, the track which was closest *to the predicted position was
measured and used in identification proceduress

[he method of calculation of the scattering is indicated in figure
3-9, .The "actual position" of the particle is taken to be the centre=-of=-
gravity of the flashed tubes in the X2 flash tube tray, and the perpendicular
distance from this point to the "“best track" found for the lower ha}f of the

spectrograph is considered to be the scatter, S. Knowing the angle and

lateral position of the spectrograph track the amount of lead traversed
by the particle can be approximately calculated and hence, using the measured
value of momentum, p, in GeV/c, the reme.s. projected angle of Coulomb scatter

can be calculated from

o= 15.x10™ X
P8 -éx)
where €~is‘the energy loss per radiation length for muons (taken as 0.008
GeV/}adn,.length), B is the velocity of the particle in terms of the
velocity of light, assuming the particle to b2 a muon, and x is the
thickness of lead traversed in radiation 1ength§g The measured value of

momentum is that found by applying the simple theory of the motion of a

charged particle in a magnetic fleld, neglecting scattering and instrumental

noise, and is given by
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Fig. 3.9. The Scattering of Particles in the Neutron Monitor.
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p = Zﬁf . GeV/c
where K = 2,95 for this spectrograph.
Having found oo the distance r along the predicted particle tragk to
tle predicted position in X2 is found and then the Tem.s value of scattersy
0}3 is fouhd from

o-‘y~ I‘g‘c CMSe

The accidental muons will have undergone only Coulomb scattering in the
material of the neutron monitor and so 94% of them should have the emergent
track within Zv'y of the expected position. Since the cross=-sectlon for
nuclear interactions of muons falls rapidly with increasing four-momentum
transfer sguared, the angular scattering of interacting muons will be small
alsos The observed distribution of the scattering, expressed in terms of
0; is shown in figure 3~lO.‘ It appears that the data in this figyre are
drawn from two poulations and, in view of the expected small scatter of
muons . those évents with large scatter were considered to be NAPs. The
limiting value-of scatter was arbitrarily choseny; from the distribution,
to be,8 0&. Thus particlés with Qalues of scatter » 8 G§ were identified
as NAPs.,

Sinne the measurement of the 'scatter is made ina plane, there will be
errors introduced due to the projected scattering of an NAP being less
than the 80& limitse However, from figure 3-10, the number of NAPs which
will be incorrectly identified will be small and can be estimated, and
thus a correction may be applied.

- It should be noted that in inelastic pian- Pb nucleus interactions
the incident particle is not known to survive and so the analysis of the
least scattered track is not justified. However, the technique will lead
to the rejection of some genuine pion events rather than the acceptance
of muon evenfs so that the pion momentum spectrum will be underestimated
in the hgh momentum region. Since the number of such events may be
expected to be small, the error in the spectrum due to this cause will

be small also and has been neglected in the present worke
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3v4e4 Summary

A‘flow diagram of the procedure used to identify the events is given
inkfigure 3-11.

Table 3-1 gives a summary of the proportions of each type of event
which "was collected by the 'single particle'® mode of spectrograph

triggeringe

Table 3-]

TYPE %
Bense 1%
'EAST k <l
Momentum <1 Ge%/c . 22
NAP | | 22
Reject 6
Muon 15
Interaction in Flash 19

Tube Tray

3.5, Esgtimation of Measurement Noise’
3.50 lo Intl‘OdUCtiO“
When a vertical particle, of momentum p, passes through the spectrograph

it is deflected through an angle AY q, PY the magnetic fields where

sV o ;

However, on traversing the material of the spectrograph, the particle .
is scattered by collisiomsiwith nuclel and, when the track is reconstructed,
a random error is made in estimating the angle of the 'best fit', assumed
to be normally distributed about the actual trajectory. Thuss in generals

the actual measured deflection, A¢ s will not egual A¢In but a beam of



Fig., 3.11. ¥low Diagram of Proccdurc Used for Identification of Particles,
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vertical particless of momentum p, will give a distribution of measured

deflections such that

&y —z;% m)2
P(AY) dAf = —E— o e d oy
oV o

where PQS¢)dA¢ is the probability of observing a deflection A$ to Af +

d Ay « The standard deviation,; go 5 of this distribution is given by

P+ o2

T

o, is the rem.s. value of scattering due to éolliéions with nuclei
given by Uk 22 06148 Vk/ pB where x is the thickness of material traversed
in radiation lengths and g is the velocity of the particle in terms of the
velocity of light, and U& is the remes. value of the e?ror due to track
reconstruction and is a constant. It can be seen that, as p increases9‘A¢ o
aﬁd o, decrease so that the distribution of defléctions becomes effectively
independent of p and the accuracy of the mementum measurement decreases. The
effect of the distribution of deflections can be allowed for in the analyesis
procedure (see §3.6) bul, in order to do so correctly, and to extend the

measurements to as large a value of momentum as possible, the value of or

must be small and accurately knowne

In order to reduce gﬁ,to a low value the neon flash tubes were accurately
located andO‘T was measured in three independent wayss=
(a) The distribution of the lateral separation of the intersection
of the two halves of a track with the horizontal plane through
the centre of the magnet was measured,
(k) The distribution of deflections of particles passing through
the spectrograph with zero magnetic fieid was measureds

(¢) The momentum spectrum of unaccompanied cosmic ray muons was

measured,



369620 The Location of the Flash Tubes

The flash tubes in each layer of the four momentum measurement trays
were supported at their ends in accurately machined duralumin supportsse
A saﬁple of the supports was meagured accurately using a travelling microscope
and the horizontal pitch of the flash tubes was found to 1,907 + 0,008 cmso
With the flash tube trays in position the distance from a key point
on each support to an arbitrarily defined plane parallel‘to the lines Qf
magﬁetic flux'was measured using a telescope mounted on a travelling microscope

stande From estimates of the accuracy of these measurements the value of

G} was expected to be 0,1°,

3.5,3. The Distribution in lLeteral Separation of Tracks in the Midrolané

of the Spectrograph

It ie shown in the appendix that a graph of 0-29 the mean square value
A q

of the latdral separation of the upper and lower tracks in the mid=plane of
the spectrograph, against |A¢| 2 where A is the magnetic deflection of the
particle, should be a straight line with an intercept on theol;zw axis
proportional to 0%2 whe:rreO‘T2 iz the instrumental noise. Butg 2 was
evaluated for a small range of values ofpfy and so Eip[z was plotted

aﬁd the graph is given in figure 3=12. ‘Figure 3=13 is the distribution in A‘
forlﬁ¢[ ¢ 0.5" when the instrumental noise should be dominant, and it can
be seen that the distribution is closely gaussian. From figure 3=12 0‘n

was found to be 0,17° * 0.0 which gives an error on A .due to ihstrumental
noise ¢

2 of 0.247 £ 0,08°,

3e5.4e The Zero-field Run.

If the spectrograph is operated without a magnetic field and is used
fo detect unassociated muons in the cosmic ray beams, all the tracks should
have zero deflection. However, due to scattering in the material of the
spectrograph and errors due to instrumental noises an event wiil nots in

general, have zerc deflection, and the distribution of deflection, A¢ s Will

be given by
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O

f S(p) PlpsAy) day dp
£(AP) dAp = Pa

fpo S(p) dp

where S(p) dp is the momentum spectrum of unasscciated cosmic ray muons and

P(pug¢)¢g¢ is the probability of a muon, of momentum p, being observed

to have a deflection AY , and

202 (p)
P(psng) dap = —1— A
o(p Wom
0(p) is given by
‘ K :
o (p) = =t O‘TQ
p

where K/p2 is due to scattering in the material of the spectrograph andéTT
is the standard deviation of the distribution due to measurement noise,

assumed {c be normal.

Thus ng¢)<ja¢ should be a normal distribution with a standard

s given by
FOES(p) o (p)]2 dpa
2 - .J“p(") :
“np [FS(p) ap }°
, b,

and for this instrument using the momentum spectrum of mucns given by

‘.deviation, UA

AP

Hayman and Wolfendale (1962)

o= 4046 1077 + 0,178 4°
Ap T

with UA¢ 901Tn£asured in radianse.
The distribution obtained from 238 muons is given in figure 3-14 and

can be seen to be closely normale The value for g- found isg- = 0.3° + 0.3%,
T T
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3.5.5. The Single Mucn_Momentum Spectrume

The momentum spectrum of unassociated cosmic ray muons measured with the
present spectrograph 1s given in figure 3-4 where it is compared with the
spectrum of Allkofer et al., 1971s It can be seen that the spectra agree
in shape up to a momentum of ~ 30 GeV/c with no correcfions applied to the
present data. This indicates that this spectrograph can be used, without
applying corrections, to accurately measure the momentum of individual particles
up to this wvalue, corresponding to a deflection of Oelo; and so the méaéurement
roise muéf be less than 00Q79° |

ansidering the accuracy of each of these estimates of the measurement
noise it was decided that the value obtained from the distributions of the
latergl seperation of ﬁhe tratks in the mid=-plane of the magnet gave the

best value and so the noise was taken to be 0.24)i 0.03%,

3,6. Derivation of the Momentum Spectra
3ebele Introduction

A1l %he information concerning momentum of NAPs obtained in this
experiment is reduced to two deflection distributions, one for positive
NAPs and one for negative NAPs. So, it is possible to derive the momentum
spectra and intensities of two types of particles The NAPs which might
exist in cosmic rays'near éea level are nucleons, anti-nucleons, pions and
kaonse The rélative yield of kaons o pions in proton collisions at 70 GeV
is~0s¢1 (Antipov et als ;1971) and the kaon lifetime is approximately half
that of the pion, and so the number of kaons in cosmic rays at sea level
wili be negligble compared with the number of pions. Also, the yield of
anti-protons at 70 GeV is ~2% of that of pions, (although recent evidence
indicates that this yiéld increases with energy tom~ 15% at 1500 GeV). so
that the number of anti-protons should be small, and there is very little
evidence to date for the exisﬁence of anti-protons in cosmic rays near sea
levels Hence it is assumed that the particles detected in the present
experiment are protohs and positive‘oi negative pionss It is also assumed
that, since all plons are produced in the atmosphere, the spectra of positive

and negative pions are identicals With these assumptions it is possible
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to derive the momentum spectra of protons and negative pions in cosmic Tays

at ground. level,

36642+ Separation of Spectra of Protons and Pions

Let K S (
pp

of protons, postive pions and negative pions respectively. Then the observed

p)dp,_ﬁTg%T+(p) dps %T.‘%Tip) dp be the momentum spectra

deflection spectra for positive particles, N+Q5¢) d5¢ » and negative particles

N_ Qy) dap will be

N, ag) dag = Epsp(p)wp(p AP )dp vy
+ ﬁW+SW+(p)WW+(pM)dp Ay
+

[fxéﬂ_sw_(p)'vgr_(pgw)dp Ay

and N_(ag) day = ﬁpsp(p)ﬁp(pazlw)dp dA

+ | [,Kﬂ_!_SW_*_(p)Wﬁ_(psAlﬂ)dp eTaV/

¥ j;' Kfl-r—:s,]T-, (p)vg’r p 9Al[l> dp dAg

where Wk(p,A¢) and Wk(p,A¢) are the probabilities of a particle of type ko,
of momentum‘p, giving a measured deflection A with the correct and incorrect

charge,»respéctivelyo But we assume K =K =K

kil
and | Sﬁ+(p)db = Sﬁ_,,(p‘)dp = Sw(p) dp
for all pe
Then .
N (ag) dag = [;psp(p)}fvp(pmga) dp dAY
+ [qusﬂgp) {W'ZT (p 9A¢) + V—Vép 9A§ll)] dp dAY
and ® -
N, (&) ang = ]; Kpsp(pva(psaw) dp day
¥ f kS (o) [vgr(p,a¢) + qu (psarf) ) do day

Subtracting
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[N+(A*l/) - N_(a)]) aby = LKpSp(p)[Wp(p‘gﬁw) - Wp(psAgb)] dp Ay

which, when converted to a histogram, is

AP 3
{N (A¢->A¢ ) = N o) ] = ff K S, (0) [ W, (parg) - T (pm)] dp AP
AYy
% A5 A
= f pp(mdp{j Wp(paAgb) day - [ L (p ) by
&3 i

This can be solved for S(p) dp.
Then, substitution for S(p)dp in either N, or N_ gives Swip)dp with

the intensities normalised to one another, but not absolutely.

3.6.30 The Wei..g]hti;;g Fag;!;o S

The functions

j

, w3
f:k (pst) o and J/A W, (oY) ang
A AL

spectra.

They are given by

W, (paap) ong :gZ[qb[WOM) B, (¢,) C . (B.) DW,) P, (poyy o6 LY )

' A{#J ¢,J d(l’o d—go‘ (3.6.1)
where ].Wk(p¢ﬁ¢)dﬁ¢ and Wk(p#ﬁ¢)dg¢ are given by integrating
from Aﬁafi= + IAW il to Qﬁ¥ﬂ1= * !A#ﬁland A ;= + [A¢ J'to A#B .

; [. A‘Pj, respectivealy,

A(¢Ouﬁ¢) is the probability tata particle incident & a projected
angle ¢b will be deflected through A¢ and accepted assuming the nsutron
monitor to be uniform and neglecting the gap in the X2 flash tube tray.
Bk(¢b) is the distribution in ¢b for the particlé type k
ﬁo is the angle of incidence in a plane perpendicular to the measuring

plane of the spectrograph and Ck(¢;) is the distribution of éo for particle

type ke
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0050) is the probability of a particle incident at ﬁo being acceptedo
| Pk(p, ¢o’ ¢O£WI) is the probability that a particle of type k and
momentum p incident at angles (o, ¢o will be deflected through an angle AY

Equafion 34601 was evaluated numerically and then integratea over the
appropriate values &Eéw to give the required histograms.

3.6.4. Derivation of Spectral Shapes for Protons and Pions

The momentum spectra are derived using the method described by Orford
(1968) in which an arbitrary'momentum spectrum, S(p) dp, is taken as starting
pointe This speclrum is converted to a deflection spectrum using the
appropriate combinaticn of weighting factors and is then mod%fied using the

comparison between the predicted and observed deflection spéctra such that

Sj+l(p)dp o308, e) weap,) g /N o) ]ap.
Zwead,)

where W(p{yﬁi) is the appropriate combined weighting factor,

M05¢i) is the observed deflection spectrum
Njﬂﬂ¢i) is the deflection spectrum predicted from
Sj(p)dp, giVeh by Sj(p) W(pg&ﬁi)dp and is normalised to MQNpi)o

This process 1s carried out until the value of X’z found by
comparing the predicted and observed distributions changed by less than
1% between two successive iterations. The best fit deflection distributions
obtained are shown in figures 4-1 and 4~3 where they can be compared with
the observed distributions.

The differential momentum spectrum was then integrated and statistical
errors added to each point of the integral spectrume Then estimates of the
steepest and flattest acceptable integral spectra were drawn through the
pointse The intensities of these limiting spectra were then estimated
and each spectrum was differentiated numerically to give the upper and lower

limits of tlhe differentlal intensities found above,

" 346050 Corrections to Basic Data

Corrections were applied to the basic data to allaow for the following



errorss -

(a) Losses due to incorrect identification of NAPs as muoné caused by
the 1imit applied to the scattering criterion, |

(b) Loss of genuine NAPs in which the track in the lower half of the
spectrograph would have passed between the 2 trays of flash
tubes beneath the neutron monitor‘and which had no observable
track in these trays.

(c) Loss of genuine NAPé which had an impact distance greater than
the arbitrary limit applieds

(d) The identification of slow negative muonss which glve rise to
a neutron colncidence, as having a momentum >1 GeV/c resulting
from scattering in the material of the spectrographs

(e) The loss of events through the rejection of tracks with 3 or
fewer tubes in a momentum measurement flash tube tray sigoe
these would not provide é reliable track reconstruction.

(£) The loss of genuine unaccompanied NAPs which had been classed
as 'F' events. (See §3.2.1).

The cofrections for each of the above categories were made as followss=

(a) From a comparison of the scattering distribution of all the "B"
events with that of muons an estimate of the number of NAPs
which were rejected was madee.

(b) The impact distance distribution for the rejected events was
compared with the distribution expected if all these events
had been accidentals There was found to be an excess of observed
events at small impact distances. These events were regarded
as NAPs and their numbér was added to theAy distributionse

(¢c) From the thepretical impact distance distribution the number of

genuine NAPs with impéct distance > 15 was estimated and added

to the observedﬁyfdistributionso

H2RSTTR
3
N

7 FE3 197

(d) The unumber of stopping negative muons which produced a detected

SECTION
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neutron was calculated and then the fraction of these which

%
t
.
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would be scattered so that the measured momentum was;?ggeV/c was
estimated. These were subtracted from the Ay distribution of
negative particles with no secondary emerging from the neutron
~monitors. |
(e)‘The number of events which had been rejected through having only
| - 35 or fewer, tubes in a flash tube tray was founds Assuming that
the proportions of the varicus types of particle were the same
within this group as within all the data, the number of NAPsg
which had been lost was estimated and added to theAy distributions.
(f) It was thought that the F events were caused by unassociated cosmis
ray particles passing through part of the spectrograph during the
sensitive time of the neon flash tubes which was quite long owing
to the multiple pulcing techniqué. Hence the spectrograph was
triggered randomly and the number of tracks which were seen was
counteds This led to an estimate of the percentage of triggers
which should have had an unassociated track visible in the
spectrographs Since this figure and the fraction of all the
data which were c¢lassed ag "F"-events were similer within
experimental error, it was considered that all the “F"-events
were caused by this mechanism and so were treated in the same
manner as the rest of the datas These events were analysed
and added to the NAP distributions before the above correctionss
a - e, were applied,
Figure 3-15 gives the final Ay distributions for positive and negative
particles, after application of the above corrections.

3.646. Corrections %o _Spectral Shape

The method of deriving the spectral shapej described in §3¢6.4,leads
to a set of values of the intensity at a particular momentum. However, there
are momentum depéndent corrections which must be applied to the spectrum,

and so these are estimated for the appropriate momentum values.
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Erroms are made in mea suring the spectra due to

(a) loss of events due to interactions in the spectrograph,

(b) loss of events due to the low efficiency of the neutron monitor s

(¢) loss of events due to the transparency of the neutron monitor,

(a) Interactions in the Spectrograph

Events which could be identified as interactions in thé material of the
spectrograph were rejected, and, since the probability of interaction is
momentum-dependent , the correction for these losses is applied to the derived
momentum spectrume The probability of particles traversing the spectrégraph
without interacting was calculated as a function of momentum and particle

type aﬁd is shown in figure 3-16, Both electromagnetic and nuclear interactions

were included in this calculation.

(b) Neytron Monitor Efficiency

It has been shown that, if the multipliqity spectrum of evaporation
neutrons produced in an interaction of a given energy followsa single
exponential laws then the probakility of detecting no neutrons is given
by 1/51, where m is the average number of detected neutrons.e Thus the
correction to be applied to the spectral shape is m/(m=1) where m is a
function of momentum. From the observations for MPs the variation of
m with momentﬁm was found and so the correction factor could be derived
for the required values of momentums This correction is independent of
the value of efficiency of the neutron monitor and so no attempt was made
to measure the efficiency.

(¢) Transparengy of Neutron Monitor

Inorder to be detected by the neutron monitor a particle must undergo
a nuclear interaction in the lead target of the monitore The probability
of such interaction 1s a function éf momentum and was estimated for a target
of thickness 268 g cmmz and the variation of the tqtal interaction cross=-
section given by Giacomelli, 197¢.

These three correction factors are combined to give the total correction

factor as a function of momentum given in figure 3-17,
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3607, Normalisation

The analysis procedure described above yilelds the shapes of the momerntum
spectra of protons and negative pions at ground level together with theix
relative intensities, but does not give the absclute intensitiess In order
to obtain the absolute intensities the acceptance of the spectrograph must be
evaluated accurately. This is a diffiﬁult" task since GM counters were used
and the effective size of each GM counter must be measureds It was thus
decidéd to normalise thespectra to the absolute intensity of the muon spectrum
avallable f:om other measurementss

When the muon momentum spectrum was measured using the present equipment
the number of events with a measured momentum greater than lGeV/o was recorded,
together with the on-~time of the equiément, The acceptance of the instrumeri
can be estimated from these figures and the assumed intensity of muons of
momentum greater than 1 Gew/c taken to be that given by Allkofer et als.y
1971. The acceptance of the spectrograph was found to be 52'cm2ste‘r°

Then using this figure together with the known sensitive time of the

equipment (1.56 x 106 secs) the absolute intensities could be estimated-
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CHAPTER FOUR

NUCLEAR-ACGTIVE PARTICIES NEAR SEA 1EVEL

4.1 Unaccompanied Nuclear-gctive Particles

4,1.1. Introduction

Many of the previous measurements of the intensities of protons in the
Cosmié radiation at oi near sea level have 5een confined to momenta below
1 GeV/c (e.gs Ogilvie, 1955, Filthluth, 1955, McDiarmid, 1959) using a technique
in which NAPs were recognised by their absorption in local absorbers. Thig
technique was also used by M?lfoi and Wilsonsl91l, who extended their. -« -
measurements to a momentum of about 10 GeV/c. However, as pointed out by
Brooke and Wolfendale, 1964, the probability of secondary particles
penetrating the absorber becomes large at high energies, making this technique
increasingly unreliable. This difficulty can be avoided if the interactions
of the NAPs are observed as done by Pak and Greisen, 1962, who used a
multi~plate cloud chamber to give a measurement at ~20 GeV/09 while Brooke
and Wolfendale, 1964, identified NAPs through the production of evaporation
neutrons, to complement their measurements using the absorption technique
at low energies. Thus the only measurements comparable to the present
data are those of Mylroi and Wilson, 1951, Pak and'Greisen, 1962, and
Brooke and Wolfendale 1964,

The sole measurement of pilons in the cosmic radiation near sea level
is that of Brooke et al. s1964b, using the same téchnique as Brooke and
Wolfendale, 1964, for the proton measurement; an estimate of the pion

to proton ratio at mountain altitude has been made by Subramanian, 1962.

412 The Momentum Spectrum cof Unaccompanied Protons near Sea lLevel

Figure 4-1 shows the distribution of deflection of protons'found in
the present experiment and derived by subtracting the distribution for
negative NAPs from that for positive NAPs as described in §3.6.2. Also
on this diagram is the predicted deflection distribution obtained from

the best fit momentum =pc:rrum found using e *eshnigue described in §3.6.4.
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This momentum spectrum is shown in figure 4-2 where it is compared with the
'data of Brooke and Wolfendaley 1964+. It should be noted that the previoug
measurements as presented here were normalised to the 1 GeV/c muon intensity
of Rossi, 1948, whereas the present data were normalised to the intensity
given by Allkofer et al., 1971 which is about 20% greater. Hence, for more
realistic comparison, the points of Brooke and Wolfendale should be increased
by ~20%. However, there is reasonable agreement between the two measurements
although a somewhat different spectral shape from the power law which can be
fitted to the data of Brooke and Wolfendales is to be preferred for the
present data. The curve through‘the present points was drawn by eye and

does not represent u mathematical fit to the data.

4. 1¢3 The Momentum Spectrum of Unagccompanied Picie near See Level

The deflection distribution for negative plons cobtained in the present
experiment, after allowance has been made fcr protons which have been scattered
to appear negatively charged, is shown in figure 4=3 and compared with the
distribution predicted from the best=fit momentum spectrum. This momentum
spectrum is presented in figure 4-4 and it is compared with the data of
Brooke étal.,l§64b, where the negative pion ihtensities were obtained by
halving the published charged pion intensities. Again the absolute
intensities of Brooke et ales1964k, and the present work were obtained by
normalization with the absolute muon intensities quoted by Rossi, 1948,
and Allkofer et al.s 1971, respectively.

The shapes of the two spectra are very similar but the intensities
obtained from the present work are systematically a factor of up to 2
higher than those of Brooke etal. Part of this discrepancy can be attributed
to e different normalization but there will still remain a discrepancy of
more than a factor of 1.5.

In the present experiment, great care has been taken in the selection
of the events and in correcting for various possible sources of error, €ode

the scattering of low energy negative muons detected by the neutron monitor
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to appear to have momentum > 1 GeV/c and the scattering of positive
nuclear-active particles so that tﬁey appear to be negatively charged.
However, even when these corrections have been applied the apparently

significant discrepancy between the two sets of data remains unexplained.

442. Nuclear Aotive Particles in Extensiye Ajir Showersg
442.1s Introduction
The study of nuclear-active particles (NAPs) in extensive air showers
(EAS) described here comprised two partss-
1) That undertaken with the original spectrograph and neutron monitorn
and using the array of water Cerenkov detectors as EAS selecturs,
This was reported by Hook et al. 1970.
~ 2) That undertaken concurrently with the work on unaccompanied NAPs,
as described above, by examining those events which contained mere

than one complete track in the visual detectors of the spectrographs

4.,2.2 The Early Work

4.2.2 (i) The Experimental Technigue
The equipment used in this section of the work was different from that
described in Chapter 2 in three major respectss-
a) the wall of barytes concrete bricks was not installed around three
sides of the lower part of the spectrograph,
b) there were no visual detectors beneath the neutron monitor,
¢c) the neutron monitor consisted of six BF; proportional counters,
as described in §2,3egiz with four shorter counters (length 45cms)
arranged in pairs on either side. Also the multiplicities of -
detected neutrons in non-adjacent pairs of long éoUnters were
displayed, togéther with the total multiplicity from all four
short counters.
Extensive &ir showers were selected by requiring.coincident pulses,
of a size equivaleni to ten or more muons, from the central water
6erenkov dete:tor (see §2.6 ) and any two of the other three detectors
together with a signal from the Gelger-Muller tubes in the magnetic field

of the spectrographe (§2.4.2)e All such coincidences were recorded. Those
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events which had responses from the neutron monitors, the sensitive time of
which was from 50 to 720 usecs after the EAS coincidencey, were then selected
from the film records and examined for analysable NAP tracks.

4.2.2 (ii) Results of the Early Work

The equipment was operated in this mode for a period of 4 months at a
rate of detection of EAS of ~10 hrul giving ~4 hrml EAS with a response
from the neutron monitor, ’However, it was found to be impessible to identify
individual tracks unambiguoﬁsly as MAPs because of contamination of the lowex
part of the spectrograph by the other compongnts of the EAS go that there
were alternative tracks impacting on a hodoscoped pair of BF3 proportional
counters. No information about the momentum and charge of the NAPs was
obtained, although the response of the neutron monitor to the EAS could be
investiga£ed.

Figure 4.5 shows the distribution of detected neutron multiplicity from
EAS initiated events compared with the distribution from particles of the
cosmic ray beam, predominantly low energy neutrons. It is noted that the musch
higher mean multiplicity found for the EAS events reflects the much higher
mean energy of the NAPs in EAS,

Using the tcp tray of neon flash tubes as a charged particle detector
the local shower density could be estimated by counting the number of
discharged tubes per layer and correcting for the effect of the discrete
size of the detectors. This quantily was then related to the multiplicity
of detected neutrons and the results are shown in figure 4.6. These results
are compared with those of Fieldhouse et al., 1962, who used a Leeds IGY

neutron monitor and GM counter EAS array and are seen to be in good agreemfnt
where comparison is possible.

4.2.,3 The Recent Work

4.2.3 (i) Experimental Technique
In view of the difficulties found wiﬁh the original design of the
spectrograph when attempting to identify individual NAPs iﬁ EAS, the

equipment was modified to the form described in Chapter 2 and used for the
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work which comprises the major part of this thesis., During the acquisition

of the data for the unaccompanied NAP spectra a number of events were

recorded in which more than one complete track was present in the spectrograph.
These have been regarded as EAS although there was no information on the
responses of the water Eerenkov detectors and hence no indication of the core
location or primary energy of the EAS., From this data 28 particles, usually
accompanied by only cne or two other trackg, have been identified as
accompanied NAPs and their characteristics determined. These particles are
thought not to be due to chance coincidences between unaccompanied NAPs and
other cosmic ray tracks dubing the live=time of the visual detectors because

their frequency is significantly higher than that expected from this source.

442.3 {1i) The Response of the Neutron Monitors

Froﬁ the limited numbers of particles identified as accompanied NAPS
the mean multiplicities of detected neutrons for positive and negative
particles have been calculated. These are given in table 4.1 together

with the mean multiplicity from positive and nepjative unaccompanied NAPs,

TABLE 4-1 Mean Multiplicity of Detected Neutrons from Accomoanied

and Unaccompanied NAPs.

CHARGE ACCOMPANIED NAPs |  UNACCOMPANIED NAPs
POSITIVE 2.6 + 0.4 1.97 + 0.04
NEGATIVE 2.3 + 0,3 2.3 + 0.1
TOTAL 2.5 + 0.3 1.99 + 0,04

.The figures for these accompanied events are in good agreement with
éhe value of(2.69 found from the earlier work, although the sensitive times
of the two‘neutron monitocrs were differente The value of mean multiplicity
for the positive EAS particles, i¢ signiflcantly higher than that for the
unaccompanied NAPs indicating a hérder mementum spectrumy while the valueg
for negative particles are in agreement reflecting the hardc - momentum

spectrum of unaccompanied negative pions.
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442,3 (iii) The Momentum and Charge of NAPs in EAS )
The 28 events identified as accompanied NAPs were analysed for their
charge and momentum and the results are summarised in table 4.2, where they

are compared with the corresponding values obtained for the unaccompanied

NAPS.
TABLE 4-2
Unaccompanied NAPg
ACCOMPANIED NAPs UNACCOMPANIED NAPs
CHARGE POSITIVE NEGATIVE |POSITIVE NEGATIVE
NUMBER 19 9 1298 177
MEAN MOMENTUM (GeV/c) 4,5 403 4064 10. 7
CHARGE RATIO 2,1 + 0.9 7e3 + 0.6

The values for the momentum and charge of the unaccompanied NAPsg
quoted here were found from the basic data before any corrections for
scattering or éther momeﬁtum dependent effects had beeﬁ applied since these
corrections have not been applied to the accompanied events reported here.

The mean values of momentum for the positive particles can be seen to
be similar but the value for the negative accompanied NAPs is smaller than
that for the unaccompanied NAPsj; although no errors have been evaluated
it is unlikely that the diécrepancy is significant. The charge ratios for
the two types of even! are, howevery significantly different and, on the
assumption that all the negative NAPs detected were negative pions and
that there are equal numbers of negative and positive pions, it is possible
to infer a proton to pion ratio of 0,55 + 0.33  for the accompanied events
compared with 3,17 for the unaccompanied eventss This significant
diffe?ence between the two tybes of events provides strong evidence that
they are from different 'sourcess although the momentum spectra, of limited

statistical accuracy in the case of the accompanied events, are similare.



44244 Conclusions

From the multiplicity distributions obtained in the earlier work it
can be seen that the momentum spectrum of NAPs in genuine EAS is harder than
that of unaccompanied NAPs, as is known to be the case from previous experimentéo

The mean multiplicities found for the positive accompanied events in the
more recent work were also found to be higher than for the unaccompanied
particles, again indicating a harder momentum spectrum, although this is not
borne out by the mean values of momentum. Howevers the statistics of the
sample of accompanied events are extremely poor and the apparent contradiction
could reflect a statistical fluctuation.

Although the modifications to the equipment did result in an improvement
in the rate of collection of identifiable accompanied NAPs the rate still makes
a succesful experiment difficult to achieve. Unfortunatelyﬁfor the sample
of accompanied events recorded the details of the EAS accompanying these
particles are unknowri.

A further experiment has been made and more events have been recorded
in which a coincidence with the EAS water 5éreknov detectors was also
requireds The reéults from this run are not yet available but a preliminazy

analysis is not encouraging.
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CHAPTER FTIVE

MODEL PREDICTIONS OF THE MOMENTUM SPECTRA OF NUCLEAR-

ACTIVE PARTICLES AT SEA IEVEL

Sele Inﬁroguciioh

There is considerable current interest‘in_simulating the propagation of
very high energy c¢osmic rays through  the atmosphere particularly for
comparisaon with measurements of the large extensive alr showers (EAS) which are
produced. The results of these simulations are used to estimate the energy
of the primary particle at the top of the atmosphere so that the primary particle
energy spectrum at these very high energies can be measureds A further property
of considerable importance is the spectrum of the atomic mass: number of the
primary particles, and simulations of EAS can be used to predict those parameters
which may be most sensitive to the mass of the primary particle. However, the
simulations involve representations of interactions between both nucleons.
and pions énd air nuclei at energies which are far beyond the range of direct
experimental data and so depend heavily on extrapolation from low energies of
the characteristics of nuclear interactions. It is expectéa‘that tﬁe unac-
companied NAPs at sea level, of momenta in the range measured in the present
experiment, will arise from primary cosmic rays of energy intermediate between
that of interest in the EAS'simulatidns and that at which data on high enefgy
iﬁferéctions are available from accelerators. Thﬁg‘é comparison of the measured
spectra with predictions should yield useful checks of the details of high
energy nuclear physics used in EAS models and of the simulation procedures
themselves.

However the sea level NAP spectra depend not only on the propagation
of particles through the atmosphere, but also on the energy spectrum of the
primary particless Recently several direcl measurements, using satellite
and balloonwborneféquipment, have been made of the primary spectrum e.ge

schmidt et ale., 1969, and Grigorovs 197ls These measurements are in good
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agreement néither with each other, nor with the previous astimates of the spectrum
é.g. Kaplon and Ritson, 1952¢ and a comparison of the measured sea level sbectra
with the present model predictions may also aild in a solution of this problem.
5.2 Previous Simulations

Several predictions of the gpectra of the various components of'the sea
level cosmic radiation have been made by, for example, Pal and Peters, 1964,
Jabs, 1968, 1972, with considerably varying medels and varying success in
obtaining agreement with observations.

Most representations of nuclear interactions wich have been used in these
models can be ﬁlassified as one of two types: (a) 'fireball' models, or (b)
'isobar' modelsa |

a) ‘'Eipeball' Models of Nuglear Interactions

It is assumed in these representations that, in a high energy interaction,
one or more 'fireballs' are produced which are at resl or moving slowly in the
centre-of-mass of the system. A Ffireball' is regarded as a highly excited
cloud whiéh returns to a ground state by emitting mesons. An analysis of a
system of this kind leads to a law relating the mean multiplicity of mesons
produced to the energy of the incident particle. The exact form of the law
depends on thé assumptions made regarding the properties and numbers of
'fireballs's Also, these models lead to smoothly varying enérgy spectra for
the secondary particles produced in interactions.

b) 'Isobar' Models of Nuglear Interactions

In an iscbar mcedel i1 1s assumed that, in addition to the production
of fireballs, theincident particle has a significant probability of emerging
from the interaction in an excited state, an isobare The iscbar then returns
to its ground state by the emission of a few high energy mesons. There is
very little evidence for the production of isobars in pion—nucleoh interactions
and so this assumption is usually restricted to the nucleon-nucleon interactions.
Since the incident nucleon in an interaction is observed to retain a
considerable fraction of its initial energy, the pions produced by ﬁhe decay

of an isobar will be of higher mean energy in the laboratory frame than the



64

mesons~ﬁroduced from the fireball. Then, according to Pal.and Peters, 19064,
becausé of the rapidly falling spectrum of primary cosmic rays, the products
of lsobar=produced pions will. dominate the: spectra of secondary cosmic rays
in the atmosphere.

An example of an isobar model is that developed by Pal and Peters, 1964,
in which a -value for the mean multiplicity of pions produced by the isobar
was obtained from a comparison of the predicted and observed spectra of muons.

Jabs, 1968, Adair, 1968, and O'Brien, 1971 all used 'fireball' models,
but each assumed a different multiplicity law and O'Brien and Adair both
neglected the secondary particles produced in the interactions of pions with
air nuclei. This leads to an underestimate of the intensities of the various
components at great depths in the atmosphere, as noted by Pal and Peters, 1964,
and as may be seen from figure 5.1 which shows the sea level muon spectra,
derived with the model to be described in this thesis, when pion=air nucleus
interactions are included, curve A, and neglected, curve B. As can be seen,
neglecting the plon interactions in the present model leads to an underestimate
of the intensities by ~ 20%.

O'Brien obtained good agreement between his predictions and observations
of unagcompanied particles at sea level, but Jabs and Adair both concluded
that there was a discrepancy between their predictions and the observationse
Jabs suggested that agreement could be obtained if either the intensity of
the primary particlesat all energies were reduced by a factor of 2.5 compared
with the direct measurements,or by including the production of significant
quantities of baryon-anti~baryon pairs in nuclear interactions.

The predictions of these authors are compared in detail with the results
of the present simulations later (Chaper 6).
5¢3 Description of Model

The important parameters required for a simulation of the propagation
of cosmic rays through the atmosphere using a phenomenological model ares-

a) the mean multiplicity of particles produced in interactions. of

pions and nucleons with air nucleiy
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b) the fraction of the incident energy which is used to producec secondary
particlesy i.e. the inelasticitys in pion énd nucleon interactions
with an air nucleusy

| ¢) the distribution in energy of the particles produced;
d) the interaction mean free'ath of nucleons and pions in air.
The values of these parameters chosen for the present model are discussed
belqw. '
a) Ihe Multiplicity of Produced Partigles
Following a recent survey of experimental data on nuclear interactions
at energies from 19 GeV up to 10 TeV (JoHough,private communication), the
parameters used in this model were those considered to be thé best eétimates
curréﬁtly available. The mean multiplicity of particles produced in an
interaction of a particle with an 'air' nucleus was taken fo be
A
n, = 3.85 (KEp)"‘ 5031

where ng is the number of secondaries, charged and neutral,

K is the inelasticity of the interaction (see 5.3.b), and

Ep is the kinetic energy of the incident particle in the laboratory

frame of reference,

The value of the constant (3.85) arises from the value for p-p collisions

(1,9) allowing for the mass, A, of the target nucleus using a relation in which
0.19

no A
S -
It was assumed that all the produced particles were pions and that positive,
negative and neutral pions were produced in equal numberse The production
of isobars in nucleon interactions was not allowed since the cross= section
for their production appears to be a decreasing function of energy at
accelerator energies up to 70 GeV and, with certain exceptions (e.gs Koshiba

et al., 1970),it is considered that the data on the distribution of secondary

particle energies at higher energies can be explained by fluctuations in

the interactions.
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b) The Coefficient of Inelasticity

The distribution of inelasticity of nucleon~nucleus interactions was taken
to vary with a rectangular distribution between limits of 0,25 and 0,75, leading
to a mean inelasticity of 0.5, If a distribution of inelasticity of the form
considered by Brooke et al., 1964swere used, with a similar mean value, the
effects on the predicted sea level spectra were shown to be negligble..

Pion interactions Were taken to be totally inelagtic as there is little
evidence to the:contrary and, as mentloned above, the product of pion
interactions are not the dominant constituents of the sea level cosmic radiation.

¢) The Energy Distribution of the Secondary Particles

The distribution of the secondary energies in the laboratory frame=of=

reference was taken to follow the well-known formula given by Gocconi, Koester

and Perkins, 1962, of the form

SE)aE =050 ¢ exp (BG) + T exp (-8/1)] &
where G, T are the mean energies, in the laboratory frame, of particles moving

backward and forwards, respectively, in the centre-of-mass frame-of-reference.

d) The Interaction Mean Free Path

At energies greater than about 20 GeV the cross=-section for nucleon=
nucleon interactions tends to a constant value of ~38 mb (Giacomelli, 1971)
Using an optical model for nucleon-nucleus interactions, this value corresponds
to a cross-section consistent with a nuclear interaction mean free path of
80 g cm™® in air.

From a consideration of similar accelerator data for plon interactions,
the mean free path for pions in air was taken to be 120 g cmm2 for both
positive and negative pions at all energies.

Using these parameters a one~dimensional Monte-Carlo simulation of the
propagation through the atmosphere of a primary cosmic ray nucleon was carried
out to predict the kinetic energy spectra at sea level of nucleons, muons and
charged pions. The total number of electrons at sea level was also predicted

using a solution, under approximation B, of the electromagnetic cascade

equations.
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Considerable development of the m§de1 has recently taken place but the
improvement of many of fhe simple assumptions noted above has not resulted
in any significant changes of relevance to the present worke
5.4 Checks of Model Predictions

:As a check on the validity of the model the results of several runs at
various primary energies up to 1014eV were compared with the available
experimental datae.

All the existing EAS data express a measured parameter (eegs the number
of muons of energy > E per showet) as a function of shower sizesand not
primary energy. This leads to'difficulty when comparing predictions with
data since predictions are usually performed for a fixed primary energy,
for which there are large flu@tuationsyin the shower size. Also the
definition of measured shower size depends on the energy threshold, and type,
of the device used for the measurement. Hence it 1s considered that a
comparison of spectral shapes,rather than absolute numbers,is the most
stringent test which can be applied to the predictionse

Figure 5-2 shows the integral energy spectrum of nuclear=active particles
in a éhower of primary energy 1014eV compared with the data given by Greisen
1960, Chatterjee et al., 1964, and Matano et al., 19%4. The data of Matano et al.

“and Chaterjee ¢ al. were given for a shower size of 3.105 particles and have
been normalised to thé predicted spectra at an energy of 100 GeV, whilevthe
spectrum given by Greisen has been evaluated for a shower size of lO4 particles,
which is in the region of the value expected for a primary df energy 1614e\l° It
can be seen that there is good agreement between tﬁe prediction and both
measurements for NAP energies 2 10 GeV and that the point of Chatérjee et al,
is in good agfeement with the prediction at 1 GeV, although the spectrum given
by Greisen indicates considerably more low energy NAPs.:

Figure 5=3 shows the integral energy spectrum of muons compared with
the expression given by Bennett and Greisen, 1961, which was derived from
measurements on showers of size a»106 particless It can be seen that there
1s good agreement between the predicted and measured spectral shapes for muon

energies greater than 10 GeV even though the mean *shower size' of the predicted
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evenks was only 8.103 particles. Howevery below 10 GeV the measured spectrum:
rises considerably above the prediction.

Figure 5-4 is a comparision of the lateral distribuytion of muons of energy
>2 GeV given by Staubert, 1969, with the distribution for muons of energy
>1 GeV predicted by a 3~dimensional extension of the present Monte-Carlo mudel
(Turver, private communication)e The two distributions were normalised at a
radial distance of 100m. The fit is extremely good over the entire range of
meagurement, indicating a satisfactory model.

It was also found that the relationship between the number of muons per

primary nucleon and the 'size' of the electron shower at sea level was of the

form
B
N 51633 Gev N Dodel
| M(> ) a N
with B = 0,79, where N is the number of muons of energy > 1.33 GeV and

Iz

Ne is the number of electronse This iIs in good agreement with the value for

B of 0,75 quoted by Greisen, 19604 although, because of the large fluctuations

in Ne for a particular primary energy, there is a large error asscciated with

the predicted value of 8

- ‘ From these comparisons with EAS data mainly from primary particles of

energy ~lOl4eV, and since fhe model is based on data from accelerators at

lower energies, it may be expected that the model is adequate for deriving

the sea level spectra of unaccompanied particles for comparison with measuremehts.
If satisfactory agreement-is obtained between these predictions and meagurements,
the modei may be used with lincreased confldence to predict the propérties of
160017y,

EAS from primary particles of higher energy (10 eV)e

5¢5e The Procedure for the Deriyation of the Sea lLevel Spectra

From a series of simuletions using the Monte-Carlo model, the average
sea level energy spectra for the various types of particle were built up
at several primary energies over the range 10 GeV +to 105 GeVe 1In all, about
20,000 simulations were performed to derive the nucleon and pion spectra and
about 3,000 for the muon spectrume The majority of the simulations were

perfermed for low energy primaries since these contribute the greatest
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weight to the sea level spectraes To derive the intensity at a given sea level
energy the yield from a particular primary energy was weighted with the primary
intensity and the resulting series of values was integrated numerically over
the appropriate range of primary energy.

' The upper limit on this integration will be determined by the probability
of detecting an accompanying particle in the instrument used for the measurements
Using the simulations to give the mean shower size for a particular primary
energy, and the lateral distribution function for the electron component of the
extensive air shower given by Greisen (1960), it was considered that there was
a significant probability of detecting accompanying particlés in the Nuclear

Active Particle Spectrograph for a primary energy of 26 lO4

GeV. However
the contribution to the sea level fluxes, at the energles considered here,
from such primaries is small (see figures 5-7, 5-10, 5-13) and so the upper
limit of inteération was taken for convenience, to be lO5 GeV,

The lower limit of integration is , ideally, the sea level energy under
consideration but was taken to‘be 10 GeV since below this energy the primary
spectrum is affected by geomagnetic and solar phenomena, and the contributicn
from primaries of energy less than this value was expected to'be negligible

(see figures 5=7, 5-10, 5-13).
g

56 The Primary Cosmic Rav Spectrum

A survey of recent measurements of the primary cosmic ray energy spectrum
was carried out and the results are shown in figure 5=5 which shows the integral
spectrum of the total radiation. The spectra of Brooke et al. (1964), Webber
(1967) and Grigorov (1971) were all quoted as spectra of the total radiation
while that attributed to Schmidt et ale was obtained by combining the spectrum
éf primary protons given by Schmidt et al (1969) with the spectrum of primary
alpha particles given by Webber (1969). The contribution from heavier nuclel
is negligble since the abundance of nuclel heavier than alpha particles is
only 10% of the alpha particle abundance (Webber 1967),

Although the published spectra are given as integral spectra, the current

work required a differential spectrum and so the following expressions were
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derived from expressions for the integral spectra either given by the wvarious

authors or evaluated from figure 5-5,.

“2eb -2 =1 -1 -1

J(E) dE = 1,465 107 E dE m “ sec = ster ~ GeV (a)
from Webber (1967)
JE) o = 1.375 10 E™*%® @ 1™ gec™l ster ™t Gevt (B)
from Brooke et ale (1964)
JE) 6B = 1.96 10YE™T E ™% sec™! ster Gevt ©)
from Schmidt et al (1969) and Webber (1969)
T(E) GE = 2054 10T E20 & 02 sec™t ster™ cevt (D)

from Grigorov (1971).
In addition to these spactra which were assumed to have a constant

exponent from 10 GeV to 105 GeVy a spectrum used by Jabs (1968) in which the

~exponent is a funstion of energy of the form shown below was investigated.

4 E~z.35(1+o,02 109105) =1 =1 (

I(E) & = 10 g m sec” ster™ Gev

E)

In practice these expressions were only used for primary energies great@r
than 100 GeV,with the exception of spectrum D, since below that energy there
is very little difference between the various spectra. When evaluating the
contribution from primaries of energy less than 100 GeV the expression for
the spectrum due to Webber (equation A) was used, while the sea level
intensities from spectrum D were obtained by multiplying those obtained from

A at all energies by 1,7, the ratio between the intensities of the two

primary spectras

Se7e The Sea [level Proton Spectrum from Model Simulations

The present model, which is an early version of a series of models
developed for EAS studies, ignores ionization energy loss of the nucleon
in the atmosphere and charge exchange of the nucleon in interactions. Since
the probability of charge exchange in a single interaction is high ( ~0.33)
it is assumed that the flux of nucleons at sea level, in the energy range
considered, is composed of egual numbers of protons and neutrons and so the
predicted nucleon spectra have been halved to robtain the sea level spectra

of protonse Also, in view of this large probability, it is assumed that,

‘
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during its passage through the atmosphere, each nucleon spends half its time
as a proton aﬁd half as a neutron so that ™1 GeV of kinetic ernergy will be
losty through ionisation, by a nucleon between entering the atmosphere and
reaching sea levels Thus é constant energy loss of 1 GeV has been assumed
in each of the predicted spectra given in figure 5-6. Figure 5=-6 shows the
predicted momentum spectrum of protons at séa level for each of the five
primary spectra considered here, compared with the measured points of Brooke
et ale, 1964, and those reported in this thesis.

It can be seen that the spectrum, at low momentum, is insensitive to the
form of the primary spectrum and dnly above ~20 GeV/c is there much difference
between any of the predicted spectra. The explanation can be seen in figures
£~7 and 5=8 which are curves showing the contribution of particles of various
primary energy to the sea level flux of protons of momenta 5e5 GeV/c and
100 GeV/o, respectively, and indicate the response to the primary spectrum of
an experiment to investigate protons of these momenta. For example, the
majority of the 5.5 GeV/¢ protons are pmduced by primary nucleons of energy
less than 100 GeV which is the region where the various primary spectra are
very similar. .

At momenta of ~100 GeV/c the difference between the predictions based
on primary spectra A and C is only ~30% and so measurements of good
statistical accuracy would be required at high momenta to distinguish between
these p?imafy spectrae

Fair agreement is obtained between the sea level proton spectra predicted
oh the baéis of all the primary spectra excépf,that of Grigorovy 1971, and
the intensities measured in the present experiment.

5«8 The Predicted Sea lLevel Spectrum of Neqaiive Pions

The predicted momentum spectra of negative pilons corresponding to different
primary energy spectra are given in figure 5-9 assuming that the charge ratio
of pions at sea level is unity. It can be seen that the intensity of this
component at momenta measured in the present experiment is fairly sensitive

to the primary spectrum but, because of the low flux of pions compared with
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that of muons and protons,van accurate measurément i1s difficulte The relatively
large sensitivity to the form of the primary spectrum can be explained by the
response curves given in figures 5-10 and 5~11 for 5.6 GeV/c and 100 GeV/c
negative pions respectively. These curves show that these pion intensities
are determined predeminantly by the intensity of primaries of energy greater
than 100 and 1000 GeV respectivelys, A%t these energies the primary spectra
considered here are significantly different,

Also shown in figure 5~9 are the experimental intensities determined
in the work described in this thesis and those of Brooke et al,,  1964b.
Agreement between both measurements and a prediction can be obtained by
varying the primary spectrums. However, fhe spectrun found in the present
experiment is in agreement only with the prediction from the present work
based on thehighest primary energy spectra.As noted in §5-7, the predictions
based on theése primary spectrar give poor agreement with the momentum spectrum
of protons which Ls stutistlcally much more accurmate than the pion spectrume
This must cast some deubb ¢n the validity of the present measurement unless
the model gives au underestimate of the pion spectiume Some evidence for this
possibility has been found from a more recent version of the model in which
the multiplicity of particles produced in nuclear in@eraotions was taken to
vary with energy according to a relatioh derived from results FromgtheoIaS,R.
rather than the relation described in §5-3.

5¢9 The Predicted Spectrum of Muyons

Figure 5=12 shows the integral momentum spectra at sea level of muons,
predicted using primary spectra A and C, compared with the recent measurement

of Allkofer et al., 1971, and figures 5=13 and 5-14 are. the response curves

for muons of momertum greater than 7.5 GeV/c and 1334 GeV/c respectivelye

The predictions are seen Lo be in good agreement with the measursment only
for momenta »50 GeV/c and at lower momenta are significantly highe This
discrepancy must suggest an insufficiency of the mcdel since this spectrum

i1s the most aceurately known of those ccnsidered in the present worke
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The response curve for'au >7e5 GeV/c (figure 5-13) shows that the intensity
of the low energy muons is determined 1érgely by pmimamies of energy <100 GeV.
Although the model was based on experimental data at energies predominantly
in this regilon, various approximations made may give rise to inaccuracies in the
treatment of interactions in this region of energy. However, investigations
with a more accurate version of the model do not indicate any discrepancy as
large as is observed.

Since the muons are secondary largely to low energy primary nuclecns they
must be produced at great heights in the atmospheres and thus underge considerable
scattering and ionisation energy loss before reaching sea level, Thus the error
introduced by ignering scattering, and the resultant increased energy loss will
be greatest for these low energy muons, and s0 this omission could contribite
to the discrepancve Also, the energy loss for the muons is taken to be cunstarh
at 2 MeV/g cm”2 which is not valid over the entire range of momentum and shouid
be increased for muons of momentum greater than 1 GeV/c. On the basis of these
limitations, the energy of the muons at sea level will be over-estimated,
and corrections for both these sources of emror will reduce the intensity
at a particular momentum and so tend to remove the observed discrepancy. It
is at‘ﬁresent not known whether such limitations are of sufficient magnitude
to cause the full discrepancy. ‘

The effect of using the multiplicity of -produced particles as given by the
I1.S.Re has also been investigated;- This modification led to no significant
change in the sea level specfrum benause, in the reglon of primary energy
of importance fto the muon spectrum (< 100 GeV), the multiplicities given by
the two relations are similar.

5,10 Concluysiong

Fair agrement is obtained between the observed and predicted spectra
of protons, with the exception of that derived from the primary spectrum
measured by Grigorcve Thus the treatment of inelasticity used in this
model appears to be adequate to describe nucleon interactionsy at least

in the region of energies up tc 100 GeV since the proton intensities are
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largely dependent on primary particles up to this energys
Although there 1s a large discrepancy between the measureménts of the

spectrum of negative pilons it 1s still possible, by varying the primary
gpectrum, to obtain agreement between a prediction and each of the observations,
However, each measurcment agrees with an extreme primarvy spectrum and, in
particular, that due to Grigorov must be regarded as dubious because of the
poor agreement between the prediction of the sea level proton spectrum derived
from it and the measured spectrume This must cast some doubt on the accuracy
of .the present measurement and hence it is important that further measurements
should be made of the flux of pions at sea level as this should help to resolve
the discrepancy between the two measurements and also be quite sensitive to the
form of the primary spectrum.

| Reasonable agreement can be obtained between the measurements of sea level
cosmic ray spectra and the predictions from a one=dimensional Monte Carlo model
with the exception of the low energy muon spectrum which is dependent on
interactions of compsratively low energy particless Also good agreement was
obtained between the predictions of the model and observations of small
extensive air showers (primery energy ~ 1014ev). Hence the simple model of
nuclear interactions used here should form the hasis for satisfactory
simulatipns of EAS éf much higher primary enefgy. Furthermore, the general

agreement between the model predictions and measurements supports the recent

estimates of the primary spectrum with the exception of that suggested by

Grigorove
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CHAPTER _ STIX

6.1 Introduction

Over the past few years the results of several simulations of the
propégation of cosmic rays through the atmcsphere have been published
(e.ge Brooke et ale, 1964a, Pinkau, 1964, Pal and Peters, 1964, Bull
et al.s 1965) and have uged various models of the characteristics cf
nuclear interactions. In this chapter a comparison is made of typical
predictions from each of several models. in an attempt to ddtermine whether
agreement can be obtained between the predictions and measurements of the
momentum spectra of the various components of the unaccompanied cosmic
rédiation at sea level. Four different models are considered here: those
of Adair, 1968, Jabs, 1968, 1971, O0'Brien, 1971 and that described in
chapter five of thiw lhesis,

These four modelu vanry considerably in thelr assumptionsand a brief
summary of the more imporlant features is glven in §6+42. In addition 1o
using different models of nuclear interactions, different forms of lhe
spectrum of primary cosmic rays were used by the different authors making a
satisfactory comparison of the results difficults However, predictions have
been made with the model described in this thesis using several different
forms of the primary spectrum. Thus the predictions of the:other models
can be compared with the appropriate predictions of the present model to
determine the sensitivity cf a particular prediction to the form of the
model of nuclear inlteractions assumede.

6.2 Brief Description uf Other Models

The models, the predictions of which are compared in this Chapter, vary
considerably in lhe details of thelr representation of nuclear interacticns,
and in the method of solution of the equations describing the propagation
of the cosmic rays through the afmosphere; Some of the more important
parameters used by the various authors to describe nuclear interactions are

given in Table 6-1.



TABLE &-1

PARAMETERS OF NUCLEAR INTERACTION MODELS
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PARAMETER PRESENT MODEL JABS, 1968 ADATIR, 1968 { O'BRIEN 14971
Nucleon
Interaction e 80 70 88 80
Length, 7\N(g. cm )
Pion
Interaction 120 74 110 80
Lengith, )hT(g.cm )
Mean Nucleon _ ‘
Inelasticity, K 0.5 0.4 Not specified De
Mean Pion
Inelasticity,Kﬂ. 1 0.4 - =
Mult. Law '
. Oo . d

D(E) E 25 1n(E) see 560203 E‘p
Dist. of Rectaﬁgﬁlar 2 -3 %]

- ' " K% - = - Fixed
Inelasticity between O.25 Krexp [ k%Y
g(K)dK and 0.75 .
Energy Spectrum M M
of Secondaries CoKoP C.K.P exp mE/@iZX Powex
f(E,Ep)dE : Law

E = 400 MeV
o

* After Cocconi et als. 1961
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6.2.1 The Model used by Jabs, 1968

The various interaction parameters were chosen to fit the experimental
data obtained from experiments using accelerators and cosmic rays as sources
of high energy particless 1In addition to the parameters listed in Table 6-1
a fraction (0.2) of the secondary particles produced were considered to
be kaons.

Differential equations describing the propagation through the atmosphere
of cosmic rays were set up and solutions were obtained using the method of

successive generations and a primary spectrum denoted by “E" in §5.6.

662,22 The Mgdel used by OBrien, 1971

The multiplicities of secondary particles produced in nuclear interactions
used in this model were predicted by a power law model (see O'Brien9 1969,
1971) which includes an arbitrary parameter, Q,(see table 6.1). The best
value of £ was selected to be 0.216 on a least squares criterion from a
consideration of experimental values of the multplicity as a function of
incident energy. Good aéreement was obtained between predictions of
multiplicities and the experimentally observed values, but the representation
of the energy spectrum of secondaries is simple. Kaon production was not
considered and all piun interactions were regarded as absorptions, leading
to an underestimate of the sea level muon spectrum estimated from the present
work to be ~20% (see §5-2)

Atmospheric cosmic ray fluxes were obtained as analytic solutions to an
approximate form of the Boltzmann equation describing the nucleonic cascade
in the atmosphere. The form of the primary spectrum used was not specified
by O'Brien, 1971, but it is considered to be that given by Peters, 1958, for

energies greater than 10 GeV/¢c nucleon, and is of the form

log N = 6.73 = 0,0495 (11.7 + log(lo7+Ep))2 em 2sec tster ™t
for proton primaries where N 1s the intensity of protons of kinetic enexgy
>Ep° This spectrum is in good agreement with the spectra usedeqr the
present model at energies ~10 GeV/nucleon9 but becomes significantly higher

at larger energies. Spectra with the same shape but with different nonstant
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terms were used for primary nuclei heavier than protons. None of the
primary particle spectra used with the other models considered here are
directly comparable with this spectrumj spectrum 'E',(see §5-6) is the
nearest and is used for the comparison.

6e2+.3. The Model used by Adair., 1968

Adair constructed a model of very high energy nucleon-nucleon
interactions assuming that the dominant prdcesses could be described in
terms of the production of two centres of excitation (fireballs)p‘ On the
lasis of this model, meson production multiplicities and nucleon inelasticity
factors were derived and found to be in accord with experimental observations
of nucieon—nucleon interactions;

»A one~dimensional Monte Carlo simulatiop of the propagation of cosmic
rays was made, neglecting kaon production and treating all meson interactions

as absorptions.

The spectrum of primary nucleons used was
S(E,) 4B = 2.65 10” Ep'f'2°67 Ep m Zsec Tt lGev L

The most ¢imilar gspectrum used in the present work was that of Schmidi
et al. denoted by spectrum C (see §5-6) which is used for comparison with
Adair's model,

6.3 Ihg_?redicteg Proton Specfrum at Sea lLevel

The energy spectrum of primary cosmic rays is generally taken to be
Tepresented by a power law ih energy with an exponent which is either a
constant erf the whole range of energy considered or only a slowly varying
function of energy. It has been suggested by Pél and Peters, 1964, that
the nucleon spectrum will not be changed by difoSion through the atmosphere.
However, this will only be true if ionisation=energy loss of protons and
fluctuations in the inelasticity of nucleon=nucleus collisions are ighored
and if the mean inelasticity i¢ indepandent of coilision energy. Allowance
for these factors, in particular the ionisation=energy loss, will change the

form of the nucleon spectra in the atmosphere and will lead to a reduction
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in intensity at momenta of a few GeV/Cg where the typical ionisation energy
loss of 1 GeV is significante Thus, at low momenta, it is not expected that
the observed proton spectra will follow the shape of the primary spectrum,
and.for momenta less than 10 GeV/c, it is considered that on this basis the
spectrum meagured in the present experiment will be a better representation
of the actual spectrum at such low momenta than that of Brooke and Wolfendale,
1964f

Figure 6.1 gives the predicted momentum spectra of protons at sea level
derived from the models of Jabs and O'Brien and from the present model with
the primary spectrum 'E'. It can be seen that the predictions of Jabs and
the present model are in good agreement at momenta less than 10 GeV/c
although the flattening of the spectrum at low momenta is not so pronounced
in Jabs prediction because ionisation energy loss was neglected. However,
the prediction of O'Brien appears to be significantly lower than the
. present deel at momenta less than ~ 50 GeV/c. This discrepancy is difficult
to explain since the spectrum of nucleons dependslonly on the values of
" interaction length and iﬁelasticity assumed for the nucleon-nucleus
interactions used in the model. From table 6.1 it can be seen that the
values used in the model of O'Brien and the present model are identical.
However, 0'Brien uses a fixed value of inelasticity while Jabs and the.
present moéel allow the value of inelasticity in an interactioh to fluctuate.
The effect of the form of thedistribution of inelasticity on the sea level
proton spectrum has not been investigated and so it is not known at present
whether this discrépancy can arise from such a cause.

The transparent overlay of figure 6-1 shows the proton spectrum as
measuréd in the present experiment. As noted in Chapter 5, there is
¥easvnable agreement, between this measurement and the prediction of the
presenf model and hence also reasonable agreement with the prediction of
Jabs over the range of momenta in which there is reliable experimental data.
Howgver, the spectrum of O.Brien can be seen to be in poor agreement with

the measurement and to have a significantly different spectral shapes



fFig.

6.1

(o

Ti

W Spectrum of  Protons

— Present il
————Jabs, {004,
—+—- 0 Brien, 1971,

© Present Experiment

L]

O EQJO
[Gmenium CG@V/ c)



6¢4e The Predicted Piun Spectrum

Figure 6-2 shows the momentum spectra of negative pions predicted by the
various models discussed aboves It can be seen that the three models do not
produce consistent predictions over the whole range of momentum althcugh the
present modei is in good égreement with that of Jabs at' low momenta. However
as the momentum increases the prediction of Jabs falls below that of the
present model to an increasing extent. It should be noted that the spectral
shapés predicted by O'Brien and the present model are very similar but the
spectfum'of:O'Brien is)a factor of ~2.5 lower in absolute intensity.

The most important difference between the medel of Jabs and that
described in this the<is is in the law relafing the meun multiplicity of
particles produced in a nuclear ihteraction to the kinetic energy of the
incident particle. Jabs used a law of the form

n (E) = 1.69 1n (0.3E + 1.4)
compared with a power law with exponent 0.25 as used in the present model,
The mean multiplicities produced by these two expressions are virtually
identical for interacticns at energies which are of importance for the
pions of low moﬁentao However, as the incideht energy increases the
discrepancy between the tﬁo laws increases zo that good agreement should
not be expected over thevhole range of mwomentum considered here.

The multiplicitv laws used by O'Brien and the present model are rather
similar and so it is not unreasonable that the spectral shapes should be the
same. However, from the comparison of the predicted proton spectra from the
two models (§6.3), there is seen fto be a discrepancy between the prediction
from the two modelss This discrepancy may also account for part, or all, of
the discrepancy between the predicted pion spectra; in addition O'Brien ignores
pions produced by pion-nucleus interactions. It is shown in figure 5.1 that this
haqunly a small OﬁQO%) effect on the predicted muon spectrum. However,because of
their shorter lifetims ond shorter interacticn iength pions which survive to sea
level will be cecondaries of interactions which oceur much deepef in the

atmosphere than will suvuns of the same momentum. Thus surviving pions are
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produced in regions of the atmosphere where the primary particles have already
been considerably degraded in energy and in which pions,of an energy sufficient
to produce secondaries of a few GeV/c, constitute a significant fraction of the
cosmic radiation., Thus it is expected that the effect on the sea level pion |
spectrum of neglecting pion interactions will be greater than on the sea level
muon spectrum. The precise magnitude of this effect is not, at preéent,

known; it is likely that the predictéd pion spectrum of O'Brien is an
underestimate.

'Thé‘overlay‘to figure 6=2 giyes the experimental data measured in the
presen£ expériment and fhose reported by Brooke et al., 1964b. As noted
earlier, there is a largé discrepancy between these measurements, although
the data of Brocke et al, . should be increased by ~30% to allow for the
different normalisation ﬁsed in the two experiments. It can be seen that
O'Brien obtained qocd agreement with the measurement of Brooke et al.
although, as mentioned above, the prediction is probably an underestimate.
Thus, since both the earlier measurement and prediction of O'Brien are
underestimates it is possible that better agreement may be maintained
when both are corrected. The predictions from the presen£ model and that of
Jabs are seen to be midway between the two sets of experimental data. It
has been noted‘in §5-8 that there is some evidence that the present model
gives an increased intensity of pions if the effects of 'scaling'
distributions and the appropriate multiplicity law are considered; a pre-
liminary investigation indicates that this leads to an increase of ~10% in the
intensity at 5.6 GeV/c.

6.5 The Predicted Muon Spectra

Figure 643 shows the sea level momentum spectra of muons predicted
by the variods mojels described above. It can be seen that the predictions
of Jabs and from the present model are in good agreement over most of the
range of momentum considered here, although the discrepancy between the
two prediétions is largest at high momenta. This is as expected from a

consideration of the energies of the primary particles which give rise
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“to these eergeticmwonse From figure 5.13, 5.14 it can be seen that the low
enefgy muons are generated predominantly by low energy primary particles and
fhe chafacteristics of the interactibns of such particles are identical in
both models.

The model of OfBrien predicts intensities which are significantly
lower than predicted by the model of Jabs and that described here, as does
the simulation of Adair. The magnitude of the discrepancy decreases as
the muon momentum increases.

The measured spectrum of Allkofer et al., 1971, is shown on the
transparent overlay. As noted in §5.9 s this spectrum is in reasonable
agreement with the predictions from the preééqt model at momenta greater
than ~50 GeV/c« The agreement between the prediction of O'Brien and the
measured spectrum is gobd at all momenta, especially if the prediction
is increased to account for those muons produced in pion-nucleus interactionse.

The discrepansy between the predictions of the present model, and that
o f Jabs, and the observed spectrum at low momenta is difficult to explain
other than as was suggested in §5.9. The use of 'scaling' distributions is
not.expected to affect the low momentum muons because of their relation to
comparati&ely low energy primary particles. If. a three-dimensional treatment

of the present model leads to a significant improvement in the agreement
between the prediction and observations, it should be noted that the predictions
of 0'Briens to which a similar correction must be applieds will not be in
suéh good accord with the observed datas
6.6 Coﬁolusiogé

From the resulte discussed in the previous sections it can be seen that

the predictions of the present model and of the model developed by Jabs are
in good agreement with each other where this may be expected, i.e. in
regions of secondary particle energy where the products of low energy

primary particles are dominant.
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Itlhas been indicated (§6,2,2) that thé primary ‘spectrum used by
O'Brien gives higher primary intensities, at energies greater than 10 GeV/
nucleony than the spectrum used for the other predictionss it may thus
be expected that the predictions of O'Brien would indicate greater
intensities for all particle fluxes at sea levels However, it is noted
that O'Brien predicts lower intensities than the othsr models for all
components.,

The momentum spectrum of protons, as predicted by the present modsl
'and that of Jabs, is in good agreement with the observed spectrum as
measured in the present experiment.at low momenta. &Therimténéities.'
predicted by 0'Rrien are rather to§ low to be regarded as in accepteble
agreement with *this measurement.

The pion spectra predicted with the present model and the model of
Jabs are in good agreement at low momenta, butAboth are significantly
higher than that predicted by O'Brien. However, because of the large
discrepancy between the two experimental obsexrvations no definite
conclusion concerning the validity of the various models can be reached
on the basis of this spectrum. Further experimental work will be‘required
to resolve this discrepancy.

The measured sea level muon spectrum of Allkofer et als., 1971, is in
reasonable agreement witﬁ all the predictions at high momenta and agrees
very closely with the prediction of O'Brien at all momentaa

Thus, there is no single model of the propagation of cosmic rays
through the atmospherey which, when combined with a not implausible
spectrum of the primary radiationy isy at present, sufficient to explain
completely the momentum spectra of all components of the unaccompanied
cosmic rays at sea levels The failure of the models te satisfactorily
explain simultaneously both the proton and. muon momerrtum spectra
(especially the musn spectrum) must be regarded as a serious failing

of the models as theso spectra are well known experimentally.
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GCGHAPTER SEVEN

SUGGESTIONS FOR FURTHER WORK,

7.1 The Unaccompanied Nuclear Active/Particle Spectra

Reasonable agreement has been obtained beﬁween the measurements of the
momentum spectrum of unaccompanied protons at sea level made in the present
experiment and those of .Brooke and Wolfendale, 1964. However, the intensity
of the spectrum of pions measured in the present experiment is a factor of
-%) greatexr than that found by Brooke et al., 1964b. Thus the most obvious
need is for a further messurement of the pion spectrum in order to resolve
the large discrepancy between the two measurement.s.

In both experiments which measured the moﬁmnﬁum spectra of unaccompanied
nuclear-active particles (NAPs) it was assumed that all the negative NAPs
at sea level were pions. In view of the recent results of Tonwar et al..
19714 and from the GERN I.S.R. experiments indicating that the cross=-section
for production of nucleon-anti-nucleon pairs in nucleon-nucleon interactions
increases with the energy of the incident parficle, it is important that
the validity of this assumption should be chetked. The best technique for
the detection «f anti=-protons in the cosmic radiation is probably the use of.
a threshold.ééranov 1ight detector together with a measurement of the charge
of the particles A gas Eerenkov detector will distinguish anti-protons from
negative pions «F mementa up to ~30 Ge%/cg while a watex éérenkov detector
will be sensitive over a more limited range around 1 GeV/C. The addition
of a water Cerenkov detector to the magnet spectrograph described in this
thesis should be able to identify unaccompanied anti-protons of momentum
~f GeV/c; such a detector has been recently installed (Biggory - private
comnunication)e

7.2 Nuclear—-active Particles in Extensive Air Shower,

The results of the studies of NAPs ih extansive air showers (EAS)

described here indicate that measurements of the particle momentum and


http://nuc.leon-nuc.leon

85

charge are very difficult when a neutron monitor is used to identify the

‘NAPse The major drawback to the use of this technique is the diffuse nature

of the response of the neutron monitor.to the NAPse This is illustrated in -
figure 3-8 ., the impact distange distribution due to unadcompanied NAPs,
which indicates that in 10% of cases the interaction which produced the
response “ocurred more than 30 cms away from the point of detection of the
neutron. In an instrument of the size of the neutron monitor this leads %o

a sensitive area of ~0.3 m2 ands in most EAS at small core distances there

will be several tracks which would be NAP candidates. Thus a more precise
technique for locating the nuclear interactions, e.gs multi=-plate spark
chamber or hodoscoped ionisation calorimeter, would probably give a significant

improvement in the rate of acquisition of reliable data.

7.3 The Energy Spectrum of Primary Particles

The present data on unsccompanied NAPs near sea level are insufficient
to enable any definite nonclusions to be drawn concerning the energy spectrum
of the primary cosmic radiation, although the primary spectrum meagured by
Grigorov et al., 1971, seems, on the basis of the present calculations, to be
inconsistent with the measured proton spectrum near sea level. However, the
results of‘the theoretical analysis presented in chapter 5 indicate that the
sea level measurements which will be most sensitive to the primary energy
spectrum in regions of high energy are the momenfum spectrum of negative
pions éhd the spectrum of prétons at momenta >100 GeV/c° Good statistical
aCcuracy‘wili be reguired in both these meésurements in order to distinguish
between the alternative primary spectra, and this will léad to considerable
experimental difficulty because of the very low fluxes of particles of
these types and energies.
Te4d Models of Atmospheric Propagation

Good agreement was obtained between the predictions of the present
model and the measured spectra of protons, but the predicted muon spectrum

was significantly higher than the measured spectrum at momenta ¢ 50 GeV/co
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Various possible limitations of the model of the propagation of particles
through the atmosphéré used here have been noted in chapter 5, i.e.
approximations in the treatment of interactions, the one-dimensional propagation,
and constant energy loss of muons. These iimifations gan be removed and may
lead to a bettér prediction of tbe sea.lévél méméntum spectrum of muons which
musfibe édequétely predicted by any acceptable model.since the expérimentai
data are the most accurate available.

Recent experimental data from the CERN I.S.R. experimenfs indicate
that the variation of the mean multiplicity of particles produced in a nuclear
Interaction with the energy of the incident particle is better represented
by an expression which rises somewhat more slowly than that used in the
present work up to an enefgy of 1500 GeV. Some preliminary work has been
done using this multiplicity law although conclusions are not possible at
presents

The results of the experimenfsvéf Tonwar et alss 1971, in EAS and
those using the CERN I.S.R. system indicate an increased production of
nucleon-anti-nuclecn pairs and of kaons in interacticns at high enérgieso
Although pions will still be the most commonly produced particles, the
incréased proportions of these alternative particles will absorb a
fraction of the available energy so that the details of the propagation
of particles through the atmosphere will be altereds GClearly, to obtain
thé most accurate simulation of cosmic ray propagation, the production
of particles other than pions should be allowed in the models, In principle,
all these modifications gan be ihcluded in the Monte Carlec model although
'theldomputipg time for each simulation'Will be increased. However;
because of the steep priwmary spectrum, this'should not bé a great limit;tion
since simulations of low energy primary particles will be of considerable
interest. Thus the theoretical studies described here could be extended,
but with greater statistical accuracy and a more realistic model, to give
predictions of the fluxes of anit-protons and kaons, as well as protons.,

pions and muons at sea level.
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APPENDTIX A

THE DISTRIBUTION OF IATERAIL SEPARATION OF

THE TRAGKS IN THE MID-PLIANE OF THE SPECTROGRAPH

From figure Al it can be seen that the distribution in the lateral

separétion,A, is given by
£A) = x -y tan §) - Flomx)) =) P ()

- ?(O + r_ tan '(Z/O + G(;O-XO)-T r, Q (&,_bo-’(ﬁo)

where @o’ ;o’ lpl";l are the parameters of the actual trajectory

and (po, X 4’1’ X, are the parameters of the best fit estimate of the
trajectory and Fs G,P, Q are the distributions of the differences between -

the actual and estimated parametérs. But

X, m T tan S”ble-rl tan l,lll

[ ]
h
o
g
p—
T

: G(-;co - x )+ 1 Q (-l,-llo-gllo)
S EOy ) s ()
Thus the distribution of A will have a standard deviatiqn, ofA s given
by ‘ |
O—A = O—XO‘ +Or->;l + I% 0—;(} + I‘% 0-‘;1‘

where 0“// 3011} are the standard deviations of the distributions of
o) 1

((2/'0 -(/lo) and (1,01 -tlll) and 0" and O‘Xl are the standard deviations
of Go - xo) and &l - xl) :L"espectgvely.

Bth],o and O'Zpl are made up of two parts; errors due to scqttering
in the material of the spectrogrgp h, O; » and errors qlue to instrumental
noise, "O‘n°

A i N LA L

L[Io c n c n
“since there is the same material in each half of the spectrograph
But, ,O‘P?‘ o -"l~2-ﬂ o | oyl

p
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