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ABSTRACT

The sea-level vertical muon momentum spectrum has been
measured in the momentum range 100 GeV/c to 3000 GeV/c, using
the MARS spectrograph in Durham. The various instrumental effects
which affect either the shapé or the absolute intensity of the
measured spectrum have heen studied in detail.

The analysis procedure has been discussed in detail including
the accuracy of the analysis technique and the criteria for rejection
of certain events.

A simple muon production and propagation model has been used
to predict the pion and kaon production spectra using the nmuon
spectrum derived from the results of this experiment. It has not
been found possible to predict the ratio of the number of kaons to
the number of pions produced at production a2né 2n estimate of this
ratio (0.106) has been used to fit a constant exponent bower law
speétrum. |

The present results have been compared with those of cther =orkers
and are founa to yield @& smaller value of the exponent for the fitted
power law production spectra, This result suggests that the pion and
kaon production spectra are somewhat flatter than previously measured
for momenta above 100 GeV/c by previous MARS experiments
(Ayre et al., 1975). The present results on the muon spectrum,
however, cgree, within the limits of the statistical accuracy, with
other spectrograph data. Comparison with surveys of indirect measure--
ments of the muon momentum gpectrum suggest that the present resglts
give a higher arsolutes intensity for the muon momentum spectrum

above 1000 GeV/c.
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PRIFACE

The results presented in this thesis represent the research
carried out in the period 1972 - 1975 while the author was a research
student under the supervision of Professor A.VW. Wolfendale in the
Cosmic Ray Group of the Physics Department of the University of
Durham.,

The MARS spectrograph had been constructed when the author
joined the group in 1972. Héwever, the author has played a part
in the assembly of some of the flash-tube trays used in the present
experiment. The author has been responsible for the running of the
instrument for the pufpose of the work described in this thesis,
and has also played a part in developinzg the computer analysis
technique used to analyse the data. The interpretation of the results
of the computer analysis has been the sole responsibility of the
author. The work described in this thesis in fact represents the
first stage of the evxperiment, and data is being collected éontinuously
and will eventually be analysed and combined with the results
described in this thesis to yield statistically rmore accuratc results.

Preliminary results have beeh presented at the XIV International
Cosmic 3&& Conference in iunich, Germany, by Baxendale et al.,

1975*, The aligrment procedure described in this thesis has been

¥ %
presented by Ayre et al., 1975.

# Baxendale J.3., Daniel B.J., Havkes R.C., Pigrott J.L.,

Thomnson M.G., Thornley R., 1975, P.I.C.C.X%., (Munich), 3 2¢11.

** Avre C.A., Baxendale J.M., Daniel B.J., Goned A., Piggott J.L. and

Thompson M.G., 1975, Nucl. Inst. and Meth., 124, 335,
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CHAPTER 1

INTRODUCTION

l.l1 HISTORICAL INTRODUCTION

Cosmic ray studies have been an important branch of physics
since the discovery by Hess (1912) of "another source of the
penetrating radiation in addition to the Y - radiation from the
radioactive substances in the earth's crust". This statement was
made as a result of a series of balloon flights up to 5000m using
two Wulf radiation detectors to measure the amount of ionisation
present in the air as a function of height above sea level.

This was found first to decrease and then increase with increasing
height. Further confirmation that the radiation came from above

was obtained when the ionisation was found to decrease with

depth in snow-fed lakes (Millikan and Cameron, 1926), indicating
that the radiation was not coming from the earth's crust. The
significance of the lakes being snow-fed was to ensure that the water
was not contamiﬁated with any solid radioactive material.

It was first thought that the radiation was high energy
gamma rayYs because this type of radiation was the only radiation
known at that time, which would'penetrate matter to the same extent
as the cosmic radiation,

The first observation of individual cosmic rays was made
in a cloud chamber set up between the poles of a magnet
(Skobelzyn, 1929). The cloud chamber was actually being used to
study the energy spectrum of 8- particles from radioactive decays,
when extra tracks were seen which were not deflected in the
magnetic field. These tracks were attributed to high energy
Compton recoil electrons produced by the cosmic Y- radiation.

The conclusion that the cosmic radiation itself was charged
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and particulate was arrived at by Bothe and Kolhorster (1929).

In their classic efperiment they surrounded two Geiger-Muller

tubes with lead (which was checked to ensure that it was non-
radioactive) and placed various thicknesses of lead between the
tubes. They found many coincidences between the two coﬁnters
indicating that the radiation was traversing the lead. They also
found that the absorption coefficient was similar to that of

the cosmic radiation, thus they concluded that the cosmic radiation
itself consisted of charged particles. Further experiments revealed a
variation of intensity with latitude (Clay, 1922 ) and that more
particles came from west of the zenith compared with easterly
directions indicating that the radiation was charged ;nd interacting
with the earth's magnetic field (Johnson, 1933). Since this time
many studies have been made of the cosmic radiation and many of

the elementary particles were first discovered in the cosmic

ray beam (eg positron (Anderson, 1932) and /\ohyperon (Rochester and
Butler, 1947)).

l.2 THZ PRIMARY RADIATION

The primary radiation consists mainly of protons (88%) and
helium nuclei (11%), the remainder being heavier nuclei. It is
interesting to note that the heavy nuclei (1% of the total)
carry approximately 30% of the total incident cosmic ray energy.
There are three main areas of study in this field, a search for
anisotropies, a measurement of the energy spectrum and an
investigation of the composition of the primary radiation. The
energy spectrum of primary protons and nuclei is shown in figure 1l.1l.
The various methods of measurement are also shown in the corresponding
energy regions. Satellite and balloon-borne experiments have been
used to measure the incident spectrum directly and also give an

indication of the nature of the particles (ie their charge).
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The tracks of the particles are observed in photographic emulsions,
and the nature of the particles deduced from the grain intensities
of the tracks. The other methods of measuring the energy spectrum
involve the knowledge-of the propagation of a primary particle
through the atmosphere and its subsequent interactions with the
air nuclei, so that the primary spectrum can be deduced from
measurements made at sea level. Attempts are also macde to deduce

the arrival directions of the primaries from scz level data from

air shower studies.

3

Y

l.3 THE PROPAGATICH THNCUGH THX ATMOSPHER

For a protnn the comvplete atmosphere represents about twelve
interaction lengths. Therefore the probability of a primary proton
reaching sea level is small (approximately 1 in 104). Figure 1.2
shows schematically the passage of a typical primary proton

with an energy of approximately 1013

eV through the atmosphere,
On the initial collision with an air nucleus many pions and kaons
will be produced together with short-lived baryons and mesons,
which subsequently decay into pions, kaons and nucleons. The
chargec vions and kaons will eithef interact with a second air
nucleus producing more secondary particles or will decay in
flight via various decay modes eventually to muons and neutrinos,
The muons have a relatively longer lifetime than the pions and
kaons and many will reach sea level without decaying and can
easily be detected. The neutrinos will also reach sea level,
However these particles are very difficult to detect because of
their very swmall interaction cross-sections. The zero charged
pions cdecay into two gamma-ray photons, which can in turn produce
an electron-vesitron pair (pair production). The electrons and
positrons can produce more Y-rays by Bremsstrahlung. In this

way an electron-gamma-ray cshower is initiated. These showers
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however, do not in general have enough energy to traverée the
whole atmosphere, since when the mean energy of the electrons
reaches 84 MeV (the critical energy for air), absorption by the
air nuclei will dominate and the shower will decrease in size
-(ie in number of particles).

As can be seen from figure 1.2, the largest amount of energy
arriving at sea level is carried by the muonic component, but
the largest number of particles occur in the electron-photon cascades.
For very high energy primaries large showers of particles are
produced in the atmosphere resulting in the arrival of many
ﬁillions of particles covering large areas at sea level. These are
called extensive air showers. To detect such showers from high energy
particles large arrays of particle detectors have been built
covering typically 10 km2 (for example Haverah Park covers 12 kma).
From a measurement of the number of particles (particle density)
arriving at sea level in a shower, the primary energy of the
rarticle producing the shower can be estimated, by making detailed
model calculations of the propagation of the particle through
the atmosphere. In order to do this it is important to have a
ymodel of the nuclear interactions occurring in the atmosphere.
A problem associated with the measurement of air showers arises due to the
fluctuations that can occur in the sea level component of
showers initiated by similar particles of the same energy,
depending on how guickly the shower developed on traversing the
atmospherc. Thus cven if the nuclear physics is completely understood
it is still not possible to calculate the primary energy to any
degree of certainty.

le4 NUCLEAR IHTEIACTICNS

As mentioned previously, interactions of cosmic ray nucleil

with an atmospheric nucleus are important in the field of measuring



the primary spectrum. Nuclear interactions have been studied
at CERN using the two colliding proton beams (the ISR facility).
Although these interactions are of a much simpler nature than
those occurring in thé atmosphere, the energies reached at CERN
are the highest which are at present available from accelerators,
and these interactions must be used in order to obtain some
information as to the nature of such collisions. A proton is found
to interact with an elasticity of approximately 0.5 and therefore
about half of the available energy is used in producing secondary
particles (mainly pions).

The number of secondaries produced has been calculated by
several workers using various models of the interactions. The
CKP model (Cocconi, Koerster and Perkins, 1961) predicts that
the number of secondaries is proportional to E %

Y
energy of the incident particle). This model is based on accelerator

(Ep being the

measurements up to an energy of 30 GeV and assumes an exponential
distribution of energy among the secondaries, with a mean energy
depending on the energy of the incident particle. The scaling
model (Feynman, 1969) predicts that the number of secondaries

is proportional to the logarithm of the ene?gy of the incident
particle. This model assumes that the distribution of energies

for the secondaries is the same for all incident particle energies,
when the energy distribution is expressed as a function of the
actual energy divided by the maximum energy possible for the
secendary, Ancther importamt factor is the number of kaéns
produced in the interactions. The ratio of kaons to pions produced
in nuclear interactions affects the shape of the sea level muon
spectrum, because the kaons have a shorter lifetime than the pions.

The kaons are correspondin ly more likely to decay before they interact,

thus producing more muons at higher energies and hence decreasing
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the slope of the muon spectrum. The ratio has been measured at
CERN as 0,15 up to 1000 GeV/c. , )

l.5 ORIGIN OF COSMIC RAYS

The problem of the origin of cosmic rays has not been fully
resolved at the present time. There appear to be very energetic
sources in the galaxy capable of providing the acceleration
required to produce the very highest energy cosmic rays (approximately

20

10 eV). The large energy release of supernovae (Ginzburg et al.,

196L) - :. their remnants are possibilities, as are the pulsars

]

(Cocke et al,, 1969) and the galactic nucleus (Kulikov et al., 19569).

It is not certain whether the sources are wholly galactic, extragalactic
or a mixture of both. Any search for discrete cosmic ray sources

is hampered by the interaction of the particles with the galactic
magnetic field resulting in the impessibility of equating the

arrival direction 3t the top of the atmosphere with the direction

of its source. For primary particles with energies above 20 GeV

the incoming arrival directions are isotropic.

1.6 THZ PRESTHT WORI

The muon spectrum 2t sea level has been measured by many
workers (for example Allkofer et al., 1971, Nandi and 3inha, 1972,

Ayre et al., 1975 a). Figure 1.3 shows the measured spectra obtained

100 deV/c reflects two main points, the first being the point et

which the narticular spectrum is rormalised (important if the measurad
spectrum is not an absolute one) andé the second being the small

number of narticles recorded with momenta above 500 GeV/c. Several

cf the points shown in the figure correspond to measurements taken

at or abhove the maximum detectable momentum of the respective
instiruments, thus meking them suspsct. The present exveriment

nrovides expsrimental data up to 2000 GeV/c, and the rate of
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particles traversing the instrument with momenta above 500 GeV/c
is high enough to ensure goad statistics up to and beyond momenta
of 1000 GeV/c. The absolute muon spectrum and the charge ratio (the
ratio of the number of positive to the number of negative muons
in the same momentum interval) have been measured and the results
are given in chapter 5. The comparison of this measured spectrum
and charge ratio with those of other workers is discussed fully in
chapter 6. The measured muon spectrum is used to obtain an estimate
of the slope of the primary spectrum (section 5.7).

Tpe apparatus used in the experiment is described in chanter 2,
Chapters 3% and 4 deal with the analysis of the data collected
and the subsequent corrections applied in order to obtain the
absolute spectrum.

The author has been responsible for the running of the apparatus
during the esighteen month neriod over which the data wee collected
and for the subsecuent interpretation of the results ottained

from the computer analysis c¢f thesedata.



CHAPTER 2

THE MARS SPECTROGRAPH

2.1 INTRODUCTION

The spectrograph which is known as MARS (Magnetic Automated
Research Spectrograph) is a solid iron magnetic instrument designed
to measure the momentum spectrum of cosmic ray muons at energies
up to 5 TeV. At such high energies a spectrograph must have an
acceptance. that is large enough for there to be a statistically
significant number of high energy muons traversing the instrument
in the envisaged running time of the apparatus, consequently
such instruments are physically large. The large acceptance also
results in a high number of low energy muons traversing the
instrument. Thus MARS includes a momentum selector, which preselects

particles of high momentum, and these high energy events are

3

analysed at a later date,
High energy muons are often accompanied by electron-photon
cascades generated by electromagnetic interactions in or above
the apparatus (for MARS, interactions occur in the iron blocks).
Such cascades, or bursts, make accurate track location in the
detector containing the burst impossible, rendering the information
from such a detector unusable, To combat such a problem MARS
contains five measuring levels so that the curvature of a muon's
trajectory can still be measured even if two detectors are
unusable,
A full description of MARS has been given by Ayre (1971),
Ayre et al. (1972 (a), (b)). However the parts of the
instrument relevant to this work are described b?iefly below.

2.2 GENSRAL DESCRIPTION

As mentioned before, MARS is a multilayer solid iron magnetic



spectrograph, There Qre four iron electromagnets interleaved

with a series of particle detectors. There are two main types

of detector employed, scintillation counters and trays of flash-
tubes. Trays of Geiger-Muller tubes are used as subsidiary counters.
Figure 2.1 shovis the relative positions of all the detectors

used in MARS., Two sizes of flash-tubes are used, large diameter
tubes (internal diameter 1.5cm) in the momentum selector trays
located at levels 1, 3 and 5 and small diameter tubes (internal
diameter 5.5mm) in the ﬁeasuring trays located at all five levels.
The scintillation counters, also located at levels 1, 3 and 5,
provide the initial trigger for the spectrograph. THE momentum
selector trays determine whether or not a trigger is likely to have
been caused by a high momentum particle and the measuring trays are
used to locate the actual trajectory. Only the data from the
flash-tubes of the measuring trays are stored for analysis.

The Geiger-Muller trays are used at the top and bottom levels

to locate approximately the trajectory in the back plane of the
spectrograph (ie along the lengths of the flash-tubes).

The spectrograph is divided into two separate halves, defined
as the blue side or the red side of the instrument. For the
purposes of this work, only the blue side contained flash-tube
detectors and the red side contained scintillation counters which
were used for checking purposes only.

All the flash-tubes on the btlue side are digitised and the
system is automatic, the data from the measuring trays being
stored in a computer connected on-line to the apparatus when
a high mcmentus event is defected by the momentum selector,

The apparatus runs continuously and to remove any instrumental
biases due to the field direction, the magnet current is reversed

every twenty-four hours. The data stored on the computer are



BLUE RED

SIDE SIDE
-411.0 C — AT
-365.2 (i -] AT
7.7 — ) |
- . ( o I m| f
-333.1 — -l — h:g'
-317.6 [ = m) SC
I
by
L
b
N
] 1
-173.5 ( 1 C ) MT
'
b
x
(|
L1
-28.3 C C o MST
-138 C = I — | SC
0-0 C C 3 MT
1 L]
b
i
|
i1
1421 C — I ] MT
1
|1
11
I
1
L1
258 .9 — =3 ] MST
2989 C o | MT
316.5 C —/ n) SC
c—a GT

FRONT VIEW

AT - AZIMUTHAL TRAY
MST- MOMENTUM SELECTOR TRAY
SC ~ SCINTILLATION COUNTER

Figure 2.1. The MARS

L . |
| D |
L ) | [ 4 - |
[ 1 N |
iL — -309-90
| ] :
| |
: 1
|
= ! -184-90
Y . -164-22
; |
! |
| |
L L -39.6
| & )
L . |
1 - 1 +gl|
| |
i !
| {
] |
) |
1 1 +133.2
L I | '
. 1 +151'7
! |
| |
| |
[ |
| |
! | +274.9
| o ——
L J
[ |
SIDE VIEW

GT - GEIGER TRAY
MT - MEASURING TRAY
ALL DIMENSIONS ARE IN cms.

Spectrograph.



also checked twice daily to ensure that no electronic faults
have developed.
2.3 THE MAGNET

The magnet provides the force which bends the trajectory
of a charged particle traversing MARS. A particle of mass m,
charge e, velocity v travelling through a magnetic field of

flux density B experiences a Lorentz force F given by
F = eV x B 2.1

As a conseguence (neglecting the particle's energy loss) the
particle's trajectory is a circle of radius r in the end plane

of the spectrograph where

r = P 2¢2

and r is proportional to the momentum of the particle provided
that the field is uniform.

The maghetic field is generated in MARS by current flowing
in coils around the irom blocks in the manner shown in figure 2.2.
To enable the momentum of a particle to be measured accurately,
the field must be known accurately. Both the uniformity and
the magnitude of the field have been measured, the former by
small search coils distributed throughout the magnet and the
latter by using a large loop of wire around an arm of the magnet
tlock., The field is 16.3 = O.l kG with a non-uniformity of
approximately 4% (Ayre, 1971). However, since the mains supply
voltage varies by up to 7% and the magnet power supply is unstabilised,
the field is found to vary by about 1% due to variation in the 50 4

supply current. Consecuently the field has a value of 16.3 I c.15 ka.
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2.4 THE PARTICLE DETECTORS

The three types of particle detector used in MARS will be
briefly described, and the manner in which the data from each
of the detectors are used.

2441 THE SCINTILLATION CCUNTERS

The phosphors of the couﬁters are plastic (Ne 102A) and
each phosphor is viewed by four photomultiplier tubes. The
outputs from the two diagonally opposite photomultipliers are
added together, the resultant being amplified before passing
via discriminators to a coincidence circuit which produces a
Pulse on the passage of a particle through the instrument (figure 2.4).
The counters are located in the top, middle and bottom
layers of both sides of the magnet. A coincidence between the
three blue side scintillation counters is used as the trigger
for the spectrograph. Figure 2.3 shows their construction
schematically. Each counter is approximately S5cm deep, 75cm
wide and 176cm long. i
The three scintillation counters also define the overall
acceptance of the spectrograph, which varies with momentum,
because of the bending of the trajectories of low momentum
particles out of the magnet by the magnetic field. However, for
energies greater than 100 GeV the acceptance has reached its
asymptotic value.

2el4e2 THE NEON FLASY-TUBES

The neon flash-tubes as introduced by Conversi and Gozzini
(1955) used in MARS are 2m glass tubes filled with neon gas.
Two sizes of tubes are used, large (internal diameter l.5cm)
and small (internal diameter 0.55cm). Cn the passage of a particle,
the gas inside the tubes is ionised and on the application of

a high voltage pulse across the tube a discharge occurs inside
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the tube. Each tube in the blue side of MARS is digitised following
the method of Ayre and Thompson (1969) and Ayre (1971). When a

tube discharges, a small voltage pulse is picked up by a probe
attached to the end of each tube and an electronic memory associated
with the tube is 'set'. All the memories are 'reset' at the
beginning of each event and during the leading 'edge' of the high
voltage pulse. This is to prevent spurious 'pick-up' causing
memories to be set incorrectly. Flash-tubes are used in both

the momentum selector trays and measuring trays described below.
The high voltage pulse is obiained in the same way for both types
of tray. The pulse is approximately 5 kV and 3.5 Hs in length

and is produced by causing the discharge of a delay line across

a resistor.

2el4e3 THE MEASURING TRAYS

The measuring trays contain 712 small diameter flash-tubes
arranged in 3 rows forming 89 columns. The tube pattern is shown
in figure 2.6. The data from each of the memories are read off
separately, so that only the actual tubes which fired are recorded.
The data format from each tray contains 96 columns, the first
containing the tray identifier (ie 1 to 5) the last 6 containing
duminy information (subsequently used for storing the results
of the analysis of the event).

Pulses to abstract information as to which flash-tubes
have discharged are sent to each tray and column in turn. The
column numbers are stored each in two bytes together with the
patterns of tubes fired. Each tube is assigned one of eight
binary bits, hencg the column number and the tube data are completely
contained in four bytes. Columns containing no discharged tubes
are ‘ignored thus reducing the amount of data to be stored.

The tray identitier and dummy columns serve to define the beginning
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Ve
and end of the data from each tray.

During the course of the experiment the original momentum
selector in the apparatus (ie Mark I instrument) was replaced
(ie Mark II instrument). Initially for every event the small
diameter tubes were pulsed but when the event was deemed not
to be a high momentum event the memories were reset without being
read. When the replacement momentum selector was operational
the flash-tubes were only pulsed for possible high momentum
events,

2eL4o4 THE MOMENTUM SELECTOR TRAYS

The momentum selector trays are each divided into 152
+cm cells. Each tray contains 155 large diameter flash-tubes,
which are arranged in four rows in the staggered pattern shown
in figure 2.5. For each combination of flash-tubes discharged,
a particular %cm cell is allocated.

On the passage of a particle and the application of a
high voltage pulse across the flash-tubes, the electronic memory
for.eaqh discharging flash-tube is set in the same way as for the
measuring trays. On the subsequent application to the tray of
a gating (or read) pulse, the trajectory is allocated electronically
to a cell. The relative positions of the first four cells with
respect to the first columns of tubes are also shown in figure 2.5.
Table 2.1 shows the cells allocated for various combinations

of tubes in figure 2.5. For any tube combinations for which two

-

=

cells are possible, the one with the greater probability is

(4]

allocated.



13

TABLE 2.1

RELATION BETWEEN PREDETERMINED FLASH-TUBE CONFIGURATION AND
ALLOCATED CELLS (for notation see figure 2.5)

CELL NO LAYER
1 2 3 L

TUBES DISCHARGED
1 1 21 31
1 1 11 21 31
1 1 21
2 1 11 31
2 11 3
2 1 3.
3 1 11 22 31
3 11 22 31
3 2 11 22 31
4 2 11 22
L 11 22
M 11 22 32
4 2 11 22 32

2+.4¢5 THE GEIGER-MULLER TUBE TRAYS

Each tray contains 23 60cm Geiger-Muller tubes. Pulses
are received whenever a particle traverses a tray. The tubes
are positioned so that two layers of tubes completely cover
the area of the tray in the horizontal plane. Each tray measures
4L9cm x 60cm and covers approximately 2/9 of the scintillation

counter area.

The output pulses from the Geiger counters are put in colncidence
witnh the spectrograph trijser vulse and memory circuits are set if a
coincidence is recorded. wach iray is assizned a number 1,2,4, or 3

and the
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various combinations of trays can be recorded in 1 byte in the
event header (see section 2.6). Thus a four fold coincidence is
recorded as 1111 and a single coincidence as 10C0, 010C, 00lC or
000l. These trays are used in the setting up of the measuring
trays and in determining the relative skewness of the trays.

They determine whether a particle has traversed the front or back
of the instrument or has traversed the spectrograph at a large
azimuthal angle.

2.5 THE MOMEKTUM SELECTION SYSTEMS

In this work two momentum selection systems have been employed.

The original momentum selector (Mark I) was very inefficient

in data collection due to the long recovery time of the small
diameter flash-tubes (approximately 30 s). A second momentum
seIecfor (Mark II) is now employed, which does not require the

small diameter tubes to be pulsed for each event. Throughout this
account, wherever possible, the two systems will be considered
togéther so that comparisons can be made. A

2.5.1 THE MARK I MOMENTUM SELECTOR

Each of the 152 cells in each tray has associated with it,
in the momentum selector, a shift register bit. The momentum
selector essentially determines the magnitude of the deflection
which a particle has undergone in passing through the spectrograph.

The deflection ( A) is defined by the mathematical expression
A = (a+c¢c-2b) x 0.5cm

where a, b and c are the points of intersection of the trajectory
with the measuring levels of trays 5, 3 and 1 respectively.

Figure 2.7 shows this diagramatically. £\ is the distance between
the intersection of the straight line joining a and b with tray 1

and the intersection of the real trajectory with tray l. This
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assumes that

the two arms of the spectrograph are equal, which is not in fact
the case., Subsequently a correction is made for this,

The momentum selector consists of three shift registers A, B
and C, A and C have 228 bits and B has 152 bits. For the last cell
in B (152) coincidence gates are st up so that all possible
combinations of cells a and ¢ with b = 152, having a deflection less
than or equal to two cells, give a'high momentum event'pqlse. Any
event with A 23 is rejected as being of too low a momentum. The
bits are shifted all three levels together, one bit at a time until
all the bits have been shifted 152 times, The extra cells in A and'C
are for those high momentum events for which a or ¢ is bigger than b,
The time taken for a pulse indicating an event of high momentum depends
on the frequency of the shifting procedure and takes 75 Ws. It is this
long time delay which makes it impossible to pulse the measuring trays
after a decision on the momentum of the event has been reached. Thus
the measuring trays are pulsed together with the momentum selector trays,
but data from the former is only used if a high momentum event is indicatec

Incorporated in the momentum selector is an automatic checking
system. This sets the '0' bit at the beginning of each set of shift
registers and checks that all three bit '0's reach the end of the shift
registers at the same time., A fault is registered if their arrival is
not simultaneous. A complication in the data interpretation arises due
to these '0' bits. Figure 2.8 shows a trajectory which would trigger
the momentum selector due Lo these zero bits. In this case a high

A s man P- - e e - P T S 0 E P
momentum event is recorded even t 1¢ real deflection is 1

(8 + 22 = (2 X 11)). In fact any trajectory with
a-2b < 2 or c -2b = 2

is registered as a hign momentus event. Most of these events are

rejected auring the analysis as being of too low a momentum and



16

a correcticn ic made for tre _ameining fow. A Ilow chart sinowving
operation of the spectrograph when the Mark I momentum selector
was in use is shown in figure 2.9.

2.5,2 THE MARK IT MOMENTUM SELECTOR

In order to speed up the momentum selection process, a series
of coincidence gates are used in the Mark II momentum selector.
The c¢ells are combined in groups of four in levels 5 and 3. In level
1 the cells are combined in groups of six overlapping so that each
cell is in two groups. Table 2.2 shows the original cell numbers

and the group numbers in the three momentum selector trays.

TAELE 2.2

ORIGINAL CELL NUMBERS AND NEW GROUP NUMBERS

CELL A,B c

1 1 1

2 1 1

3 l l and 2
4 1l and 2 1l and 2
5 2 1l and 2
6 2 2 and 3
7 2 and 3 2 and 3
8 3 2 and 3
9 3 3 and 4
10 3 and 4 3 and 4
11 [ 3 and 4
12 L L and 5
13 4 and 5 4 and 5
14 5 L4 and 5
i5 5 5 and 6
16 5 and)6 5 and 6

The deflection A is defined in the same way as before using
the new group numbers, and coincidence gates are set up so that

any combinations of three cells for which A=o0 gives a high
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momentum pulse.

The timing sequence is important when using the Mark II
momentum selector, as it is essential for efficient operation
of the small diameter flash-tubes that the measuring trays are
pulsed as soon as possible after the passage of a particle.
The high voltage pulse is applied to the momentum selector trays
within 0.5 L8 and the pulse is 4 |L s long. The gating pulse
(1 Ws) is applied after 5 || s and the momentum selector decision
pulse is produced after 6 P s. Thus the total delay in determining
whether or not the event was due to a high momentum particle
is 6 M se It is found that this time delay does not affect the
measuring tray tuhe efficiencies. Fijure 2.10 is a flow chart showing
the onrration of th- swnectrogeaph whilst zhe Mark IT momentum selcector
was in vse,

2.6 THE DATA FORMAT AND STCRAGE

The cata for each event is stored in a specific format,
The data is preceded by the event header which contains the
event number, the date, the time, the magnet current, the
magnetic field direction, the trigger mode (blue in the case
of this experiment), the geiger counter data and the atmospheric
pressure. The header is followed by the measuring tray data.
411 the information pertaining to an event is assembled in a
magnetic core store before the on-line computer is interrupted.
The use of the core store minimises the transfer time of the
data to the computer, which is required for other tasks at the
same time,

The computer is an IEM 1130 with two associated magnetic
disc drives and it is used to control two experiments, MARS
and the High Energy Nuclear Physics @roup's bubble chamber film

analysis. The second disc drive of the computer is used to store
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the MARS data ag.all times and the first disc drive is used for
the bubble chamber analysis during the day and for the MARS
analysis at night. The storage and format of the data have been
described in detail b& Wells (1972).

The actual method of analysis will be described in chapter 3.
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CHAPTER

THE AWALYSIS TECHNIQUZ

3e1 INTIODUCTIOM

For an instrument such as MARS which collects a large volume
of data each day, it 1s necessary to devise am automatic method
of analysis. This is achieved in the case of MARS by using
computational techniques. The computer programme is described
briefly together with the types of event which are rejected before
and after the analysis of the event has been completed. The reanalysis
of the initially rejected events is also described. The analysis
programme has been described more completely in several other
publications (7ells, 1972, Thompnson and Yells, 1972).

3.2 TiHE COMPUTER PROGRAMME

3.2.1 FITTING A TRAJECTORY

The aim of the programme is to locate and identify the
correct track in each tray and hence to calculate the momentum
of the particle. A gocd approzimation of the trajectory of a
particle losing energy as it traverses the iron magnet blocks is
a parabola and this can easily be determined from the experimental
data,

If a parabola of the form y = axa + bx + ¢ is fitted to the
coordinates of the ftrack in each tray then the momentum of the
muon is proportional to the radius of curvature of the trajectory,

which can be found f'fom the coefficient of the x2 term. Using

equation 2.2 and substituting the characteristics of MARS then

- ) 0.,2L5
P = =2 geV/c

a for z and y in n. 3.1

In the programue tiiis fornula is modificd to take account of the

-,

saps betuesn the nagnet tlocks (where the trajectory is straight).
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Thus the equation used by the programme is

P = 0.1949 GeV/c , 3.2
a

The method of fitting uses a 'least squares'! fitting technique
where the standard deviation of the experimental data points
around the fitted curve is minimised. The standard deviation of
the fitted trajectory is subsequently used to select wrongly
analysed events., Such events have in general a large standard
{

deviation.

3.2.2 IDENTIFICATION OF TRACKS

Initially the tracks of the particles in each tray have to
be identified. Each tray consists of 712 flash-tubes arranged in
8 rows. The first tube in each row is defined to be the first
column. Thus the data is arranged in 8 rows of 89 columns. To
locate a track, the programme searches for groups of two or more
diséharged flash-tubes in the same or adjacent columns of tuies.
the majority of events have only one group per tray and the analysis
of such an event is described below. However if a tray does contain
more than one group all the possible combinations of groups are
analysed individually.

A group of discharged tubes may consist only of the actual
tubes traversed by the particle. It is quite likely, however,
that knock-on electrons trigger adjacent tubes, or because the
tubesvare not one hundred per cent efficient that tubes actually
traversed by the particle are not discharged. For these reasons,
it is necessary to provide, within the programme, a method by |
which the flash-tubes can effectively be switched on or off.
The various options available to. the programme (shown in figure 3.1)

enable a track to be fitted through the tube information by taking

account of possitble knock-on electrons or tube inefficiencies.
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Figure 3.1.
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A knock-on electron is
assumed la discharged
tube is neglected).
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have discharged).

OPTION 3.
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a tube inefficiency in
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OPTION 4.

Two knock-on electrons
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OPTION 5.
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assumed.
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OPTION 6.

One singke knock-on and
and one double knock-on
are assumed in different
layers.

OPTION 7

A tube inefficiency and a
knock-on in the same
layer are assumed.

OPTION 8.

Two knock-ons in the same
layer are assumed {muon
passed between them).

OPTION 9.

Two knock-ons in the same
layer are assumed (muon
passed to one side of them).

OPTION 10.

An inefficiency and a double
knock-on dre assumed in the
same layer.

OPTION 1.

‘Assumes an inefficient tube

between two knock-ons.

The fitting options available to the computer.
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A track is fitted through the flash-tube data of the group to
be used in each tray, using the option having the lowest possible
number as defined in figure 3.1. The options with the lower numbers
are those which are more likely to occur and thus are used in
preference to the higher numbered options. The coordinates of
the track so obtained are taken for the initial fitting of a
parabola to the complete event. Should there be more than one
track in a tray with the same option number then the mean coordinate
of the tracks in the tray is taken. This procedure is carried out
for each of the five trays. Any group of two tubes is not used
in the fitting procedure since the options provided are not
sufficient to fit this unambiguously. Also any group comprising
either more than five adjacent columns of data or more than ten
discharged tubes is defined as a burst and is not considered in
the subsequent fitting of the parabolic trajectory, as it probably
comprises two or more particles. Groups which consist of four or
five columns of data are taken three columns at a time since it
is unlikely that a muon will traverse a tray at such an angle
that tubes in more than three columns are discharged.

At this stage in the analysis a parabolic curve is fitted
to the located points in the flash-tube tréys. If there are less
than three such points available for consideration the event
cannot be analysed and is regarded as a failed event. The angle

of the fitted pnarabola at each of

&

ot

h

(¢

trays is compared with

the angle of the track defined by the flash-tube data and the
fitted option in that tray. If the two angles are incompatible
further tray fit options are considered until the angles are
compatible. If this proves to be impossible the track is not used
in the subsequent analysis. These considerations generally result

in new more precise coordinates for the trajectory in each tray.
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A.second and final parabola is then fitted to the new coordinates.
From this parabola the momentum of the particle is calculated
together with the standard deviation of the fitted parabola to

the points. Table B.l.summarises the various error codes associated
with the reasons for not using the data from a flash-tube tray

during the analysis.

TABLE 3.1
ERROR CODES FOR UNUSED TRAYS

ERROR CODE ERROR
20 No track can be fitted through the data
without violating the flash-tube information
30 No group of discharged flash-tubes within one
tube spacing of the fitted trajectory in an

unused tray

40 No group of three discharged flash—tubes in
a tray
60 No discharged flash-tube in the column indicated

(ie electronics fault)
70 Trajectory failure due to the angle of the
trajectory and the tube pattern in the tray

being incompatible

At this point the analysis is complete for the particular
combination of groups tried. If there are other groups in any
of the trays the answers so far obtained are stored and a further
combinration of groups is analysed. “When all the possible combinations
of groups have been analysed the successful combination using
data 1from fhe greatest number of trays is taken as the muon

trajectcry., If there is more than one such combination t.:at
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with the lowest standar& deviation is taken as the most likely
muon trajectory.

The programme now searches for the trajectory of a possible
second muon. The only group combinations considered are those
which do not use any of the groups associated with the first muon.
The exception is where one of the groups associated with the first
muon is a burst aﬁd since a burst contains at least two tracks
this is thought admissible. If theré are one or more group combinations
remaining then the second muon trajectory is located in the same
manner as the first by taking the group combinations with the greatest
number of used trays and the smallest standard deviation. If there
are still combinations of groups remaining which contain none of
the groups associated with the first two muons, the event is
'flagged' as a possible multiple muon event using error code 96
(see table 3.2).

A further check concerning the trajectory and the experimental
data is made with respect to the distance between the fitted
trajectory and the nearest group in each unused tray. The initial
requirement of the programme is that there is such a group within
one tube spacing of the trajectory in each of the unused trays.
Further limitations are imposed on the value of the standard
deviations of the fitted trajectories. These requirements are
momentum dependent, having maximum values of 0.25 x 10‘2m for
momenta above 20 GeV/c and 0.1 x 10-1mfor momenta below 20 GeV/c.
These limitations are described in detail in section 3.5.4.

3¢3 THE AMENDED AMALYSIS PROGRAMME

The amended analysis programme provides a method of analysing
certain events which fail the main analysis programme, The flash-
tube data in the trays can be edited column by column. Thus it is

possible to split or remove groups from a tray. The requirement
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that there must be a group within one tube spacing of the track

and that the standard deviation of the fitted trajectory must be

small are waived, this being recorded as an error code (see table 3.l).
This programme does not consider any group of less than three
discharged flash-tubes or any tray with three or more groups,

hence the group to be used in-the analysis must be closely defined.

A particular advantage of this programme is that it does not recuire

a group in each tray., Therefore events can be analysed omitting

one or more trays and consequently many confused events can be
reclaimed.

3e4 PRELIMINARY MOMENTUM SELECTION OF THE EVENTS TO BE REANALYSED

Before any event is studied manually or reanalysed by the
programﬁe, a preliminary momentum selection is performed by the
computer programme. This is primarily designed to decrease the time
required for the reanalysis of the events with many group combinations
or with contamination due to showers. The momentum selection
system is designed such that all particles with a possible momentum
above 50 GeV/c are reanalysed together with as small a number as
possible of the particles with momenta less than 50 GeV/c. This
is achieved by considering only combinations of groups in the trays
producing relatively straight.trajectories. The momentum selection
process considers each discharged flash-tube as a track so that
no evént is rejected which may be attributed to a particle of

high momentum. The selection scheme has been tested and checked

As stated earlier this experiment .is only concerned with
penetrating particles with momenta greater than 300 GeV/c, thus
by reanalysing as few events as possible below 50 GeV/c, the analysis
time is decreased by a factor of three. Any event subsequently

found to have a momentum of less than 50 GeV/c is rejected. This
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technique is only used during the reanalysis of the failed events.

3¢5 EVENTS NOT ANALYSED OR WHICH FAIL ANALYSIS

Several types of event are not analysed at all at the first

attempt, others are failed after the analysis. Table 3.2 shows the

error codes associated with these failed events.

TABLE 3.2

ERROR CODES FOR WHICH THE ANALYSIS PROGRAMME FAILS THE EVENT

ERROR_CODE

91
92

93

o4
95

96

99

ERROR
One or more flash-~tube trays with no group imn it
More than thirty columns of flash-tube data in
tray 5 (ie incident extensive air shower)
More than ten group combinations successfully
analysed
All the combinations of groups in the trays fail
Combination of groups fails the standard deviation
or group-trajectory separation criteria
Possible multiple muons (3 or more successfully
analysed independent combinations of groups)
More than twenty-five groups in all the trays

combined

Error codes 91, 92 and 99 are generated before the analysis

procedure commences, the remainder being generated after the analysis

i1s complete. The reasons for failing to analyse an event are described

below together with the method of reclamation for each separate

type of failure. As many events as possible have been reclaimed

in order to decrease the corrections that subsequently have to be

applied to the data to allow for the unanalysed events. Figure 3.2

shows schematically the main parts of the analysis programme
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and illustrates at which points the error codes arise.

3.5.1 NO GROUP IN A TRAY (Error Code 91)

For the data obtained using the Mark II momentum selector
the average number of tubes discharged is 4.58 taken over the five
trays. Table 3.3 shows the separate layer efficiencies for each
layer and the average layer efficienéy for each tray. It should

be noted that the maximum expected layer efficiency is 65%.

TABLE 3.3
LAYER EFFICIENCIES FOR EACH TRAY (Mark II data)

LAYER TRAY 1 TRAY 2 TRAY 3 TRAY & TRAY 5
1 58k | 4949 63.0 5743 Slholy
2 5840 63.8 59.1 58.9 57.6
3 58.1 5643 33.7 5746 58,40
4 61.6 60.3 61.6 58.5 507
5 5648 57.0 416 5749 51,3 -
6 5849 5845 5547 60.4 5545 -
7 59.5 60.4 - 5944 53.7 58.9
8 60.1 57.6 57.9 61.6 5849

AVERAGE  58.9 58.0 5440 58.2 57.3

A calculation has been made of the expected number of events

for which only one tube would be discharged in a tray due to the
inefficiencies of the flash-tubes. Each individual layer efficiency
was considered in each tray for the Mark II momentum selector

data. This showed that the number of events lost due to the
discharge of single tubes only in any tray is 1l.12%. Such a loss

is considered small and no attempt to retrieve such events is

made, However a correction is applied to the final results of

the experiment to allow for these events. Table 3.4 shows the
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expected frequency distribution and the calculated frequency
distribution of the number of tubes per track for each tray.
(Each tray is different due to the different layer efficiencies

for each tray.) The total number of particles considered is 10000.

TABLE 3.4

TUBE POPULATION DISTRIBUTIONS FOR EACH MEASURING TRAY

No OF PER TRAY FOR |

TUBES 100% EFFICIENT ALLOWING FOR THE INEFFICIENCIES

PER TRACK  FLASH-TUBES TRAY 1 TRAY 2 TRAY 3 TRAY 4 TRAY 5
8 3 1 1 1 1 1
? 689 346 306 169 319 247
6 2356 1567 1599 897 1419 1278
5 5361 4126 1186 2499 3891 3552
L 1574 2979 3012 3455 3154 3393
3 17 854 801 2255 1041 1283
2 0 116 92 653 161 228
1 0 8 L 67 12 19
0 0 o 0 2 0 0

It can be seen from table 3.4 that 112 events out of 10000
are expected to cause one tube or less to discharge in one of
the trays. The actual figure is slightly lower than this due to
knock-on electrons and btursts close to the track triggering
adjacent tubes which would not have been triggered by the actual
particle.

For the data obtained using the Mark I momentum selector
the measured layer efficiencies are substantially lower, namely
48.4%, 52.5%, 43.8%, 58.1%, and 53.3% for trays 1 to 5 respectively,

and the protability of there being only one discharged tube



on the track in any tray is much higher. Therefore the Mark I
data events having only one tube on the track are included and
labelled as such so that the actual number Of.such events is
known. These events were located by searching for events with one
discharged tube within one fube spacing of the fitted trajectory
in an unused tray.

3.5.2 TOO MANY GROUPS (Error Code 99)

So as to decrease the overall time required for the analysis

of the data on the first analysis run, events which have more than
twenty-five possible group combinations are labelled as such and
only analysed at the reanalysis stage. Most of these events are
side showers and can bhe identified as such by studying a computer
'picture! of each event. Figure 3%.3.shows a computer picture
of such a side shower from which it can be seen that all the
tracks are incident at large zenith angles. It should be noted
that each tray is separated by approximately 1.25m of iron and
hence the particles only travefse relatively small amounts of
iron and need only to be of low energy. In the diagram, each
'star' represents a discharged flash-tube and the crosses at
the edge of each tray indicate the extremities of that tray.
It should also be noted that neither the tubesin each tray
nor the trays themselves are directly underneath each other
nor are the trays equally spaced in the vertical direction.
Hence the computer picture is somewhat distorted.

The ‘cut! at twenty-five group combinations means that any
event including two or more muons will be rejected at this early
stage of.the analysis and can be analysed later. By rejecting
all these complex events initially it is ensured that only
'good' (clear) events pass the initial analysis procedure and

therefore such events do not need extensive individual checking.

28
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The failed events in this category are reanalysed later as a
separate group using the main analysis programme with the maximum
number of groups set at infinlity and incorporating the computer
momentum selector (section 3.4).

3e5.5 SHOWERS (ﬁrror Code 92)

Any event with more than thirty columns of data in tray 5
1s regarded as an air shower and as such is not analysed. The
Ycut' at thirty columns was used after a study had been made of
the frequency distribution of the number of columns of data
in each event for trays 1 and 5 (see figure 3.4). For any event
with so.much tube information in tray 5, it is impossible to
say whether the particle actually passed through the tray or
whether the tubes were discharged purely by the accompanying
particles (figure 3.5). The cut also decreases the analysis time
since there may be up to thirty groups in tray 5 to consider.

In order to estiﬁate the numter of accompanied muons actually
traversing the whole magnet all the shower type events are reanalysed
omitting tray 5. The momentum spectrum so obtained is that for
particles traversing the bottom four measuring trays with an air
;hower triggering the top scintillation counter. The acceptance for
these particles is much larger (figure 3.6) than that for the
whole spectrograph and the spectrum must be reduced by multiplying
by the ratio of the acceptance of the spectrograph for the bottom
four measuring trays to the acceptance for all five measuring trays.
The acceptance of the spectrograph is discussed in detail in
chapter 4.

The need to analyse such shower events arises since it is
uncertain whether the momentum spectrum of muons accompanied
by air showers is the same as that for the unaccompanied muons.

It is therefore necessary to estimate the numbers of muons traversing
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the top tray accompanied by a shower in order that the
spectrum can be measured.

3¢5.4 EVENTS WITH LARGE STANDARD DEVIATION {Error Code 95)

The analysis prog}amme has been thoroughly tested on the
data obtained from the Mark I momentum selector. Each event was
studied individually using its own computer 'picture'. Events
which were possibly wrongly analysed were located and checked,
It was found that all the wrongly analysed events in this sample
of data, with an apparent momentum greater than 20 GeV/c, had
a standard deviation for the fitted trajectory greater than
0.25 x 10-2m. On this basis all particles with a computed momentum
greater than 20 GeV/c and a standard deviation of the fitted
trajectory greater than 0.25 x 1072p are failed by the analysis
programme., For particles having a momentum of less than 20 GeV/c,
the requirement is that the standard deviation of the fitted
trajgctory must not be greater than 0.1 x lO-lm. The reason for
the 'cut'! being at a higher standard deviation for particles of
lower momentum is that these particles are more likely to be
scattered and hence the mean value of the standard deviation
for the fitted trajectory is increased. Ideally the limitation
on the value of the standard deviation would be a continuously
varying function of momentum. However for the purposes of this
experiment it is found to be sufficient to-use the two different
'cuts! for particles with momenta above and below 20 GeV/c, to
ensure_that all events passing these tests are correctly analysed.

In order to check that the above 'cuts! are reasonable,
the frequency distribution of the standard deviations of the
fitted trajectories for actual events have been plotted and are
shovwn in figure 3%.7. As can be seen from the .figure the distributions

are dependent upon the momentum range considered. Obviously some
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events that are rejected are in fact correctly analysed. These
events are however reclaimed during the reanélysis stage, since
all events failing these tests are studied individually before
being reanalysed usiné the amended analysis programme.

A large standard deviation is usually indicative of a wrong
track being considered in one of the trays where there are either
two groups close together or two tracks which are confused into
a single group. The reanalysis procedure for these events and those
discussed in the following sections is described in section 3.6.

3.5.5 EVENTS WHICH FAIL THZ ONE TUBE SPACING TEST (Error Code 95)

Events with no group within one tube spacing of the fitted
trajectory in an unused tray are failed on the basis that there
may be no track associated with the traversing particle in that
tray. Figure 3.8 shows a computer picture of such an event. The
tray in question in this case is tray 5. It can be seen that
for this particular event the tracks in tray 5 are not associated
with the tracks in the other four trays which are due to a single
particle, which does not actually pass through tray 5{ It is likely
that the particle passed out of the back plane of the spectrograph.

3.5.6 EVENTS WITH TOO MAKY UNUSABLE TRAYS (Error Code 94)

These events mainly correspond to the real trajectories
of particles, but due to a combination of bursts in the instrument
and the inefficient tubes there are three or more trays of the
spectrograph which cannot be used. These events are checked
visually befcre being placed in the *fail' category, therefore
this fail category incorporates real events for which no momentum
can be calculated,

3¢5.7 ol

S (Srror
Code 93)

Events which contain more than ten successfully fitted tracks
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distributed amongst the five trays are failed mainly because

of the difficulty in deciding which of the tracks in the various
trays are associated with each other. Figure 3.9 shows a computer
picture of such an event. These events are analysed manually

if it is considered that there are muons passing through the
comnlete spectrograph. This error usually only occurs during

the reanalysis of the events which fail on the first analysis
attempt because there are too many possible group combinations,

3+5.8 POSSIBLE MULTIPLE MUON EVENTS (Error Code 96)

As mentioned previously the programme searches for trajectories
of two muons if there &re more than one successful group combination.
However it is possible that there are three or more muons traversing
the spectrograph, in which case there may be successful group
combinations remaining after those group combinations using the
groups associated with the first two muons are removed. These
events are !'flagged' with error code 96, since it is possible that
there may be more than two muons traversing the spectrograph.

There are only a small number of these events and they are all
studied individually, so that the correct trajectories (if any)
can be identified. Events of this type are only found during the
reanalysis of those events which fail the first analysis due - '
to there being more than twenty-five possible group combinations.

3,6 THE REANALYSIS OF THE FAILED SVENTS

The first stage of the reanalysis procedure is to obtain a
computer picture of each event to be reanalysed. The next stage is
to plot out an accurate picture of any confused ér complicated
event. The accurate pictures are obtained by plotting the discharged
tubes on a special diagram of the spectrograph. The flash-tube

trays are drawn oversize but their respective centres are the

correct relative distances apart. Figure 3.10 shows such a plot
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for an event with a confused group in tray 4.

The events all have to be placed into one of the following
five categories on reanalysis:

a) FAILED
b) OMIT A TRAY }
RECLAIMED
c) SCATTERED
d) LOW MOMENTUM ( = 50 GeV/c)
REJECTED

e) OUTSIDE ACCEPTANCE }

Since the experiment was only concerned in measuring the
muon momentum spectrum above approximately 300 GeV/c, a limit
of approximately 50 GeV/c is placed on any event by the use of
the computer momentum selector before it is reanalysed. Any
event which does not pass the momentum selector test is omitted
from the reanalysis stage, and only those events with momentum
greater than 50 GeV/c are regarded as high momentum events requiring
further investigation.-lf all the low momentum events were studied
in detail the process would be very time consuming and since
these events are usually due to spurious tfiggers of the momentum
selector it is considered that it is reasonable to reject them.
The lowest momentum accepted by the momentum selector is calculated
to be approximately 90 GeV/c, therefore ideally there should
be no events with a momentum lower than 90 GeV/c.

The events in the failed category include those for which
no momentum can ever be calculated. These are added to those
in the failed category as described earlier (section 3.5.6). A
correction has subsequently to be made to the data for these
events if an absolute spectrum is to be measured;

Those events which can be reclaimed by omitting a tray are

labelled as such and are usually the result of the wrong track

being used in a tray. This is checked by splitting the offending
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group in the tray into two tracks or analysing two tracks close
together individually and comparing the estimated momentum

using each of the two tracks with that obtained by omitting the

data from the tray. If the original answer obtained by the programme
is consistent with using one of the tracks in the offending tray
and that of omitting the tray consistent with the other track

in that tray, then this event is placed in the 'omit a tray’
category and is reclaimed by analysing the event omitting the
offending tray.

Other muons are scattered when traversing the spectrograph
and the extrapolated trajectory in trays 1 and 5 does not always
pass within one tube spacing of the track in that tray as required
in the initial ana}ysis of the event. These events are reanalysed
using 4cm instead of one tube spacing as the distance between
the fitted trajectory and the nearest group in the tray and are
reclaimed in this way. The reason for not using a 4c¢m test in the
initial analysis is that for some events non-associated particle
tracks are found within 4cm of the actual track, which in some
cases would lead to the wrong answers being obtained. It is,
therefore, easier to use a one tube spacing test and reclaim
those events which are scattered.

By vlotting out some of the failed events on the scale plots
it can be seen clearly that in some of these events the penetrating
particle of interest missed one of the flash-tube trays and also
the top triggering scintillation counter. Figure 3.1l1 shows such
an event, where the track in tray 5 is due to an accompanying
particle at a large zenith angle. These events are all rejected
as being outside the acceptance of the spectrograph.

Table 3,5 shows the error codes associated with the reclaimed

events, These error codes cccur in place of the tray fit code
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for the tray concerned.

TABLE 3.5
TRAY FIT ERXOR CODES FOR RECLAIMED EVENTS

ERROR CODE : ERROR
12 Only one tube on or near the track

(Mark I data only)

13 Tray omitted in reanalysis
14 Track not used in fitting trajectory
15 Burst lies on fitted trajectory

3.7 THE CHECKING OF SCMZ SUCCESSFULLY AKALYSED EVENTS

After the analysis has been completed, it is found necessary
to check the answers obtéined for some of the successfully analysed
events., The events involved all have momenta greater than 200 GeV/c
with the standard deviation of the fitted trajectory greater than

0.1 x 10~2

Mme These events are reanalysed in the same way as

the failed events, the computer 'picture' of these events being
studied and any events with suspect groups being reanalysed.

The majority of events in this category are found to be correctly
analysed. However, the wrongly analysed events are found to have

2

standard deviations greater than 0.15 x 10 - m. Thus it is considered

that all wrongly analysed events are found if the limit is set at
0.1 x 10-2 m. It is also found that the events with momenta between
200 GeV/c aAd 250 GeV/c in this category are all correctly analysed,
Thus it is also considered that a .limit on the momentum of 200 GeV/c
is sufficiently low to exclude any wrongly analysed events.

3.8 CONCLUSION

In this chapter every event for which a momentum can be

]
calculated has been analysed using as many trays as possible. -
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The next chapter considers all the corrections which have to

be applied to the data in order to derive the absolute momentum

spectrum. This includes corrections for unanalysed events, showers

and acceptance effects.
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CHAPTER 4

INSTRUMENTAL BTIASES

Lol INTRODUCTION

For a.large spectrograph such as MARS there are many instrumental
effects which may cause biases in the results of experiments
per formed using the instrument. Some of the most important pieces
of information required are the exact spatial coordinates of
the detecting elements. The detectors must be aligned such that
all the detectors are parallel to each other. The method used
to align the measuring trays in MARS is unique, and has been
briefly described by Ayre et al. (19751, However a more detailed
study has been made of the results and this subsequent analysis
1s described below,.

Other instrumental effects, such as the overall acceptance
and the efficiencies of the various detectors in the spectrograph
are also discussed.

he2 THE ALIGNMENT OF THZ MBEASURING TRAYS

4,2,1 THE ANALYSIS OF ZERQ FIELD DATA

The spectrograph was initially operated in the zero magnetic
field condition for approximately three months resulting in the
collection of data for more than 30000 particles traversing the
iron blocks. These data have been used check the alignment of
the measuring trays.

The data are analysed in the same manner as that used for
the magnetic field data, except that the final coordinates of
the tracks used in each tray are recorded and a straight line
rather than a parabola is used as the fitted curve. This can be
seen to be reasonable, by considering the trajectory of a particle

traversing a material in which there is no magnetic field which,



38

neglecting any scattering, would be a straight line.

For each set of coordinates thus obtained, the horizontal
displacements of the tracks in trays 2, 3 and 4 from the straight
line joining trays 1 énd 5 are computed, Figure 4.1 shows
schematically how these displacements are defined. Theoretically
the distribution of displacements for each tray should be a
normal distribution with a mean value éorresponding to the error
in the measured coordinate of that tray. Multiple Coulombd scattering
of the particle in the iron blocks causes the distributions
.to be of greater width. This effect is discussed in more detail in
section 4.8,

Le2,2 THE ESTIMATION OF THE SPATIAL CCOXDINATES OF THE MEASURING TRAYS

Two different sets of zero magnetic field data have been
collected and analysed, Approximately 200C0 events have been
collected using the Mark I momentum selector to preselect the
straighter, less scattered trajectories and approximately 130CC
events without using any momentum selector (subsequently referred
to as 'all events' data). The freguency distributions of the
displacements of the tracks in the middle trays with respect to
the line Jjoining the tracks in the outer two trays are shown for
both sets of data in figures 4.2 a), b), c¢) and 4.3 a), b) and c).

As can be seen from the figures, the frequency distributions
obtained from the momentum selector data are asymmetric and this
i1s more marked for larger values of the displacementi. This is

mainly due to spurious triggers caused by the zero bit (section 2.5)

o

which selects trajectories with positive displacements in the
middle trays and therefore the positive side of the distribution
is enhanced as shown in figure 4.2. Therefore the mean displacement
obtained will also be biased in the positive direction and hence

it is necessary to locate Lhe peax or mode of these distributions.
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" The distributions-of the-allxevehts'data are much broader,
and it-apoears from'figure-qbé_that these;may.also;be slightly
wasymmetric;bThe\same_method is used to fiud_thebmodegof'both-sets
of.distributions, so'thatlthe'modeshof'the distributions‘cansbe'
coupared. The modes are located by the method of'auto—convOlution
‘which is best illustrated by consldering the example in flgure L, 4'.f
The distrlbution (flgure 4.4a)) and the distrlbution reflected

- about the y axis (figure h.qb)) are moved across each other.

- At each positlon where the 'bins' exactly overlap (figure L, hc))
the:sum of the products of each pair of‘y values is computed.
,The'new distribution S0 formed’(figure A.Qd)) has its mode at a
-value displaced from'zero by twice.the value of’the modefof the
original dlstrlbutlon. The curve is also smoother with a better
defined peak..It is cons1dered that this method locates the mode
to within O. me. The values obtalned from the measurements of
the modes of the. all events run:and the two separate 'high

’imomentum' runs are shown in table 4 1. The hlgh momenta data wereﬂ

" divided up 1nto.two separate halves, contalnlng approximately_-

~ the same amount of data in each.
- TABLE 4,1

THE PEAKS OF THEiDISPLACEMENT DISTRIBUTION

(The-position.taken.as Zero,isiarbitrary.)

TRAY 2 TRAY 3 - .TRAY 4

'ALL EVENTS - las9mm  +2.12mm -~ 412
" HP (1) =1l.3lmm | +2.25mm - 4422 mm
h: HPf(Z) = le43 mm : +2431 mml o -'4.34 nm

. FINAL VALUE . 1.37 mn +2.,19 mm - -~ 4428 mm -

ALL ERRORS 0.20 mm

The displacement distrlbutlons from_the.momentum-selector data
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" are narrower due to the preselection of the straighter tracks.

It is concluded.that the-mbdesjof.these-distributidns arée the

best ones to use for the final estimation of the coordinates'

of the'middle three trays. The.final“coordinates used are shown
in table Lel., Figure 4«5 shows the auto-convolntionfcurve

obtained‘for,tray 4 using the data obtained using the momentum -

selector. The modes of these distributions are obtainedaby fitting

parabolas to these dlstrlbutions and locatlng the maxima of the

fitted parabolas.

Le2¢3 THE ALIGNMENT OF -THE MEASURING TRAYS

In order to cHeck the~relat1ve»skewness of theitrays it is'

'~ necessary to look at partlcles traversing the spectrograph 1n the

four separate categories BB, BF, FB and FF as defined 1n flgure 4.6.

These events are selected us1ng-the informatlon from the Gelger;

trays located at the.ends of the top and_bottom measuring-trays.

Using the method of Ayre et al. (1975&; if any tray is skew with

~respect to any others then the means of the BB, BP, FB, FF and

total distrlbutions will not all be the same. For example if tray 3
is skew with respect to trays 1 and 5;thenethe meansnof:the FF:
and BB distributions for tray 3 will be symmetrically placed about

the means othhe other} two dlstrlbutions for that tray. Slmllarly

"if tray 5 is skew w1th respect to trays l and 3, then the FB and BF
'-vdistribut;ons and the BB and FF distributions for tray 3 willi
- appear to split and hence have their means one on each side of the .

. mean of the total distribution.'For_the purposes of_these‘measurements

the rate of particles traversing the spectrograph in any 6£ these
categorles is small and there are approximately only 500 events
1ncluded 1n each histogram., A typlcal hlstogram is shown in figure Le7..
For the purposes of these measurements the separate distrlbu_tlons are

taken as being-Similar'in shape to the overall distributions
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thigure 4.3) and‘thereiore'the'means are'conSidered:as_being .

in the same position relatiVe to the“mode’for“each distribution.
'htTo locate the mbdeerould require much.more data.) If any skewness
.'is present-then'the means of some of the diStributionsAWOuld be
seen to split. Figure 4.8 shows the means of the distributions

”for each tray and each category together with the’ error on the mean.
The large mean value of the BB distribution for tray 2 is not ,'
:cons1stent with the other three measurements on tray 2 and . is
,:con31dered to be a large statistical fluctuation of the measurement.
From these data it is concluded that the skewness of the trays
"is less than lO w2 degrees (1e £ 0.2 mm over 133 cm).
. 4.3 INACCURACIES oF THE COMPUTER PROGRAMME '

During the analysis procedure two approx1mations are used.
The coordinate o f the track to which the final parabola is fitted
is only accurate_to_the width of'the_channel for which particles
can traverse. the measuring tray setting off the same flash tuhes ,
and‘requiring the same option of fit to be used, This is known
.as the track.location-accuracy. A—Monte-Carlo»simulation'of‘particles _
= traversing-a-tray with the.same angularldistribution as that
'for a measuring_tray in MARS,hasdbeen'performed.'The cOmputer
programme'has been -used to assign:a'coordinate for each track and
- . this has been.compared'with the actualztrack. The_distribution
‘of these discrepancies is shown'in figure»4.9, assuming the flash-
tubes'to be 100% efficient. The mean and standard deviation of‘ .,
'~the distribution are 0.007 mm and O, 304 mm respectively. If, howeven-'
lthe tube.inefxicienc1es-are_con 1dered, using the layer efficienc1es
forheach.layer in each tray (table 3.3) and the-s1mulation repeated,
~ the new>means'and standard deviations obtained are shown in table Le2. -
| The other inaccuracy associated‘with the computer programme

is in the computed value of the momentum, Equation_}.a,-used to
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:TABLE &.2

S THE MEANS AND STANDARD DEVIATIONS OF THE TRACK LOCATION ACCURACY

DISTRIBUTIONS FOR - WACH TRAY

RN

| STANDARD DEVIATION 7w .
;ALL“TRAYS (100% . ..=6:364 m : [;o.OOBfmm :

efficient flash-tubes), U o
1 .:. S O@538 mm | | U 0.005 mm

2 0559 mm 0,006 mm

3 04658 mm i _' 0,007 mm

L o . 0.55 mm. '.j0.0CG-mm

5 I 0.592 mm l_ _0.006 mm

calculate the momentum'from the coefficient-of the fitted'perabola,

_ is only true for a muon with an energy of 1000 GeV, 1ncident in-

the vertical direction and losing no energy traversing the magnet.

: Thefcorrections_for these effects.have.been.calculated by other,U

workers (Wells, 1972) and tables 4+3 a) and b) summarise the
corrections which must be added to the computed momentum.
For the purposes of this experlment the variation W1th

zenith angle is con31dered small and a mean correctlon has been

o caleulated for each-momentum and_tray combination used. It is

_calouleted that the maximum. error for any'computed momentum due

to the use of a mean correction is approx1mately - l%._ .

Le 4 THE MAXIMUM DJ:.TECTABLT"l MOMENTUM

The max1mum detectable momentum (msdim.) is defined to be

‘that momentum for which the uncertalnty in the momentum is equal

to the momentum. Any measurements made for momenta-above the medem,

must be'regarded as suspeot due to the large uncértainty involved.

_Its_value depends on the acCuracy.to which the trajectory can be



;TABLE L3 a)
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THE CORRECTIONS TO BE ADDED TO THE COMPUTED MOMENTA

MOMENTUM . ZENITH
- (GeV/c) A?g%E

12345 _123h
50 -6 5.5 6.0
0 b3 Le?
% ho? _5.0
MEAN 48 5.2

100 -6 6 6.2
| 0 kbl

6 5.6 5.3

MEAN  5:5 5.2

- 200 6 8.0 686
0 bk 2.9

% ?.2 . 5.6
MEAN 65 5.0
500 -6 13,0 7.7
O__ L4e5 -1.0
%6 12,2 6.7
MEAN 949 kS
1000 -6 21.2 9.
) 0 45 7.6
- +6 20l 843

MEAN 154 B
5000 - =6  86.5  22.3
0 bl f60.9
6 85.7  21.3

5849

MEAN  =5.8

TRAY COMBINATION =

1235
_ 575'-

_4.5

h7

5.0

6.2'
4;2',
53
_5;2 

11.1
245

10.3 |
840

17;1-

Okt
1643
11.3
6542

—17.2

6l bt

3745

Tols

3.7
| 6:6
5.9

1245 1345
6.3 5.0
S5el 349
5.5 o3
5.0 hek
8.0 5.7
6.1 3.7
702 4e9
R R
1l 6.8

7.9 3.2
10,6 6.1

10,0 5.4
-

: Zi.6 10;2
.13.3 L7
20,9 9.5
18.6 7.5
3846 15.9
22,2 =048,

27.8  15.2
29,9 1041
173.0 6048
93,1 ~21.6

173.0  50.1

3 330

14643

2345
5.6
245
340
3.0

3.8

1.9

32

hel
0.5
247
5.1
o5
2a1

6e7
-10.1

6.1

0.9

19,1
~6140
18.5
~8.8

340

125 -

‘11.0

948"
9.9
©10.3

15,8

13.8
k7

148

25.2
31,7
3.5 . .

27.6

53,5
53,4‘ '

b5¢5

5205'-
5045

101.0

85.1

9945

95.2

476.0
401.0

476.0

451.0

24,2

2
7.6
6ely

' 6;6 :
6.9

9l
7.5 .
8elt -
8uly

12,7
9.0
11,7 
11.1
22.7
L2
21,7
19.5
39.2 -
227
8.2
33,7

1 171.0
89.9.
170.0
14346



TABLE h.3 b)

. THE CORRECTIONS TO BE ADDED TO THE COMPUTED MOMENTA

MOMENTUM ZENITH TRAY COMBINATION
(GeV/c)  ANGLE o o e
N ) S134 - 234 125 135 - 235 145 245 | :345

0 3.2 0.9 © 548 3.7 1.3 hih 3060 Seb
w6 3.5 0.5 6.1 hal j 1,7 he8 ka2 6.0
MEAN. 3.7 =0.3 6.3 he2 1.8 b9 k2 5.9

| Tioo_'- -6 3.4,' -3 _8;7'_ 501 0.9 '-?;2 ,»_6.4: 10.6
o 0 1 1.2 =6.5 6.7 3.1 <Ll 5.3 - 46 8.9

+6 2. =5.1 7.8 k3 0.2 6.6 5.9 0.1
' "MEAva 2;3“ 5.3 7.7 ;'4,2 . 0.0 6.41 | 5.6: 9.9

. 200 -6 1.0 -13.7 121 . 5.5 =23 10,7 9.9  18.9

0 2.8 -17.7 8.5 1.9 -6.0 7.2 6.5 157 -
%6 0.l -l5  1l.2 47 =29 10,0 9.5 18.5
MEAN. 0.6 <15.3 1046 kO  ~3.7 9s3 8.6 17.7

500 -6 =6.0 =hl.8 22,2 6u6 =11.7 21.0 204 43.9
0 1.9 -51.5  13.8 =2.0 -20.5 12,7 12,2 36,1

¥ ~6.9 -42.7 213 5.8 -12.4 ‘2044 20,0 43.5
MEAN. =9.3 =45.2  19.1 3.5 ~l48 18.0 17.5 . 4l.2

1000 6 <17.8 -88.9 38.9  Buh -27.5 38.2  37.9  85.5
| - 0 -35.2 -107.0 '2254_ 4Be5 =L}t 9 21.9  2L.6 70.1
26 -18.7 -89.8 38.0 7.6 -28.1 37.6  37.4  85.2
MEAN -2349 ~95.2 | 33,1 2.5 =33.5 - 3246 2.3 80.3

5000 =6 .-112.0 ~=466,0 172.0 22,4 ~154.0 176.0 '-177.0 8.0
0 -198.0 =557.0 9L.5 -60.8 -240.0 95.0 96.8 342.0
46 =113.0 -467.0 171.0  2l.6 -155.0 175.0 177.0 418.0
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~ located at each measuring level..In MARS this corresponds-to'the

. track location.accuracy and the uncertainty in the poaltlon of

the measurlng trays. It is calculated, u51ng the method of Allkofer

et ale, (l97chNhere | S
. _ 0,03 RBH , » '
MedelMe = “ZTR a A el

‘vhere B is the magnetic field in kgauss, H the length of the magnet

and fa is the uncertainty in the"valueyof-a,-in m, §hich is defined

from the parabola fit as f

o3 (N Ly — S f.g)- 5o (zz, 2,.-2-.‘.2:&) 2:-3 (Nzx -(zx)) a2
((E:& -N Z'X-‘) + 2::3(012:; ~ExZ ot ) 2:&."(2::?2:.-_(2 = 2 )

Nosa\ = | : o B - o
A e 2 > _ - B .
.Aa. .‘ (gl (.55) Ay, ) . - k3
which can be vwritten% as Aa = "%' Fn(") A-S'n

where F (x) is a ccnstant of the apparatus.
For the actual case of MARS the track location accuracies

at each.level dlffer and 50 the-calculatlon of the m.d.n, 1s

tedlous u51ng the above formulae. However the traJectorles of

inflnlte momentur pvarticles were. slmulated through the spectrograph

and the pos1tion of the partlcles at each 1evel selected from the

'relevant track locatzon accuracy dlstrlbutlon for the . partlcular

level. The momentum is then calculated using a parabola flt_as

previously described. The mean and standard deviation of the
distrihut*.u of inverse momentum is then calculated. The mean should
approach zero and the =tandard deVLatlon should be the inverse of
the medam, able Loy sho.s the values of the m.d.m. us1ng

a) the formula, b‘ the simulation with the- theoretlcal track

,vlocatlon accuracies and c) the s1mulat10n using the. actual measured

track location accuracies. As can be seen from the table the medem.
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"TABLE k4ol

| - “THE MAXIMUM -DETECTABLE MOMENTUM FOR THE SEPARATE TRAY COMBINATIONS

- MAXIMUM DETECTABLE MOMENTUM (GeV/c)

THEORETICAL - VALUES USING.  VALUES USING
- VALUES USING Ay, = constant INDIVIDUAL TRACK
" FORMULA -~ =0.304 .  LOCATION ACCURACIES *

[ TRAY COMBINATION

Caems o sier sm0 2950
123, .. - 3075 2810 _..' 1480
1235 5162  ugs0 | .'_2640“.
15 w3 o oha00 2560
1345 5094 s 270
2345 2749 | 300 1750

Cuws om0 2w

135 w05 . as0 2380
125 35 suo 1840
134'_ age an 1110
2y .  au81 - - 1260 .

255 . a0 . 25 - 130
245 _’22767 o 24,80 | B 1490
123 - 1210 | 1240 ' o 696
231 Coum a0 626
H5 1346 o ewo
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‘ is reduced to approx1mately 3000 GeV/c for five tray fits for the

actual data, which is only approx1mately half . the deszgn value.

‘Lo 5 OVT'RALL ACCEPTANCE

The acceptance of MARS is defined by the three scintillation
counters, When the magnetic field is operating, muons_with_low :

momentum can-be deflected out of the magnet and as a result the;

acceptance for these particles is'low; For muons of infinite

momentum the acceptance'of the blue side of the spectrograph_is

408 * 2 cm2 sterad.vThe'acceptance of the spectrograph has been

' calculated as a function of momentum and is shown in figure 4'10;.

-For the purposes of this experlment the acceptance is taken as

2

constant at 408 roem sterad and thls llmiting value is reached

to within'l%[for all partlcles with momenta above 100 GeV/ce

Theaacoeptance of MARS.is not.conStant with incident angle.
The maximum incildent angles for'which infinite momentum particles
can'traverse the magnet are ¥ e, 8 1n the plane perpendicular
to the magnetic field and + 15, 5 in the parallel plane. The angular
acceptance has been calculated by 51mulat1ng the traversal of

particles with a given.momentum through the spectrograph and the

results for particles with momenta of 500 GeV/c and 50 GeV/c

_are shown in'figure'h.ll. The-ideal angular acceptance is a triangle:

whose vertices lielat*O and = 6 8 as shown by the third line

' in figure 4411,

4.6 mHu EFTICI‘ICY'OF THE MOMFNTUM SELECTOR

In order to measure the momentum spectrum, the effic1ency

“of the Mark I and Fark II momentum selectors must be calculated-

as a function of momentum. A Monte-Carlo Simulation of the passage

of narticles of a given momentum and incident angle through-the-

' maonet has bsen made using a computer. At each momentum selector

tray level the euact tray posntion and angle of the particle



~ Acceptance _

400}-

200f

1001

00—

10 - 30 50
Momentum (GeV/c) |

anure 4-10. The acceptance functlon for the blue
. | snde of MARS. |

0



<—— 00 momentum
\  \¢—— 500 GeV/c
— 50 .va-/¢ '-.. |

22
O
i

[ .

: Acceéﬂﬂnce _..._
(=)

85

207

-0

"8 7 6 5 4 3 2401 2 3 4 56 78
o . ~ Incident angle (degrees) -
Figure 411 The angular acceptance of MARS




. 48
trajectory is calculated,‘from which the flash-tubes which would
,:;have discharged are 1ocated and hence the cell triggered at- each

Jlevel is found. For each incident zenith angle and momentum the
v'deflection at each 1eve1 is the same for every incident position |

~vfin the-top tray. Since the tube-and-cell patterns repeat after-

'“every 2 cm for the Mark I momentum selector and after every 6 cm

'.pfor the Mark II momentum selector, the efficiency can ‘be calculated

' “;to the nearest per cent by calculating the tubes discharged and

o cells triggered for one hundred equally spaced

gincident pOSitions over 2 cm in the' top tray for the Mark I data
-n_and three hundred equally spaced inc1dent positions over 6-cm. .
:l,in the top tray for the Mark II aata. | |
| : The calculated efficiencies of the Mark I momentum selector.
are shown in figure 4.12 for incident angles of 3 and 0 ‘and. the.
'efficiencies for'Me Mark II data are shown in figure 4.13 for
inCident angles of o° and 5v.'It should be noted that the efficiencv
-.of each momentum selector Will be different for pOSitive and negative
particles for the same incident zenith angle. However, the
" efficiency.for pOSitive particlesvinea positive'field_is_the
1Same.as that for negative'particles'in‘atnegative'field. The "
sharp peaks seen in figures 4.12 and L 13 are caused by the edges
of cells, where a small change. in the pOSition of the particle
‘causes a different cell to be triggered which does not fit the
ﬂselection criteria..The'small inefficiencies‘for particles with '
nmomentapabove 600vGeV/c are due to.particles for whichlthe wrong )
o cell’has been,allocated,in”one'level,'This-is-more 1ikely'to
_'occur at largerJZenith_angles, as can'be.seen;from figure 4.14,
lwhich shows'the~probability of the wrong cell heing allocated as.

'a-function of incident zenith angle. The effect of_the wrong
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N celling is cons1derably worsened by the fact that the three momentum

selector trays are not equally spaced. Therefore particles of an 1nf1n1te

%- momentum appear to have a finite deflection which means that if

;pSUCH a particle_isawrongly'celled.at any level,'then it,may_l
" not be'accepted as‘a highfmomentum event bv the momentummselectors.
| . The efficlencies calculated above are only true for unaccompanied_n
'lfparticles where a- single cell is triggered at each- level. A
lcorrection must be made to the final effic1ency to take account
i' 1 -of accompanying particles, showers. and spurious zero bit triggers
| 'ifrom the Mark I momentum selector and the spurious triggers l o e:

of the Mark II 1nstrument due to electronic faults. Before any

corrections can be applied to the calculated effic1encies the

-overall eff1c1ency must be calculated for each momentum... -

4 6 l ThE OVERALL EFFICIENCY OF THE MOMLWTUM SELLCTORS

| To. calculate the overall -efficiency, the ind1v1dual effic1enc1es
:at each incident zenith anvle are combined taking 1nto account

the angular acceptance of MARS (section L. 4). The angular acceptance_
' used is that shown.in figure L, ll and these curves are assumed

to be exactly trianvular. The efficlency is calculated for

L angles between + 6 5 and - 6 5 o The overall

effiCiency is taken as the ratio of the;area underneath the

‘VYangular acceptance times efficiency' curve to the area underneath

A ik AL E i e A gtk A ae B e amammen T eeeteiee.

‘the angular acceptance curve. A typical pair of curves'are_shOWn
'inlfigure Le15. As can be Seenvfrom the figure, the efficiency
'fof the Mark II mOmentum selector varies slowly w1th angle and 1if
measurements are made for intervals of 0. 5 1n incident angle
} : these accurately represent the shape of the curve and the overall
i 1:T_Zeffic1ency is. knomn to greater accuracy than each individual
. efficiency (ie-l%). For ‘the Mark I momentum selector the_variation'

of efficiency_with angle is more rapid. Hence to get a reasonable
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'jvalue of overall efficiency, measurements are made at O 1 intervals
~of incident angle. With this interval the overall efficiency is
' again_known to better ‘than each of the individual efficiencies (1e'1%);.

Lebe2 THE EFFECT OF THE SPURIOUS ZERO BIT TRIGGJRS ON THE EFFICIENCY

OF THV MARK I MOMENTUM SELECTOR

As dlscussed in chapter 2, the checking zero. bit associated

'twith the Mark I momentum selector causes spurious high momentum

events to be recorded. The rate of the spurious triggers which

"would not normally trigger the momentum selector has been calculated

'v'using a similar method to that used for calculating,the eff101ency

of the momentum selector. Table-u 5. shows this spurious-trigger-rate

- as a function of momentum. The values in table b, 5 must be added

directly to the values of the efficiency calculated in the previous -

section.

TABLE 4.5

THE RATE OF 'ZFRO BIT' TRIGGERS FOR THE MARK I MOMENTUM SELECTOR .

MOMENTUM (GeV/c) = RATE OF EXTRA TRIGGERS (%) -Dmé 0 10" BIT
._ggo_' , ' ._ 3.0%
300 - © 1.6%
400 o a 0.8%
500 | . 0.5
700 | o 0.2% -

1000 o eas

446.3 THE EFFECT OF BURSTS AND KNOCK-ON ELECTRONS ON THE EFFICIENCY OF

PHE 1~ior«r:¢TUM SELECTORS
If a muon is accompanied by a burst or a single knockeon_

electronffrom a magnet block, then these accompanying particles
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may_trigger extra*momentumiselector oells.rThese,may in turn cause

a_high momentum event“to be indicatedjdue to there being‘a straight
'_line;combination.between the extra‘cellfand the cells-in'thé.other .

_tho;momentum’selector trays. The'probability of a”burst or

two orimore:knock-on electrons-has-been_calculated by other workers

. and. the results'of Said (1966) are‘shown in fimure’h 16.7

To estimate the probability of a burst triggering an extra _.f""

cell in the momentum selector, the measuring tray data were used

from trays 2 and Le These measuring trays are 1ocated in the same

’pos1tionS'relat1ve t0~the,magnet blocks as the.momentum»selector ‘

_trays‘in the bottom two levels. It is necessary to consider trays

in the same relative pos1tions, to ensure that any bursts w1ll

'have developed to the same extent in both types of detector._'
-The momentum selector, tube Dattern is suoerimposed on to the actual

- measuring tray flash-tube data, Any momentum selector tray. flash tube

whose circumference enc1rcles the centre of a discharged measuring :

tray flash- tube is also said to have been discharged. These data

are then conVerted to cells corresponding to the discharged flash~

-:tube pattern.

The results of this analysis shows that 11% of all the events'

would have two or more cells triggered and 4A would have more than

- two cells triggered in any one_level..It is assumed that if more than

two cells are triggered-at any one.level then the Mark I momentum“

selector is also triggered. This is-reasonable since the minimum

" deflection for such a particle will be at least one cell less than

its'actual deflection'andvfor particles with momenta abovz 100 GeV/c),

'_this is probably enough to trigger the Mark I momentum selector.--

For'me events with two cells triggered, the cell to the left
will’be triggered_SO%,of the time as will the cell to the rlght.

One will'decreaSe'the ninimum deflection,'the other will leave
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- £he minimcm deflection'unchanged. Hence it is assumed thatfonly
-50%.of'£he5e events cause the Mark'I momentum selector ﬁo be:
'f_triggered.»The percentages of events whichlhaVe-mopevthan one

cell triggered_in'any‘one level and triggefbche,momentum'selector

'.are shown in table 4«6 as & function of momentum,_A-correciion
musé be'made fo'fhe‘overall‘efficienc& of each‘momentum selector

. to. take account of thls effect. The - corrections for the Mark II
-':momentum selector are calculated in a similar way, except that |
\,ji in this ‘case the probebllity of,trlggerlng the next Mark II
B moﬁentum:selectcr cell>is.muchvsmaller due to the much’lefger

cell width.

TABLE 446

'THE PERC“NTAGES OF EVVNTS TRIGGERING THE MOMLNTUM SELECTORS DUE TO

BURSTS AND KNOCK-ONS

'_“MOMENTUM_(GeV/c)i PERCENTAGE OF EXTRA EVENTS DUE TO'EURSTS
D | | MARK T . MARK II '
100 X 2 X
) o . 1.0 2.6
% o 200, — o 845 | o 1.9.
| 300 by - l.2°
s0 s 06
"-700 ' ' -0.8'_ : . Ol
1000 o 0.2 | ¥ 0;3.

Leb6s4h THE TFFECT OF TF“ HIGH RATE DATA ON THE T‘FFICIJNCY OF THE MARK IT

MOMFWTUM SELECTOR

.Durihg:the operation of the Mark IT momentum selector, the

‘fraction of high momentum events being recorded was too high

-due'fo spurious events being accepted (approximately 2%)
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* . This was the consequence of electronlc faults developing in the

momentum selector. As a consequence of the faults only a two fold

|
i
i
I
i

001nc1dence was requlred

"between two partlcular cells in any two 1evels to register an event.
-as being of hlgh momentum. The normal”frection of high-momentum |
. events is 01015 nhen the momentum selector’is working With'no fenlts;
and the average fraction is O. 018. Therefore the extra events
correspond to 0.3% of the total number of muon traversals and this 0. SA
:should not be accepted as high momentum events. Therefore the
""" :  efficiencies must be amended to correct for this effect.

E he6.5 THE FINAL’CORRWCTED MOME NTUM SELECTOR EFFICIENCIES-

The overall efficlencies after corrections for all the effects
discussed in the previous sections are shown in figure 4.17 for the
Mark I momentum selector and figure 4.18 for the Mark II_momentnm-
selectorQ_For comparison purposes the orere113corrected efficiencies

for both momentum selectors are shonn.in table 4.7,

TABLE 4.7

THE FINAL CORRICTED EFFICIENCIES OF THE THO MOMENTUM SELECTORS

' MOMENTUM (GeV/c) EFFICIENCY OF THE MARK I  EFFICIENCY OF THE MARK II

MOMENTUM SELECTOR (%) ~ MOMENTUM SELEcrOR (%)

é 100 - 13,5 : 9.0
; 150 15.0 . 40.5°

200 200 © 6L
o 300 55.0 | . 80.5.
- 500 89.5 92,0
z 200 9%6.2 95,0

1000 o 99.0 B 97.0

5000 ; 100.0 | 975
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4 6 6 THE MOMWNTUM SELVCTOR TRAY EFFICITNCIES

Apart from the momentum selector eff101ency itself, each
indiv1dual tray has its own efficiency. The theoretical probability of
no cells belng-trl gered’ by narticles traversing MAPS has been _
'calculatea for each tray by halley (1974). Both the spcctrum and the

angular dlstrlbutlon of narticles at each level have ‘been con51dered.

' Using these data and the average measured ineffic1ency of the apparatus'.

over the_duratlon of'the.experlmeht the inefflclency of the trays‘ih:
-__levels»173 and 5 are 0.0iO.E%,'Z.OiO;S% and 7;5i0;5% respectively.

Comblned together this leads to an overall ineff101ency of 8.2 ¥ 0 7%

he?7 THE EFFICIENCY OF THE_SCINTILLATION COUNTERS
In‘order that-an absolute spectrum canvbe_measured-it-is

necessary tc‘know the efficienCy of-the triggeriné'deteCtors
'iwhich-in theAgase of,MARSeare the three scintillation counters.

_The efficiency of each scintillatlon‘counter[has.been'measured

while the counters remained in ‘situ ih the magnet. A small scintillation
cOunter’is placed immediately above or below theICOunter whcse' '
‘efficiency is to be measared.'Two sets'of coincldence,rates‘are
measured, firstly_the'fohrffold coincidencevrate between_the'
) smaller counter and'the three'main sclntillation counters and.

_secondly the three-fold coincidence rate between the smaller
.counter and the two main sc1nt111atlon ccunters whose eff1c1ency
is not being'measured. ThiS'procedure is repeated for several positiohs
_lof the smaller counter w1th respect to the scintlllation counter'
.whose eff101ency is being measured and each of the three main
‘scintillation counters'is treated similarly. The average efficiency'

of each counter JS calculated from tho means of’the two separate
- three~fold and four-fold c01n01dehce rates.- |

The average efficiency of each of the scintillation couhters is

9941 % 0.4%, 96.8% 0.3% and 92. 7 % 0.3% for the counters in levels
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fl 3 and 5 respectively.,This results in an overall efficiency of
88. 9 il 0. 6A for the triggering rate of the spectrograph. The overall
1ive-time of the spectrograph must therefore be decreased by the
_above percentage in order that the effective live-tlme of the

experiment is determined.

448 MULTIPLE COULOMB SCATTERING Multiple Coulomb scattering of the

trajectory of a particle in the iron blocks has the effect of
enhancing the high momentum .end of the spectrum,

This is due to more low energy particles being scattered such that
'they appear to be of a higher momentum than high energy particles _
-belng scattered such that their tra:jectories resemble those of |
low energy particles. The main reasons for this are that there
are relatively more lower energy ’particles and -l'owe_r_energy :
. particles undergo more scattering. - N _
The theory of multiple scatterlng has been given by Rossi and‘
, f , _Greisenv(19.42) and the r.m.s._ displacement < y)__i‘or ‘a muon with -
. _momentum .p (in-GeV/c) traversing a medium of thickness t (in radiation_ ;

“ lengths) is 21 L3/2

<y> = % hoti -

p@
Similarly the r.m.s. projected angular S‘?att.er <0,> is .g;_iven by _
L .<es> EPP [ . ) I TN

_ From equuatio.n 242 the magnetic angular'deflec-tion em' in MARS

o

is Bet/P(b where B is the magn—etic field flux density. Therefore

" the ratio of . | o

S T <0s> a2 S T
. ’ : - .— . .v " . v . .
| . T@n THeTTR . EOUNS.

This ratio is a constant for a given thickness of material and N
when the values of thickness and radiation lengths for MARS are' v

used, the ratios-are 0.12.,' 0.14 and 0.17 for particles traversing |




VA P L G Y

T
i

56

four, three and two magnet blocks respectively.

In order to investigate the effect of scattering on . events

where different. tray combinations are used to calculate the momentum,

a Monte-Carlo s1mu1ation of particles traversing the magnet o

blocks has been made using_the theory of Ros51 and Greisen.
The trajectories of 1000 particles for each of several‘different
-f, incident momenta were 51mulated, and the momentum calculated i
_us1ng the same method as the analys1s programme (ie uSing equation 3.2)s

A histogram show1ng the frequency distribution of the calculated

momentum for particles with incident'momenta of 1000 GeV/c is
shown in figure 4.19 and this distribution is asymmetric. However,

the frequency distribution of the 1nverse momentum for the same

particles is symmetric and is shown in figure Le20. Both the

distributions in the figures are for five tray_fits,'thatfis for

particles traversing four. magnet blocks, The‘ratio of the standard
deviation of the inverse momentum distribution to the inverse
momentum is 0.118 for the‘distribution in figure 4.20. The ratio

has been calculated for several tray combinations and for”several

-different momenta, These are shown injtable 4.8;'for particles '

'traversing four magnet blocks and in:table 4.97for particles traversing

two and three magnet blocks. As can'be seen from the tables the mean

values for each tray combination depend on how many magnet blocks

:lie_between the two extreme trays in_the combination. The values in

the tables are in agreement with those predicted”by the theory.
However it appears that ccattering has a larger effect on three tray:'

fits svanning four magnet blocks than four or five tray fits spanning

Afour magnet blocks, Similarly the scatterinﬂ also has more effect
.»»for the three tray fits than for four tray fits spanning three

magnet blocks.

.-l . o« ) . y 'Y 4
In order to estimate the effect of scattering on the ¥UON spectrum
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. TABLE 4.8 -

VALUES .OF pOr (P)FOR TRAY COMBINATIONS TRAVERSING FOUR MAGNET BLOCKS .

| WOMENTM NWEEROF  TRAY COMBINATION
. (@eV/e)- PARTICLES 12345 1245 1235 135 125 145

© 1000 1000 11.8 0 1.7 - 1L9 131 12,5 12.3

700 400 1.8 © 116 18 . 12,0 12,3 124

P 500 1000 1.y 0 1100 1.2 1.3 11.7 - 11.8
| . 300 1000 1.1 0 11.0 . 11.1° 11.3.  1l.4 - 12.0

2000 OO - 1L.5 . 1l 11,6 11.7 12,3 - 12.2

©100 1000 1l.y . 11,5 11.8  11.9. 12,1 124
MEAN 11,5 1l.p 11,5 11,7 120 12.2

CTABLE 4,9

'.'VALU‘E;S oF ?Q‘('{S)_ FOR TRAY COMBINATTONS TRAVERSING THO OR_THRZE MAGNET BIOMY
MOMENFUM ~  NUMBER OF % %7k TRAY COMBINATION
(GeV/c)  .PARTICLES 123§ 124 123 245
1000 12000 135 1h5 168 1440 |
000 400 13 k30 17.5 1wl ©
‘s0 1000 12,9 13.9 16.9  13.8 “
' "300 1000 1203 13.2 1643 1k

Lo 200 o Twoo 13 15 17.8 1k

100 110000 T 13,3 0 141 17.0 0 lhok
| MEAN 131 1k 17.0 0 1k

Note: The values of Fo‘("'s) in the above tables have been multiplied by 10@).::
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'it is necessary to start w1th a trial momentum spectrum. Since

the deflection of a particle traver51ng MARS 1s 1nverse1y proportional

to the momentum)the ratio of the standard deviation of the inverse -

- momentum dlstributlon-t0~the inverseamomentum 1s;the same as-the_‘.

© ratio of the standard deviation of the deflection distritution
. to the deflection for-a éiven momentum (. 02; = CTE/P). It is, thereforea_:
- easier to work in terms of a deflection spectrum N(l&). ‘The scattered

’ deflection spectrum N'(l&') is calculated from the relationship

M(AY) = —=— | & NA) exp .‘(A‘A'? TN
o JE?F\J( o;. L {. 20, 2 3 f. :

The ratlo of the scattered spectrum to the unscattered spectrum

- at ‘given momenta is shownin table 4. 10 for various values of Ca ,

the scattering constant. The trial spectrum used 1n each case is
discussed and ‘derived inythe'next chapter. However for completeness*

it will be stated here as

. s T0.765 Y x 90 67 5 x 0.52
WEp) G = R BB [Ep + 90 ', - Emr 50 ] S

where I u/i is muon. energy&GeD, Fykqthe surv1val probablllty Of the

' muon at ‘sea 1evel, ¥ the slope of the production spectrum and A

a constant. The varlatlon of the effect of the scatterﬂnv on . tke
spectrum for different values of'K is. small and is independent

of the slope of the soectrum for 2. f+<‘6<2 8. Therefore‘corr'ections
are app]ied to each of" tne snectra obtained for each tray combination,t_'

according_to uhe scattering constant for that partlcular tray

ncombination.-lt-should_bevnoted that the effect of scattering is

~the same for tray combinations{withathe same number of magnet blocks:

between their respective trays (ie for tray combinations 1, 2 and"
L and 2, % and 5, similarly for tray combinations 1, 2._3 and &4 and

2,;3,“4 aﬁd 5)e
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.TABLE g.lo'

. THE EFFECT OF. SCATTERING ON_THE SPECTRUM

o U N . |
'MOMENTUM (p) o,115 -0.120__.' 0,131 0.141 - 0.170
(@eV/c) O NAN/NA) | |

j.'-f‘ 1000 1,035  1.038  1.046 . 1.05 ° 1.085

o e L L vois Low 1ot i
% ] 300 f-',n .dl.oqa.f',’.1;053j- 'f'l.065_ 1.076 '1.113y1
?'\,“fy : 500 © L.os2 1.058  1.071 1.8k 1.3

;' 700 1.056  1.062  1.075 1,085 1.139
L 'iooo S l.058 . 1;o6u' C1.078 1,092 1,145
2000 1062 1.068 - 1.083 1.0587 | 1}1545

13000 - 1.062 ':1.o69 . 1,084 1.099 ﬁf 1.157

7-: 5000 i r:._,1;064f - 1.070,':: 1.086 1.101 | - l.l6l

" 4.9 THE ACCEPTANCE OF THE INSTRUMENT FOR*EXTENSIVE.AIR-SHOWERs
As»discussed:in section 3'5 3, events'mith more than thirty
-columns of data in the top. measuring tray are reanalysed as a
i " separate group. The momentum selector efficiency is different for ;.
. ﬂthis type of event. This can be seen by considerinw an’ event
with more than thirty columns of data in the top measurinv tray

-which w111 in general have more than Tifty cells triggered in the

N momentum selector. Thls means that nearly all particles for which

. ‘ the extrapolated line Joinlng the cells 1n the bottom two trays
%. epasses through the top tray Wlll be accepted by the momentum selector f
'..:'{ as a high momentum event. Therefore any event with a oarticle'

' travers:.nD the bottom four trays and with thevextrapolated trajectory."
'l‘:iingthe end plane of\the-spectrograph-passing_through tray 5is

* accepted as a high momentum event. When reanalysed any event

whose extrapolated trajectory does not pass_through tray 5 is
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rejécted. However évents with particleé which do not pass throﬁgh

. ‘tray 5 in the side plane are accepted and it is-therefore_necessary7

to modify the acceptance for thése-é?ents. This quified acceptande

can be estimated by_considering thehapparent'ingreasé in léngth dy

6f thg top tfay_such.that all particles_traVersing_fhe.bottbm_
'&foﬁr tréys.ﬁould also pass throuéﬁ tﬂe.top‘tray. if the dimehsions

of.thé top £fay.are x:cm-by_y cﬁ, then'the’increaééd.arealbfbthe.“
~ top fréy, At, is.givén.by, | | R

- S = xyra) K9

Therefore the accéptancea which is proportional to thegindreaSe in

%I '>.area of the top tray is'(l_+‘dY/y) Aé wherelAc is the ofiginal_
acdeptanée..Substituting the.valueSffqr'y and:dy; the ﬁéﬁ acceptance
is 649‘cmasr. This ca1culation is.onij_true fdr_pafticiesfbfAinfiniﬁe
momentum; buﬁ_i£>is-c§nsidered adequ§t¢ for'particles whdSé’momentum:'

is.greatef than 100 GeV/c (when the asymptotic limit for thé

acceptance appears to be reached);’Thus'the actual spectrum musf
' be decreased to take into accdunt,thé:ihcreased'acceptance'for'

these particles.

]
1
!
i
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' CHAPTER

| B MOMENTUM SPECTRUM

: 5 l INTRODUCTION

f_ VJ_ . In the precedlng chapter an attempt has . been made to’ calculate

'_the momentum of as many particles whlch traverse the magnet as ;_'

_p0551ble. A correctlon.must-be made to.the momentum-of-each.particle

- to account for the aror in the computed_momentum by adding_the:;~
-'Tappropriate”corrections'which haue been-discussed in'chapter L
:.(table he3). It is convenlent to dlvide the spectrum into three,
:four and flve tray fits; and further 1nto each of the 1ndividua1
- tray combinations. These two sets of spectra are shown in tables

‘5.1 and’ 5.2 respectlvely. The flnal momentum spectrum is derived _

' from these data. The Mark II data are dlscussed in detall and the
' Mark I data, con51sting of fewer events, is dlscussed more brlefly

-_at the end of the chapter.

 TABLE 5.1

THE MARK TT DATA DIVIDED INTO'THE NUMBER-OF TRAYS USED
| | MOM?VTUN RANGE (GeV/c) o
'TRAYS 100~ 120~ 150~ 175- 200- 300~ 500~ 700- 1000- 1500- 2000-

USED | 120 150 175 200 300 500 700 lQOO 1500 2000 3000.:

3 67 98 53 50 12790 34 13 12 5 v
| 4 . 35 499 330 261 619 356 93 58 25 9 7.
5. 5% 102675 575 1092 591 140 63 29 8 5

Toman 1017f1623'1139 886 1838 1039 267 134 66 22 15;

5.2 THE MOMENTUM SPECTRUM

5.2.1 INTRODUCTION

" Due to the m.d.m. effects the data obtained from some three’




‘tray fits above 500 dev/c and.some_four tray.fits_above 700 GeV/c
Lis suspect. lt is'therefore necessary to.use.only five tray fits
‘above 700 GeV/c and four and five tray fits fro 5oo_;b 700 GeV/c

in the final spectrum _ln the'nent‘section,'an estimation is.
made of_the numbers of three;and four tray_fitsfexpected for:
momenta-above 500 GeV/c. An estimation.is also made'of'the-numberf_
"of events with more than two unusable trays for all momenta.

5.2 2 THE PROBABTLITY OF LOSING ONE OR MORE TRAYS

Therelare several reasons why certaln trays areﬁunusable in'a
tarticular event, each-reason'being separately:labelled by the
| computer. The main reasons are'astfollowst - N | 'b E ._ 9

1) Knock-on electrons causing a group of flash-tubes to be

| confuseq | | |

2) A flash-tube inefficiency ;'

3)'Noldata in a column (electronics'fault)’

4) A burst of particles.from.a'magnet block accompanying a
muon (essentially eleyen or.more tubes.in a group or more
than five columns of data in that group);--.

1 The probability of a knock-on electron being detected. 1n a
' tray has been calculated by Said (1966) and is found to be sens1bly'
| independent of momentum. Thus- the first three types oi:tray failule_
are momentum 1ndependent, (the second and third being properties
: of the flash tube trays) and the fourth type (bursts) is momentum
dependent.

Theoretical curves to.predict_the probability of a burst
'accompanying a muon irom an iron block have'been produced by.

: seyeral workers. The curves of Hansen (1975)'and'Said'(l966) are

--fshown in figure 5.1. r1he difference in absolute value for each

set of data -is due to the different minimum electron energy required

for detection by each worker (7 MeV/c and 3 MeV/c respectively).
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The probability of losing a tray due to a burst in MARS can

be obtained by studying the computer analysis. The probability of

a muon being accompanied by & burst can be calculated for various

trays from the analysed data;"It'is advantageous to look at'tray 5

lseparately since this tray is situated above all the magnet blocks,
"and to look at trays 2 and 4 together since these are the only
-»trays which are situated directly beneath a. magnet block. The

_probabllities of a tray being unusable for every other reason

can also be obtained from the analysed data. These probabilities

~are shown in-table 5¢% and are plotted on figure 5.1 so that

' comparisons may be made with the theoretical predictions of Hansen

and Said.

TABLE 5,3

THE PROBABILITIES OF A TRAY BEING UNUSABLE IN THE ANALYSIS OF AN EVENT

MOMENTUM RANGE o N
100-150 150-200 200-300 300-500 500-700 700-1000 1000
PROBABILITIES (%) |

- BURST 1i5to.a 1;310.2_-1.6-0.2 1,210.4 3.440.1 2,300 7.4%3,0
BURST l|..8*0.5' L|-09i003 7001.004 . 9.01.009 10-L|-i105 16001.107 - 9.21-2.5 .
BURST. 5.4%0.2 5.080.1 6.4%0.2 8.0%0.9 9.8%1.0 10.431.4x 11.4%1.5

OTHER 2.9%0.3 3.1%0.3 2.8i0.3.;3.3¢0.6f 3.0f1.0 3.1%.5 10.373.5
OTHER 1.9%0.2 1.9%0.2 2.4%0.2 2.0%0.4 2.8%0.8 2.7%1.3 = 2.6%1.3

OTHER 4.5%0.2 3.920.2 4.4%0.2 4.0%0.6 4.0%0.6 3.9%.0  5.7%L.2

As can be. seen from the data of table 5,3 and fignre'5.l the

probability of a burst accompanying a muon in MARS is slightly
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. TABLE 5.2
'THE DATA DIVIDED INTO TRAY COMBINATIONS

~MOMENTUM RANGE -

| TRAY 100~ 120- 150- 175- 200~ 300~ 500- 700- 1000= 1500~ $2000
COMBS, 120 150 175 200 300 500 700 1000 1500 . 2000

2, 6 9 3 4 122
134 ; ? 2 2 2 L 4 2
a3k k7 4 k103
 1234.". L_;a 46 32-_ 26 59 -“36_-
‘15 3 1007 5 17 W

 wm v W W
M O H W ou H H O

235 n 15 4 0 16 17
1235 59 87 51_' 66 ’141 '95. 20 22
w57 103 7 16 12 3 2
245 20 23 ,‘isl 12 125 18 5 2
1245 127 169 101 62 185 92 23 6
35 '8 10 9 1 -:iu_ 117 1
1345 .32 W0 39 41 110-'53 5 a1 16
235 94 127 107 66 124 82 2l 9
12345 596 1026 756 575 1092 591 140 63 |
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- higher than thelprobabiiity'as calculated by Hansen (1975).

“but the probability varies similarly with momentum.

Also the |
_'slight rlse at low momenta is due to the preferential selectlon g
: og bursts-in tray 3 by the momentum selectorm_Therefore 1t“is
*rgaSBnable'to extﬁapoiate the-curvelobtainedffrom-the-déta for:¢a§s
1, 2, 3 and L parallel to the'cﬁrve'df Hansen. This is shown as éJ |
dotted line in figire 5.1. o |
It can also be seen from the data that the-pfobability of .
~ losing tréy 5 dﬁe-to_a-burst is constant (1.5 % O.?%) and the
y ;prdbability due to any other effect is also constant (3.0 Z 0.3%),
~for Iyu < 1000 GeV/c. The_probability.of.losing.trays 1, 2, 3 or 4 due

to all other reasons except bursts is also constant (4,0 % 0.2%) 3.,(1%2916

It can be shown using probablllty theory that the probablllty

of having a flve tray fit, P5, is defined as
_ RV | ‘Eq

where P is the total p“obabillty of losnng -any of the flrst four '

.trays and PTOP is the prokability of losing tray 5 for any reason

at all. Similarly the probabilities of an event being a four tray

fit (Pq) and a three tfay fit (PB).are defined as

) + P 1 -mk 5.2

3
4P (L - P) (1~ Prop

P#_

TOP

and P

o | ,
5 = 6% - P (1 - Pygp) - 4PTOPP (1-97 5.3

i - sSimilarly the probabilities of it being.impossible to analyse thé 

1gvenm,_Po, P, and P, are

. | R R
PO = . P X-PTQP,' _ : B ..501-!-
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These quantltles have been calculated at ‘the median momenta of

in flgure 5.1 and- the constant probablllties, and are shown in

THE»THEORETICAL PROBABILITIES.OFtAN EVENT LCSING-A GIVEN NUMBER OF: TRAYS

l .

-“table 5 4._

P‘+ (1 - P

4P3 (1 - P) (-

3
TOP) + 4P PTOP

TOP) +

- TABLE 5.

(1 -

6Prop

P)

P2 (

1 -

p)2

- each energy range in table 5 1, us1ng the extrapolated curve

66

K}

Selh

MOMENTUM
© 100£120
. 120-150

150-175
175-200

 200-300

300-500

500700
h7°°‘1°°°,

Prop
4e5%0.4

4051004

4520, 4

oS04 4
L4550, 4

4e5%0. 4‘

be 5*0 b
he520. 4

1000-1500 4« 5%0. 4

1500-2000 45%0. 3

2000-3000 4.5%0. 4

.
8.0%0.,5
845%0.5

9.8%0.5
9;5io;5:

10.0%0.5

11.8#0.5'

14,010.5

16.2%0.5
18}91005'
21.7%0.5

2441%0,5

P5-

68.4%0.7 -

66.9%0.7

- 65.5%0,.7
64e1%0,7

6ab7io.7;

57.8%0.,7

47.1%0.6
41.3io.5
- 35,8%0,5

31.740.4

 52.2%0.6

P4 |

27.0%1.6

28.0%1.6
29.0%1.6

29.9%1.5
30.7%1.5
33.3%L

36.431.3
38, 6 1.2

'.40 3511

L1.7%0.9

P3-

- he2%0.5

4.6%0.6

545%0.6
'5.9%0.6

7.7%0. 6

9.9%0. 7
12.0%0. 7

15,110.8

18.4%0.8
21,0%0.9 -

0" "1

0.4d0,1
0.470.1

P AP+ P |

2

0.0 1+:0 01 ;

0.520,1
uoi?fo,l
1.2%0.2

3.3%0.3

hot¥0. 3
5,620, &4

To check the above-assumptions, the-ratio of the expeoted'to the

adtual numbers.of five,nfour and three tray fits is shown in table 5.5

All the_ratioe in the table for 200 GeV/c to 500 GeV/c are

acceptable for'the higher momentum ranges.

--cloee to 1.00,_theref0re it is concluded that the method is

'1.5%0.2 .
2.3%0.2
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PABLE 5.5

RATIO OF EXPECTED TO ACTUAL NUMBERS OF FIVE, FOUR AND THRER TRAY FITS

'MOMENTUM EXPECTED NUMBER OF n TRAY FITS / ACTUAL NUMBER OF n. TRAY FITS

RANGE 33 by . 5/5
100-120 | 0.6k 0.25 0.78 ¢ d.17' | 116 £ 011,
120-150 076 £0.23 . 0.91£0.6  1.06 £0.11
lnﬂn . 0.92 £ 0.24 _”1mo:mml m%10J1
175-_2'00. .‘ 1.02 0.2 1.01 '1'0,16 _ ._ 0.99 ¢ 0.11
200-300 - : 0.85 +0.20 0.91 £ 0.16 ; 1.05+0.11
"300-500 0.88 £ 0.2 10.97 £ 0.16 1.02 £ 0.12°
500-700  0.78% 0.2k 1.05£0.17 1.00 £ 0.14
700-1000 = 1.23 ¢ 0.32 0.85 £.0.17 . 1,00 £ 0.17

: 5 2 3 COa?]C IOﬂb FOR MULTIPLZ COULO"n bVATTsuIﬂG

The spectrum given in the prev1ous sectlon incorporates the

' scatterlnw of the muon in the magnet blocks. To estlmate,the effect-

of this scattering on the 1nc1dent muon spectrum,_the_average
scattering'for each momentum range'is calculated from the data
.obtalned in the previous. chapter. A theoretlcal flt to the
sea-level momentum spectrum (see section 5.6) is converted to a
deflection. spectrum and scattered. (It is necessary to convert to

a deflection spectrum since the scatterlng is only symmetrlc in_'
defiection and not in momentum.)'The ratio of the scattered to the

unscattered spectra for each momentum is then calculated. The average-

--_scatterlno and ratio of the scattered to unscattered spectrum is

shovn in table 5.6,
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 TABLE 5.6

| THE RATIO:OF SCATTERED T0' UNSCATTERED SPECTRUM XS A_FUNCTION OF MOMENTUM -

 MOMENTUM RANGE .. AVERAGE - - NSCATTERED

(@eV/c)  SCATTERING (%) NUNSCATTERED
©100-120 - 19 '-'_ o -.939;'
120-15%0 ‘11;9 . -  l.om2
150-175 . 19 Laows
| 175-200 . B 11.8 14046
200-300 118 | Lok
300500 . 118 . 1.053
 500-700 1Ly 1057
:s7oofloooff 1 1059

5.3 SHOWERS

| The anaijsed data for the‘showers,.divided into iﬁditidual
tray cembinatiens and into three and four.tray.fits'is showh‘in-
‘table.5.8. These data were collected‘over 4120443_seconds,and as
_:mentioned-pretiously"the-aceeptance_is 689 cmasr. The intensityeof
. muons.in showers has Been calcﬁlated up te 500 GeV/c‘usinv all‘the
 data and up to 1000 GeV/c using only the four tray flts, the number
of three tray fits and the number of events expected to fall

being estlmated using the equations Se 2, 5.3.and 5. 4 with PTOP'T 1.Q.t.

The " spectrum. for the showers is shown in table 5.9. '
As can be seea from the data in taBlea5.9 the muons in showers

'-contfibute #ery little to the overali'snectrum eSpecially-at lower

momenta being 1. 13 X 10 % of the total rate at llO GeV/c and

2.1 x 1071% at 1000 GeV/c.

" 5.4 _ERRORS IN THE MEASURED SPECTRA

There are two types of error involved in the measurement of

%
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TABLE o8

-.'QTHE SHOWER DATA FOR THE MARK IT DATA IN THE FORM OF THE NUMEER OF TRAYS

USED AND THE TRAY COMBINATION USED

. TRAY . MOMENTUM RANGE Eé€V75

"~ COMB 100~ 120- 150- 175- 200~ 300- . 500-  700- >1ooo'
| 120 150 175 - 200  300° .500 - 700 1000
123 T o 2 1 2 2 .1 1 1
12y o 1 1 1 6 = 1 1 1 -3
S LR | 3 _1' o 2 0 1 o 0
234 1 2 i o 3 3 2 2 2
. 1234 13 7 L 7 . 11 17 . 5 1 6
Py 3 6 5. 2 13 6 5 - & 6
e 13 07 w7 wm w5 1 6
ALL DATA 16 13 9 9 24 25 10 5 12
TABLE 5.9

THE SPSCTRUM OF OF MUONS_IN SHOJERS FOR THF MARK II DATA

N(P) SHOWER INTENSITY _
o - S S | OVERATL S -
MOMENTUM N em “stTsec -2g-1,, -1 SHOUER INTENSTTY
RANGE (GeV/c) ™t w°m(G2$/c§E VERALL INTENSITY
100-120 16 2.9 x 1070 2,6 x 1077 1,13 x 107>
120-150 13 1.6 x 1079 1.2x1077 1,3 x 1072
150-175 9 1.3 x 1070 6,5 x 108 2.0 x 1072
| 175-200 9 1,3 x 10710 4,1 x 1078 3,2 x 1073
;" 200-300 24 8.4 x 1011 1.7 x 1078 49 x 1073
| 300-500 - 23 43 x 10711 4,0 x 2079 1.1 x 1072
~ 500-700 10 1.6 x 10711 9,3 x 10710 1,7 x 1072
700-1000 5 2.3 x1072  3.3x1070 7,0 x 1073
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the absolute.momentumjspectrum;,Firstly there are those which

- only affect the absolute.height, that.is_the-momentum independent

‘errors,'and secondly there are those which'affect the shape of

the spectrum, that is those dependent upon momentum.

, The main sources of error are as follows.

1) Error in magnetic field (+ lA)

1_2).Error in measured scintillation counter efflclency (0. 6A)v
3) Error in measured momentum selector tray efficiency (O 9A)
4)'Error in overall acceptance (% 0.%%)
.5) Statistical errors in measured numbers of.particles
6) Errér in calculated momentum selector‘efficiencyi

-7 Errorlin-estimated number of.'lost';eVents.-'

vlThe first four quantities are momentum independent the 1ast three

. being momentum dependent.

An error in the magnetic field of * 1% leads to an error in :
the measured momentum of * 1% for each particle. The spectrum can
be approx1mated by the ~expression

N(P) P = KP"dP,

where N(P) 1s the differential 1ntens1ty, K is a constant P the

,momentum and X-the slope of the spectrum. Since the error in P is

% 19 the error in N(P) is (¥ x 1)%. For the purposes of this work

8§ can be regarded as constant and equal to 3 5. This results in an

_estimated error of 3.5% in the measured intens1ty due to an uncertainty’

in the magnetic field of‘l%, Theeremaining-momentum'independent

errors are straightforward; These errors are all added together

resulting in a total uncertainty"of 3.8 %,
The momentum dependent errors are all similarly

combined by the relation

&* jze

Lt
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where € , . 1s the total error, and £, the individual errors.

The errors are shdwn.in;table 5.10 as a function of momentum

_together with their combined values. The momentum selector efficimhey
~as a percentage has been calculated o - ) .lfor each-

_momentum, as has also the burst correction to the eff101ency. ThlS_

explains the larger errors at lower momentum since the efficienc1es

"involved are much smaller at these lower momenta.

\

TABLE 5,10

'THE_ERRORS ON THE MEASURED INTENSITIES
. ' ERRORS (%) -~ , _
MOMENTUM  MOMENTUM- SELECTOR  LOST EVENTS - STATISTICAL = TOTAL

' RANGE - EFFICIENCY | ERRORS . ERROR
| 1oo-120; 10,7 'o;os. o 3.1 - 11.6-
~ 120- 150 | 46 . 0,05 2.5 6s1"
150-175 L 247 - ~of05 - 3.0 5.1
175-200 241 01 3 5al
200-300 - 1.5 ol a3 2.7
©300~500 o1 0.2 3.1 5.3
500700 1.0 0.3 65 66
700-1000 1.0 | 0wy o 9.1 - 9.2
1000-1500 10 '.'-6,6. . 1845 . 18.5 |
1500-2000 = 1.0 - 0.8 375 3.5
2000-3000 1.0 1.0 60,0 60.0

5.5 THE OVERALL HOMENTUM'SPECTRUM'FOR THE MARK IT DATA

The total live-time for the collection of the Mark II data

'is 1144 hours, 34 minutes, 3 seconds, which is yizony3 seconds.
. Using this time, the overall inefficiency, overall acceptance,
~momentum selectorvefficiency and scattering correction, the:

differential momentum'speotrum‘has been calculated from the



~ Wolfendale (1963) which is given by

72
relationship

« L 100 X ol
Tx Acc = E 8 ME (7, = Pp)

NP = gl x 100

pwhere N is the number ofameasurednparticles'indthe momentum range

Pl'to P2 GeV/c, E the overall efficiency (excluding the momentum

.'selector efficiency), ME the momentum selector efflciency and S

the scattering correction, T is the total live-time and Acc the

'overall_acceptance of the 1nstrument. The differentlal spectrum'

is shown in figurelS.B,'and the»differentialvspectrum times the

'1.effective<mean‘momentum cubed in figure 5.3. The effective mean

momentum.(Pm)_ishcalculated from the_ekpression of Hayman and

fp'
1

1

where ¥ is the slope of the differentlal spectrum.

Py = P

2

The data for the showers has also been- added to thesedata.
The spectrum is also shown in table-5,ll. ‘The errors shown on the

figures.and quoted in the table are only the momentumvdependent

derrors. The errors not affectlng the shape of the spectrum are

-;omlttedy

5.6 THE CHARGE RATIO FOR THE MARK I DATA |

The ratio of the number ‘of positive particles to_the number of
nEgatiVe narticles (charwe ratio).has been calcnlated for the"
data collected by the spectrograph. Since- the actual live~times
for the different field dlrectlons are not the same a correctlon
must be applied to the measured charge ratic to obtain the true_:
charge ratio. For particles with momenta below 500 GeV/c the data -
for'Me three, fourvand five'tray fits are added together, for the

momentum range 500 GeV/c to 700 GeV/c only the data for the four
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' THE MOMENTUM SPECTRUM FOR THE MARK II.DATA

' A“TABLE 5,11

' MOMENTUM - MEAN MOM. N

L RANGE  (GeV/c)

. 100-120 1095
120-150 1338
150-175 161.8
T175-200 - 18649
1200-300 24247
300-500 38l
5004700 587.5
-700;1005 829.9

'1000-1500  1211.9

1500-2000 1722.8

2000-3000  2423.9

11623
1139

886

1838 -
11039
233
121

2

i
5

cm

- DIFFERENTIAL INTENSITY
(including showers)

(N(P)) -

2 =1

8T
2.éo_x
' hl.25*x-
6.56 x
 Le20 X
31;74_x
4.62 X
9.31 x
3;26 x
ll9;Ol‘i
2494 x¢
1.04 x

10°

sec-l(GeV/C)-;

1077

-8
-8

10
10

1077

10710

-10
10”1t
10

107

1078

-11

ERROR
%)

11.6

6.1

5.1

51

2.7

3.3
6.6
9.2

1845

37.5
© 60,0

73

: N(P) B
em “sr Lsec N
(GeV/c)<
0.340
0,299
10.278
0.27h
0.2k9
04223
- 0.189
0.186. -
04160
- 0.150
S 0.1h8
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_directions are 2.26 x 10

(L3

| and five tray fits are used and above 700 Gev/c the data ‘from only

.'"the five tray fits are used. This is to ensure that the data used

for calculating the charge ratios are. well below the respective

_'m.d.m.s for the respective number of trays used. The formula used

| for calculating the charge ratio,.C.R.,lis-given by ' -

t o e . . _
- c,.Rq = t,-. - ..-/“-c » ) - . - 506 .
o QF +-N”_ ‘>¢_

.vwhere q"?c and'qpf are the. corrected'numbers of positive-and

negative muons respectively and where h}. -and qpf ‘are the numbers

of pos1tiVe particles measured in pOSitive and negative fields

drespectively. NF‘- and QP- are similarly definedvfor negative=
:particles and t and t are- the total live-times in pos1tive and
' negative fields respectively. Table 5 12 shows the numbers of

'particles measured in- each field direction, together With the

momentun range and charge ratio.,The error-in.the charge ratio d.

( § C.R.) is calculated as follows:

§C.R. = C.R. % - == s

P

The respective liVe-times for the positive and negative field
6 6 '

seconds and l 86 x 10~ secondS'for the

. Mark II data respectively. Thus the ratio of live-times for the

two field directions is 0.82, The data are shown-in table 5.12

as a- function of momentum arranged in order of field direction,

_:charge and number of trays usedy together With the calculated

“charge ratios. Figure 5¢4 shows the charge ratio as a function of

f

.momentum.
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5.

(TABLE 5,12

" "pHE CHARGE RATIO (MARK II DATA)

FIELD MUON TRAYS 1
© CHARGE USED

+ %

Charge ratio

' ; $ Chafge' ratio

'+ TFour and five tray fits. ¥

MOMENTUM RANGE

00~

7120
25
s

9

J11Y
- 8%
”_93:'
6y

174
172

140

" 110

135

0.08

120~

_ 143._ 97 '.72

292

0.11 0410

700~ 1000~
1000 2000

500-
*700.

200~
300 -

175~
200

150~
175

300~

150 500

30 19 1 w2 2h 12,_5'5 .

25 15 17 29 22 9

0 b,
23 13 15 30 20 -7 3 6
‘20 6 7 26 24 6 4 3

170
1527

120 35 13  '12k~
133 90" 757 |
132 79 65 164 92 2 14 4
oL -~ 64 51 133 57 15 16 6

222 15 12

29k 200 40 17 14
153 4 20 6
7 28 1y 1L

205 90 28 12 6

319
306 .

221 194

206 141
249 . 189
191

130 262

140‘ 110
1.25 1.43 1.53 143 1.16
o + * B I
0,08 0.12 0424 0436 038

1,32 1e34 1435
0.11
Five tray-fits 

5.7 THE DERIVATION OF THE PION PRODUCTION SPECTRUM

5.7.1 INTRODUCTION

Muons arriving at sea level are the decay products of pions

. and kaons produced in nuclear 1nteractlons orthe decay products

of nuclgar.active particles. It is possible to calculate the -
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.expectedimuon'spectrum which would result,from_given'pion and
t.kaon productionfspectra._In this section an attempt is made to

: estimate the slope of the production spectra and also the contribution

to the sea_level spectrum from kaons.
5472 THEORY R
Using the diffusion equation of plons in the atmosphere'
~the muon production spectrum has been calculated by several workers
.(Smith and Duller (1959), Bull et al. (1965)). Most of these workers
h»g,‘l base their studies on that of Barrett et al, (1952). The production
' spectrum is then extrapolated to sea level, The process is_repeated
.'for kaons.and the resultlng.two sea:level spectra combined,
Several simplifylng.assumptlons are-madehin the model. These

simplifications are listed below, together with the'final_theoretical

expression; the derivation of which is not:considered here. The
=assumptions"are as follows: | | |
l) that the plon and kaon spectra follow a power law given by
. o AE_‘ where A is a constant the partlcle energy and Pe
? | the 810pe of the spectrum |
2)pthat all particles travel in the vertlcal direction (ie with

no transverse momentum)

B)chat all muons are produced at ‘the same depth in the

atmosphere (1e 100 gem 2)

_4),that'the atmosphere is isothermal (A further correction is

made later for this assumption.)

5) that the relation between'the muon'and parent energies is
constant- .

6) that the interaction lengths for protons and pions are
the same (ie lZO_gcm;Z). .

As previously'stated, thevstarting point for‘the model is the

diffusion equation for pions which is
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dy  AxExT o Ng m,:c2 N -
2 W A\ T % T T E 28

_Thehtermshon the right hand side represent the“producticn of'uions
in nuclear 1nteractions, the lcss due to interaction and the loss
1due to decay 1nto nuons.. The symbols have their usual meanlng,- L
')\ belng the proton absorption length m,; the plon mass,T-,: '

i the pion lifetime and’ Q Qy) the atmospherlc denslty at depth Ve

| The muon spectrum at sea’ level due to pion decay alone,
'calculated from the above formula and u51ng all the assumptnons

stated earlier is.given_by

-1
_" -m‘ 'BW

, -where Ep.iS“the muon energy, Z;E,lthe energy-loss.from production,.
Rp.the muon survival probablllty to sea level and r,; is the fractlon
of the pion energy taken by the muon. ThlS is approximately equal
_to the ratio of the partlcle masees (ie 0.76)s Bx is a constant
jenergy dependlng on the rest mass and lifetime of the pipn and is
taken as 90 GeV, |

Equation 5.9 must-bermodified to includefthe muons produced

“from decajing kaons and“therefore becomes

| » ? x-iBm ."erlBk o
| ~ I | K 2l |

where k is the kaon to pion ratio ai prcducticnvand r, and B
are assigned the values 0.52 and 450 GeV/¢ respeCtively;

5.7.3 THE COMPARISON OF THE MEASURED AND THVORhTICAL MUON SP CTRA»

Using equation 5.10 the best fit_to.the'sPectrum obtained



"in-"section S5e 3'has'been calculated as-a function of k, §. and A
which are the only unkno"m quantlties in equatlon 5e 10 The method

used is a simple x2 test, the best fit belng defined by the

' minimum value of %2 where %2 is given by

1 12 o I
'x.t=. Z —-98-—1-—9— . S

where I'Q; I, and'Slo are the rheasured intensity, theoretical

'intensity. -and the error on the measur_ed intensity respectively.

567k THE BEST K/7% RATIO |
With the xa test used to determine the'best fit"to

the data the value of A is allowed to vary for partlcular values

of ‘the K/ K ratio (k) ‘and the - S 'slope of the production f
'. spectrum (8) in equatlon Se 10. xa is calculated for each set of
values and the mlnlmum value of 'X, determlned. It is found that -
several combinations of k and _K give 'X, 2_ fits which are better
than the 90% confidence level. This is mainly due to the large
: statistical errors.-in the hig;h mo.mentum region of the spectrum..

-:i ' A graph of the best value of the K/T¢ ratlo as. a function of 8 is

shown :Ln figure 5. 5. As can be seen from the flgure the value of
_ E X-requlred to give'the bestx f:Lt to the data, 1ncreases as the
v .K/n ratio increases. The minlmum values of 7(, obtained for

each K/7E ratio are shown in flgure 5 6. As can-: be seen from the

_ flgure, ‘no actual value of X/ % can be deduced with any c-ertalnty.
_..How_ever,' it is considered that the K/‘IL' rat‘_io lies between 0.05-

. . ando. 25. ) | |

| In order to obtain a value for 75, a particular value of the
K/7E ratio must be taken. Several workers have predicted" values
~for the ratio using the results obtained_at the Intera'cti_ng Storage

Rings (CERN). "."L‘he results_ of several of these workers (Hume, 1974,

Adair, 1‘3’_71+,' mlylen ot al.,- 97k, Morrison and Elbert, 1973)
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¢ are shown in table 5.13.

As can be seen from table 5 13, the values of the K/n ratlo

obtained by all these workers are s:l.milar and therefore the mean ‘

.value of O. 106 is used in all the following calculatlons.

‘5, 7 5 THE LOGARITHMIC SLOPE OF ThE PRODUCTION SPECTRUM

Using the value of the K/7f ratio obtalned preva.ously,(o 106),

the .. values of x for various valuesvof % are calculated,

'_:and are shown in figure 57 As can be .seen from this.- figure'

_the best value of & for the given K/T¢ ratio is 2. 592 %o, 00l+.

- However it -should be noted that a small .change in. the value of the'
) K/7C ratio would lead to a change .‘in the value -ot‘ ¥ as can be seen
.from -figure_ -5.5. __Using the.values ofi-K/Tt' and & as c.alculat'ed a

"'p.lo't of minimum X against the scaling factor (A) is shown in

figure 5. 8. Thus the values of A, K/7C and X whlch give the best

fit to th_e. present data are .0.1456, _0.106 and 24592 respectively. .

CPABLE 5.1

THE K/TC RATIO OBTAINED BY OTHER WORKERS

 WORKERS . /R

| Hume (l9'7l+) | . O,‘.llo'é

- Adair '..'(1974-.) L '0;_099' |
Erlykin et al. (1974)_ ‘0.1.35_
Morrison and Elbert (1973) ©0.088
.OVERALL -MEAN : L 0.106

5.8 THE BEST ESTIMATE OF THE SPECTRUM

Us1ng the values of K/K , ¥ and A obtalned in-the prev1ous

i sectlon, the theoretical spectrum has been calculated. This

 theoretical spectrum is compared with the measured 'spectru'm'v by

~
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considering the quantity, D, where
.

OBS

NoBs

= Moy

- where NdBS and Np,, are the observed and theoretical estimates

.of the spectrum respectiveiy. This quantity is shown as & function

of momentum 1n figure 5¢9. The error bars in- this flgure are

’vthe statistical errors derived from the data. It can be seen

from the figure that the theoretlcal fit is best in the momentum _

range 150 ~ 700 GeV/c and it appears that the measured spectrum
'”is flatter than-the theoretical spectrum above 700 GeV/c. Howeverv

_.the errors on all the p01nts above this energy are 1arge enough

to allow the two spectra to be compatible across the whole energy

range.

5,9 THE MARK I MOMENTUM SELECTOR DATA

'As mentioned previously in this chapter, the Mark I data

 consists of much fewer events and hence the statistical errors

on any meaSurements'of the spectrum derived from thése data are

very large. Thesedata wereused mainly for test purposes involving-
the computer analysis programme. However, .for cOmpleteness,.the
momentum spectrum has been calculated using the Mark I momentum-

selector data, in the same manner as the spectrum was calculated

~for the Mark II momentum selector data, (ie_including'showers

and inefficiencies)s The total live-time for the collection of this .

~data is 494311 seconds..

For‘he Mark I momentum selector data there is an addltional

' source-ofllneff1c1eny; where the computer recelved no measuring

'tray flash-tube data for any of the five trays. These’events are
referred to as 'Jo'Data's'and are assumed to be due to electronic

faults causing no high-voltage pulse to bYe applied to the memasuring

- trays. This effect is assumed to be momentum independent and a
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flat increase in the overall rate corresponding totthe:rate of -

'no data's is applied to the measured data. The "no data'e

-recorded are3 4% of the recorded events.

The dahaareshown in table Se 14 in terms of the - number of trays

”used and the momentum. ranges.The calculated spectrum and charge
‘ratio 1nc1ud1ng all the corrections 1s shown 1n-table»5.15 and the
-speCtrum is also plotted on'figure 52. As can be seen from-figure

__5.‘2, the data from the Mark I momentum selector is cons1stent

with that obtained using the Nark II momentum selector. The Mark I .

-tmomentum selector data has not been used in any calculatlons

:and_willvnot be used for comparison purposes. The overall charge

ratio also agrees with the Mark IT momentum_selector data and is

'1.24'i.0.16._As can be seen from table 5,15, the errors on the l_

charge ratio are extremely large and no conclusions can be drawn

from the results.

5.10 COWCLUSION
‘In thls chapter the data has been used to measure the charge

ratio and the momentum spectrum of muons arriving at sea level,

~and the.slope of the pion production spectrum has been. estimated.

- In- the following'chapter; these results will be compared witn those

obtained by other workers..
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 DARLE 5,14

THE MARK T DATA

- MOMENTUM RANGE . TRAYS USED |
R S S S
©150-175 3 2w
1752200 o 15 33
o 200-300 o 13 ¥2 - 5% . 107
. m0-500 . 1o 3 w83
{ . 500-700 2 w8 1w o=;m
? », 700-1000 1 9 L 12
| 1000-1500 s 3. s 13
 1500~2000 2 2 1 5
~ 2000-3000 0 1 1 2
TABLE 5.15
| THE.MARK I MOMENTUM SPECTﬁUM
* MOMENTUM  DIFFERENTIAL INTENSITY DIFFERENTIAL INTENSITY  CHARGE
 RANGE en™2er"Leec™L (ev/c) L B 'RATIO
| S ' = %srtsec ™ (Gev/e)?
| 150-175 6.83 x 1070 | 0.300 -
| 175200 mpx100® S 0.293 -
f © 200-300 1.92 x 1078 0.283 1.38 * 0.28
| 300-500 3.2 x 1070 . 0.184 . 0.98 ¥ o.22
§ _ 500-700° | 1.00 x 1077 - %210 1.0 % 0.78
. 700-1000 2,49 x 10710 041y T 1.20 ¥ 0,72
1000-300C 2.58 x 10711 o 0.104 | 0.75 * 0.60
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-'CHAPTER 6

COMPARISON WITH. THV RWSULTS OF OTHER VORKERS

, 6.1 INTRODUCTION
| It is. not intended in: chis chapter to give a complete review

- of ‘all the'results_of all the workers,in the field covered by

" the present experiment. However it is intended to consider he results o

of some recent experimentsvand tovcompare them with the results . -
‘of the present experiment. | |
‘ ‘The vertical sea-level muon momentum spectrum has been derived.
by several methods. There have been and are at present several
;'spectrographs operatiné_of a s1m11arltype to MARS,_most being of the
air-gap typee It is the results of these experiments which’can best
be compared with the results from MAPSt The energy spectrum above
1000 GeV has to date mostly been derived from the results of
measurements made deep underground. The sea-level muon spectrum is
derived from these measur ements by cons1derinv the range-energy
relationship for the rock traversed by the particles before reachingt
 the detector;_The uncertainty in this relationship leads to-the,l
derived spectra having large errors on. all the pOints. ”

Another method which has been used is to combine the spectra

_ measured at various inclined directions to derive _the vertical spectrum.’

'.The spectrum has also been derived from measurements on

l‘electromagnetic bursts in local absorbers and from measurement .
of the ¥-ray flux as a function of atmospheric depth,

The starting pOint for the comparisons made in this chapter
will be the results_of Hayman and Wol fendale (1962). Earlier -
dmeasurements have not.been considered, as many such results have
;bbeen:superceded by much more detailed measurement especially in

the region above 100 GeV/c, the region covered by the present
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experiﬁent. The results from each of the mainfspectrographs will -~ = =

_be dealt with in turn, the indirect measurements being discussed

fatrthe end of this chapter., .

The spectrum'whioh is used in all,the'compariSQnseiS"the
best fit spectrum obtained in the previous chapter._Fbr comparison

with the actual experiméntal values reference can'be'made to

figure 5.9, which shows the deviationﬁof'the'eXPerimental points

'fromlthe-final ‘best fit curve.

6 2 MAGNETIC SPFCT?OGRAPH MEASURAA“NTS IN DURHAM

o 6 2 1 THE HAYMAN AND "OLFENDALP SPFCTRUM

The results of Hayman and Wolfendale'(1962) were obtained
us1ng an air-gap magnetic spectrograph with Gelger tubes and neon
flash-tubes as the track location elements. The-authors—have»fltted-.
a_theoretical:spectrum similar to the one used ip this.work-in
the momentum range 128 to 1640 GeV/c,.assuming that the K/ R ratio .

is zero. This yields a value of 2.67 % 0.10 for 8 with the 7@2 test

vglv;ng a 90/ level of signlflcance. The med.m. quwoted for this -
_ apparatus is 657 112 GeV/c. Thls means that any measurements

_ above such a momentum must be xegarded as suspect.

The Hayman and Wolfendale spectrum has beea modified by
storne'et'al.v(l964) to correct for an instrumental biasuand'thisp

modified spectrum has been combined ﬁith the muon spectrum obtained

by Duthie et al. (1962) (using the intensity of ¥ -rays in the

atmosphere) ih'order,to extend the high energy limit of the

spectrum to 7000 GeV/c. -

Aurela and Wolfendale (1967) modified the Hayman_and wolfendale

"spectrograph by inserting a solid iron plug to increase the measured
. flux of partioles traversing the instrument. This resulted in a spectrum

up to 116 GeV/c. However these results were combined with the

underground range spectrum of Achar et al, (1965) and the underground
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burst'spectrum-of.Verhov et_ale (1966) resulting in a spectrum
up to 7000 GeV/c. .
A1l these eXperiments:haue_the‘drawback of not being absolute

_measurements, and'have all beeh'normalised to the so-called

i o Rossi p01nt at 1 GeV/c (Rossi, 1948). However, recent measurements

| jof the absolute intensity at 1 Gev/c have shown the Rossi value
f*to be approx1mately 20% too low (Allkofer et ale,’ 1970). All these

é N 'spectra therefore have to be renormalised to the Allkefer.value--

; ;,. at 1 GeV/c and these renormallsed spectra arevshown’together’

% : 'With the pregent result (unnormalised) in figure 6.1,

The Osborne et al. spectrum is seen to be in good agreement

with the present results in the momentum range IOOhGeV/e.to 700 GeV/c, .
'Abovevthisbrange-the present.results indicate‘a much.higher intensity
of approximately,éb%_at 1000 GeV/c rising to 50% at 2500-GeV7e.
'This.islprobably uue to nermalisation errors in using'theax -ray -

- data to pfedict the high eneréy region.of the spectrum. ' |

“The Hayman and Wolfendalevspectrum is lower in absolute

value but when corrected for'blases (0sberne et al.) it is in
agreement with the present results as:mentienedfabove.

| : _ - o _
3 I . This is again considered to be due to the normalisation

_errors for the region above 100 GeV/c wvhere indirect methods

: haveubeen used to derive the muon spectrum. The relative difﬁerences
between the present data and the several spectra (normalised
to the 1 GeV/e point of Allkofer) are shown'in figure-6.2.

.6 2.2 PD“VIOUS ?ESULTS USING THE MARS SPECTROGRAPH

The momentum spectrum has been measured using only the momentum

selector trays of MARS up'to'approximately 700 GeV/c. These results
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.are given.by.Ayre et al.'(l9?5a)and Whalley (1974)"This spectrum
'is also shown in figure 6o l and the relative difference from the
'present results 1s shown in. flgure 6 2. It can be seen from the

_figure that the results of this experiment are in good agreement

with the present results, the maximum dlfference being approximately

_ 9A. Such a dlfference is covered by the statistical error on the

rpOlntS of both.sets of data. It-should also be noted that the errors

whlch do not affect the shape of the spectrum are not necessarily
in the same sense for both sets of data.

These data from MARS have also been used to predlct the

_plon production spectrum 1n the momentum range 20-500 GeV/c

1[(Thompson and Thalley, 1975). The results give

+ 0. 039

8 = -.2._540 0.036 for 100 GeV/c<E.m<7OO GeV/c

-using a K/m ratio--'-of 0. 685; If,. for the preséﬁt data, theg / TV -
-'ratio were taken to be o 085, the ‘6 required to g;ive the. best fit

© would be approx1mately 2e 58. Thus the present data gives a slightly
:-larger value of K than the prev1ous ‘results obtained from MARS,
"although it must be noted that the present data extends over a

much.larger energy range (lOO 3000 GeV/c) than the previous

results (100~ ?00 GeV/c)

6.5 THE RESULTS FROM SPECTROGRAPHS IN OTHER PARTS OF THE WORLD

" There are_several Other spectrographs from which data have

. been obtained on the muon spectrum above 100 GeV/c. Most of the

results suffer from large statistical uncertainties, due mainly

to the small-acceptances'of'the instruments.'Homever, the overall
results from .some of these: spectrographs are discussed.

_The-results from-Durgapur;'India have been reported by

Nanéi and Sinha_(l972); The solid iron spectrograph has an acceptarnce

of 11.6 cm®sr .and a quoted m.d.m. of 985 ¥ 25 GeV/c. The results
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“are shown in-figure 6. 3.'The authors have fitted the uSual

’Utheoretical model and obtained the value for'K of 2.61 O 03,

with a- K./It ratio of zero. This compares with ¥ = 2 54 for the

Jbest fit to-thevpresent experiment with!(/?t -'0. However there
-1is no dlscrepancy between the experimental p01nts and the present
- best estimate of the spectrum._These results have been normalised

: to the Allkofer point at 1 GeV/c.:

There have been many measurements of the muon spectrum made

- at Kiel, Germany,-the most-recent results us1ng the Kiel spectrographr
'; being reported by Allkofer et al. (l97l@,.Again the results are shown_"
‘f,in figure 6. 3. The best flt value for K and theK./TE ratio are |
. 2 63 and O respectively. These results again give a high value'l.

~ for § and a low value for the K/‘N: ratio compared w1th the present

experiment. There is however no discrepancy between the experimental

:..points and the present data. These data points have been combined

- fmith the results from the smaller spectrograph and with the

'__absolute intens1ty_measurement at 1 GeV/c to obtain_the_absolute

spectrum over the whole momentum range 0 2 GeV/c to'lOOO GeV/c.;

The spectrograph at Nottingham ‘has produced two main - sets

;of results, the first belng reported by Baber et al, (1968) ‘and

: the second by Appleton et al., (1971). These are both shown in

figure 6 3. The usual best fit spectra give 2 65 * 0,03 and -

2a73 - 0.02 as* the valuesfor K forK /T equal to zero, and the

'_'1atter gives ¥ as 2 745 for aK /1C ratio of O, 20. These results are
'both lower in absolute intensity than. most of the other measurements f.
fand the spectra are also somewhat steeper. A possible source of .
_such differences is the event reJection in the analys1s procedure.
’ ;Homever, it is. difficult to env1sage a EOA loss of events above:
100 GeV/c, even though reJection-of events becomes 1ncreas1ngly

“likely due'to'bursts accompanying .the muon,. with increasing-momentum.'
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The spectrograph at College Station, Texas, has been used

'.ff to derive the spectrum up to lOOO GeV/c and the results have

“been reported by Abdel-Monem et al, (1973). However, since there

1s only one data point above 100 GeV/c it 1s difficult to give

"_much weight to such a spectrum. The usual theoretical model was

fitted, giVing 1§ as 2.67 and using the K/TC ratio-as zero, and
'1aextrapolated to give ‘the spectrum up to. lOOO GeV/c. For . |

: completeness the one data point is shown in figure 6e 3.

6ie 4 THE BUQNETT ET AL, SPECTRUM

‘The spectrum derived by Burnett et al. (1973) using the
'UCSD spectrograph at San Diago, California, deserves. special _
"fmention. The spectrograph has an overall acceptance of 1500 cmasr'
and has an medem. of 2500 GeV/c. The solid iron magnet has been
i used at eight angles from O to 82 to the vertical.AThe spectrum_;
_at each angle has been measured and the results combined to give
a vertical spectrum with small statistical errors. These results '
have been increased by 15% to allow for the effects of resolution.
and multiple scattering, from the-data in-the-original-papere The'f
results are shown in fisure 6 4 from which it can be seen that the .
1 absolute intensity is. still approx1mately 15% lower than the present
results. The slope of the production spectrum (u31ng a’ slightly
.different method from that mentioned in chapter 5 of this work)
is given as 2 715 = O ,15. The relatively lower intenSity might -
be due. to -the approx1mations used in combining the spectra measured
' at each angle and the high. value of K is con51dered not to be
-fvery significant especially since different models were used o

to calculate K in the present and the Burnett et al. spectra.-

t_: However it is. conSidered that more work is required in this field

as it might be possible to derive the vertical spectrum from the

results of the many horizontal spectrographs now in operation.

88 -
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6.5 INDIRECT METﬁbDShoF ﬁEASURING THE SPEC?RUth' _

‘,'As mentioned-previously'there arefthree-mainAmethods of
measuring the muaon spectrum. The measurement of X-meys in the
.atmosphere has been used by Osborne et al. as discussed previously. '
_lThe other two methods of burst measurements in absorbers and intenSity
Tlmeasurements deep underground will be discussed in more detail.

Burst experiments are usually made by sandwiching detectors
'between absorbers so that the development of electron-photon.showers.
can be studied. From measurements on the numbers of particles in’
_such a shower the muon energy can be estimated, us1ng the theory
of electromagnetic interactions. However the problem of fluctuations
'due-to the non-continuous Bremsstrahlung energy. loss'makes detailed '
calculations difficult. Such problems have been discussed by
-'several workers (eg Kiraly et al., 1972). )

Measurements underground also require detailed knowledge's
of the nuclear interactions and . electromagnetic interactions,
in this case in. the rock above the detector. This is not .
'straightforward due to the difficulty of obtaining geological data o
on the rock., Again fluctuations in- the energy loss due to' |
'Bremsstrahlung radiation causes difficulties. The effect of this
-.has been estimated by means of Monte Carlo type simulations by
'several-workers and the results are also_discussed by Kiraly_et al,
Detailed knowledge of nuclear interactions'is also lacking,
_especially at high energies, hence making spectrum derivations
difficult. .

Two recent surveys;on‘the indirect:measurements on the muon
spectrum have been made by Ng et al. (1973) and-Wright'(l??E).

.The results of these surveys arevshown in figute 6¢5, together with
' the'present best fit spectrum, in the form of an integral spectrum

multiplied by the’momentum’squared. The present spectrum appears
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Flgure 6-5. The results of two recent surveys on

- the results of indirect measurements

- of the muon momentum spectrum
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tofgive a'higher intensity:than the underground measurements

 from the survey ofeNg et al. for muons with momenta greater than
300 GeV/c. The best fit. value for K-i_s_ quoted as 2.69 % 0.03 for

‘energies greater than‘300 GeV/c. This value of U’iswsomewhat

higher than that predicted by the present results. The survey of

-VTight is chiefly concerned with the momentum range 5-1000 GeV/c

_hand these results are in good agreement with the present results,'

giving a slightly higher absolute intenSity than those of Ng et ale

6.6 TBIE CHARGE RATIO

' The charge ratio calculated from the present data is shown

'in figure 6 6. Als0 shown in this figure is the data from some

of the experiments.preViously mentioned,in this chapter. Ther

’present_data has large statistical:errors, but thejdata->
;is‘in-goodVagreement‘withithat of other_workers (Ashleyvet al,,
:1975, Baxendale'et ale, 1975,‘Allk0fer'et als, 1971 (0)) and |

- would appear to- be constant over the momentum range lOO 2000 GeV/c.

6. 7 CONCLUSION

The comparisons with most of the other experiments, both

~ direct and indirect show that the- value of § obtained in the

]present experiment is smaller by approx1mately ZA to hﬁ excluding _

the previous results from MARS._The previous MARS data have been
fitted to two production spectra, With two different values of

¥ sor Ex >70 GoV and Exp< 70 GeV. All other data has been -

;fitted over the whole momentum spectra'from energies of the order

of 1 GeV/c and as such the low energy points Wlll give much greater

'weight to any derived production spectra. Thus if there is indeed

- a change in slope in the production spectrum at approximately

70 GeV/c then data fitted over the whole momentum_range from

5 to 1000 Gei/c will have larger values of ¥ than data fitted

. over the range 100 to lQOC GeV/c. It is also interesting to note
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.tnat all the'present experimental.pOints above 766 GeV/c:iie'abeve.
" the fitted-épectrum. ThiSIWOnld prebebly indicate an even enaller
value of K for.the present'experinent. It is:difficult to cempare
_data from other spectregraphs due to large experimental errors_

on the. data points above 100 GeV/c for.. the other spectrographs. .
_The only data being of 31milar statistical accuracy to the present
"experiment is’ the spectrum of- Burnett et al. obtained by combining
_the spectra at various angles. o |

| It is also diffieult:tO'conpare'tne date'frdm'indirectlmeasnrements :
'_ofﬂthe_speetrum since the-difficuities.involved in deriving;such'
"snectra frem the data are great. Itiis concluded tnet-more'measurements.”-
.are_required'using magnet spectrographs in tne.region 100-5000 Gev/c;
“yielding data points with more statisticai.aCCurecy. MARS is at
.present stillzeoliecting data and'such data will provide more

accurate_meaSurements up to 3000 GeV/c.
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CHAPTER 7 .
CONCLUSION

7.1 . CONCLUSIONS

A short summary of the results obtained in the work is given .
_here. The main:conelus10ns drawn.from the present results are~that
.the-slooe of the pion production spectrum and-the-muOn spectrum
;is'flatter;than‘has been:suégested b& other workers. This,.itris
concluded, is.due'to“fits'being made to the whole muon spectrum
'fromimomente’of.approximately 7 GeV/c up to lOOO_GeV/c. Tt is thought
:thétvthis is incorrect and there appears to'be a chanée'of sloﬁe

in the pionrproduction_spectrum'at about lOO'GeV/c,'Thus-the.results
of other'workers are biased towards the.slope below 100 GeV/c
rwhereas.the'present'experiment»only uses data above 100 GeV/c.

Thus the results of the present experlment support the previous
results obtained using MARS (Ayre et al., 1975) in predicting a
flatter production spectrum, | _

The absoldte'intensity of the:present:results are in agreement
t(within stetistical accuracy)’witn the reSults of other spectrograph
experiments; HOyever the survey of‘Ng_et al (1973) of.indirecti
"measurements gives a mdch lower'ebsolute intensity eb0ve momenta of
| lOOO GeV/c. It is therefore concluded that more work is requlred
to resolve these differences. The analysis of the remainder of the
~ data obtained from MARS Will.improve the statistlcal accuracy of
the presentvresults, especially in the region above 1000 GeV/ce . -

72 FUTURL WORK

)]

The MARS spectrograph is still collecting data which, &as mentioned
previously, will improve the statistical accuracy of the present
results. The data is to be analysed in the same manner as described

in this work. The amount of data collected to date will approximately
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;halve.the statistical errars (see figure 5.2) Using these results _
:it should be p0351b1e to determine a value for the K/1$ ratio
f&which was . not poss1ble using the present data due to 1arge statistical
errors on all the data points.’ ’

For Me purposes of this work many potentlally useful events

' were reaected, and then corrected for- 1n order to obtain the absolute
spectrum. Such events 1nclude three and four tray fits w1th m.d.m.s
ffor their particular tray combination above the smallest m.d.m.
:for a three and. four tray fit. Thus 1f the expected number of each
particular tray combination is predicted then some of these events
'can be used, thus decreas1ng the corrections which must be applied '
- to the data to compensate for such rejected events. This was not
'epossible in the present experiment due to the small numbers Qf events :
above 760 GeV/c in each tray combination.'However'with the new MARS
jdata; the nunmber ot events should be increased fourfold and hence.
’such a procedure as mentloned above should be possible to enable a
momaaccurate determination of the spectrum to be made.
| It may also be possible. to extend the measurements above the
| theoretical m.d.m. of 3000 GeV/c by using the 'best fit' events, |
that is those‘exents'with low option fits to the tray data in each-
of the'five'trays. The m.de.nm. for suchuevents is-hiéher than 3060.
GeV/c. However the-number.of these events is very:small andg it is
. possible that too few events of'this type may he collected to

enable_such-a procedure to be used successfully.
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