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ABSTRACT

The sca-level vertiiczl muon differential momentum spectrum haz been
measured using the Durham spectrograph MARS in the region 20 GeV/c to
500 GeV/c, The instrumental biases have been studied in detail and allowances
made for the particle detector inefficiencies io render to weasurement
absolute.

A simple muon production and propagation model has bgen used to predict
the pion and kaon production spectra from the muon spectrum measurcments.
It has been found impossible to fit, with any degree of significance, a constant
exponent power law pion and kaon production spectrum, having a reasonatle
value of the K/m ratio (0.15). A better fit is obtained if the exponent is
allowed to increase with momentum, and in particular a model with two values
of the exponent has been fitted.

The muon spectrum has been extrapolated bhoth above and below H50C GeV,c
and 20 CeV/c respectively, and at low momenta gsod agreement is [ound with
the recent "form fit" of De et al. (1972). The present resulis are compared
7ith previous and contempary measurements of the muon spectram with the
conclusion that there is no evidence, from other receni measuremenis, ihat
they are incorrect. Comparison with surveys of indirect measuremenis at highex
energies however suggest that the mvon speetrum“cannot continue din this
enhanced fashion much beyond 10G0 GeV.

Finally an absolute integral rate experiment has been performed using
MARS as a range spectrograph, and the intensity above 7.12 GeV/c is feound
to be in apgreement with a previous similar measurement made with the
instrument. Further it is concluded that the iniensity at this momentum is
in agreement with the extrapolation of the differential spectrum measurementa

elow 20 GeV/c,
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PREFACE

The work presented in this thesis represents that carried out in the
pericd 1970-1973% while the author was a research student under the supervision
of Dr. M.G, Thomp39n in the Cosmic Ray Group cf the Physics Depariment of
the University of Durham.

The MARS spectrograph was in an advanced stage of construction when the
author joined the group in 1970, most of the electronic circuitry and the
magne ts themselves having been constructed. Since then the author has played
.a ﬁart in the construction and running of the instrument, for the purpose
of the work described in this thesis, and has hecn solely responsible for the
analysis and interpretatioh of the experimental data relating to the muen
- spectrum, The work described in this thesis in fact represents the firast
stage of the MARS spectrograph programme, the measurements having been msde
with the "low momentum" system which is eveniually to be used as the momentum
selector system for the "high momentum" (uvp to 5000 GeV/c) measuremenis.

Preliminary results from these analyses have been presented at the
XIII Internstional Cosmic Ray Conference in Denver, U.S.A., (Ayre et al.,
197%). The work in this thesis represents further analyses and interpretation

of the data.
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ChaFTuli 1

1.1 Historical Tacx

The first indication of radiation from outside the earth came, at tae
beginning of the century, with the observaticn of a small conductiivity in
gases at eleciric field strengths ati which they should have exhibited perfect
insulation., The theory that this was due to natural radiocactivity from tihe

arth was disproved by the balloon borne experiments of ess {(1912) who

ko]

shored that the iorization, measured with an electroscope, increased with

1

ude above certain height. To account for this, Hess proposed the

ald
revolutionary theory that it was due to radiztion {rom outer space, later to
be known 3s ithe 'Cosmic Radiation'

At the time the radiation was assumed to be Y- rays, these constituting
1

the only nenetrating radiatlion Ynown. ieasurements made on the variztion

B!

ntensity at different geomagnetic latitudes, (the latitude effect),

e

of the
chored thzi the radiation was predominantly charged (uo»hp and KB8lhorster,
1929) and a study of the ratss of arrival from an easterly and westerly
direction, (east-west effact), indicated a surnlus {rom the latiter, showing
the greater proportion to be positively charged (Johnson and S
The interpretation of both these effects is vased upon the interaction of the

charged particles with the earth's magnetic field, and the theory of Stdermer
of charged particles in a magnetic field has been extensively used in
this direction (Johnson, 1938).

That a2ll these particles could be elecirons was doubiful when it was
found they could be classified into hard and soft components on their ability
to penetrate 15 cm of lead, The soft component was indeed shown to be
electrons but the hard ccmponent was much too penecirating at the energies
measured, using range-energy relations with cloud chambers, and they were

subsequently identified as being particles intermediatie in mass between
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proténs and electrons, and were named nu-mesons, Later the term meson was
dropped when they were found not to belong to this class of elementaory pariicles,
and they were re-termed muons.

‘The study of cosmic radiation progressed rapidly over the next few
decades. The bull of the primary radiation (i.e. the radiation actually
incident on the earth's atmosphere) was found to be protons which were
chserved to interact with atmospheric nuclei leading ultimately to lhe muons
originally detected. GhAany new particles were discovered in this secondary
radiation,notably the positron (anderson, 19%2), the antiparticle of the
electron predicted by the Dirac theory, and the pion (Lattes et al., 1947)
vhich proved to be the particle proposed by Yukawa 1o be responsible for the
nuclear 'glue' which binds together nucleons in nuclei. Other more exotic
particles, such as a so-called strange particle, the A° , were also discovered

(Rochester and Butler, 1947).

1.2 Importance of Cosmic Ray Studies.

The study of cosmic rays naturally divides into two parts, the study
of the actual primary radiation, and the study of the secondary radiation
vproduced in the interactions of the primaries with the atinosphere. Invest-
igation of the first is mainly carried on with detectors flown high in ihe

atmosphere whilst the second is more able to be studied at ground level.

In the second category there are again two main divisions, firstly the study
of extensive air shcwers (electromagnetic cascades in the atmosphere
emanating from the nt° particles produced in the nuclear interactions high

in the atmosphere), and secondly the study of individual particles, the most
abundant being the muoni such a study being the subject of ihis thesis,

The properties of the muons generallg measured are their mowentum
spectrum and charge ratio (the ratio of positive to negative particles),
which are important for two main reasons, Firstly to study the properties
of the muon itself, e.g. its eleciromagnetic interactions with matter, and
-secondly to combine the information with the cosmic ray primary spectirum and

hence be able to infer something about the nuclear physics occuring in the
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interactions of the primary nucleons with the atmospheric muclei. Conversly,
if the nuclear physics is known, then prediciions can be made concerning the
primary cosmic ray spectrum. In order to understand what is involved,consider

first what is known, to date, about the various ingredients of the problem,

that is the primary spectrum, the nuclear interactions of the particles, and

the prooagation of the secondary particles,produced in the interactions,

through the atmosphere,

1,3 The Primaxy Spectrum

At energies ~1010 eV where satellite measurements have been possibie

the composition of the radiation is found to be .88 protons, ~L1lj neliuwm
nuclei, and ~17 heavier nuclei. A small proportion of other particles such

as electrons and Y- ray quanta have also been detected, and it is known that
there is a large flux of neutrinos which prove exiremely difficult to detect

due to their low cross sectiorn for interaction. Iron is the most abundant

of the heavier nuclei though nuclei as large as uranium have been detected
(Fowler et al,, 1967). Comparison with universal abundances of ihe elements

in the universe shows that there is an excess of the lighter elements (Li,Be,isj
in cosmic rays, which are believed to come from the fragmeniztion of the heavier
nuclei in passing throuvgh the small amount of matier { ~ 4 g cm-z) from ineir
source to the earth, The actual source of cosmic radiation is still the

subject of much speculation, the most generally acceptable theory being that
they originate in supernova (e.g. the Crab Nebula), one of the difficulties
‘with this being in the explanation of the attainment of the highest energies

0

observed, (--102 Vj. Up to 1015 eV there does not seem to be any evidence

for a change in composition,
Greisen (1965) has produced an integral energy spectrum which is shown
in.figure 1,)l. The flux is found to decrease .very rapidly with energy and to

be isoiropic at energies in excess of ~2 x 10106V. hMeasurements up 1o

1012 eV have hean made nsing balloon and satellite borne detectors and as
such are direct. At higher energies the mezsurements are generally less

direct being based upon measurements of secondaries at sea level cr meuntain
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FIGURE 1.1 The Primary Cosmic Ray Spectrum
(after Greisen, 1965).
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altitudes., Some direct measurements have been made above 1012 eV with the
PROTOK series of satellites (Grigorov et al., 1971) but with results which

g0 far have not met with universal acceptance, and which seem to give a steeper
slope to the integral spectrum (Y~1,7) with sharp steepening of the prcton
component above 1012 eV, a result which is contrary io the constancy of the
composition. The experiments of Ryan et al. {1972), again with satellite
detectors, also give z steeper slope{~-1.75)in this region, though without

the fall off of the proton component. At the highest energy, measurements

are made from observations on extensive air showers, in general counting the
number of particles. Heasuremenis made near maximum shower development

are the best, since there is least dependence on the interaction model used

at that point, ané it is found that the number of particles is roughly
proportional to the primary energy, the absolute calibration depending upon

the model used.

15

Below ~3% x 1C77 eV Greisen gives the initepgral intensity as
10-4(101_4/}3)1'6 s tm2srl 4t which energy there is a dramatic change

in slope from -1,6 to -2.2, the intensity thereafter being given by

2 x 10—10(1017/E)2'2 s—lm-zsr—l. This change in sloﬁe is generally
believed to be due to the inability of the &l=ttic magnetic fields to contain

the various types of varticles as their rigidities are exceeded. 4t around

18
3 x 10 eV the slope is again seen to reveri back to -1.6 the intensity

being giﬁen by Greisen as 4 x 10'15(1020/1'.?.)1'6 s*lm=2sr=l, Such an increase

was believed to be due to an extragalactic component but since the discovery
of the 2.7°€ radiation in intergalactic space (Roll and Wilkinson, 1967),
and as a consequence of the onset of photomeson interactions at ~6 x 1019ev,'

a sharp cut off in the spectrum has been predicted (Greisen, 1965) at~16°ev.

Several primaries have been indirectly observed with such large energies
{e.g. Suga et al,, 1971) but due to the obvious difficulty in measuring
such lzrge alr showers the resulis are in question. The point of this is
. that if primaries are observed with energies )1020 eV then they are most
likely galactic and possible production mechanisms capable of creating

these high energies have been cited as quasars or pulsars,




1.4 HNuclear Interactions

A cosmic ray nucleon on colliding with an atmospheric nucleus may
interact producing secondary particles (mainly pions and kaons). The
nucleon itself may or may not undergo charge exchange (i.e. a proton becoming
a neutron or vice-versa), and on average will lose half its energy. Other
particles such as the so called strange particles or particle-zntipartiicle
pairs may also be produced but with such insignificant probability as to
be negligible, Accelerators provide the best me@hod for studying these
interactions and so far the maximum energy attained is that of the CERrli
I.5.R. (intersecting storage rings), which have reached an equivalent
laboratory energy of 1.5 x 1012 eV, The I.S.R. utilizes two colliding
proton beams, and hence suffers from the disadvantage that only proton-
proton interactions can be studied. For cosmic ray purposes neutron inter-
actions, and nucleon-nucleus interactions are also of importance, Another
accelerator which operates at fairly high energies is the conventions
¥.A,L., accelerator in the U,S.A.. This can accelerate protons to energies

of 3 x 10ll eV, and has the advantage that different materials can be used

as target material,vwhich is closer to the nucleon-nuclei collisions occuring
in the atmosphere.

Empirical models of nuclear interactions have been formulated in the
past, the most extensively used (e.g. de Beer et al., 1966) being the

C.X.P. model (Cocconi, Xoerster and Pexkins, 1966), which was based upon

. N X 4., L0
accelerator measurements from the conventional CERN machine up to 3 x 1lU ev,

and assumed an exponential disiribution of energy among the secondary

particles with some mean energy depending upon the incident particle energy.

-

This model predicted an Epz dependence of secondary particle multiplicity

on the incident energy Ep. MNodern ideas are along the lines of scaling
(Feynman, 1959), which assumes 2 limiting shape to the energy distribution

vhen the energy is expressed in the perameter x, which represents thie aciual

énergy divided by the msximum energy that the secondary could have, Thus X
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varies between 0 and 1, A logarthmic dependence of multiplicity upon energy

is predicted by this model, Some support for scaling has come from Chxi!

I.S.R. results (cee review by Jacob, 1973) though atteupis to reconcile

it with certain cosmic razy measurements, .8, the charge ratio of muons

2t sea level, do nol seem to be quite so successful, (Hume et 21., 1973).
Howaver vhat is becoming clear is that accelerator resulis are now

appreaching the encrgy regions where in co-operation with cosmic ray resuitis

they may vroduce some interesting ideas both 2s regards the nuclear physics,

and the primery specirum of the cosmic rzys themselves,

1,5 Pronagriion ihrough the Atmosphere

Az indicated, the moat important particles produced in the interactions

are the pions and kaons, pariicularly these charged, since they potentially

may decay into mvons, The shape of the muon spectrum al sea level depeadic

the ainosphere,

-

upon the way in which these pariicles propagatie throug

xt fror 2ying into muons, ih ions and kaons can also intleract zad
Apart from deceyin n muons, the pions and kaon n also inleract zad

)

hence be.lost to the cause of muon production., This competition bLeiween

intersction and decay depends upor the angle of incidence of the particie

]
~

trajectory through the atmosphere, and upon the evant energies involived,

The angular dependence arises because of the deasity pex unii path length

decreasing at large angles and hence the interaction probabilities decreasing

thug allowing more pions and kaons to decay into imons, This is the sO called
Sec ¥ "  enhancement at large 2ngles. In opposition to this we have

the fact that as the energy increases the cross section for nuclear inter-

action 2lso increases,hence at high energy the muon intensity will decrease

due to this increasing probvavility of an interaction., At vexry low energies

the muon intensity also decreases due to the probability of the muon

decaying into ar electron., Due to the differenti properiies of the vion

and kaon, particularly their msss, =i high ¢

o]

ergies and at lzrge angles the
muon specirum beccomas sensitive to the ratio of kaons to pions at produciicn,

Cosmic ray measurenents of this ratin have baen made in the past Ly comparing

rection (e.g.
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0 and 407, The uncertainty basically comes from ithe statisticsl uncertainty

on the verticel speciruwa measurements in %

he energy region 2100 GeV

where the spectrum is sensitive to the yx/m ratio, and this provides

another reason for studying ihe vertical muon spectrum. The I.S.i. wgasure-
ments seem to indicate =2 K/n; ratic of 15% in this energy region (beriin et al.,
1972). 1In theory it should Le possible with sufficient statistical precision,

to mersurs the K/ ratio from the vertical specirum alone, particularly

at very high enezrgies, Fowever, so far no experimenls have bezn reported

which have had sufficient yprecision 1o enable ithis to bLe done,

A recent suggestion, which in part led 1o the btuilding of several
high energy cosmic rzy muon spectrographs was that of the Utzh group
(Bergeson et al., 1962), who provosed from their observations, that there
was some process by which muons were being pnrcduced directly from the primary
interactions and nei via pion or kaon production, The evidencs for this

X-process has since been disproved by the same group after modifications

to their underground apparatus., However, as stated earlier, the effect

did lead to the construction of several large spectrographs, of which

the subject of this thesis is one, and the consiruction of wnich should

prove to be well justified in other fields apart from the Utah erffect,

1,6 Absolute Determination of the Snwectirum

In order to be able to m=ke a saztisfactory comparison beiween the
predicted primary spectrum znd that observed, and consequently make some

deductions 2bout the nuclear interaction model assumed, it is necessary to
know .the absolutes value of the predicled spectrum, 7This of necessity entails
an absolute determinstion of the wuon spectrum., In meny previous experiments

(e.g. Hayman =nd Wolfendale, 190L), workers have lteen unable to ascertain

the 2bsclute value of efficiencies of their apnszratus, pariticularly using

geiger tubes, or cloud chambers., Inatead it had become praciice 1o norma lise

the measured smectrum to scome previously established value, using the

-

differential point at 1 c:evy& a3 given oy Rossi (ihe so czlled Hossi

(o1

point), or to the integral intensity of Ureisen at 0.3 GeV/c (the Greisen

e
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3
point). Recently a number of mezsurements,prompted by the work of allkofer
et al. (1970), have shown that the Kossi point is probably underestimated
by -207. This underestimation haa been altribuied to the scaitering effect
in the apparatus.

Anothier problem with normalisation is thati if the measured spectrum
does noti havpen to have ensrgy values in the region of a previously established
peint, then it is necessary to normalise to some point on a different
spectrum which nas itself been ncrmalised at yeti a further point, thereby
protably introducing sysiemstic errors via the intermediate spectrum. It
is more preferable if a spectrum can be attributed an absoluie value ir
its ovn right., In this present work an aitempt has been made to make the
spectrum measuremenis absolute, OQOtiher absolute measurements have zlso teen
made in the last few years by several workers (e.g. Allkoler ei al., 1971).
The resulils of this,teogether with the recent determinziion by Nandi end
Sinha (1979, are chown in figure 1,2 where they ape plotted in terms of
PBN(D). Also shown is the best fit line of Allkofewr, which was fitted to
dsta from 0.2 to 10CU GeV/fc, assuming a constant exponent of the pion

1Lon

[44]

production specirum and no kaon production. As can be seen the prec
of these measuremenls is poor for 2100 geV/c and generally there is
disagreement Letween the two even down to 20 GeV/c.

The present experiment,even though it does not exiznd the ensxrgy
range covered at all, does increase the statisiical accuracy in the higher
energy regions quite appreciably, as well as doing away with the afore-
mentioned problems of the absolutz value, 4Alsc contzined in this thesis

ave the results of en absolute integrzl rate experiment at 7 GeV/c.

1.7 The }ARS Experiment

In 1968 construction began on the 5000 GeV maguetic automated research

spectrogravh (MARS) at the University of Durham, Since that date, building

has been in nrogress, and at various stages during the consiruction experiments

have been performed with the apparatus as it stood at the itime. The first

of these experiments was in 1970 when events were photographed using the newly
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installed flash-tube trays. This was primerily intended to test the various
varts of the spectrograph, and preliminary results on the spectrum and
chérge ratio were published at the 1971 Cosmic iiay Conference at Hobart,
Tasmania {Ayre et al., 1971(a)). Also from these, and other phoiographed
events, an experiment was performed on the electromagnetic interactiions

of the muon in the iron magnet blocks, (Grupen et al., 1972).

For a description of ithe spectrograph see Chapter 2, where it will be
explained YARS consists of iwo momentum determining systems, One is the
low w»esolution system which forms part of the instrument's niomentum selection
system, but which also provided ihe opportunity of spectrum and charge
ratio measuremeuts, bhefore the instrument was completed. ‘he results from
this part of the experimental programme are the main subject of this thesis.
The other momentum de{ermining aystem is used for measuring the energies of
the high energy varticles, and at the time of writing has enly just begun
to operate, and it will be gome time before results starti to emeriE from
this high resolution system, Since KARS consisis of a large nass of iron
it was also possible, a3 mentioned, to dc an absolute rate experiment; that
is to measure the integral muon rate above the operative cut-off energzy
of the iron absorber. The results of one of these absvluie rate experiments
have also been presented at the Hobart Conference (Ayre et al., 1971(b)j.

As ihere was some disagreement between these results and those of other
workers, notably Allkofer, it was decided at the beginning of 1973 to repeat
the experiment completely independently, - The resulis of this repeatled
experiment are presented in this thesis where it is concluded that in fact the
previous measurements were correct,

The interpretation of the data from the low resolution system as regards
the momentum spectrum have bteen the responsibility of tﬁe author and comprise
the main body of this work. Preliminary results were presented at the
Derver Conference on the specirum (Avre et al., 1979 . gince then the
data have been re-analysed in greater detail, particularly with regard to
the flash-tube efficiencies, and the mowmentum-deflection relationship,., ‘'Yhe

conclusions reached are fundamentally the same as ithose in the above
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publication but the nuwerical values will be found to be slightly different.
An important point which must be realised when considering the presenti
vork is that the FARS apparatus was not in fact designed for this experiméut,
end that this is only a very small part of the whole project. The spectro-
greph was designed to have a maximum efficiency in the very high energy
region ~ 5000 GeV,.,, and in this high energy region the analysis technigues
will be quite different, Howe#er, due to the great statislical accuracy
which could be obtained in the ~100 GeV region,and because there is some
disagreement as to the shape and absolute height of the spectrum in this

energy region,it vwas decided to utilise KAKRS to measure this region of the

gpectrum. In fact difficulties arose not with the statistical errors on
the points but rather with the interpretation of what exactly happened a3
the particles traversed the spectrograph. This is a problem which will
occur in all very large spectrographs, in which the instrumenial bviases
become considerable, and may go some way to explaining some of the

discrepancics which have appeared belween some recent measurements of ihe

muon spectrum,
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CHAPTER 2

THE MARS SPECTROGRAPH

2.1 Introduction

The MARS spectrograph has been described in several other publications
(Ayre, 1971, Ayre et al., 1972 (a), (b)), consequently in this chapter only
a very brief description will be given with references to the cther works
at appropriate places, Atitention will be concentrated mainly wpon those
elements particularly relevant to the uwndersianding of the part of the
experiment to bg described, i.e. the aforementioned low resclution systen.
For completeness, however, initially an overall picture of spectro-

graph will be given.

2.2 General Descrivniion

Figure 2,1 shows a front and side view of the spectrograph. In short
MARS is a multilayer solid iron magnetic spectrograph consisting of four
iron electromagnets, in the form of rectangular blocks, interleaved with
particle detectors. The purpose of the magnets is to bend the particles
track, the amount of bending heing a measure of the varticle's momentun,
and the detectors are to locate this curved trajectory. As can be seen
there are five detection levels containing the various detectors,

Essentially two types of detectors are employed :

(a) Plastic (NELO2A) scintillation counters to detect initially the
passage of a muon through the spectrograph, (mucgs are justifiably
assumed because of the great stopping power of the iron).

(b) Neon flash-tubes tc locate the trajectory of the muon.

.The neon flash-tube, as in£roduced by Conversi and Gozzini (1955),
consists of a long (~2m.) glass tube filled with neon gas. The rassage
of a charged particle through the gzs causes icnization which on the

application of a high voltage pulse across the tube (in this case ~ 10 xV
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for ~3ps) leads to a discharge along the tube, and the tube is said to
have flashed. Two types of flash-tubes are used; (i) large diameter
( ~1.5 cm.) tubes located in the momentum selector trays, which as their
name.suggests are a part of the system for the selection of high momentum
events, and comvrise a part of ithe low resolulion system, and (ii) small
diameter (~0.55 cm.) tubes for the analysis of the high momentum events,
znd are contained in the so-called measuring trays., The amall dizmeter
tubes are able to locate the muon's trajectory to a much greater accuracy
than the large diameter tubes, and heunce ferm the high resolution system.

Figure 2,1 shows that the scintillation counters (5C) are located
at the upper, middle, and lower levels, as also are the womentum selector
trays (1ST), whereas the measuring trays (iT) are located at ezch of the
five levels. The reason for five measuring trays, when only three are
strictly necesssry to define the trajectory, is to comvat the effect of
the increasing probability of electirons accompanying the muon irom the
iron blocks, due to electromagnetic interactions of the muon in the iron,
as the energy increases, An event is thus generally over-defined so that
information can be *'lost' from up to twe levels, but the event will still
be useful. The m.d.m, (maximum detectable momentum) of the high resolution
system with five measuring trays has been shown to be %856 GeV/c (iyre et al.,
1972 (a)) and this only decreases to 1280 GeV/c with the worst possible
combination of three tra&s (i.e. levels 1,2,3 or 3,4,5). Account of the
variation of m.d.m. with tray configuration will have to be taken when
the analysis of the high resolution system data is eventually made.

Also apparent from figure 2.1 is that the spectrograph comprises
two separate halves, one set of detectors lying on the L.H.S. of the
magnet blocks, and the other on the R.H.S. These are known as the blue
and red sides respectively, Since flashiubes have to be allowed time to
recover (~seconds) between events, having two complete sets of deiectors
working independently means that whilst one side is recovering from the

previous event, the other can still be operative, hence increasing the
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overall collection rate,

With the detectors so far mentioned there is no facility for acertain-
ing the angle of the muon in the back plane, that is in the plane parallel
to the magnetic field lines, For this purpose twec other trays, the
azimuthal trays (AT) are placed azbove the specirograph, separated by
~45 cm., with ihe tute ares perpendicular to the megnetic field lines in
each =zide of the spectrograph. The format of these trays is identical
to thoze of the momentum selector, except that their width is very much
larger, and the tubes are longer. Table 2.1 gives a briel description of
the format of each of the different types of detector.

Finally the whole system is desipned to be aulomatic and to this en
the outpuis from the flash-iubes are digitised. The method zdopted is

that of Ayre and Thompson (1969), and is describted in detail in Ayre (1971).

Briefly a small hrass probe is placed in front of czch fiashiube and connected,

through a resistor, to the input of an integraied circuit electronic memory.

When a tube discnarges a voltage pulse appears, due i2 the capacitative

effect of the probe, at the input itc the memory. The amplitude of the
pulae is adjusted by means of 2 series resistor and sels the memory., There
is a probe and memory for each tube, Both types of itube are digitised in
the same way, differeni values of resistor being used to make the voltage
conpatable with that of the memories,

The information from the flash-tubesz in the measuring irays and the
azimuthal trays will be sent to an IBM 1130 computer fcr storage on magnetic
diék,-and then transferred to magnetic tape where ii can be analysed at
a later date on a large IE! 360 computer, The storing of the flash-tube
data in the 1130 vill take place only when a high momentun ( 3200 Ge¥/c)
is indicated by the momentum seiector.

As remarked in chapter 1 the low resolution side of the system was
oyiginally designed to be the momentum selector alone. Fcr thiz purpose

the trajectory of the muon at each of the thrse ii.S.T.'s is allocated to

certain % cm, celle, and tre momentunm s2lector ascertains whether or not
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any of these cells lie in a straight line, and hence is poientially a hign
momentum event, The event is only 'potentially' of high momentum since
cells may be set off due to other particle tracks in the trays causing a
low momentum event to appzar to the momenium selector as one of high
momentum, The important point of this method is that whilst pseudo-high
momentum events may be signalled, no true high momentum events are lost,
the pseudo-high momentum evenis being sorited out in the final analysis.

The experiment which provides the main topic of this thesis uses the inform-
ation contained in the cells corresponding to the muon track at each level,
wherever posgible, to find the momentum of the muon, and hence produce
the.momentum spectrum in the lower energy region G(5OOGeV/c). In order to
do this a device kncwn as RUDI (restricted used digital instrument) was
constructed which automatically takes the.threé cells {rom the momentum
selector, and caloulales the deflection cof the particle, ithe outwut being

stored in the memory of s multichannel analyser (PuA).
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Figure 2,2 sho%s a flow diagram of the events which tlake place subseguent

to the passage of a muon through the spectrograph sssuming that it is still
not peralysed by the previous eveni, The extreme H.H.3. of this diagram

. is important to what follows, and each of the relevant parts of the spectro-

graph are now considered in more detail,

2.3 The kagnetic Field

2.%.1 The ¥agnet Blocks

Pigure 2,3 shows a diagram of one of the four magnet blocks. As can
be seen they are of rectangular shape with a hole cut oui of the centre,
Each block comprises 78, 5/8" iron plates. Thick copper wire is wound
arourid each arm of the magnet block as indicated producing, on ithe passage
of a current through the windings, a itoroidal magnetic field. The blocks
are labelled A, B, C, and D from bottom to top, A and C being wired

tbgether in series as also are B and D, Bach of these pairs are connected




Direction of Flash Tubes

T
. PLAN VIEW { ] 213em
!
Copper H X
Coils
fe- 366cm -
A I
SIDE_VIEW i‘ ‘ osem
Hi
.. il |
Stack of 78 x 5/8// l' 114
iron plates
comprisng magnet i
block

FIGURE 2.3 Plan and Side View of a Magnet Block.

Plastic Scintillator {Ne102A)

Photomultipliae
Tubes {53 AVP) {

» 1

-')Scm

Perspex Light
16 em —— ] oy

uide

FIGURE 2.4 Plan Viewof a Scintillation Counter




15
in parallel and driven by a 100 A x 100 V unstabilised D.C. supply. TFor

a more detailed description see Ayre (1971).

2.%.2., Measurements of the Field

Two factors are important from the point of view of the spectrum
measurement; (a) the exact magnitude of the field, and (b) how wniform
it is over the sensitive region of the detectors.

In order to be able to answer (b),during the building of the magnets,
holes were drilled and search coils placed at various positions in the blocks.
The local field at these positions could then be found by measuring '[th,
when the magnetic field is reversed, using an X - Y plotter connecied
across the ends of the search coils. The average field in a block could
also be measured in a similar way utilizing a large loop of wire around
the entire arm of the magnet block. Using these methods it is found that
the magnitude of the field is (16.3 + 0,1)kG with a non-uniformity of + 4%
over the sensitive region (Ayre, 1G671). Since the non—uniformityhis small,
it may be neglected and the mean value of the field used.

The error quoted above on the magnitude of the field is based upon the
analysis of several (25) measurements. EBExamination of the B-HE curve for the
magnet iron shows that a 10% variation in current at 504 will give rise
to a variation of 1% in the field. Since it is known that the mains
voltage varies by -6-7%, and the magnet power supply is unstabilised, it is
thought that a more reasonable estimate of the error on the field is
(16.3 kG + 1%).

2.3.3 The Trajectory of Muons in the Magnetic Field

A particle of charge 2e travelling with a velocity v in a magnetic
field B is subject to a Lorentz force of magnitude :
[Forcd = zevB . ' ' 2.1

causing it to move in a circular trajectory. The inclusion of energy

loss as the particle prosresses chan;es the trajectory from circular
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to spiral,
The equations, and method used to study the trajectory of the muon

in the magnetic field are outlined in Appendix A.

2.4 The Scintillation Counters

As stated there are three scintillation couniers in each side of the
specirograph; in the upper, middle and lower levels. Their constiruction
is as indicated in table 2.1 and shown schematically in figure 2.4.

The outputs from the two diagonally opposite photo~multipliers are
added together, and the resultant pulses passed through discriminators and
a coincidence circuit producing an output when a particle has traversed
the counter. The resultani pulses from each of the three oouaters are
fed into a three-fold coincidence circuit which serves as the main trigger
indicating the passage of a muon through the accepisnce volume of the
spectrograph.

The dimensions of the three scintillation counters on the blue side
of the spectrograph are :

Upper : (176.15 x 75.0 x 5.0) cm,

liddle : {175.95 x 75.0 x 5.0) cm.

Lower : (176.25 x 75.0 x 5.0) cm.
the measurements being to + 0.1 cm. The co-ordinates of the mid-planes
of each are given in figure 2.1.

The three scintillation counters serve to define the overall acceptance
of the spectrograph which, due to the bending of the particles in the
magnetic field, varies with momentum., The calculation of this acceptance

is discussed in Appendix B,

2.5 The High Voltage Pulsing System.

The three-fold coincidence from the scintillators is used to trigger,
by means of a thyristor, a spark gap causing the discharge of a delay line

across a resistor. This produces 2 square negative going pulse of amplitude
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~10 k¥ and duration ~3ps. This pulse is applied to the elecirodes of
the momentum selector trays to discharge the flash-.tubtes which have been
traversed by the muon. The inherent delay between the three~fold coincidence
and the application of the high voltage pulse is ~2ps. A detailed descrip-
tion of the pulsing system is given by Ayre (1971).

A master reset pulse is applied ‘o the majority of the electronic
circuitry for the duration of the high voliage pulse to combat the effects
of noisge. Yhen constructing {he high voltage system 1t was found nhecessary
to maintain very good earthing to reduce this noise, and the subsequent

"pick-up®.

2.6 The Yomentum Selector Trays

Figure 2,5 shows a diagram of a section of the tube pattern in the
¥ST's, As can be seen they consist of four layers of tubes staggered in
such a vay that, in combination with the electronic circuitry, the iray
width is effectively divided intol52, 1 cm. cells., These cells are defined
at the middle of the third layer of flash-tubes, known as the measuring
level, and the positions of the first four are also shown in figure 2.5,
Between each layer of flash-itutes are the aluminium electirodes across
vhich the high voltage pulse is applied, The electronic circuits which deter-
mine the cells are on circuit boards fastened, via edge counectors, to the
front of fhe ET's. The memories corresponding to the tubes are also
fastened to the ¥5T's. The cell-allocaiing electroric logic primarily
consists of a series of coincidence and anticoincidence circuits which
allocéte cells according to predetermined tube cenfigurations, 4 detailed
description of the electronic circuitry is given by Ayre (1971).

The cells corresponding to the predetiermined flash-tube configurations
were originally determined by considering trajectories within +7°and —70
to the vertical, and it was not possible to design the circuitry such that
at all angles the trajectory is allocated to the correct cell., For the

cases where a given configuration can be in either of two cells, that which

L
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has greater probability is allocated. Account of this is taken subsequently
by the momentum selector which 'Oh's the cells together in threes at the
top and bottom levels before a straight line comparison is made., Table 2.2
shows the cell allocations for the first four cells using the notation
of figure 2,5, The celling is basically into groups of four, after which
the electronics duplicates itself, hence it suffices to only consider
these,

Vhen designing the electronic celling, as said, trajectories were only
conaidered out to 4 7° to the vertical which is adequate for the primary

use of the momentum selector., However at low energies

.Cel) No. LAYER
L 4 3 4
TUBES DISCHARGED

1 1 21 31
1 1 11 21 3]
y 1 21
2 1 1 31
2 11 31
2 1 31
3 1 11 22 31
3 11 22 31
3 2 1 22 3
4 2 11 22
4 11 22
4 11 22 32
T 2 1 22 32

Relation bhetween predetiermined flash-tube configuration

and allocated cells (for notation see figure 2.5.)

particles can traverse the trays at quite large angles, due to bending of

the varticle trajectory, particularly in the top and botiom levels, It




is found that at certain angles, not only may the wrong cell be allocated,
but that sometimes more than one, or no cells mzy be given. This is
discussed in more detail in Chapter 3, and must be taken into account

when analysing data down to momenta ~20 GeV/c,

2.7 The Fomentum Selector

The romentum selector contains three shift registers (4, b, C) corres-

ponding to the three ST measuring lcvels (5,3,1), each of which has one
'bit' for each possible cell., Approximately 10 pys after a three-fold
coincidence is detected the information from the ¥5T1's is gated down to
the shift registers where the bits corfesponding to the alloczted cells
are set to a '0' state., Next a clockinrg pulze of frequency ~1 iiiz. is
applied to the shift registers, shifting taking place towards the centre
of the magnet for both blue and red sides. From ithe point of view of
momentum selection itself, three-fold coincidence circuiis are connected
to all possible straight line configurations centred upon bits 76 and 152

of the middle shift register (B), the bits in the top and bottom being

'OR'ed together in threes to allow for wroung celling. Consequently after

~76 ps the event is classified as being possibly due to z particle of high

momentum, Of relevance to the present experiment is the cell infermation
available at bit 152 of each shift register. This i=s utilized by HUDI

az explained in the next section,

2.8 RUDI

2.8.1 Introductinn

RUDI, ae explained, i= the name given to the device which calculates

the deflection of the particle from the information contained in the shift

registers of the momentum selector. Before one can describe its operation,

the definition of deflection must be clarified.

2.8,2 Definition of Deflection

Consider figure 2.6 which shows the measuring levels of the lLiST's,

Level 5 is the upper tray and 1 the lower, 2, b, and ¢ are the co-ordinaies

19

of the points of intersection of the particles track with the levels 5,% énd 1
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respectively, measured from some arbitrary vertical line. The deflection,
A, is defined as the distance from the trajectory co-ordinate at level 1
to the point of intersection of the extrapolation of the straight line

ab at that level, as indicated on the diagram, 1If 11 and 12 are the
distances between levels 5 and 3, ang 3 and 1 respectively, then it can

be shown that A is given by :
A= (a -2b + ¢) + KE(b - a) 2.2,

where ¥ = 1 - 12/11
Fow if na, nb, and n, are the allocated cell numbers at the three levels,

it is seen that the quantity :

n

| = en. } - - = - '
N _(na n,) (nb nc) n_-2n 40

<

C

is closely related to the deflection, Indeed for the case 1, = 12, i.e.
a spectrograph having egual arms, then N is a correct estimate of A apart
from the location error of %+ cm at each level., In the present experiment

the arms of the spectrograph differ by 4 cm, hence :

1 -1/ A
K 1 12,11 300 0.013

(b-2) has values up to 76 cms and therefore X (b~a) can ve as great as

~1 em., This is large compared with deflections at high momenta (it will
be shown later that for an jincident momentum of 100 GeV/c, A ~4 cms).

RUDI measures the quantity N, known as the category number, in eguation 2.3,
vhich is equivalent to the a-2b+c in equation 2.2. Hence it must always
be remembered in the analysis that M varies from the true deflection

by tﬁe amount K(b-a). In subseguent theoretical calculations of the
deflection corresponding to different momenta, the deflection is always
taken as that corresponding to (b-2) = 0. Hence, when considering any
'observables such as the freguency distributions of N, account must always

be taken of the variation of N with (b-a), that is with incident angle.
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2.8.3 Operstion of RUDI

7

The purvose of RUDI is to czlculate from the allocated % cra cells
at each level, the sign, deflection, and incident angle of the triggering
muons, PFigure 2;7 showa a schematic diagram of the operation which is
described in more detail in the following :

(a) Besic Operation.

The operastion of UUDI is based upon the determination of two quantities,
Firstly the =arrival orderof the '0' bits at elements 152 of the shift registers
in the momenturm selector, and secondly the contents of two scalers which
count the clocking pulses used in the momentur: selector for shilting., The
counting of one, the scaler AB, is started by ithe arrival of either of
the '0' bits from shift registers A or B, and stopped by the arrival of
the other 'O' bit., The second, the scaler BC is similarly controlled by
the pulses from shift registers B and C.

(b) Checking for correct number of cells.

Obviously an event can only be analysed if there is one, and only
one, cell in each of the shift registers, otnerwise the position of the
trajectory is ambiguous. This condition is checked zutomatically and the
~calculation of the defleciion only proceeds if the condition is fulfilled.

~(c) Determination of rucn sign asnd deflection,

Examination of equation 2,.% shows that from the two numbers in the
scalers, the category number N can be calculated, The deflection shown
in figure 2.6 is only one of eight possible cases, having six different
ar?ival orders of the '0' bit. These eight cases are shown in f{igure 2.8
where the three letters (e.g. ABC) indicate the arrival drders of the
'o! bﬁts at elements 152 of the three shift registers. The decision as 1o
vhether to add or subtract the two numbers is made by considering these
arrival orders, The sign of the muon is also decided in this way, when
ppssible, initislly assuming the magnetic field to be positive. (A positive

field is defined as having the lines of flux going into the front of the
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FIGURE 2.8 The Eight Possible Cases of Arrival Orders and
Signs of Deflection.




blue side and out of the red side), Table 2.3 shows the six possitle

arrival orders, and the decision whether to add or subtract,

Arrival Sign of Arithmetic
Order [fuon
BCA - ADD
BAC - ADD
ABC +/- SUB
CBA +/- 8UB
ACB + ADD
CAB . + ADD
TABLE 2.3

Relation between the arrival orders at element 152,

the sign of the muon, and the decision 1o add or

subtract the numbers in the scalers,

At this point it shcould be noted that these rules apply toc both sides
(blue and red) of the specirograph, since although shifting in both cases
is towards the centre of the magnet (i.e, in opposite directions), the

fields are also in opposite directions, As will be seen later, the only

{ime when the side of the spectrograph has to be considered is in calculating

the incidént angle of the muons,

From table 2,3 it is seen thai the general rule is : when B arrives
second, subtract, otherwise add., For the sddition cases, the sign of the
muon is clear, whereas for the subtraction it is not., This ambiguity is
resolved by considering the relative sizes of AB and 3C. Subtraction
is performed BC-AB, by taking the complement of AB (i.e,AB) and adding it
to BC., the addition being done by a 9 - bi{ binary adder, Two possible
cases exist:

(1) BC >AB. 1In the addition a "carry 1" appears at the 9th bit of the
adder which must be added into the lst bit to give the correct answer,

(ii) BC <AB, In this case there is no carry, but the correct answer is
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given by tazking the complement of the final result,

i.e. BC >AB Al = BC 4 AB +"1" 2.4
BC <AB {Al= BC + iB 2.5

To resolvé the ambiguity of sign, consider the case ABC. If BCD>AB, then
the particle will be negative (for a positive field), Thus the order
ARC, plus the presence of z "carry 1" from the binary adder, are used to
specify the particle as negative. For a positive muon, BC<AP, and con-
seguently the order AEC, and the presence of "no carry" define the event
as positive, In a similar way, the amﬂiguity for CBA is resolved, Table

2.4 shows a summary of the resolution of these ambiguities,

Arrivel 9th bit of | sign of
order adder muon
ABC No carry 4
ABC Carry 1 -
CBA No Carry -
ChA Carry 1 +

TABLE 2.4.

The resolution of the ambiguitics of

sign for B arriving second,

The final deéision as to the sign is made by considering the direction of
the magnetic field which must be set up, by hand, on the insirument, For

a positive, or zero field, the signs are unalteréd, whilst for a negative
field they are reversed. 1In order tc deal with the case of zero deflection,
the pulse from shift register B is delayed by an amount, insignificant
relative to the clocking fequency, This allows the arrival orders to
designate a sign to the deflection even though the sign of the muon will

be indetermninate as the defleciion %ill still be zexro, A check is made

that only one siate shown in table 2.3 has been registered, and finally
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a check is also made that only one sign nas been allocated to the event.

(8) Determinailion of the incident direction

The incident direction is calculated by considering the arrival order
of A and B together with the side of the spectrograph operative. In this
vay the event is categorised as being east or west, A further division
is made into four ranges of AB (0-15, 16-31, 32-47, >48), by examining
the magnitude of AB, A check is made that the muon is only allocated to
one incident direction,

(e) Grouping of the spectra

The events are grouped into sixteen individual spectra as shown,
according to charge, incident angle, and the four ranges of AB. Since
the final output is to be displayed on z 400 channel ahalyser, there are
at most 25 channels available for each, To accommodate this all categories
larger than 22 ~re added together into category 23, making a total of
24 categories in 211, The group numbers of the sixteen different spéctra
(0-15) are then multiplied by 25 and added to the category nuumber to give
the final channel number (0-399) into which the event is stored, In
practice "1" is added to this number, to start the storing in channel 1
of the a=nalyser., The relation between the channel nunbers and the different

grouping is shown in table 2,5,

Channel numbers of different spectra

0¢ATI<16 1€€AB<32 32€AB<48 AL €I

puE 0-24 25-43 50-74 15-99

e 100- 125~ 150-  175-

“+E 200~ 225- 250~ 275-

T 500~ 325- 350~ 375-
TABLE 2. 5.

Relation tetween individual groups and PHA channel numbers
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(f) Changing the width of the cetegories

As exnlained in the previous section, because of the limited spzcs on
the PEA, all categories greater than 22 have been added together with the
resultant loss of individual category information, With the % cm categories
this sets a lower limit to the spectrum measuremeni of ~40 CeV/c (as will
be shown later), This can be reduced to ~20 GeV/c by adding the categeries
together in pairs (effectively dividing by two). This addition is carried
out immediately after the full deflection has been calculated and is effected
by simply dropping to "1" bit from the binary number. (In practice a plug
containing the binary number is displayed by one spacing hence "losing"
the "1" bit). Table 2.6 shows the relation between these "1 cm" categories

and the basic ¥ cm categories.

% om 1 cm

calegories, categories,

0,+1 0
42,43 +1
4,45 2
+42, 443 +21
+44,+45 +22

TABLE 2.6.

Relation between the * cm and 1 cm categories

2.8.4 PFinal Qutout from RUDI

The allocated channel number (in BCD) is set up on the address lires
to the PHA. Provided the conditions at the four checks (marked Ch on
figure 2.8) are fulfilled then the pulse (A) from the momentum selector
indicating the end of shift, which has been delayed by 750 ps,is.used

to gate the channel number into the PHA, where it is slored. Also displayed
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for each event on Di¥1€0 indicator bulbs, is the sign of the muon, and whether
or not the event has been stored. The full deflection before reduction
to categories 0-23 is also displayed in binary form together wiih the
final éhannel number in decimal, the latter being on numeric indicator
buldbs,
Figure 2.2 shows a typicel output from ar overnight run with RUDI,
thé field being in the negetive direction., Indicated are the positions

of the sixteen individual spectra.

2.9 Checking the Bleectironic Circuits

With such a complicated system it is very important to ascertain
whether the different parts are working corrsctly., This was done at various
siages during construction with specizlly designed devices vhich simulated

experimental conditions,

(a) The flash-tube memories

These were tested individually by conneciing the probes to earth in
turn and noting whether the correct memory was set,

(b) The cell allocation logic

This was tested with a device in which the tube pettexns could be set
up by hand, with a series of switches, Each board was checked carefully
and any faults rectified before installztion in the spectrograpn,

(¢c) The momentum selectlor

The momentum seleétor itself was tested by setting up all possible
straight line combinations in turn with switches replacing the flash-tubes,
and checking that a high momentum event was registered. The individuel
shift registers where checked by observing the allocated cell numbers for
a random selection of events, and mzking sure the expected distribution
was recorded.
(d) RUDI
RUDI was tested with a special test instrument which simulated deflections,
and the outputs from the shift registers. All possible dellections vere

set up and a check made that the expected output was given. The results
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of all these tests were that the instrument was working correctly and that

it appeared to do so over long periods of time.

2,10 The Role of the Author znd the Present Byperiment

Obviously with an experimeni of this complexity and size it cannot
be the work of one person, rather a group of people working together.
Yhen the author joined the group in 1970 most of the electronic circuitry
had been built. Since then the author has been active in the "marrying"
together of ihe flash-tubes and the low resolution system (i.e. the momentium
selector and RUDI) via a further study of the digitisation method. This
resulted in a paper on 'the particle location along the length of « neon
flash-tube', (Ayre et 21.,1972 (c¢}) in which it was concluded that it may
be possible, by timing the arrival of the pulses at the end of the flash-
tube, tc be zble to locate the position of intersection of the muon's
trajectory to ~10 cm, using the flash-tubes in ¥AKS. The running of the
apparatus has been carried out by various members of the group, including

the 2uthor, and data was collected over a six monih period utilizing the
blue side MSTs only. The analysis of this data to produce a momentun
apectrum is described in the next two chapters and, 28 stated in chapter 1,
has been the responsibility of the author., As the spectrograph is large,
and ithe collection of data completely automatic then this analysis is a
complicated procedure since instrumental effects become noticeatle,
Chapter % shows how the instrumental effects are handled, and chapter 4§

gives the actual analysis of the results.




CEAPTER 3

THE KOKENTUM SPECTHRUM - HETHCD OF DATA ANALYSIS

3,1 Introduction

It is rarely possible in any complicated system to vork from the daia
directly to the final resulls, the present work being no exception. The
approach to the problem has to be from lhe opposite direction, that is to
work from some initizl assumption to predicted values for the quantities
vhich are to be observed,and finally to compare these with the values
actually observed. As a result of this comparison it is usually possible
to sa2y something about the aszumption, Figure 3.1 shows a flow diagran
of the analysis procedure. In short a trial momentum spectrum is zdopled
-and conver%éd into a deflection spectrum, which is then corrected for various
instrumental effects, The probability of deflections being z2llocated to
the different deflection categories is thgn calculated ,ond this folded into
the corrected deflection spectrum to give the expected rates in each category.
Knowleége of the exact live time of the experimental runs, and scintillation
counter efficiencies,enable an avsolute determination of the differential
momentum spectrum to be made.

In order to be able to effect the analysis properly one must consider,

in detail, how the instrument works, cxactly what is being measured, and

vhat effects any instrumental biases or inefficiencies have on the resulis,
This chapter deals with the calculation of such effects, the next chapter

showing ho= the expectation values are calculated, and their comparison

with'observations.

3,2 Tactors Involved in Ca2lculating the Wrial Deflection Specirum

3,2,1 The vomentum -~ Deflection Relationshin,

Because AR5 is a muliilayer instrument, with interspersed detectors

and ga2ps between the iron mzgnet blocks, any analytical exprescion for tne
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trajectory of =2 muon through the spectrograph is very complicated, znd
impractical 1o use, The method adopted to study the relationship between
momentum and deflection involved a computer simulation of events, In such
a simulation, the incident =ngle and momentum of the muon could te varied
and hence all vpossidble trajectories considered, Initial%y a constant rate
of energy loss was assumed, which was taken as the mean rate of energy loss
sustained by a muou of that particular incident momentum in ils passage
through the spectrograph., This vas found to be too inaccurate for the
final results, conseguently a variable loss was taken, which varied as the
morientum decreased through the spectrograph., The values of energy loss

of 2 muon iﬁ iron as a function of momentum have been calculated from

the work of Sternheimer (1956) for ionisation bss, and Heyman et al. (1963)

for bremsstrahlung, pair production and nuclear losses, and are shown in

Table 3.1 shows a sample of the resulis of the computer simulation,
Values are taken for the case (b-a) =. O since it is in this condition that
the deflections measured by RUDI correspond to the true deflections (equation

2.2)., This condition is used to define deflection throughout the anulysis.

Incident Momenius Deflection df/dp
p GeV/e A cm. cm(Gevic)
10 64.5 13,38
20 24.08 1.511
20 14.84 0.5678
40 10.73 0.2956
50 T 8,402 0.1812
70 15,860 0.0880
100 4.050 0.0422
1000 C.5898 0.0C03387

TABLE 3.1

Values deflection and dA/do for given momenta,
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Also shown are values of the gradient of the momentum-deflection

curve, , calculated by considering the deflections 1 GeV/c on eiiher side

a4
dp
of the momentum. These are required to calculate the deflection spectrum

from the momentum spzctrum according to the relations

aN X ¢
o _oa do 5.1

aA dp GTAY

Figure 3.3 showsa graphically the results in table 3,1

3.,2.2 The Trizl Lomentum Svectrum

At the time of starting the snalysis, the most recent absolute deter-
mination of the muon's momentum spectrum was that measured by the Kiel
group (Allkofer et al., 1971). This was presented at the Hobart Cosuic
Ray Conference, and aé stated in chapler 1, was a best fit o the dala from
four different spectrographs ranging from G.2 GeV/c to 1000 Gev/c. A
curve drawn by the author through the points from 10 to 1UlG GeV/c, given
in the above publication as the best fit, is used in the present work
as the trial spectrum. Table 3.2 shows the values assumed,

Also shown are values of pBH(p). This is used in prefecrence to N{p)
a2lone in determining intermediate values as it veries much less rapidly
than N(p). Figure 3.4 shows a plot of p against pBN(p). |

3.3 Corrections to the Spectrum,

3.3,1 The Effect of iuliiple Coulomb Scatiering

In traversing the iron in the spectirograph the muon suffers a consider-
able amount of multiple coulomb scattering., Tnis was incorporated in the
model of the spectrograph using tne expressions given by Roési and Greisen
(1942). The equations used and the method of application to this situation
are explained in Appendix C, It is found that the inclusion of the effect
of scattering for a given momentum gives a range of values of deflection
having a gaussian distribution with a mean deflection given by the value
of deflection without scattering, and a standard deviation of 127 of that

deflection. This 127 is constant over the whole range of momentaz.
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Yomentun (p) Differential Rate %% 5 %%
GeV/c S-lcm—gsr-l(ccv/c)_l
10 1.3 x 107 0.1330
15 5,40 x 1072 0.1822
20 2.70 % 1072 0.2160
30 9.59 = 1078 0.2589
50 2.36 x 10'6 0.2950
70 £.92 x 107/ 0.3060
100 3.04 x 1077 0.3040
150 8.51 x 107" 0.2872
200 3,35 x 107 0.2680
300 8.70 x 1077 0.2349
500 1.52 x 1072 0.1900
700 4.71 x 10770 0.1616
1000 1,34 x 10710 0.1340
TABLE 3.2.
The Trial Spectrum
Deflection R(= Nl(AQ/N(A» Acm R
Acm
0.1 1.074 3.0 1.048
0.2 1.072 5.0 1,038
0.3 1,071 7.0 1,0%0
0.5 1.069 10.0 1,022
. 0,7 1.067 15.0 1,011
| 1.0 1,064 20,0 1,002
2.0 1.055

TABLE 3.3

The effect of multinle coulomb scattering

upon the txi

al spectrum,




To calculate the effect upon the deflection spectrum one must fold
the gaussian distributions into the deflection spectrum. i.e. if N (A}
is the deflection spectrum then the spectrum corrected for multiple

scattering, Nl(A), is given by :

+%0 2
1(.‘ 1 l ( l) (A'—A)_
H (A) = — — HlA)exp| - ) an -2
Zw | © 20 ° . 3

where o= 0.12A

Values of the integrnal as a2 function of A are shown in table 3.3
and are plotted in figure 3.5. The fact that the corrsctien factor fzlls
to unity at ~20 om. reflects the fact that the deflection specirum has
reached 2 maximum at around this value of deflectiion.

3.3,2 The Over=21l Spectrogranh Lceceviznce

As ié discussed in Appendix B, the trajeciory of a muon traversing
he magnetic field is curved, which causes a loss of low momenta particles
due to their failure to fulfil ihe triggering requirements of passing
through all three scintillation counters. Figure 3,6 shows 2 graph of the
relative acceptance as a function of muon incident momenium, A pariicle
of infinite momentum would travel in a straight line through the spectro-
graph, the acceptance for such a particle being 408 + 2 cm2sr. In practice
muons with momenta greater than 100 Gev/c reach this limiting value.

3.5.5 Hejection of @ivents

(i) Causes of Rejection,

In order to be able 1o allocate a deflection to an event, one must
know{ unambiguously, the position of the trzjectory to within some defined
limits, in this case nominally 5 cm;, at each of the levels, Since there
aré only three levels availabie in the moméntﬁm selectof systen, any loss
of information at cne of %the levels is disasterous and renders the event
completely unanalysable, This conditicn, that there be one and only one
cell at each of the three levels, is built into BUDI, as explained in chapter 2,

which automatically rejects zny other events, Conseguently one has to make
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a correction to the deflection spectrum for these rejected events. It
is found that only ~ €0% of the events are unambiguously defined,

If all the effects which cause this contamination were independent
of the muon's momentum, then the correction to be made to the data would
be simply a raising of the spectrum by 1,67. However this is npt the cz=se,
and a mixture of momentum independent 2nd momentum dependent effects are

found., The problem resolves itself into classifying the 40% unanalysable

™,

events into several categories, each calegory being associated with 2 certain
type of contamination.

There are four fectors which cause there to be a lack of trigzered
cells, or more than one triggered cell in the information from a given
momentum tray ¢
(2) The fact that the flash-tubes are inefficient can cause no cell to ve
set,

(v) Muons traversing a tray at a large angle (usually muons of very low
momenta) may czuse either no cell, or alternatively more than one cell

to be set in the tray.

(¢) Interactions of ithe muons in the iron blocks may cause one or more
electrons to accompany the muon from the block, and may procuce extra cells
in levels 3 and 1. It is found that the protability of one electron accom-
panying the muon is virtually momentum independent, whilst the probability
of two or more electrons depends strongly uﬁon riomentum, For this reason,
in the analysis, the two effects are considered separately.

(d) Extensive air shower particles and other spurious particles which
traverse the trays together with the muon. This is particularly relevant
to the top tray which has little abscorker above it, whilst the other two
trays are somewhat shielded by the magnet blocks,

(1i) BExperimental Freauency of Number of Cells,

Any system which has to provide an instant snalysis of the muon's

deflection for high momentum seleciion purposes has to be completely
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automatic. The system in this czse was designed with this in mindj only
later was it decided that a useful momentum spectirum could be measured
with the szme systen. Consequentily there is very little, if any, inter-
mediate information on the events, All that is known for zn event is into
which deflection category it has been allocated. Ideally one would like to
have informsztion concerning the flash-tubes which had discharged, and which
cells kad been allocated 2t each level., "This is not immediately available.
It was decided however, that one piece of very useful information, easily
extractable, was the rate of allocation of none, and greater than one cell
at the different levels, Enowing these, together with various theorstical
csleculations and aésumptions enables, amongst other effects, the inefficiencies
of the flash-tubes to be estimated.

A gimple device was construqted which counted pulses from an oscillator
at a frequency of 10 lHz. The counting was controlled vy the siate of
bit 152 of the shift register of the irzy being examined. Counting only
took place when a bit was a 'Q', which corresponds to an allocated cell,
Hence if two cells were allocated, twice as mazny oscillations would be
counted, etc.. Each tray was examined in turn, snd for btoth field diresctious,
there being about 500 events in each ';un'. The results for the various

numbers of allocated cells are shown in table 3.4.

% having % having more
Level
no cells than one cell
5 6._7) "_‘ 13 8'3 i '3
3 2.7 + .2 8.0 + .3
1 11,9 + .4 10.4 + .4

TABLE 3.4

The observed frecuencies of numbers of cells,

These refer to the values averaged over the tiwo field directions.
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Since the spectrograph was in a state of further construction it was
impractical to dismantle the trays to measure the flash-tube inefficiencies,
Hovever, as will be shown, using the above data in table 3,4 it is possible
to estimate the ineffiéiencies of thas tubes, Shown in figure 3.7 is a
flow diagram which indicates the outline of how ithis problem is treated,
Division is made into momentum dependent and momentun independent
effects as follows:

(iii) liomentum Dependent Rejections,

IZomentum dependent rejection have iwo causes, one relating to low

momentum events, and the other to events of high momentum,

(a) Low Momentum < Bstimation of Flezsh-Tube ifficiencies,

| At low momentum, particles iraverse the irays with fairly large sngles.
Figure 3.8 shows graphs of the angular ranges in the upper and lower levels
at four different momentz, 8, 10, 15, and 2C Geq/c. In the middle level
the angles 2re small for all momenta having a.range of from + 8° to - 80.
Since the éelling legic wze designed pyimarily for use in a momentum selector
it waes not required to be able {o handle these large angled iracks, as
high momenta events zre fairly atraight. In order to investiuale the
efficiency of the celling at large =ngles, a computer programme wes written,
which completely duplicaled the logic of the electronic celling. The
progremme was tested and the resulis compared with the actual elecironic
circuits, together with an elecironic cheqking unit with whicn the discharged
tubes could be simulated and the allocated cells displayed. Using this
prﬁgramme together with 2 model of the tube pattern, the probabilities
of various numbers of cells for different anglec of incidence were examined,
Figure 3,9 shovs tne results for the probability of none, one, and twe cells
being allocated. Also shown in the figure is the sign of aqgle convertion
used throughout, These figures refer to 1007 internally efficieni tubes
of internzl diameter 1.53 cm., the wean diameter as given by Ayre (1971).

Close examination of these probabilities, bearing in mind the results shown
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in figure 3.8 on the angular distributions, indicate that there will be
quite a large number of events in which the number of cells which are set

is not unity, especially at low momenta. It is also Lo be noted that for
angles less than 109 +the electronic circuitry is 10C% efficient at
vroducing one and only one cell, which is adequate for the momentum selector
itself.

The data shown in table 3.4 implicitly contain pariicles of 2ll
momenta, Hence in order to compare any theoreticsal values it is necessary
to know the overall angular distributiona of pariicle trajectories in the
treys,integrated over all momenta, Ideally, thease should be measured
experimentally,but the only such information available were phofographs
of ihe tubes in the m2asuring trays taken during earlier runs with the
spestrograph., It was found difficult to estimate the angles cf the tracks
in these trays, and it was fell that more accurate distributions could be
obtained using 2 computer simulation of events, The paasage cf muons,
with a moﬁentum disiribution izken from the spectrum of illkofer et al. (1971),
and incident isotropiczlly from +30°to -300, was modelled through the spectro-
graph and the distribution of angles from accepted evenis was calculated.
Pigure 3.10 shows the resulis of a simulation of 1038 accepied events,

The angular distiributions were then fed into the programme which
simulated the celling logic, =nd the effect of varying the flash-ltube
efficiency investigated. The effect of reversing the signs of the angles

was also examined which is the same as reversing the field, Each tube was
assumed to be uniformly efficient across its entire diameter, since thé

form of the efficiency variation was not known, and could noi be estimated
easily. Figure 3.11 illustrates the results from these calculations. It
shows the number of no cella, andof two cells which would be expected as a
function of the flash-tube efficiency. Ey comparing the measured numbers

of no cells, given in table %.4, with these curves it is seen that the

average efficiencies of the flash-iubes in each tray are :
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Level 5 : 25.7 + 3%
Level 3 :  97.4 1 .2

Level 1 : 96,7 + 4%
The errors being thosze corresponding to the errors of the measured
frecuancies in table 3.4,
There is no rezason 1o expect that each tray has ihe same efficiency,
and the variation between tham ig only 1.8, From [igure 3.1l alsa can

be read off the valus of the rztes ¢f {tvo zllocatzd cells for the estimalezd

Level 5 : 1.5 + 017
Level 3 : .G + C.0C%

The errsre on th2se values sre very small due to the slow variation with
flesh-4ubke efficiency,

Also apvarent from the figure is the facti 1nat the prouvzivility of two
cells falls slowly as the tube efficiency decre=ases, Scme second order
effect =such 28 this is to be expected,

(b) High Nomentum.

&t high momentun the increasing effect of e

of the muon in the iron btecomes iwportant, Some e¢lecirons emerging from
these intaractions may escape from the bottom of the block and have the

bal]

possibility of causing one or more extra cells to be allocated, Tigure

ol
.
P
N

shovs graphs of the probabiliiy of one electron, together with the muon,

ermerging from an iron tlock the size of those in }ARS, and also the

o)

probtability of iwe or more electrons, afier Ayre ot 21, (1971{c)). The

exverimental nointe are the measurements madle Ly the above authors with

the MAR3 spectrograpn in the earlier photlographic run, The s=0lid lines are
x: H N 3

their theoretical vredictions, As hasebem stated previously, and is

apparent from figure %.12, ihe probability of =ingle alectrors is very

: . N “ . WO RS n e .
nearly constani, ranging from ~6.%% 1o 1C Gev/c to0~8,975 at 10CO Gey /e,
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whereas the probability of greater than one electron rises rapidly as the
energy of the muon Increases. This rise is due 1o the increasing cross-
section for pair production and bremsstrahlung a2l the higher energies,
vhilst the flatnes= of tne single electrons is due to the knock-on probvability
(collision loss) teing very nearly independent of muon energy.

Even though an electron may accompany the muon from the iron it does
not necessarily cause another cell in the momentum szelector to he za2llocstiead.

The electro be so close to the track of the muon 23 to be allocated

3
3
&

to the same cell, or it may be at such an angle as to produce no extra
cell, In order to be able to convert from probabilities of extra particles
to probabilities of extra cells, it is necessary tc know the angular and
latéral distributions, of the particles relative to the muon track. This

ig a very couplicated process since the electron suffers considerabie
multinle coulomb scattering in the iron before  emerging, However in ihe
vresent snalysis justifiable assumptions have been made 1o overcome this
c@ifficulty. It ie considered that when there =zre two or more electrons
accompanying the muon from one of the magnet blocks, that at lesst one of
these will cause an extra cell to be set. For the single electrons it is
difficult to predict theoretically the conversion factor frem elscirons

to triggered cells, though for knoct-on electrons alone, inciuding wultiple
scattering and z momentum selector tray 8 cm. below the iron block it is
found, by a Konte Carlo simulation, that &0 - 20 % of the produced knock-
on electrona generate extra cells, lNowever since the probability of ihese
single electrons will be assumed to be momentum independent, it is not
necesezry to know this conver=ion factor, the correct number will he
included with any other momentum independent effects when all the momentum
dependent effecte have been subiracied from the experimentally measured
rates of greater than one cell (tatle 3.4),

The totzl coniribution of more than cne electiron to more than one cell

ntegrating their prohability curve (figure 3.12) over the

e

iz fournd by

tsven of the different muon energles in

s
Py
(a

Momentum epectrum. Accoun’




blocks ¢ and A. The resulis are as follow

Level 3% : 2.4%

Level 1 : 1,84

The probzbility distribution for producing more than one electron i=
reconsidered later when the total correction factor 1o the defleciion
specirum is calculated,

(iv) Momentum Independent Rejections,

These are inferred by subtraciing the weighted momentum dependsnt effects
from the observed frequencies of more than one allocated cell. The situation

is summarized in table 3,5.

] LIS . N R s ‘.’«‘a.”’U"l
I'-OLPEAI\'I I DL:PLIHD"A. _LT:DE}‘:_;_! '_)::”_ i
! 2 5 1-2-23
Level Observed % Expected Expectsd? Remaining
22 cells from large from »2 %
angles electrons
5 8.3 1.5 0 6.8
3 8.0 0 2.4 9.6
1 10.4 5.1 1.8 3.5

TABLE 3.5

Summary of Categorization of 22 allocated cells,

Thé percentages in the final columnn are taken as being the sum totals of all
the momeqtum independent effects. Whilst it is of no importance as regardc
the final measured spectrum, it is of interest to examine the origin of
these effects, The situation regarding each level is as follows:

(a) Level 5: This has very little absorber above it, and hence is subject
to contamination from electrons and cther particles which way accompany the

muon, Also §-rays and Y-rays may be produced by interaction of the nusn

fn vhat little absorber there is in the roof ( ~4 zm cm‘z), and in the




azimuthal {rays supports.

(b) TLevel 3: A mejor partof this contamination will bte from single electrons
produced by the nuon interzcting in the iron block. Large angled extensive
air showers which are able to enter the gap betwcen ithe magnet bvlocks will

also contribute.

(¢) level 1l: The centributions %ill be the same as in level 3%, though
since the level iz nearer the ground, then the effect of sides showers may
be somevhal reduced.

(v) The Correction Factor for Rejecticn of Evenis,

The situzticon is summarised in table 3.6, This table assumes that
~ whenever more than one eleclron accompanies the muon out of a magnet dlock,

at least two cells are set in the shift registers associated wilh the mcmentun

selector tray at that level. Later it is discussed vhat happens to the

correction factor, and herice to the measured spectrum wnen this assumpiion
ig rela¥ad, Briefly however, it will have lititle effect below ~ 100 Ccv/c

and an increasing effect as the momentum rises,

. 1 -

In calculating the correction factor from the figures shown in table 3.8
it has been assumed that in a given level, momentum dependent, ?rd momsritum
indeyvendent effects do not occur 2zt the sazme time. In theoxy some of tune
effects may happen together but the m?thod of their ecalculation has assuned

this ig not true and their combination must also be treated in this fashion,

For ezch level the overall efficiency of producing one cell is calculated by

subtracting frem unity the sum of the momentum dependent and independent
effects, The three efficiencies for the three levels are then multiplied
together to give the total correction factor wh1ch is shown in the final
column of table 3,6.

A correction must also be applied to allow for the tube inefficiencies
themselves which in effect contaminate 2 level by producing no cells, This
effect is momentum independent and is taken into account not here but in the

category acceptance function which is discussed in the nexi section,
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3.4 The Category Accentence Function
3.4.1 Definition

Reference to the flow diagram of the analysis procedure in figure 3.1
shovis that the other main ingredients of the analysis are the shapes of the
category acceptance functicns which are folded into the corrected deflecticn
distributions (i.e. the deflection spectrum corrected for the instrumental
effects), to give the rate of collection of events in each category. 'his
gection describes the calculation of the acceptance functions and their

imyortance,

L
Qo

recap, 2t each of the three levels, the muon's trajectory

is allocated to a given cell of width % cm.. A category is then allocated

¥

~based on the relation :

N=n -2n. +n (equation 2.3)

vhere the n's represent the allocated cells at the levels, The category

acceptance function for a particular category is defined as being ihe funciion

which describes the probability of different deflections being allocated
to that category. Ideally the shape of the functions can be calculated by
considering the } cm, cells through which the trajectory passes at the measuriﬁg
levels, all possible irajectories for a given deflection being considered,
and will be altered when there is 2 probability that the trajeciory has been
allocated to one or more wrong celis at the different levels, There arc
three reasons for the trajectory being occaéionally 2llocated to the wrong
cell :
(2) The electronic celling is not perfect for trajectories at angles other
than 6° to the verticel,
(v) The flash-tubes are not 1007% efficient,
(c)- Knock-on electrons produced in the glass walls of the tubes,

Tvo approaches to the calculations of the functions are adopted. In
the first initially 10C% correct celling is assumed and then the effects of

e estimated. In the

b
»

the three factors contributing tc wrong celling

[4;

second method a Monte-Carlo simulation of events using 2 model of the speciro-
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graph and wmomentum celling logic is used,

Due to the shape of the deflection spectrum it is found that the finzl
exprcled rates of events in the various categoriez are most sensitive to lhe
shape of the category =zcceptance functions in the low numbered categories,
j.c. for high energies, To a2 good approximation one finds that the incident
angular distributions for thesec high energies are very nearly the seme, being

o]

. ; . . . o o)
triangular shaped, with a maximum z2i~0", and extending frcom -7 to +7

o

to the vortical, In all of what follows such an angular distribution hsas

(i) Pasic Shape.

- Disregarding the tube patterns and the electronic celling logic, it is
vossible to calculate the shape of the category acceptance functions by
zscerizining through which of the % cm. cells at ths mezsuring levele (tﬂe
level of tine iniddle of the third layer of tubes in the mementum selectcr
trays) tﬁe trajectory passes, DIy considering a1l possitle trajecticories for
given deflections, the relative numvers allocated to the different catlegories

can te found, TFizure 3.13 shows the resulis when deflections from 0 to

Py

+3 cm, sre considered with uniform probability, categories U fo & being
i11lustrated., The histograms are the results from this czlculation, whilst
he solid line is that previously calculated by Nandi (private communication)
completely independently. One sees that the categories, alibough nominzlly
of width * cm,, do not have a square distribution, but are considerably
extended over 2 3 cm, range of deflection, This leads to problems particularly
if an integral spesctrum is 1o be calculated since the minimum mementum of
the categories is very ill-defined.

As previously stated, the cells allccated a2t the levels are not always
correct and the causes of this wrong celling are exzmined in the nexi three

sections,
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(1ii) ‘'Intrinsic' wrong celling.

4

By intrinsic is mesnt the wrong celling inherent in the dosign of the

electronics, Obviously it would have teen difficult to design a practiczl
systen capatle of allocating the particle trajectory to itis correct cell over

the wide range of angles of the trajectories in the trays., By considering

the trajectories 2s different angles, over one tube speacin and gssuming
1] i L <

[=

1007 efficient tubas, the resulis shown in table 3.7 are obtained for the

probability of the trajectory besing allozcated to the correct, or to the

Adjacent Correct tdjacent

Angle Cell High Cell Cell Lo
Degress 7, 7, A
-6 1¢ 80 10

-4 € 87 1
~2 4 95 3

o 0 100 0

2 3 93 4

[

4 7 87

6 5 85 10

TABLE 3.7

Probabilities of Inirinsic Wronsg Celling

These are shown graphically as the solid line in figure 3.14. Integrating
over the triangular angular acceptance functlions of ths high momzntum
categories gives the average probability of the trajectories being 2llocazted
to the rext higher cell,instesd of the correct one,as 7.6%,2nd to the next
lover cell as 3.8%

(1ii) The Bffect of Inefficient Flash-Tules.

ces not dis-

(&N

When a flazsh-tube through which the particle has passed
charge then there will be an increased probability of the itrajectory bveing

allocated to the wrong cell, If m is the tube inefficiency {i.e. the
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probability of the tube not dischsz

sensitive volume), then, by conai

and gzssuming that % is small so

iwo inefficiencies occuring in th

vrotabilitiea of incorrasct

shor'e nlots of these yprobabil

and the case of no zllocaled cell

(0.957, 0.974, and 0.967) estimat

selector trays (section 3.%,%.).

the tube inefficiencies are intro

to be zllocated not only to the

cell, However for these

L~

of such events occuring are vsry

the probabilities of the cell bein

be included in the probabilities

that this will have a2 negligible

small tube inefficiencies (i.e.< 5

s, for ihe three flash-tube efficiencies

ed for the tubes in the three nomentun

e

It is 1o be noted from table

t is possible for the itrajectory

==

ducecd,

edjacent c2ll but also to the next bui one

small, and for siwplification in

g incorrectly allocaied By two

of being wroag by one cell, It

effect upon the final spectrum, The prob-

43
arging when 2 muon has passed through its
dering the tube patterns and celling logic,
that there is only a small probsbility of
e same track, one finds the resulting
¢ shown in table 3.8, Tigure 3.14 zlso

za, together with those for correct celling

3.8 that when

") the probabilitie

the anelysis

abili

.ties

s of the cell allocated being correct,

A

v s
2!
nigh,

and low, a

re en weighled

with the triangular

p

a2 tray. The res

of the trscks in

shown in table 3,9,

ults for ths three measuring lsvels are

- Probability of Probability of Probability ol
Level :
Reing High Being Correct Being Low

5 0.062 0.848 0.047

3 0.052 0.879 0.043

1 0.055% 0.866 0.044

TABLE . 3.9.°
Probabilities of wrong celling including estimated {lash-
tube efficiencies and integrated over all aagles,

(iv) Knock-on Electrons from ¥

L

In péssing through the glass walls of the flash-tuves the

muons may

acceptance function and integrated over the angular range

]
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knock electrons into the gas of a tube and cause it to discharge even though
the muon did not pass through its sensitive velume. This has the affect of
again causing wrong cells or in some cases iwo cells to be allocaled to the
muon's trajectory. Assuwing that the probabiliiy per layer of an exira tule
adjacent to the track discharging is p, then the results shown in table 3.10
for the probabilities of cell allocation at different angles are obtained,
It is to be noted that the nrobabilities in table 3,10 azre for the effects
of knock-on electrons 2lone whilst those snovm in tzble 3.8 contain boiih ihe
effects of inefficient flash-iubes and the inherent wrong celling of the
electronic circuitry.

The effect of two cells being aliccated is not considered here since it
has already bteen taken into nccount in the momentum independent part of the
correction factor discussed in section 3,.3.3%.

From the work of Ashton et 21.(1973), who have analysed data from a
06 layer arrsy of almost identical flash-tutes, a value for the orobvavility
per layer (p) of knock-on electrons discharging adjacent tubes of ~2%

is found, Using this value and integrating over the irianguler angular

acceptance function gives the following :

]
o
S
==
7

~~

Probability of setiting adjacent nigh cell

Protability of setting adjacent low cell = 1,05%

Since both ihe probabililies of vwrong celling dus to knock-on electrons
and due to intrinsic plus inefficient tubes are small, then it suffices simply
to add the two together to give the final probabilities of being allocated
to either high or low cells, This effectively means that it is assumed that
there is no chance of the ivwo occuring together on the same track. The
probability of the itrajectory being zllocated to the correct cell is theun
simply that value correspording intrinsic effecis plus inefficieni tubes
minus the sum of the probabilities cf high and low celling due to knock-on
electrons,

(v) Pinal Shape.

Tables 3.11, 3.12, and 3.13 illustrate the final results of ihe protabilities

of wrong celling at each level,
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Intrinsic Knock-con
Tevel Intrinsic FPlus Inefficient Blectirons Total
Tuhes
5 0.0%4 0,062 0.004 0.066
3 0.036 0.052 0.004 (G.056
1 0.0%8 0.056 0.004 0.060
TABLE 3,11
Summary of nrotzbilitisg of allocation to the next highex cell
Intrinsic Knock-on
Level Inirinsic Plus Inefficient Blectrons Total
Tubes
5 0,038 0.047 0.011 C¢.058
3 Q,03%8 0.043 0,011 0.054
] 0.038 0.0¢44 6.Cl) U. 055
TABLE 3.12,

Summary of probabilitiss of a2llocaiion to nexi lower cell

Intrinsic Plus

Intrinsic Flus

Level Intrinsic Inefficient Inefficient Tubes Flus
Tubes X.0. BElectrons
5 0.926 0.848 0.83%3
3 0.926 0.879 0.864
1 0.926 0.866 0.851
TASLE 3.13%,

Summary of orobatilities of alloecaticon in correct cell

If one assumes thatl the probatilities =i each level zre independent of

the other itvwo then the probabilities of being 2llocated to different categoriss

] N

can be calculated by simple consideration of the various combirations of

n_ - 2n (equation 2.3). It must be remembered that =

o y+t 0 given wrong celling

r~

in either levels 1 or 5 nhas the onposiie effect on the allocated category

as has the same wrong celling in level 3., If i represents the probability




o~
(@)

of teing high ai level 1, Cl the probability of being 2llocated to the
correct cell, and L the probability of being low, and a similar notation
for the other two levels, then the various combinaiions comprising the different

categories are shown in table 3,14,

Error in Combinations of Errcrs in Celling to Produce
Category Given Errcr in Calegoxy,
Humber.
- LN L
4 51511
- H, L, +L.H
’ O5aly HhgtisCy
-2 Hglzlq +Cgh3Cy +LgHzk) +Lg0350)
-1 "5'13'1+05..3J]+(,5C‘S 1+ 5u7 1
T H H +H.C s L.C,H,+L.L
0 h5 5 1+ 5 3L +i 5C:,,C]+ C3 5L 2] o
+1 35C3u14Cc93h1+ugL,Ll+L5L5,1
+2 HS, u1+ﬂ =k L +C. L5C +L, L341
+3 . I’J5L501+.;5L3.1
+{ B5L31,1

TAELE 3.14

Relation between wrong celling and category allocaticns,

Thus it is possible to be in srror by as much as four cgtegorieg,

Usihg these relaiions, combined with the probabilities of wrong celling
given in tables 3,11, 3,12, znd 3.1%, gives the results chovn in table 3,13,
This table shows the category error probabilities, firstly for intrinsic
vrong celling alone, then for the addition of inefficient flash-tubes and

finally the total results including ths effects of knock-on electrons,
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Brror in Intrinsic . Intrinsic Plus Intrinsic plus
Category Inefficient Flzsh Inefficient flash
-Tuben -Tubes Plus

K.0. FElectrouns

-4 0.01 0.01 0,02
«3 0.26 0.41 0.54
-2 3,22 4,07 4.29
-1 6.76 7.39 8.81
0 79.67 65.05 61,90
+1 6.43 9.22 9,63
+2 3.40 3.48 4.21
+3 0,26 0.43 0.57
+4 0.01 0.01 0.02

TABLE 32.15

ProbabilitiesC/of 2rrors in category allccation for

the cage of intrinsic wrong celling, intrinsic wrong

celling plus flash-tube inefficienciesz, and finally

for the inclusion of the effects of knock-on electrons.

The probability of being +4 or -4 categories in error is thus very small
and has been considered negligible. One fact which emerges from table %,15
is that the probabilities of being allocated to wrong categeries zsre not
symmetrié about the correct category. ¥For exawmple, for the toizl case csiomn
in the last column, there is 2 9.7 chance of being allocated to the next
higher category than the correct one, but only an 8.8} chance of the next
lover category. This is 2 property of tihe {last-tube pattern and ceiling
logic, heunce vhen the field is reversed; or alternatively when the sign
of the particle is changed, the effect will be the same as completely
reversing the tube patterns and hence reversing the aasymetry. In the
exverimenta2l runs approximately equal numbers of particlés wera recorded in
‘each field direction consequently an averaging of the probabilities of

positive and negative category errors is justified,
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'he method adopied to combine these probabilities wiih the basic shape

derived in section (i) is to add together the basic acceptance functions,

&

at given deflections, for categories ¥ - 3 to M + %, each being weightled
ording to the probabilities of being in error by +3 to -% categories
b

Ead

respectively, (i.e. the weight given to N - 3 is the probability of an
final category =2ccepiance functions for the centrzl category K, and is
illustraied in table 3.1¢.

In this table ¥ is the category number vhose shape is being derived,
and A the deflection, hence A in the first columu represents the difference
from the central ‘value of A (i.e. X%/2 cm.) for each category, Columns 2 to &
show the basic calegory acceptance functions for the categories N - 5 to
N4+ 3%, all of which contribute to category X due to the provability of wrong
categorization, 2s discussed, The last three columns show the resuliing
shape of the accevtznce functions, firstly when the effectis of intrinsic
vrong celling aslene are considered, then with the addition of inefficient

P

flash-tuves, and finally with the addition of =21l three factors including

the effact of knock-on electrons. The data shown in these thiese columns,

o

representing the successive addition of the three causes of iacorrect celling
to the categzory acceptance function shape, are shown graphically in figure 3.15,
vhere it has been assumed the functions are symmetric about A'=
3.4.3 Method B

The second method of calculating the category accepuance function necessit-
ated the setting up of a computer model of the relevant parts of the spectro-
graph. Such a model involved bending particles in jhe magnstic field, and
projecting them in straight lines across the gaps between the magnet Blocks.
¥odels of the momentum selector trays, completie with celling logic were located
at their correct positions in the centre and a2t ithe exiremities of the
'model' spectrograph. Particles of given momenta, and hence known deflection,
Qere fired through the model instrument with the triangular incident ansle

distribution, and with a random lateral position across ons tube spacing

-
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(this is sufficient since the tube patiern and the electronic circuitry
repeats every tube spacing). ‘he efficiencies of the flash-tubes estimated
in section 3,3.3. were employed, the tubes being assumed to be uniformly
efficient across their entire internal dianeter,

Initially, for particular moments, the proporiion of events allocated
to category zero was calculated, The resulis of this are shown in figure

3.1 th the curve calculatled vy Kethed A using the

ON
[N

=

. 1,
vhere they are compared

intrinsic plus flash-tube inefficiency vwrong celling probabilities, This
comparison is made since no account is tzken of knock-on electrons from the
glass of the llash-tudes,

3.4.4 DComparison of Vethods & and 2

ks can be seen the two methods do not agree, the distribution from
M=thod A being slightly brosder., The reason for the disagreement is thought
to be in the fact that the probabilities of wrong celling for each level are
not independeni; =28 has been assumed in Method A, Figurs 3,17 illustirates
this none independence., Yor given angles from - 8° 1o + 8% 4o the vertical
1000 particles of infinite momsntum_(i.e. having straight lins trajectories
and hence no deflection) were fired thrcugh the model of the spectrograph
(multiple scattering of the particles was neglected), and at each level it
was ascertained whether or not the correct cell had been 21located by the
celling logic, The graphs in figure 3,17 shov the number of times wrong
celling occurred in gach of two levels simultaneously for the same track.

The histograms sho% the results obtained and the solid line is that expected

from the individual protabilities of wrong celling at each level zssuming

L8

complete independence of cell allocation at the-two levels. There is little
agreement between observation and expacfation, indicating that the three
levels are nol independent, However ihe situation depicted in liethod I is
artificial in that everything is precisely Jdefired. In practice this is not
the case and it is considered the three levels are far less inter-relatsd
‘than predicted by the ¥ethod B, TFirstly,ass will be shovm in the next chspter,
the 2lignment of the trays is only knovm to within ~ 0.5 mm and this is most

likely comvarible in size with ike extent of any correlations existing in
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from Methods A and B.
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"FIGURE 3.17 Coincidences between Wrong Celling at the Different Levels
calculated in a Monte Carlo Simulation. The Curves are those
Expected assuming Compiete Independence of the Celling at Each

Level.




the precisely defined situstion of Fethod E, and secondly, and protably wos
important, the effect of multiple coulomt scattering of the pariicles irack
in the iron will remove the correlaticns,

To test this 2ssumpiion theo eifect of multiple scatiering was added to
the computer simulatior, the particles Yeing given 2 iateral shift and

additional zangular deflection zccording to the ecuations of Hossi and Grsisen

[ B

poe

ned in Appendix C. Tor differant momenta the numbers of

s

(1942), and as outl
particles allocated to categories C to 4 were counted. omenta which
corresvond woughly to a deflection range 0 1o 4 cm., vwere considered., The
results are shown in figure 3.18 as the experimental points, the solid line
teing that calculated using ¥ethod A, It can be ween that as the category
numter increasses, then indeed the shape of the category acceptance function

calculated by the two methods begin to agree, This agreement at higher

deflections is due to the absolute value of the multiple scattering increasing

as lke deflection incresses, and hence any celling correlations between ths

4

levels being more znd more removed,
Since it is believed that in practice each level in the spectrogravn
is very nearly indevendent of the others, and siuce it appears that the only

difference between the two methods would occur with the first few categories,

and these would be removed due to uncertinties in tray vositions, then {»x

L]

the final shape of the category acceptance function, that calculated in
¥ethod A4 with allovance for all three effects of wrong celling has been
used, _It is found that at higher caiegory numbere the shape of the function
is not drastically changed, and also in this region the measured specirum

is not as sensitive to the shape , due to the form of the deflection specirum,

as are the lower numbered categories,

3.5 Summary .

In this chapter it has been shown how the corrected irial deflection
spectrum is calculated, and how the shaps of the calegory acceptance funciions
are estimated, The next chzpter will show how these itwo are brought togeiher

to predict the cohaerved quantities,
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CHAPTER A4

THE MOMENTUM SPECTHUN - RESULTS

4,1 Introduction

This chapter is concerned #ith the prediction of the quantities
measured with the spectrograph, taking intc account the factors discussed
in chapter %, and their comparison with the experimental data collected.

The various sources of error are considered and finally a best estimate

of the muon spectrum is presented.

i

The basic allocation in the device RUDI is into the 3 cm, categories

discussed in chapter 3. However as indicated in chapler 2, it is possible

to alter the width of the categories such that effectively the contents

of adjacent catescries are added tegether in pairs and displayed in this
fashion on the FliA. The advantage of this technique is that larger defleciions,
and hence lower momenta may be studied. The combivations of the cells are
shown in chapter 2,

No attempt has been made to analyse the data contained in category 25%
with either category configuration {category 23 contains the sum of all
the categories 2>»23). It was considered that due to uncertainties in the
performance of the momentum selector tray cell allocation logic for low
momentum particles at large angles, and uncertainty in the overall spectiro-
graph acceptance, no useful measurements at the low momenta corresponding
to category 23 could be made.

Apart from the experimental runs with the magnetic field on, several
runs were made with zero field, The purpose of these is to check the
alignment of the flash-tube trays, and this is discussed in section 4.5.1.

Sections 4.3 and 4.4 contain the predicted and experimental resulis with

the field on.
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4.2 The Deflection Svectrum.

Table 4.1 tabulates the itrial deflection spectrum at 1 cm. deflection
intervals, together with the corrections as derived in chapter 3. 1wo
points should be noted concerning the mechznics of the calculations:
(a) the correction for multiple coulowb scattering given in section %.3%.1
has not heen applied to the deflection spectrum directily. As it ig small,
and varies slowly with deflection,it suffices to apply the correctiion corres-
ponding to the mean deflection of the category, to the expected rates
calculated for that catlegory, as derived in the next section,
(b) in order to give an absolute determination of the specirum z correction
has to be made for the efficiencies of the scintillation counters which
provide the main friﬁger for the system. This efficiency has been measured
as described later in chapter 7, in conjunction with the absolute rate
experiment, and has been assumed to be independent of the muon's womenium.
Allowance for the efficiency is not mede in the deflection spectrum butl in
the effective live time of the experimental runs. The expected rates are
thus quoted in terms of units of effective time,.

As will become apparent later, the statistical errors or the observed
numbers of evenis in a category can be as small as ~17, hense the calculations
have been performed with extreme care, and it is considered that zny errors

resulting from the mechanics of the calculations will be insignificant.

4.3 Bxpected Rates and liean homenta.

The expected rates for the } cm. categories are calculated from the

following equation:

Rate = = F.(A )Nc( A)GA ' 4.1

and the mean momentum of the category corresponding to tne mean deflection
which is calculated from :

*o

3, - AR (8 )5 ( A)ab

n
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where Fn(A) is the category scceptence funcition as given in section %2.4,

and EC(A) the corrected deflection spectrum given in the previcus section,
4.2. Tor the 1 cm. categories the expected rates and mean moments are

calculated by combining the appropriate two 3 cm., categories, Table 4.2

&

shows the mean deflections and the corresvonding mean momenta of the categories

and also the final expected rates for each category. nResults are given

hoth for the % and 1 cm, categories, The rates are quoted as per effective

hour and have been corrected for mulitiple scattering in the manner described.

It is to be noted that the exact valves of the mean momenta are not

critical so long as the shape of the spectrum with respect to the trial

spectrur does not vary ravidly over the extent of the relevant category.

4.4 Tull Field Runs

4.4.1 Introduciion

The spectrograph was operaied for the purpose of this experimsnt fox
a. period of 8 months from April to November 1972. During this time data
was collected both in the 4 cm. ond 1 cm. categories, 2 total of over

6 . : . . .

10" evenis being recorded. Operation was not continuous, being divided
into a series of 'runs', each run being approximately i?2 nours in curatiou,
and generally taking place overnight. After each run the magnetic field
vas reversed to minimise any instrumental biases. Houghly equal numbers of
particles were recorded in each field direction. "able 4.3 shows a rough

breakdown of the numbers of particles collected, and the relevant times.

It can be seen that the total running time was 318Z2,3% hours, which due ta
a varalysis of ~3%.5 seconds between evenis,resulted in a live time of
1507.8 hours., It ig also apparent from the table that the great proportion
of data, ~87% for the 3 cm. categories and ~7%% for the 1 com, categories,
lies in category 23. This leaves a total of 1(552? pafticles in the 3y cm.
and 91911 in the 1 cm. categories vhich can be analysed. 7The division of
that data into categories ¢ - 22 for both types of category is shown in

table 4.4 where positive and negative muons, and both field directions,are
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% Ci. CATZGORIES 1 CHM. CATRGORILS

Positive Field Hegative rField Positive FPield liegative Field
et M- B U= B K- P W
0 31 45 11 41 55 45 43 51
1 152 82 124 92 198 144 200 156
2 222 176 244 176 384 301 376 307
3 393 271 369 314 538 416 £63 - 451
4 54 424 525 451 658 545 639 550
5 680 522 664 538 841 628 586 677
6 852 653 857 670 978 153 941 710
7 950 149 883 126 1046 834 1058 832
8 1096 883 1149 920 1100 836 1207 863
9. 153 905 1150 990 1245 978 1153 925
10 1363 1090 -+ 1277 1045 1205 1035 1353 981
11 140% 1071 1408 1116 1293 1035 1330 1042
12 1615 1236 1443 1172 1432 1088 1337 1042
13 1576 1280 1548 1274 1445 1096 1493 1123
14 1784 1433 1737 1326 1480 1114 1403 1080
15 1808 1402 1686 1374 1418 1123 1453 1110
16 1973 1467 1926 1398 1412 1173 1460 1154
17 1860 1458 1834 1462 14856 1159 1485 1131
18 1931 1597 1977 1602 1506 1170 1600 1193
19 1985 1618 2003 1556 1527 1189 1543 1186
20 2066 1682 2137 1607 1476 1192 1542 1695
21 2160 1660 2106 1636 1486 1153 1543 1114
22 2227 1642 2148 1614 1488 1141 1507 1139
TOTAL 29830 23357 29236 23100 25647 20148 26154 19912
Table 4.4

The data from categories 0-22 for both

signs of =uon and field dirscticn
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indicated separately. BEach of these numbers is the total of the 8 angular
ranges into which RUDI allocates the evenis. These angular-range divisions
proQide a useful check ihat the instrument is working correctly. The
original data was examined carefully for any obvious errors due to
instrumental malfunction and any such data were rejected.

Figures 4.1 and 4,2 show the measured total category distributions
for the % cm, and 1 cm, categories respectively. Also shown on these
diagrams is a line drawn through the expected values, For the % cm. categories
it is seen that there appears to be some evidence of grouping of adjacent
categories,particularly in the middle region. This is considered to be
due to some instirumental edge effect, (at present unknown),; and is not
important since it is‘believed that the mean values of the.adjacent categories
will be correct. In the 1 cm, distribution it is seen that the grouping
disappears lending support to the correctness of the mean values of the
4 cm. distribution. Any fluciuvations in the 1 cm. distribution can be shown
to be statistical and only one freéuency value is gutside 2 standard deviatiocns
from a smooth line drawn through the data, approximately 2/3 lying within

1 standard deviation.

. 4.4.2 Comparison of the Observed datla with Exvectation

The total live time for the % cm., categories was 1156.9 hours and for
the 1 cm., 350.7 hours. %hen combined with the scintillation counter
efficiency of 0.894,as derived in chapter T7,these give effective times of
1034.3 and 313,5 hours respectively. These times were measured with an
electronic scaler counting mains frequency at 50 Hz, and are considered
accurate to a fraction of a percent. Table 4,5 is a comparison of the
observed numbers of events with those expected in the above effective times,
the latter being calculated from the rates given in table 4.2. The comparison
is also shown in figure 4.1 and 4.é.

It is seen that in both cases the observed numbers lie above expectations

in the low category numbers (high energy), and level off at nearly 100%

below expectation at high category numbers. The implications of this are




5 cm, Categories

1 cm. Categories

sategory  Txnected Cbserved  Obs/Exp mxpected Ubserved  ubs/LXD
Yo, Neo. o, o, No.
0 128 158 1.234 157 194 1.2%6
1 391 450 1.151 599 689 1.185
2 746 818 1.097 1248 1368 1.096
% 1221 1355 1.10% 1923 1938 1.023
4 N 1943 1.093 2555 2451 0.959
5 2342 2404 1.026 3129 2032 0.963
é 29N5 30%7 1.045 3611 3352 0.2%7
7 2442 3308 0.961 4012 3710 0.940
e 2053 4048 1,023 4353 4006 0.920
9 4472 4198 0,939 4654 4301 0.924
10 4950 4175 0.965 4908 4574 0.9%2
11 5383 5000 0.929 5140 4700 0.914
12 5777 5466 0.946 5334 4899 U.916
13 6135 5673 0.926 5484 5157 0.940
14 6463 6280 0.972 5606 5077 0.906
15 6775 6270 0.925 5694 5104 0.€96
16 7055 €764 0.959 57157 5199 0.903
17 7321 €614 0.903 5600 5241 0.904
18 7557 7107 0.940 5423 5469 0.978
19 7785 1162 0.920 5854 5445 0.930
20 8003 7492 0.936 5854 5305 0.925
21 8203 7562 0.922 5838 5295 0.907
20 8392 7631 0.209 5807 5275 0.908

rable 4.5

Conparison of Observed to Exvecied Jumbers
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discussed in chapter 5.

4.4.3 The Yeasured Snectrum,

The values of the experimentally measured spectrum are obtained by

- multiplying the values of the trial spectrum, at the mean momenia of the
categories,by the ratio of the observed to expected numbers in that categzory.
It was found to be more asatiafactery to read off the values of the trial
spectrum in the form pjﬁ(p) against p, p being the muon momentum, since

this varies much less rapidly than N(p) alone, Table 4.6 shows the resulis
of this procedure for the } cm. categories and table 4.7 the same for the

1 cm.. The errors quoted are purely statistical. ColummsT of these tables
show the resultls obtained when only 90 of events accompanied by two or

more electrons from a magnet block are assumed to cause eveni rejection

by setting off more than one cell at the levels of the trays in the momentum

selector. This is discussed in the next section.

4.4.4 The Effect of Varying the Burst Correction

In section 3.,3.% it was assumed that if a imuon leaves a magnet block
accompanied by more than one electron, due to eleciromagnetic interactions
of the muon in the bleck, then there is a 1007 chance of more than onc cell
being set in the tray of the momentum selector, and ithis could lead to the
rejection of the event, This section examines ihe effect upon the overall
correction factor, and hence upon the measured spectrum, of relaxing this
condition, Reducing the effect of the bursts will have the effect of
decreasing the corrzection factor particularly in the high energy region
vhere it has the greatest effect. There will zlso be some second order
effect upon the momentum independent corrections since tnese wewe esiimated
by subtracting the overall burst correciior from the observed rejection

shevis the effect of reducing this burst correction to

\

rates. Tigure 4,
-~ v ~ s

207 and 207, Table 4.3 shows the result of applying these corrections io ihe

deflection spectrum given in section 4,2 and including the category zcczpiance

functions, given in terms of the arount by which the expected rates in ezcu

category have to be increzsed.
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Number of Electrons which set Exira Cells.).




No. of > 2 electrons producing extra cells,

Category ls cm, categories 1 cm. categories
No. 907 80 90;4 80;s
0 1,036 1,055 1.0%3 1.051
1 | 1.032 1.048 . 1.024 1.035
2 1.026 1.039 1.C16 1.023
3 1.022 1,032 1.010 1.016
4 1.018 1.026 1.007 1.011
5 1.014 1,021 1.004 1.008
6 1.012 1.018 1.003 1.006
7 1.009 1.015 1.GJ2 1.0C4
8 i.oos 1.615 1.001 1.003
9 1.006 1.010 1.0C0 1,002
10 1.005 1.00 1.000 1,002
n 1.004 1.008 1.000 1.001
12 1.003 1.006 1.000 1,001
13 1.00% 1,006 1.000 1.000
14 1.002 1.005 1,000 1,000
15 1.001 1.004 1.000 1,000
16 1,001 1,003 1.000 1.000
17 | 1.001 1.003 1.000 1.000
18 1,000 1,002 1.000 1.000
19 1,000 1,002 1,000 1.000
20 : 1.000 1.002 1.000 1.000
21 1,000 1,002 1.000 1.000
22 1,000 1,001 1.000 1.000
Table 4.8

The effect of varying the amount of > 2 electrons

producing extra cells,
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In order to ascertain a correct value for the magnitude of ine burst
correction, nhctograpnic records of evenis which haz been taken in a previous
experiment to investigate electromagnetic interactiions using tihe measuring
trays (Hamdan » 1972) vere studied, BEvents which had been assumed
by the 2bove author to conlain two electirons were selecied and the dis-
charged tube patitems in the trays examined, A iracing of a womentum selectcr

cale as the measuring irays, vas super-

©
N

(0]

tray tubke paticrn, to the s
imposed at randcm upon the tube configurations, and an eslimate made of the
momentum tray tubes which wonld have discharged, end hence cof the celles wihich
would have been allocated,. Thirty-four such evenls vere studied, the tube
ratterns being surerimposed =1 six random wosiiions on each. The frecguency
of extra cells tveing allocaled was found 1o be 78 + 5% Allowance must also
be mace for the vax‘ia'tion of the ratio of 2 generatad electrons to 23
electrons with momentum, This ratio has been given vy dansen (private
communication) and varies from ~ 0,55 at 400 ue?/c to ~0.926 at 20 GeV/c.
Using the reasonable estimate of the probability of 23 electirons producing
an extra cell of 1007,it is found thst the overall probabilitly of producing
at least one extra cell due to ;;2 electrons is 92% at 400 GeV/c and 897 at
20 GeV/c, with an errer of + o%. Hence throughoul the calculations a value

of 90 i_Sﬁ is used as indicated in the previcus section 4.4.3.

4,5 Sources of Trror,

4,5.1, Tray Alignment

(i) T™eoreticzl Calculations.,

As.with all spectregraph mezsurements, and narticularly in this case
where the instrument is completely zutomated, it is very imporiant that
the errors in the alignment of the trays be smzll, It is not as importzni
that the trays be vertically berieath esch other but they are required to
lie in a straight line wiih respect to one another, If this was not so,
the effect would be io displace the category acceptance functions relative

to the deflection specirum causing either gn increase or decrease in the

measured rates depending upon the direction of the displacement, the sign




Category 0.0 cm, 0.10 cm, 0.20 cn,
displacement displacement displacement
No. + mean + - mean + - mean
fExpected Rate in each Category (ArbitraryUnits),
0 0.23%0 0.235 0.235 0,235 0.250 0,250 0,250
1 0.352 0.403 0.309 0.356  0.462 0,275 0.368
2 0.674 0.756 0.598 C.677 0.841 0.527 0.684
3 1.115 1.211 1.021 1.116 1.309 0,929 1.119
4 1,611 L.713 1,509 1,611 1.816 1,408 1.612
5 2,126 2.230 2,023 2,126 2,333 1,919 2,126
6 2.642 2.744 2,539 2.642 2.845 2.436 2.640
7 3,147 3.246 3.047 3,146 3.345 2.946  3.146
8 3.636 3.732 3.540 3,636 3.827  3.443 3.63%5
9 4,107 4.199 4.014 4.106 4.289 3,921 4,105
10 4.557 4.644 4.469  4.556 4,731  4.380  4.556
Table 4.9
The effect of a2 displacement in the deflection
spectrum on the expected values of the rates
Category Amount of Displacement (cm.,)
No. 0.00 0.05 0.10 0.15 0.20 .25
0 1,000 1.006 1,022 1,050 1,088 1.137
1 1.000 1,003 1.011 1,026 1,046 1,072
2 1,000 1.001 1,003 1.008 1,014 1,022
3 1.000 1,000 1,001 1,002 1,004 1,006
4 1,000 1.000 1,000 1.001 1,001 1,001
5 1,000 1,000 1.0600 1,000 1.000 1,000
6 1.0C0 1,000 1,000 1,000 1,000 1,000
7 1.000 1,000 1.000 1.000 1,000 1,000
'8 1.C00 1.000 1,000 1.000 1.0C0 1.000
9 1.000 1.00¢ 1,000 1.000 1,000 1,000
10 1,000 1,000 1,000 1.000 1,000 1,000

Table 4.10

The effect of a displacement in the deflection spectrum on the

overall spectrum measurements,
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of the muon, and the direction of tﬁe magnetic field. Due io the steepness
of the deflection Spectrum in the high energy region it is there that there
will be the most pronounced effect. Table 4.9 shows the calculated effect
of displacing the deflection spectrum and category acceptance function
relative to each other by given amounts. The distances ouoted are the amount
by which the deflection spectrum was displaced, which is effectively twice
the amount of misalignment of the trays since the deflection is given by
a - 2b + ¢ as shown in chapfer 2. The positive and negative signs refer to
opposite directions of displacement of the category acceptance function
relative to the déflection'spectrum, each representing the situation for a
given sign of particle in a particular field direction., All values are in
arbitrary wnits, the value for zero displacement being given for comparison,
From the point of view of the spectrum measurement, it is the mean
values which are important since both signs of particle and both field
directions are combined togeiher. Tabkle 4.10 gives the effect of various
displacements upon the overall spectrum measurements, where it is seen that

it is only in the first four categories that there is any noticeable effect.

ii Experimental Observations.

The initiél flash tube trzy alignment was made using vertical plumb
lines and cathetometers, Measurements were then made on the zero-field
deflection spectrum (for the method of reducing the field to zero see chapter 7).
-If the momentum selector trays were exactly aligned, then the measured
spectrun would be symmetric and centred on zero deflection. The distributions
are in fact the sum of the multiple scattering distributions of the different
momentum muons and it is believed that there is no difference between the
scattering of those having positive or negative charge. Any misalignment
of the trays will be reflected in a displacement of the mean from zero.

Consider the figure 4.4, n., is the number of particles observed in

3

category zero, nl the total number with negative deflections, and n, with

positive deflections. It is assumed that the distribution in category =zecro

is flat as indicated on the diagram. The point of zero deflection is O

and C is the median of the distribution, that is the value of A at which




1600 A lcm 2ero-tield RUD!distribution |, —
- n1 =4402
n2=4361
n3=1581
1200}

NUMBER OF EVENTS

FREQUENCY

" DEFLECTION

—

FIGURE 4-4  The Notation used in Calculating the Tray Misalignment
from the Zero-Field RUDI Distributions.

e Xz 0,019 % 0044 cm

800

o ﬂ"' n " 1 A i 1 . A A i I}

i i i A ! 1 i A

-20 26 42 -8 -4 0 4 8 12 16 20
~ CATEGORY NUMBER

FIGURE 4.5 A Typical Zero-Field Distribution.
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equal numbers lie on either side, Let y be the distance from C to the lower
edge of category zZero and x be the distance from C 10 0, The cell width,

w, is either % cm. for tie ¥ com. cells, or 1% cm, for the 1 cm. cells,

gince the latter's category zero contains three 3 cm. cells ( + 1,0).

Pinally ny is the number of particles in the distance y assuming the flat

distribution. Then since C is the medizn vwe have:

1 3 o* n3 - ny
n, - n., +n
therefore I = 2 1 2 4.3
Yy o
n n,-n,+h n.=-n
2 7
Yow y:—lw= 2 1 2 LA :.2 1.w + w
n 2 n 2 Ny 2
5 3 5
n, - n
2
therefore = =y - .2.VY - 2—L.w 4.4
2n3

The distance x is itwice ihe zmount of miszlignment of the trays., After
the first few zero-field runs the middle tray was moved by the distances
(x/2) until fin=lly the =ero-field. runs were consistent with the misaligament
being small, The results of the final five zero-field runs, with 1 om, cat~
egories, before the field was turned on, are shown in table 4.1l. 4 typical

zern-field distritulion is snown in figure 4.95.

X
3 cin, cm,

37 1409 ~0,062 0.046

3]
4507 695 1646 +0,086 0,044
4836 4205 1639 +0.031 0.C44
4402 4361 1581 -0.019 0.044
2403 2494 933  +0,073 - 0.056
TOTAL

20101 20292 7?38 +0,020 0.021

Table 4,11

The results from the initial zero~field runs
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"he errors on x are calculated in

1

Oy = —=

(n2 4+ n
4 n3

These are the values quote
| At the end of all the
; reduced i zers,
- 0.032 + 2.031 cm,
ried to withi

the trays are aligs:

occurraed during the ope

ment,
above, 1= negligiltle,
obtained by examinai
full-field runs,
wnere an assumed vzlue of the
runs,

aligned to within 0.05 cm,

Otner Sources of

4.5.2

\
1/

and ¥ redelemnined.

The conclusion that is dr

ration of the spectrograph.
in table 4,12, giving the effect of mi

it is seen that any such effect,

Further suppcrt for the satis
icn of the charge ratioc of the muons
particularly in the lower category numvers.
shows the expected effects of various i
true ratic of 1.23

comparison are itne experimentally observed values froni

Error

the amount of hurst ccr
trays.

been shown to bYe negligible,

magnetic field,
acceptance,

is now considered in turn.

rection, and the effect of a

the spectrum, particularly its absolute height are,
the efficiency

and the efficiency of the scintillation countefs.

vhe usual statistical way and are given
2
(n-;)"n'\ ) 2
b o——— W 4.5
T, Ge
’l
d in ihe final coluwmn of taule 4.11.

full-field runs, the magnetic f{isld was zgzain

swn from these vazluzs is ihat

noreciable movement

0.05 cm., snd that no
Counsidering the fliguras,
salignment on ihe spectrum measure-
correasponding to the x values deducea
factory zlignment of the irsys way be
recorded during the
Figure 4.6
chorge vaiio,

sy wisalignments on ine

is taken, Also shoun

the 4+ cm, category

=

As can be seen the results wzre consistenti with the treys being

So far two sources of error have been discussed, the effect of varying

misalienment of the

A best estimate of the former has been tazken, whilst the latier has

Other factors which will have an effect on

the magnitude of the

of the flash-iubes, the values of the overall

macn of 1inese



(2) The magnetic field 3 60

It was shown in section 2,3 that the best estimate of the magnitude of
the field was 16.% kG + 1%. The effect of this 1% variation on the calculated
deflection spectrum is estimated as follows:

Over a limited range of deflection the relation betiween momentum and

deflection can be written as :
(p-ec)A =cC 4.6

where e 1is a constant, representing half the energy loss of the muon
through the magnet, and C is a constant proportional to the magnitude of

the field., From this we have

dp  _ _ L
an A2 T

Now if we represent the differential momentum spectrum, again over a

limited region, by :

N(p) = ApD -¥ 4.8

then we have:

- 4, -Y.C

N(d) =N(p)-gr=4ATP v
t.herefore. N(A) = A(% + o )-Y- £ 4.9

A?

From the trial spectrun, Y is found to be «2.5 at 20 GeV/c and .3.5
at 500 GeV/c. Putting in reasonable values ( -4 GeV ) for the energy

loss «, and varying C by + 1%, the effect on N(A) is shown in table 4.]12.

Acm p GeV/c Y 8B N(A) %
24 20 2.5 1.0 1.0
5.86 70 3.0 1.0 1.9
0.78 500 3.5 1.0 2.5
Table 4.12

The effect of a 1% error in the field on the calculated

deflection svectrum.




These figures are consistent with the fact thati at higher energies,

"when energy loss is negligible, N( A) varies as C 'V+1.

(p) The efficiency of ithe flash tubes:

In section 3.3.3 the efficiencies of the individual flash-tube trays
vere calculated with their corresponding errors., Combining these we find
that the overall flash tube efficiency is 90.0 +0.5%.

(e) Overall acceptance:

In Appendix B it is showvn that the acceptance corresponding to muons
of infinite momentum is 408 + 2 omST, the error arising because of the
uncertainty in the effective separation of the scintillation counters due
io their finite thickness. Since in the momentum range of the measured
aspectrum, the minimum value of the relative acceptance is ~ 0.93 then it is
considered that the errors on these values will be small. Consequently the
error quoted on the overall acceptance will te 0.5%, coming from the infinite
momentum value alone,

(8) The efficiency of the =scintillation counters:

The calculation of the efficiencies of the scintillation counilers is
shown in chapter 7, The overall value is found to be 0.894 + 0.0U2, i,.e.

the uncertainty in the efficiency is 0.2%,

4.5.3 Combination of all non-statistical (systematic) errors.

Table 4.13 and figure 4.7 show the various sources of error, the total
error being obtained by summing the individual errors in quadrature. The
effect of a 5% variation in the burst correction is also included, and it
is seen that this, together with the effect of the error on the magnetic
field, constitute the only errors affecting the relative shape of the
spectrum. The sum of these in quadrature is also indicated. It is to be
noted that most of the error arises from the error in thé maznetic field,
These errors must ve added directly to the statistical errors since they
reflect uncertainties in the absolute height of the spectrum, and are not

random errors, ‘'hen considering the shape of the apectrum it is necessary

only to consider ithe amount by which these errors vary with mcmentum over
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the region of interest, The total uncertainty in the absolute height is
thus seen to vary from ~1.2% at 20 GeV/c to ~2.97 at 500 GeV/c, whilst the
the errors on the shave, which are assumed to be 0; at 20 GeV/c, vary from
~0.9% at 70 GeV/c to ~1.8% at 500 GeV/c. These values are noted to be
comparable with the statistical errors, and therefore must be taken into

account,

-

4.6 The Vaximum Detectable Nomentum

The vsual definition of the maximum detectable momeﬁtum (m.d.m,) is
that momentum at which the error on the measurement of momentum is equal
to the momentum itself. ilore fregquently one is dealing with deflections
rather than momentum directly, and hence a quantity, the minimum detectable
deflection can be likewise defined. What has usually been done, with many
previous spectrographs, is to add the m.d.m, ccrrection in quadrature with
the multivle scattering correction to define an error on the momentum as

dv =iven by

M = p j/cz + (P/Pmdm)z 4.10

where ¢ is the scattering correction, and Pm is the m.d.m, of the inastrument.

dn
Ry working with the category acceptance functions, a3 discussed, account

has effectively been taken of the location errors, which azre the main
coniributory factors to the m.d.m, correctién, consequently no addition has
been made to the scattering correction as in egquation 4,10.

However in order to asssss the working of the sysiem one may define a
quantity, which can be likened to the m,d.m. in that.it gives a measure of
the extent of the uncertainty in momentum measurement. This is the HMS
value of the category zerc acceptance function, which is found to be 0.536 cm.
fhis correaponds to a momentum of 670 JeV/c, Hence, it is possibie to define
the m.d.m. as 670 3eV/c, although no correction, as such, need be applied

to allow for it.
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4.7 The Beat Estimate of the Specirunm

Figures 4.8 and 4.9 show the final results from the } cm, and 1 cm.
categories respeclively, in the form p3N(p). Due ito the obvious systematic
variation of alternate points in the & cm. distribution, and to the closeness

of the points in the lower energy region, 2ll the data have been coimbined

to produce a best estimate of the spectrum from 20 GeV/c to 500 ueV/c.

LJ

The grouping tegether was made over three separate regions as follo

I‘

(2) p <40 %eV/c,

In this region the data, 311 except the point indicaied, come from

the 1 em, results, The grouping is shown in table 4.14. 7The mean values

of N(p) and p A( ) were found by weighting with the square of the statistical
errors, that iz by the numbers of events, and the mean value of momenium
3 -
p is found from the mean values of H(p) and p”H{p). This method gives the

most satisfactory resulis btecause of the steepness of the LH{p) specirum

which makes an a2ccurate value of the mean momeutum difficult to calculate.

(b) 40 GeV/e < p €200 GeV/c,

Wi

In this region there iz complete overlap of the cm, and 1 cm, data,
hence the } cm, data hac been added together to give equivalent 1 cn.
categories and combined with the correspending 1 cm. calegery. Table 4.15
shors the results of this procedure, Values of the ratio of observed to
expecled numbers were obtained in the same manner as before, and the valuexs
of the trial spectrum, assuming an effective 907 burst correction, multiplied

by thie retio are plotted at the mean momenta of the 1 cm. calegories,

(¢) p >2m GeV/e.

As in (b) there is an ovedap of data. In order to maximise the number
of points in this region the data heove not been combined into 1 cm, catagories
but in 2 mamer similar te ithat in (a). Table 4,16 shows the results

these calculations.

Also- shiown in tables 4.1d4, 4.15, 4,16, are the statisiical errors

bazed on the nunber of eventz recorded, together with the non-statistical

(syztematic) errors vhich affect the snspe of the spectrum. The total error

shéwn is the zum of these indiviiuzl errors,
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Figurees 4.1C znd 4.1 show plots of the vesi eatimate of the xeasured

1)

: 1

ttex,

®

. . B . - . n s
svectrum in the form N(p) and »'i(p) respectively. The merit of ihe

«

vhen considering the details of the spectrum, is immediately obvious from
therme figures. Trrors on the cxperimental points sre shown as statistical,
and extended to show the systematic errors affeciing the shape (assuming

07 at 20 GeV/c. 'The curves drawn through the data represent a fit of the

form :

%
p3H(p) =a + al(lnp) + a, (1np)2 + g (1np)- 4.11

The method of fitiing used a least squares technique, the coefficients, 2,

being as follows

a, = -52.36

a; = 36,59 . 10°7
ay = - 4.45

a; = 008 |

This provides a oractical fomiula for the computation of the specirum over
the region 20 - 500 Gev/c, and is further useful in that it can be integrated

simply %o give 2 form :

3

(o)
PN(>p) =b_+ by (1ap) + b, (lnn) + b5 (1np) 4.12

vhere the coefficients b can be shown to be related to the a's as follows:

bo = a.1 ---2ao
b = 2a, - 2a
1 2 1 ]
4.13%
b2 = 333 - 2a2
b = - ., .
4 28y

putting in the values for the a's and sclving the above equations we find:
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“'hen using this interral expression it must be remembered that the orisinal
fit (equation 4.11) was only made up to 500 GeV/c and consequently there are
no constraints on the fitted spectrum above this value. In the next chapter
a best estimate of the integral intensity above 500 GeV/c is calculated
using an extrapolation of a phenomenological model of mucn production and
propagation throush the aitmosphere. Table 4.17 shows values of the measured
differential and intemral spectrum in the region 20 - 500 GeV/c, calculated
us&ng equations 4.11.and 4.12, and using the estimate of the integral

intensity a2bove 520 Ge%/c given in the next chapter.

Momen tum Differential Intepgral

Spectrum Spectrun
GeV/e élcm—zsr'l_(se%/c)_l s™ton2ar™t
20 2,43 1077 2.96 1074
%0 8.80 10°° 1.48 107%
40 4.06 10°° £.67 1077
50 2.20 1076 5,70 107
60 1.31 10°° 4.02 107
70 8.43 1077 2.94 1072
80 5.70 107 2,26 1072
90 4.04 1077 - 1.76 1077
100 2.96 1077 1.42 1077
150 8.68 1072 6.00 1078
200 3.56 1678 3,18 10'6
300 : 9.77 1077 1.26 10™°
400 3.80 1677 6,46 1077
500 1.79 107 5.74 1077

Table 4.17

Values of ihe measured differential and

integral spectra at standzard momenta




CHAPTER 5

DERIVATION OF THE PIOK AND KAON PROLUCTICN SPECTHA

5.1 Introduction

As briefly outlined in the first chapter, the vast majority of muons
observed at sea level are the decay producis of the secondary particles of
the nuclear interactions of the primary cosmic ray nucleons with the atmos-
pheric nuclei, C(ther sources such as the interaction of the secondaries
themselves with nuclei in the atmosphere can be considered negligible., The
oreaent chapter deals with the calculation of the production spectrum of tihese
secondary particles, assuned to be pions and kaonsg, from the measurements
made on the muon speétrum.

The relatiionship between the muon spectrum, and the parent particle
spectrum has been extensively covered in many publications (e.g. Smith and
Duller, 1959; Bull et al., 1965), most of vhich base their derivations on
the work of Parrett et =2l1. (1952). -In general the diffusion eguation of the
muon parents in the aimosphere is used,together vwiith several simplifying
assumptions, to vredici the production spectrum of the muons, and hence via
their decay and energy loss, their sea level spectrum., It has usually been
the case that for vertical measurements pions have been taken to be the only
source of muons, asnd kaons as another source have only been considered when
comparison have been m;de with large angled spectra where their effect is more
pronounced, In fact this method has been used to estimate the K/m ratio at
production, (Ashton et al., 1966). It is well established from accelerator
data that kaons are produced along with pions to the extent of about 15%
in nuclear interactions, and hence will contribute, via the dominant sz
decay mode (K;+L1+V; branching ratio ~ 58)%), ~97 of the muon intensity in
the vertical direction at 20 GeV  increasing to ~12% at 1000 GeV , fThe
good agreement qbtained by many workers using an all pion source of ruons in the

theoretical model is thought to be due to the lack of good statistics in

the 2100 Gey region together with the slow variation of the effect of
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kaons for moderate energies, (£ 100 GeV )., In the present experiment the
statisties are gocd, and hence it is believed that the inclusion of kaons is
a necessity, 1Initially however pions will be considered as the only source

of muons, and later the effect of kaons will be included. No other esources

of muons, (e.g. direct production) will be assumed.

5.2 Theoretical ¥odel

2.1 Introduction

N

Following the treatment of Bull et 21. (1965), stariing with the diffusicn
equation of pions in the atmosphere,the spectrum of muons at production is
calculated, and this is then exirapolaicd toc sea level, Finally the effesct
of kazona on the muon intenszity is considered,

In the model several simplifying assumptions are made as follows:

(a) the muon parent production spectrum is assumed to follow a power law
given by AE".Y where A is a constant, E the particles energy, and the congtant
Y is taken to be the same for both pions and kaous,

(v) = conatant production depth in the atmosphere for muons is taken

oo gm cm-2).

(¢) all particles are assumed to travel in a vertical direction with no
transverse comnonent of momentum,

() initially the atmosphere is assumed to be isothermal, and then a
correction is applied to correct for this assumption.

(e) +the interaction lengths for protons and pions are assumed ito be egual
(120 @m cm-2).

(f) a constant energy relation between the muons and their parents is taken,

At the relevant steps in the calculation where the above assumptions

are made, they are indicated and where necessary elaborated upon.

5.2.2 The Pion Snectrum in the Atmosphere

The diffusion equation expressing the differential flux of pions travelling

in a vertical direction at a depth y (gnm cm-2) ig written as follows:
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Y 2

a¥ ¢ Aﬂe‘..ﬂ - I.y“ Mo C ) Nn
exp . 5.1

dy Ap T Mt p(¥)treEy

The first term on the EES represents the production of pions in nuclear
collisions between the primaries and the atmospheric nuclei, assumning an
exponential decrease of nucleons charactorised by an absorption:lengﬂuvxp.
The second term represents the interaction, and consequent loss of pions,
with an interaction length kﬂr The decrease in the number of pions dve to
their decay inio muons is g;ven by the third term, where m and Ty are the
rest mass and lifetime respectively of pions, E their energy and p(y)
ithe atmospheric density at a depth y. The form of this finzl texn comes

about by ccnsicering the mean distance travelled before decay (Eﬁth/ﬂHtCZ )s
"

-c

the air density being included since y is effectively the air pressure (gm cm ).
In an isothermal atmosphere the zir density can be relatzsd to the dentn

by the relation:

ply) = p(0) v | 5,2

Yo

where p(0) and ¥, are the density and depth of the atmosphere at sea level,
(taken to be 0.00124 gm cm-3 and 1033 gm o2 respectively). Smith and
Duller injroduce a factor b ( = 0.771) to allow for the non-isothermal nature

of the atmosphere defining b as follows :

by, _RT, s
p(0) Xg

where R is the gas constant (8.314 joules ( gm mole )-1), T, the effective
temperature of the atmosphere ( ~219°K), 4 the average molecular weight of
the air (28,97), and g the acceleration due to gravity ( 981.3 cm sec-z).

Thus they define the density at a depth y as :

p(y) = pl0) - 5.4
‘o




(=)
X}

Substituting for p(y) in the diffusion equation (5.1) we have:

. , 2
dNg R -y lig moac Naby
- = ATT-.:-" exp T - T - — 5. 5
dy ‘P n p(0)y Trekq

The solution of this equation (5.%) is given by Bull et al, (1965) as:

<1

v vy = /vV mnozyob -
Ny = AﬂE-rr exp (u):t:) z (X) {nl (14-n+ — )} 5.6

n=0 Tr{-"P(O) :-:‘T[
1 1 1
ith =a=2- =
e P VW

and represents the flux of pions of energy Ey travelling in a vertical direction

at a depth y.

5.2.3% The Nuon Production Spectrum

As in any two lLodied cdecay, the energy of s dzughier particle (in this
case 2 muon) has a uniform probability distributicn ranging from some minimum
to a maximum value. 1In the case of pion decay the muon can have energy between
En and (m 2/m 2)P vhere m, and m; are the massez of the muon and the pion
l“f- .u b'r[ -;n (X4 luAl Tl- - H e 1) € 4 & H
respectively. In the present treatment it will be assumed thazt the muon

tekes a constant fraction (rn) of the pion's energy, which iz given by :

m
- 2 o6 5.7

T e
(N.B. this is only an approximation to the mean of the energy distribution,
and 2. value defined in a likevise manner for kaons (rK ) would be 0,21, which
is not close to the centre of the muon energy distribution from kaons,wnich
ranges from 0.05Eg to K . A more reasonable value for the mean of this
distribution is ry = 0.52,vhich has been used for the inclusicn of kaons at
a later stage),

Again considering pions as the only source, the productiion specirum of

. ] Y
muons of energy EH’ can be written as :
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Y .
iy (By) = /N“(En,y) g—;— 931 5.8
0
where 1 is the dilated lifetime of the pion m—;—j-gz'tn » and k) and En are
related by the factor rj. Since the pion can be assumed to be travelling at

the speed of light (¢) then we have:

dt = dy 5.9
py)e
and so
. « o 1N 2 1 2
o0l S 0t
Mu(E)) = AglEqy expl—] >i<] In! (14ns———rrm—r - =
A TTG-I)\LF;’— A - A ( ‘Tﬂ_cp’\(‘))mn Znin ply)e
5.10

vhere the upper limit of the integration has been extended from Yo to oo
with negligible difference,

Follewing Bull et al. (1945) we make the substitution of jo for

2
e Lo yo
T—?’E(F’\ and perform the integration with the result:
LY )
« =(Y+1), . oo n N |
. Anfin LA Ap-A L
Ny ) = (n+].+ —_— 5411
Ap \ Ap ®
n=Q n

The assumption is now made that Apand )\n are egual, and consequently
the only remaining term in 5,11 is that with n = 0, Thus the iuon producticn

spectrum can be written as :

' AﬂE;\'(Y-'-l)bjTl'
MH(EIJ ) = bj“ 5.12
1l + b‘;‘;

remembering that E'_', = rpfiand hence dEﬁ = rd&, it follows that:

A 'r‘i,'Y M SLIIE N
. £\ ! ™ v TR .
l'-'{“(Eu)dr.u = ; — dE“ 5.13
l:.u + b

and putting By for rpbip gives the muon srectirum at production as:
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) Y -1 ..
An“"u rT"Y By

r-.-'!“(E:;, )agy, = 5.14

Eu + Bﬂ

Putting in values for my (0.140 GeV/# and T (2.60}:10"B sec) one finds that
By ~ 90 GeV which is close enough approximation considering all the assumptions

which have been made in the derivation.

5.2.4 Thne Fuon Spectrum at Sea Level

During its traversal of the atmosphere from production to sea level, the
muon loses energy, mainly by ionization, and suffers the probability of

decay into an electron, The expression for the raie of energy loss used is

taken from iaeda, (1964) and is given by

. dE 1 2
- — = (2.5 + 0,0025 E) iieV gn cm 5.15
dx

The decay of the muon is represented by its survival probability from
point of production to sea level, This is calculated following Rossi (1952),
giving the probability of a muon produced at = depth y surviving to sea level

(v,) as:
2

m C
u .
Pu(By »y) = |y, ° By pLY)Tes oy 5.16

vwhere Eyo, By, and Etop are the energy of the muon at sea level, at a depth y,
and at the top of the atmosphere respectively. Again substituting for p(y)

from equation 5.4, and writing the rate of energy loss as € we have:

; 2
y. 5y {byo my ¢
; - . o Y(0)tyelay ey
Py(By ,y) = v, (Eyo+ ET__yo-y)) WA e 5.17

-2
laking the avproximation that there is a single height of production (100 gm cm ).

and taking the latest values for the constants in 5.17 we find :
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FIGURE 5.2 The Effect of Kaons on the Muon Spectrum.
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This expression has been used throughout to calculate the survival probzpility,
and is shown graphically in figure 5.1.
Thus incorporating the survival probability, and ionization loss with
the muon production spectrum, the muon spectrum at sea level due to pion
decay alone is given by :
Y-1 B

Y
Np(F)asy = &P (3, + ABp) T il 5.19
(."JH‘I‘AI‘JIJ +.'!3-ﬁ)

i
2]
p=
>
=
=
~—

where ARy is the energy loss from proGuction (i.e. Ep

5.2.5 The Effect of Including Kaon Decay.

The derivaticn given above czn be generalized to any mucn producer via
decay., The most likely such muon parent is the kaon, producing muons via
the dominant Kp2 decay mode, Including this decay mode in the expression

for the muon spectrum at sea level gives:

Y-1 .. N £ T
- - . L O 3
Ny(By) diy = AR, (By+fiy) | T 5w ko
P T AT (BN By) M (Bpdsy + 3B, ) _i

5.20

vhere r, (0.52) is defined as in eection 5.2.3 a2nd K is the K/w ratio at
production, 3B, is defined in a likewise maﬁner to By, and is found to have
a value ~450 GeV, (with m, = 0.494 GeV/c2 and Ty, = 1.24 lC-8 sec).

Including the effect of kaon production is found to increase the muon
intensity at higher energies above that expecied from the same value of Y
and pion production alone, Figure 5.2 shows the enhancement as a function
of momentum when the two cases are normalized to each other at 20 GeV/c.
Values are shown for four different X/Tt ratics from 0.1 to C.4. It can be
seen that for K/m ~157 as suggested by the recent accelerator results, the
enhancement is ~ 47 at 100 GeV/c, reaching ~14i a2t 500 GeV/c. .(The distinction

between energy and momentum is considered negligible at the high energy in
the present situatiomn).
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5.3 Comparison of the Predicied and l.easured ¥uon Spectrum

5.3.1 Fethod of Comparison

Using the equation 5.20 it is possible to compare the predictions for
2
various values of Y, A, and K using a simple X2 test. Hormally X 1is used
with frequency distributions and is given by 3
2
(R, -N_)
X2 ;j; obs exp 5.21

- N
exp

2
BEssentially X° is a measure of how good the experimental points are
compared with the experimentsl errors assuming the theoretical distribution

is a true representation of the situation. 1In the present application a

more general form is used, viz:

2

2 I -1
X =z .o ___ € 5,22
610

where Io is the observed intensity with a standard error 610 and Ie the
expected intensity,

The method used was to fix ¥ and X, and vary A until the minirum value of
X2 was obtained., This procedure was repeated for different values of Y and
the variation of the minimum X? with Y found. The best fit Y is then that
value corresponding to the minimum of the minimum X2 (héreinafter called
simply the minimum X2). Figure 5.,3(a) shows the X2 -Y plot obtained with
K = 0,0 and will be discussed in mors détail in the next section,

Initially an all pion source is concidered, and then the effects of kaon

vroduction are estimated,

5.3.2 All Pion Source

Table 5.) shows the values of X2 obtzined for various values of Y with
K/ﬂ = 0.0, Column 2 shows the results when no allowance for the systematic
errors is made, and coluuns 5 and 4 show the effect of displacing-the measured

values to the upper and lower limits respectively, of the systematic errors

vhich affect the shape of the spectrum, (mainly the effect of the error in
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Values of X 2

Y no systematic upner limit to lower limit to
' systematic errors systematic errors

erToTS. affecting shape, affecting shape.
2.54 174.2 146.0 204.9
2.55 134.6 111.0 160.1
2.56 103.9 87.0 125,53
2.57 83.9 73.2 9.8
2.58 4.2 69.4 82,9
2.59 T4.7 5.7 T7.4
2,60 85.3 92.1 81.2
2,61 103.4 116.4 93.8
2,62 131.9 150.4 116.6
2.63 171.4 195.3 150.2
Table 5,1
Minimms values of X2 corregponding o different

valvues of Y in eguation 5,20 with X/N = 0,0

the magnetic field). Az can be seen there are no significant differences
between the three sets ofX2 except a slight shift in the ¥ -~axis, In 211
cases in computing the values of X2 only the statislical errors have been
used in the denominator of the expression (5.22). The values of X2
negleclting sysiematic errors are showm in figure 5.3.(a). In the method of
calculating X2 the variation of A was simply to give the minimum-value of

X2 and does not reduce the number of degrees of freedom which is consequently
the same as ihe number of data points being congidered. For the figures

shown in table 5,1 all 21 data poinis have been used i,e. the full momentum
range from 20 GeV/c to 500 GeV/c. Examinaztion of the X2 tables for 21 degrees
of freedom shows that for 1% significence X2 = 38,9, and for 0.lw, X2 =
456.8, These values are indicated in figure 5.%(a) showing that the best

fit obtained with X¥/m = 0,0, and all the data from 20 GeV/c to 500 GeV/c

sea level muon mementum, is very poor indeed, This is emphasised in figure
S.B(h) which shows the ratio of the experimental values to those calculated,

with X/ = 0.0 and the minimum value of Y ( = 2.58) expressed in units of
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standard errors ol the experimential points, ihilst no points actually lie
outside three standard errors, it is seen that there is a systematic variation,
the experimental values being lower at the ends of the energy range, and
higher in the middle. The conclusion is that a model with X/M = 0.0 and a
constant value of Y gives 2 poor fit to the experimental data.

For the case of a single source of muons (e.g. pions) it is possible to
work directly from the muon specirum at sea level to the parent production
spectrum. This is not possible for two different parents (e.g. pions and
kaons) since the energies of the parents which produce a given muon energy
are different and the problém becomes a function of Y thrcugn the r.Y-'1
term of eauation 5.20. For the case of an 21l pion source hoviever, the
intensity of pions at production, corresponding to each of the experimentally
determined muon intensities (given in section 4.7), has been calculated and
ihe results are illustrated as the experimental points in figure 5.4. The
procedure for calculating the points is the inverse of equation 5.1%, and

is shown in table 5.2., based on the relation:

. At
Y(En) 9Bq = Nu(Eu) i:‘i—l-“ i’—t
Brr Py

vhere the notation is as in section 5,2.

Examination of ihis calculated pion production spectrum shows that on
a log-log‘plot the data follow roughly a straight line up to Byp~100 GeV,
indicating a constant value of Y , then suffer an increase in intensity
indicating a reduction of the slope, Y . Consideration of the 1iwo regions
separately, using the X2 method gives a best fit Y of 2,65 ( X2 = 15.4;
significance level ~35%) for Eq <100 GeV, and a Y of 2,51 ( X2 = 2,4;
significance level ~90%) for R > 100 GeV, These two best fit lines are
shown as the solid lines in figure 5.4, whilst the broken iine shows the
best it with Y a constant 2.58 over the whole energy range. It is obvious
that the two-Y case gives a much better fit to the experimental data, which

is reinforced by the values of X2 found, If the 207 significance level is

arbitrarily taken for the limits of the errors, then we can say that for a
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K/m ratio of 0,0 then :

-2,63+0.02

Np(Bp) o Bq 30 GeV <k <100 GeV

-2 . 511‘_00 04

Np (Bp « By 100 GeV< E< 700 GeV

5.3.3% Inclusion of Kaons,

It is well estiablished,both in accelerator measurements and in cosmic
ray spectra measurements at large angles,that kaons are certsinly produced in
nuclear interactions, and consequgntly must constitute a part of the psrentage
of the sea level muons, the extent of which has heen illusirated in figure 5.2,
In this section the effect of including kaons will be considered to see if
this is a possible explanation of the anomalous results found in the preQious
section, (i.e. the apparent non-constancy of ¥ in the all pion case.)

Again the X2 test was used to compare prediction with observatlion
to investigate the relationship of the best values of K/n and Y. %he results
of this analysis are shown in table 5.% and in figure 5.5. As before in

addition to considering the data over the entire momentum range with a constant

Y, iwo momentum regions have been tzken, (i.e. pu < 70 GeY/c, and pu > T0GeV/c),
the division being made at approximately 100 GeV pion energy. "he figures
2

in brackets are the X obtained.

Values of Y corresponding to minimum X

%,ratio (20<pu<50?)GeV/c (20<pu<70)GeV/c (70<Qu<SOO)GeV/c

21 points 13" points B~ points
0.0 2.585 (74.2) 2.625 (15.4) 2.515 (2.4)
0.1 2.605 (55.8) 2.640 (14.4) 2.545 (2.5)
0.2 2.625 (46.3) 2,655 (14.0) 2.575 (2.9)
0.3 2,640 (36.9) 2.665 (14.1) 2,600 (2.9)
0.4 2.655 (32.8) 2.675 (14.1) 2,620 (3.1)
0.5 2.665 (29,2) 2.685 (14.3) 2.635 (3.3)
0.6 2.630 (25.3) 2.695 (14.9) 2,655 (3.3)

Table 5.3,

Values of Y corresponding to ihe best fits with different ¥/T

. Vs I 2
ratios. ( ) indicate the corresponding values of X°,
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Consider first the entire momentum range., In this case we have 21
degrees of freedom and the value of X2 for 207 significance is 26,2, and for
57 ig 32,7. Thus it appears that it would require a &/M ratio of ~0.00
to produce a constant value Y with 207 significance and a value of C.40
to produce 5 significance, These values are well above the accelerator
measured value of 0,15, which gives a € 0.1% significance level,

Relaxing the condition of a single value of Y over the eniire momentunm
range one sees that for pp@< 70 Ge%/c the vzlues of .X2 are quite constant
at around the 3%% significance level, with a slight minimum at K/ﬁ ~0.2,
(This is probably fortuitous as it is felt that it would be unlikely that the
K/n ratio could be determined so precisely in this low energy region,)

For p“ > 70 GeV/c again the X2 fits are seen to be very good, naving
~90°% significance level,

It is inleresting to note thal the degree of significance has risen
markedly in the higher energy region. Apart from the obvious reason that the
theoretical prediction may be a better representation at higher energies,
the most likely reason is that there is some ceonstant random error in ihe
experimental data which naturally has more effect when the statistical errors
are small, that is in the lower energy region. Such zn effect, if random,
will be unimportant except in the estimation of the errors in Y , which
will artificially be made smaller if the X2 are made larger in the maaner
sugrested, (i.e. assuming the errors are simply taken at some arbitrary
significance level, in this case 20%).

If one assumes the value of the &/ﬂ ratio to be the 15% given by the
acceleralor experiments, then the values of Y giving the best fit for the
two momentum regions can be read from figure 5.5 (indicated by the dashed
lines) as 2.56 and 2,645 for the regions greater than and less than 70 GeV/c
respectively,

Figure 5,6. shews plots of the X2 obtained for K/m =0.15 as a function
of Y . Also shown are those obiained when the experimental data are dis-

placed to the uvper and lower limits of the systemztic errors which affect

the shape of the spectrum, Teking these inio accouni the uncertainties
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on the Y values for the two momentum regions are 0,020 and 0.040 respectively,
(at 207 significance). Thus we have the following situation for the muon

parent production spectrum, assuming 157 kaons.

~2.64540.02

N (B) «x B 20 GeV/c € py < 79 GeV/c

W ()« g 236004

=4

70 GeV/c < by < 500 GeV/c
which is taken to be the best representation of the experimental data,

5.4 e Integrzl Intensity above 500 GeV/c

Using the present experimental arrangement it is difficuli to measure the
integral spectrum due to the extent of the category acceplance functions and
the conseauential ill definition of the minimum momentum of the categories.,

As remarked at the end of chapter 4, it is possible 1o integrate the logarthmic
nolynomial expansion fitied to the experimentsl 2ata in the aforementiioned
chapter, but this will only be correct over the range of the data noints,
i.e. un to 500 GeV/c. Consequently there will be an uncertainty as to the
actunl values sbove this momentum, To overcome this to some extent the vest
fit expression derived in the previous section can be used, 'The procedurs

is 1o use equation 5.25 with K = 0,15 and Y= 2.56, and fix A by wnaking the
value at 500 GeV/c agree w;th that of the best fit from chapter 4 (i.e.

1.79 x 1077 s'lcm'er-l(GeV/c)-l). Having obtained the value of.A, equation
5.20 can bYe jntegrated numerically, using Simpson's rule, from 500 uew/c 1o
effectively infinity, Using this method one finds A=0,1187 and the intensity

1 s Yen=2ar~t,

above 570 GeV/c = 3,74x10°
Table 5.4 shows how the values of this inteﬁsity vould vary for different

values of Y , in each case normalizing to the differential intensity 5005¢V/c.
Exanination of this table shows that the integral intensity only varies

by + 7% around Y = 2,60 for Y from 2,50 to 2.70. Consequently even if Y

had been incorrectly determiried in the previous section, tne integral

intensities given in table 4 would only be in error slightly (i.e. not more

than a few '),
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N( > 500 GeV/c)

Y A -2 2
5 cin s
2.50 3,83 1077
2.55 3.75 1077
2,60 3.67 1071
2.65 3,60 1077
2.70 3.57 1077
‘fable 5.4.

Values of the intesral intensity above 500 GeV/c

obtaired by normalizing the theoretical model

(eon, 5.20) to the differeniizl intensity at

500 GeV/c and fixing the /T ratio to O.15,

5.5 Conclusion,

In this chapter it has beaen shown how using a simple model of muon
produciion and propagation through the atmosphere, the muon's parents'
production spectrum can be calculated, It has been found that a power law
production spectrum with a constant power (Y ) over the entire enerzy range,
including kzon production as well as pion production; does not represent
thg situation at all satisfactorily. In order to obtain significant values
of x> the K/ ratio at production is required to be ~607%, or at least
rise to these values at high energy, which in the light of other evidence
seems highly unlikely. The only solution to the problem is to allow Y to
vary with energy, and in particular two values of Y, 2.645 below and 2,56 ahove
T0 Gev/c are found to be in goocd agreementi wilh the experimental data
assuming z value of 157% kacn production in interactions, It must bLe stressed
however that the tzking of two values of ¥ is only a first approximation,

and that most likely if the shape does vary then it will do so smoothly.

The values obtained here, particularly in the high energy region where the

‘change is most likely taking place, are average values,
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CHAPTER 6

COMPARISON WITH OTHER RESULTS

6.1 Introduction

This chapter attempts to compare the present results on the muon spectrum
with those obtained by other workers, primarily those of other spectrograph
measurements in a comparable energy range.

Methods of measuring the muon sea level spectrum fall into two classes:
(a) direct determinations, and (b) indirect determinations. In class (a)
are the measurements made at the surface of the earth with range sypectro-
graphs, and magnetic spectrographs similar to MARS, The indirect measurements
of class (b) fall int6 three types, firstly measurements of the intensity
of muons at various depths underground, secondly measurements on the
electromagnetic bursts produced in local absorbers, and thirdly via measure-
ments made on the - Y —ray flux at various depths in the atmosphere. The
calculation of the muon sea level spectrum from indirect measurements
suffers the disadvantage that it relies upon assumptions made about not
too well founded physical theories, namely those of nuclear, and electiro-
magnetic interactions. Direct measurements on the other hand, although
being somewhat limited in the energy range so far attained, are inherently
more reliéble in that the assumptions made are generally of a more well
founded nature, i.e., the motion of charged particles in magnetic fields, and
energy loss relations in well defined substances such as lead or iron. So
far direct measurements have been made up to ~ 1000 GeV, whilst particles
having a sea level energy ~105 GeV have been detected indirectly.

Most of the comparisons made in the present chapter will be with those
of other direct measurements in an effort to see how justified are the

conclllsicn;s reachedin chapter 5 about the possible change in slope of the
pion production spectrum., A short discussion is also given of some indirect
measurements at higher energies than measured in the present experiment to
see how the present results fit in with the overall picture of the muon

spectrun,
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6.2 Direct Determinations of the Muon Spectrum.

6.,2.1 Introduction

It is not the purpose here to give a cowmplete survey of all measure-
ments to date of the muon spectrum, This has teen done for many cof the
earlier experiments in reviews by several authors (Rossi, 1948; Fowler and
Wolfendale, 1961). Also many of these early measurements have been shcwn
to.be in error and have been superceded by more precise experimental data,
and more refined experimental techniques, HNotable omissions are the work
of the Manchester group in the 1950's (QOwen and Wilson, 1955; Holmes
et al., 1961), who measured‘the spectrum from a few GeV to 1000 GeV, but
which was shown 1o be in error particularly in the high energy region possitly
because their m,d.m. (~240 GeV/c) vias exceeded by a large factor, and
also possibly due to the difficulty in making precise measurements in cleud
chambers due to the turbulance set vp in the gas, Other measurements such
as the work of Caro et 21, (1951) in Xelborne (Australia), and that of the
Cornell group (Psk et al,, 1961; and Pine et al., 1959) have alsoc been
omitted,

The starting point will be taken in the early 1960's with the construction
of the first muon svecirograph in Durham, Since then meazurements have
been made at a variéty of places worldwide, notably at Nottingham (U.X.),
Keil (W. Germany), and Dagapur (India). Recently some of the large speciro-
graphs sét up initially to examine the Utah effect have btegun to produce
results, in particular that at San Deigo (California, U.S.A.) and at
College Station (Texas, U.S.A.).

To re-iterate what was mentioned in the first chapter, in recent years
attention has been concentrated upon the absolute height of the muon
specirum, prompted initially by the work of Allkofer et al. (1970), who
estimated that the Rossi point at 1 Ge%/c.(differentialAintensity
2.450107° o 2sr 1 (Gev/d™") was protably underestimated by ~20%. Since
‘then a number of experiments have been performed in this energy region

moat of which confirm tc some degree the findings of Allkofer et al..
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Because of the difficulty in assigning an absolute height to the measured :
muon momentum spectira, due generally to ill defined rejection critera,
it had become customary for workers ito normalise their data to sowme standard
value which is most frequenily the aforementioned Hossi point, (or soue
point on a spectrum which itself had been normalised to the Lossi point).
Consecuently a renormalisation of the spectra of many workers has been made,
and freaquently in the following comparisons the spectrz have heen normalised
at different momentum values. “hen such z procedure has been used then
the new normalisation point will bve specified.

In order to compare the resulis of other workers with the present work,
it is first necessary to define a standard comparison spectrum which

represents a smooth fit to the experimentzl data, This is discusszed in

the next section,

6.,2.2 The Standard Comparison Spectrum

Between 20 GeV/c and 500 GeV/c, ‘the spectrum used is the logarthmic
polynomial expansion given in chapter 4. This is feund to be ; very good
fit to =all the present experimental poinis over the eniire momentum range,
Above 500 Ge%/c the spectrum has been extrapolated using the phenomenological
model of muon production and propagation through the atmosphere given in
chapter 5, The spectrum has been zssumed to continue with the same value
of Y (2.56) and the K/t ratio has again been taken to be 0.15. In order
to determine the constant & (eqn.5.20) the model has been normalised to the
value given by the polynomial fit at 500 GeV/c (1.786x10-9s;1cm-23r-1(GeV/c) _1).
This procedure assigns a value to A of 0.1187, It can be justifiably
assumed that if the experimental results up to 500 GeV/c azre correct then
such an extrapolation at least up to ~800 GeV/c is reascnable, Below
20 GeV/c again an extrapolation has been used with the same model but with
Y= 2.645 and A = 0,1815, the best fit values found for a &/n ratio of 0.15
in the lower energy regions, It is interesting thzt such an extrzpolation
is only good down to ~7 GeV/c, below this value the intensities given are

lower than those given in other experiments, in particular at 1 GeV/c
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by Allkofer et al. (1970).

De et al. (1973) have examined the differential momentum spectrum in
the region below 10 GeV/c, and taking into account the most recent absolute
measurements Hhave produced a mathematical expression, for the best fit, of

the form :

I(p)ap = 3.0810°0p 1"% 210 Py 6.1

‘where ©, = -0,5483 and o<, = ~0.3977.

This is referred to by the above authors as their form fit, and as
shown by Allkofer and Jokisch (1972) is a much better fit to the data,
of the Kiel group (Allkofer et al., 1971) and that of Bateman et al. (1971),
then had previously been taken (e.g. the ACD spectrum of the Kiel Group).
This will be returned to later, however that is important for the present
is the fact that this form fit joins on very well with the exirapolation of
the present MARS spectrum below 20 GeV/c, with orly a very slight dis-
continuity in slope at around 7 GeV/c. Hence in comparing with the data
of other workers bélow T GeV/c this form fit has been used, the
discontinuity at 7 GeV/c manifesting itself in some of the comparisons as
a slight enhancement of the intensity ( ~few %).

Table 6,1 shows the values of the comparison spectrum which is taken
at the best representation of the present experimentzl results. 3oth
the differential and integral intensities are given, the latter being
calculated simply by integrating the best fit differential spectrum.

Figure 6.1 shows graphically these best fit spectra.

6.2.3 The Earlier Durham Measurements

Results were reported by Gardener et al. (1962), and by Hayman and
Woifendale (1962), on the spectrum measurements made in the region 0.4 te
10 GeV/c, and 5 1o 1000 GeV/c respectively, using the then newly constiructed
coamic ray muon spectrograpvh in Durnam. The instrument was of an air gap
magnet type utilizing geiger tubes for muon detection and low mementum
measurements, and later neon Tlash-tubes to increase the resolution,

using the geiger tubes as an automatic momentum selector. The m.d.m. of




Vomentum Differential Integral
Intensaities Intensities
GeV/c szé:;;i§fil s lom=2gpt
1 5081070 7.09%070 |
1.5 2.31%107°  5,75x107>
2 1.74x107°  4.75x1072 Form fit of
3 1.04x10"7 3.40%10™° De et 2l., 1972
5 s55x0~4 20000070
7 2.3500°%  1.34x107 |  Extrapolation of
10 1.16x107% 8.47x10™% presenti work below
15 4812107 4.69x107% | 20 GeV/e.
20 2.43x10"°  2.96x1074 ]
30 8.80x10°°  1.28x07%
50 2.20000"%  5.70x107° Best it logarithmic
70 8.45x10-7 2.943(10"5 polynomial expansion to
100 2.‘963{10-.7 1.42x10-5 the present experimential
150 8.68:10° 6.00x10'6 resulis,
200 3,56x107C 3.18x10"°
300 9.77x10™  1.26x10°°
500 1.79¢077  3.74x1070
700 5.767:10-10 1.67xl0-7 ] Extrapolation of present
1000 1.72x001°  7.00x107° | wosk above 500 Gev/e.
Table 6,1

Values of the Fest Retimate of the Svectrum

used for Comnsrizmcns with other data.
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each arrangement was quoted as 26 GeV/c and 657 GeV/c respectively,

The resulis of Gardener et al., based upor 191000 everits redorded
automatically with the geiger tubes, are shown in figure 6.2(a) together
with those of Hayman a2nd Volfendale using the increzsed resolution of the
flash-tubes, who measured 14556 events, 4520 corresponding to 2 momentum
>20 GeV/c, The results from both these experiments were combined iogether
by Hayman and VWolfendale to give a best estimate of the spectrum from G.4
t0 1000 SeV/c, shown ae the HY zpectrum in figure G.Q(a). This fitted curve
was based upon a model of muon production and propagalion through ihe
atmosphere identical to thaf discussed in chapter 5, the authoru haviag
assured that a2ll the muons came f{rom pions., The best fit value of Y was
found to be 2.64 + 0,05 in the region > 10 GeV/c with a 503x significance
level, (the errors auoted to the 167 level), using a standard X2 test,

For momenta <10 Ge.V/c, Y vias found, by Gardener et al.,, 1o decrezze {rom
a constant 2.65 above 5 GeV/c to 1.93 at 1 GeV/c,

Subaeguently an instrumental bias was found in the K spectrum, znd
Oshorne et 3l, (1964) produced a spectrum, combining the corrected HY%
spectrum with the muon spectrum deduced from the measurements of Duthie
et 21, (1962) on the intensity of Y-rays in the atmosphere. The Y-rays
were taken as the decay products of the W°'s produced along with the charged
pioﬁs in the nuclear interactions of ilhe primaries in the atnospnere, and
with the‘assumption of charge independance (i.e. equal numbers of all thres
charged states of the pion,ﬂ§) in nuclear interactions, the pion production
spectrum,and hence the muon sea level spectrum was deduced, %he spectrum
of Osborne et a2l., referred to as the OFYW spectrum,is also shown in figure
6.2.(a) where the effect of the correction to the HW spscirum can easily
be seen, All the results in figure é.2.(a), with'the'exception of the
comparison spectrum,which is z2lso shovwn, Save been renormalized to the
Allkofer value at 1 GeV/c; their previous normalization having teen to
the Rossi point,

Finally the Durham spectrograpn was modified by Aurela (1965) with the
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inclusion of an iron plug in the magnet to increase the magnetic flux, and
hence the resolution of the instrument. These results together with the
OPY spectrum and the underground measurements of Achar et al.. (1965)
were combined by Aurela and Wolfendale (1967) to give the AW spectrum
also shown in figure 5.2,(a), which as can be seen differs only from the
OPW spectrum in the higher momentum regions ( >100 GeV/c). 7This excess
is thought to be in error due to the normalisation of the various com-
ponents making up the spectrum, particularly the underground measurements,
Consequently the best estimate of the muon spectrom previously produced vy
the Durham group is considefed to be the OPW spectrum,

Figure 6.2.(b) shows the relative difference of the various specira
from the present best estimate, normalisation, apart from that stated to the
contrary, is to the i GeV/c point of &llkofer et al, The experimental
points are again those of Gardener et al. and Hazymen and ﬁolfendaie. 1'te
sudden change in slope at around 7 GeV/c is artificial and can be attributied
to the slight discontinuity of the comparison specirum. The lW spectrum ig
generally .steeper than the OPW and A¥, due to the instrumental bvias found
in these measurementa. Considering the OP#% spectrum one sees ithat the general
trend is that above 10 Gev/c it is slightl& steeper than the present spectrum
and if normalis2d to the Allkofer point at 1 GeY/c predicts higher intensities
up to several hundred Gev/c, at which point the relative difference falls
dramatic#lly, presunably due to the extrapolation of the present spectrunm
at the high energy end. The AW spectrum is in agreement vith the OF¥ up
to ~100 GeV/c at which point it rises considerably and is thought to be
incorrect in the way described, If the OPW spectrum is normalised to the
present best fit at 20 GeV/c, then it is seen that for the region 20 Gev/c
to 500 GeY/c over which the present experimental data were collected, the
discrepancy between the CPW and the present data is everyvhere smalliﬁsing
to only 10¥ at 500 Ge%/c. The flattening in the curve at around 100 GeV/c
‘indicates a flattening of the muon spectrum to very nearly ihe same shape

as the present results, though in the region below this momentum the

. spectrum is obviously steeper,



6.2.4. The Work of the Nottingham Group

A major step forward in spectrum measurements was the inclusion of
large solid iron magneis instead of air gap magnets. Apart from increasing
the resolution, and the rate of collection of data, by allowing a large
uniform magnetic field ve sustained over a2 large volume, the iron also

acts to filter off other less penetrating particles which could possibly

0

be mistaken for muon:

|

in the air gap types of spectirogrzph. One of the

Al

early solid iron instruments was that constructed at Nottingham, resulis
from vhich were initially reported by Bull et =l, (1965).

The spectrograph used geiger tubes for triggering and hence accentance
defining devices, and optical neon f{lash-tutez for trajeclory location,
there being twec seis of each type of detector both above and below the
1nagnet. The m.d.m, was quoted as 360 Gevyc.

Subsequent to the initial ﬁeasurements of Bull et al., more data was
collected first by Eaber et al, (1968), znd then by Appleton et al., (1971).
The results of thé analyses of both:these groups of authors are shown of
figure 6.3.(2) where they have been normalised al 20 GeV/c to the present
.results, the best fit curve of which is also shown; Using an all pion
muon production model Baber et 21, find a best fit value of 2,65 + C.03
for Y , whilst in thneir initial =znalysis using foirly large deflection
ranges, Appleton et 21, find a Y value of 2,73 + 0,02, There seems 1o be
no reasoﬁ for this difference otner than statistical, The latter value
is based upon more particles including, however, those in the former experi-
ment, Appleton et 2l, then further divide their highest momentum categories
into smaller deflection ranges, and attempt to find a beét fit with the
inclusion of either kaons or ike X-particle (direct muon productiion, i.e.
thg Utah effect,), as muon producers, Using a. standard X2 test they find
a best fit with ¥ = 2,745 and a2 ¥/n ratio of 20%, the same value of Y
being found for the best fit with 5% direct productiion, The values of the
best fit curves of both Bzber et al, and Appleton et al., again normalised

to 20 GeV/c are shown in figure 6.3.(a), whilst figure 6.3.(b) shows the

ratio of these Mottingham spectrz to the best estimate from the present
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resulte, As in the earlier Durham work, the spectr: are obviously steeper,
though in the YNottingham case this is even nore pronounced, the best fit
curve of the latest result being ~30 to 407 lower at ~500 GeV/c. A
vossible source of such a difference could be in the neglect of any momentum
dependent effects contributing to event rejection in the analysis procedure.
Por example, as in the present asnalysis (chapier 3), the probability of the
muon heing accompznied by electrons from the iron block is strongly dependent
upon mowenium, and since the Nottingham spectrograph has only two flash-

tube trays below the magnet, any such evenis producing extra iracks are

very likely to have been rejected, Another possible momenium dependent effect
is the probabilit& of a muon being accompanied by an air shower which again
would cause the event to be rejected. However in most other specirograph
measurements, including the present HARS one, such a momentium dspendent
effect has also been neglected, and consequently it is difficuli to see how
this %ill effect the relative difference between the two measurecumentis of the
muont spectrum, unless such an effect is a function of the specirograph
itself, i.e. dependent upon the size-of the specirograph and the details

of its construction., If this is the case then it will be very difficult

2]

to compare the results of different spectrographs of vastly different sizes,
to any degree of precision,

The general conclusion is that the Nottingham results seem to give a
greatly steeper spectrum over the whole energy region, than the present
results, It is interesting to note that-Appleton.et al. make the rémark
that their experimenta) poinis lie consistentily above the best fit line
(even with the inclusion of the other sources of muons), at the highei energies,
Thia, they conclude, could ve due to additional contributions Irom kaons or
direct production, poor statistical accuracy, or inadeguacies in the theoret-
ical model expressing the muon produciion., However it is, to some extent,
the same effect as in the present experimentazl data? and also could possibly

be due to 2 flatiening in the production spectrum of the muons' parents.



6.2.5 The Svectrum of the ¥iel Group

As well as the absolute rate experiments performed by the workers
at Kiel, the vertical muon momentum speétrum has also been measured, over
a wide range of energies, in a series of experiments using three different
spectrographs. The results from all three instruments, cowbined with thelY
absolute intensity point at 1,11 GeV/c, have been collected together by
Allkofer et al. (1971) to produce 2 best estimate of the spectrum from
0.2 GeV/c to 10090 GeV/e.

The experiments consisted of measurements with two zir gap wagnet
spectrographs in the region'0.2 to 10 GeV/c and one solid iron magnetic
spectrograph measuring momenta >10 GeV/c. The spectrum measured with the
latter vas absolute, whilst the former were not and viere norimalised {o the
ahsolute intensity point at 1.11 GeV/c. The results from thace experiments,
as presented by Allkofer et al, (1971) at the Lobart Cosmic dzy Conference,
are shown in figure 6.4, =2long with other recent measurementis to be
described later, To produce their best fit spectrum the usuzl theoretical

model,identical with that outlined in chapter 5,was used and a pest fit

]

value of ¥ of 2,63 and a K/m ratio of 0.0 was found., This is shown =
the: ACD (Allkofer, Carstensen, and Dau)spectrun in figure 6.4 Clese
examination of this specirum over the entire energy region shois that it is

a fairly good fit in the lower energy region (telow that shown on figure
6.4), but begins to fail at the higher energies, presumably due to the
constant Y being taken over such a wide momentum renge, Further examin-
ation of the Kiel data shows that the resulis of their high energy experiment
(10 to 1000 GeV/c; shown as crossec), and low energy experiments (open

circles and trisngles) are in disagreement in the region of 10 GeY/c.

In fact the low energy data lies telow the ACD speciruw in the region

2 to 10 Ge“/c, and that at high energy lies above the ALD spectrum in the
region 10 - 20 GeV/c, but becomes lower as ithe memeniwm increases. A4s o
result of this discrepancy the high energy resulis are examined in more

detail below,
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The HER'ES epectrograph (as it is known) consists of a large solid
iron magnet with particle detectors zbove and velow., The whole instrument
is located on z frame which can be rotated to investigate the spectrum at
inclined zngles., Triggering is by means of four scintillation counters,
two above and two below the magnet, Six ﬁouble gap optical spark chamuers

constitute the trajectory location elements, three being situated vetween

=2

rs of

cintillation counters. The spectrograph is sited

oo
n

enc

A8

of the na
benezth a thick concrete roof ( ~800 gm ch) of irregular but known shape.
The procedure of the analysis was to fit sitraight line tracks to the sparks

ets of thase spark chambers whenever possible, and calculate

[0}

in the two
the muon's momentum from the amount of =zngular deflection. The position of
emergence cf the muon track form the iron block is then computed from a
knowledge of the incident posgition, angle, 2nd momentum, and cowpared with
that ohserved., If thereis agreement within three times the sizndard deviatiion
expected from multiple scatiering, then the event is accepted. %The sea
level momentum is then calculated by projecting bvack through the concrete
roof,

No momentum dependent corrections have been included to allow'for ihe
electromagnetic interactions of the muon in the iron, or in the concretle
roof, which would have caused & particle to be accompanied Ly bturst electrons.
This would be a difficult correction to make as such events are not automaiic-
ally rejeéted, and was neglected by the workers on the grounds that such an
effect would be expecled to be small, and the statistical errors are so
large that it is not Jjustified, However there mazy be some effect causing
a depression at the high energy end.

A more serious effect which may have some bearing on the 'highness'
of the lower energy vointis may bte caused by the criteria used to select
events, i.e, comparing the point of emergénce from the magnet with that
expected. In the Diplomabeit of Finders (1971), vho was responsible for
the selection, the eventis are grouped according to the number of spark

chambers, either above or below the magnet, which had sparks in them,
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the groups being labelled 3 to O as shown in figure 6.6(a)., If the fitting

critera were correct, and only muon iracks were being accepted then one
would expect the same shape for the specirum obtained by considering any
of the groups of tracks. However, as shown in figure 6.6.(b), reproduced from
the work of Fdhnders, this is not the case., The differential spectra obtained
from the different combinations of groups above and below the magnet are
plotted relative to that obtained only considering group 3 events in both the
upper and lower levels of spark chambers,

Figure 6.6(b) shows that whenever the track of the muon is not defined
by all three spark chambers'then a momentum dependent effect is introduced.
A possible explanation for this is that when there are only two spark
chambers operative in defining the muon's track, ihen there is a greater
chance that any spurious sparks will lie within the scattering criteria
at lower momentia, since ihe absolute size of the acceptable channels increase
as the momentum decreases. Since there are approximately equal numbers
of (g) events and other events in the data making ur the final specirum,
one might expect the total effect to be roughly as shown in the dashed
line in figure 6.6.(b). It is interesting to note that such a rise is
exactly what is observed in figures 6.4 and 6.5 which show the relative
difference of recent results from the present best estimate of the spectrum,
and in fact these lower momentum points.(lo GeV/c to 20 GeV/c) may be
~20% too high.

Considering the overall picture of fhe spectrum from the Kiel group
it appears that between 1 and 1C GeV/c the spectrum is more accurately
given by the form fit of De et al., than the ACD spectrum, and above 10 CeV/c,
remembering that there may be a momentum bias, there is fairly good agree-
ment, within the experimental errors, with the present results. The ACD
spectrum is 108 too high in the region ~20 GeV/c and, being steeper than

the present spectrum, falls to ~20% below the present work at 500 GeV/c.

6.2.6 The Dagapur Spectrum

Nendi and Sinha (1972) have reported a measurement of the vertical muon
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gectrum in the range 5 to 1200 GeM/c, made using a solid iron magnet spectrc-
graph incorporating geiger and flash-tube detectors, having an m.d.m. of

ors CeV/c, 4 best fit Y of 2,61 was found for an zll pion production
spectrum with 327 significance, The results are shown in figures 6.4 =nd 6.5,
where it is seen that there is fairly good asgreement with ihe present
results with regard to the shape although ihe resulis of iiandi and Sinha

are -~10 higher in figure 6.7 where they have been normalised to the
Mlkofer et 2l, (1970) intensity at 1 GeV/¢, the normalisation being made

by extrapolaiing the test fit curve from 5 GeV/c dovn to 1 GeV/e. This
indicates that either the extrapolation is not valiq, or tnat there exists

2 differeﬁce in shape between the itwo spectra in the region <5 GeV/e,

Figure 6.5 shows the comparison when normalisation is made to the present
results at 20 GeV/ce, and as noted there is good sgreement up to ~1000 GeE/c,
within the errors, which at this monentum beccme very large.

6.2.7 Svectrum Measurements Presenied at the Danver Conference,

Avart from the preliminary results of the work constituting the main
bulk of this thesis, two other direct measurements of the vertical sea
level spectrur were reported; from the AH specirograph at College Staiion,

Texas, and the UCSD specircgraph 2t San Diego, Californiz,

(a) The AVH Fesults.

Regultis up to ~50 GeV/c had veen previously reported from this group
by Batemaﬁ et al, (1971) who measured the absolute specirum in the region
3 1o 53 GeV/c. Again the specirograph is a solid iron megnet type, with
scintillation countizr, and optical spark chnamber particle detectors. The
results are shown in figures 6,4 and 6.5 where they are seen to agree very
well in shape with the present best estimate of the spectirum; this is as
expected below 7 GeV/c,since_the form fit of De et al.,mhich is teken a= tne
best estimale below this momentum,was baséd partly upon these resulis., The
ebsolute height is seen Lo ve ~57 below that estimated in the present work.
Extended measurements have been presented by the same group (Abdel-ionerm

et al,, 1973) at the Denver Conference, and on fiiting a standard theoretical
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model to the data assuming an 211l pion source, the group find a test fit

Y of 2.57. Closer examination of the data presenied, in figure 6.7, reveals
that the meacured points ere much lower in intensity zbove 20 GeV/c, than
their best fit, which presumabiy is weighted by the smzll errors on the low
momentum points, Recause of this apperent inconsistency, a2nd the.lack of
agreement with the other results, this data will not be considered any
further,

(b) The UCSL Srectroaraph,

Burnett et 21. (197%) have reported recent results from the spectro-
graph at 3an Diego, The instrument is a2 large solid iron mazgnet speciro-
graph capable of bqing rotated to different zenith angles, The m,d.m, is
quoted as 2500 JeV/c and the oversll acceptznce as 1550 cm2 sr, consequenily
it is one of the largest so far operational and cowpares in size with nadS,
The particle detection elements are scintillation counters and spark chambe s
with digitised magnetosirictive read-outs, resulting in the zbility to
analyse a large amouni of data (-«25:106 events in the zbove publication).
feasurements were made at various zenith angles, and =z method presented
enabling the data from the different angles to be combined together to give
an estimate of the vertical spectrum. The method is based upen a theoretical

=

model of muon production =nd propagation similar to that given in chspter &,

and assumes a constant value of Y , and an all pion source, Using their
method, Rurnett et al, deduce that the best fit Y is 2.715 + C.015, and
present a spect;um in terms of the parameter k (= 1/3). Since the publication
at the Denver Conference the resulis have been raised by 157, and are shown
converied to a differentizl momenium spectrum in figures 6.4 and 6.5, {(in

the former they have the same normalisation as given bty the authors, razised

by 15%, whilet in the latter they have been raised by a further 227 to bring
them closer to the present results). It can be seen ithat they represent,
apart from the present HARS resulis, the mosti siatistically accurate datiz

in the region above 100 Ge%/c, so Tar reportesd, and indeed are very compatible

in shape with the present resultis, the shsolute normalisation however, even
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with the increase of iS% being 22% lower. It is not clear at the present
time what are the full implications of the procedure of combining together
the data from different zenith angles in the way the authors describe;

a point which is further emphasized by the fact that the spectrum of actual
c&mbined experimental data points appears much flatter, particularly at the
higher momenta, than the best fit with Y= 2.715 (see figure 6.7). It is
encouraging however that the shape deduced agrees so well with that of the
present experiment.

6.2.8 Conclusion from the Direct Measurements

Examination of figures 6.4 and 6.5 shows that in the recent measurements
made of the muon spectrum up to 1000 GeV/c there is no evidence to suggest
that the results fdund in the present experiment are incorrect to any large
degree, though in the majority of cases the experimental exrcrs are so large
as to prohibit any firm conclusions. The reasons for.discrepancies with the
earlier measurements (e.g. Durham and Nottingham), which generally give
steeper spectra at higher energies, may be put down to foor statistical
accuracy, and possibly instrumental biases in these experiménts.

The ACD spectrum of Allkofer et al. seems to be in error by ~10% in
the region 10 to 100 GeV/c, (the peaking at 7 GeV/c is artificially caused
by the discontinuity in the comparison spectrum). The sudden downward ‘kink’
in the comparison with the ACD spectrum in figure 6.5 is a reflection of the
fact thaf at around this energy the comparison spectrum changes siope
dramatically, and further emphasises the conclusions reached at the end of
chapter 5,
| As an argument against the constant Y pion spectrum fitted by most
workers to their data, figure 6.7 shows the resulis of the four most recent
experiments,indicating both the experimental points and the best fit spectira
quoted by ihe authors, (that of the AMH sfect?ograph is shown for complete-
ness). In each case there is evidence, though not conclusive, that towards
‘the high energy end, the spectrum is becoming flatter than that corresponding

to a constant value of Y.



6.3 Indirect Determinations of the uon Spectrum.

As indicated at the beginning of this chapter, apart from the direct
measurements of the sea level muon spectirum, thers are three main methods
for its deductlion indirectly, The last of these methods, based upon mezsure-
mente of the Y-ray flux in the atmosphere, has been used by Osborne et al.
(19€4) to nroduce the OFW spectrum, (from the measurements of Duthie et al.
1962), and will not he discusszed any further., The other methods involve
the ouservation of either the muon intensities underground or undervater,
or the examination of electpomagneiic bursts produced by muons in =zbsorbing
materials., Initiaslly the basis of these methods will be outlined, and then

he results from two recent surveys will be compared with the presesnt
resultis,

Underground measurencnis of muon intensities are cenverted to se=a
level spectra by the use of range-energy relations, calculated from the
theories of electromagnetic interzctions, (ionization, bremsstrahlung, asnd
vair production), and nuclear interacticns of the muon in the particular
material traversed by the muon from sea level to the detector., Two problems
arise in the interpretation of such results, in the calculation of the
equivalent sea level energy, and in the determinsiion of the intensity.
Since the energy deduced at sea level is dependent upon ithe amount eof ensxgy
lost in the wmuons travel, the accuracy of the energy determination is
governed hy the accuracy to which the energ& loss processes can te formulated
mathematically, and bty the accuracy of the knowledge of the amount and type
of material traversed, and to this latter end extensive geological surveys
are necessary. 1he main source of error in ihe energy loss theory is in the
nuclear interactiions vhich become important at high energy. The situation
is further comnlicated by the fact that the energy losses due 1o
bremsstrahlung (radiation loss) are not continuous, and the muon has the
infrecuent probability of losirg a large part of its energy in a single
éollision, resulting in the range of the rmuon fluctuating. This becemes
impprtant 2t high energies (large depths) where the spectrum is very steed,

and causes an effective increase in the intensity. Therefore a correciion
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has to be made to the intensity to allow for these fluctuations, whnicn is
generally calculated using Fonte Carlo techniques (e.g. Iayman et al.,
1963; lenon and Ramana MNurthy, 1967), and which,together with the range-
energy relation,plays an importani part in the interpretation of the
results.

With fegard to the burst experiments the situation is somewhat siwmilar
in that the reliability of the eleclromagnetic theory, particularly that
of bremssirahlung, is directly related to the accuracy of energy measure-
menis, Also of importance is the sensitivity of the detectors from which
the burst sime has to be determined, and obviously a wrong estimate of any
of these effects copld lead to a wrong energy determination, In the main,
three tyves of detecltor have been used : plastic scintillation counters,
ionization chambers, and X-ray enmulsions, the latter two mzinly being
exploited by workexs in the U.S.S.R. They are generally dbuilt inio 'sandwich'
like constructions, the detectors being interlzaved with absorhing material
(usually lead) and the development of the cascade of electrons, produced
by the muons, studied. The energy of the muon is deduced from the size of
the shower. Recently their has been controversy about the differences in
the results from the ionization chamber experiments and those using X-rzy
enmulsions, Experiments-wiﬁh the former (e.g. Erlykin et al., 1971) give
a2 much flatter spectrum above a few hundred GeV than that expected
theoretically, and which had been observed with the X-ray emulsion technigue.
Recently &rlykin et al. (1973) have suggested a solution in the possible
existernce of an anomalous interszctiion which produces electron-photon cascades
having a wider angular distribution than predicted by conveniional theory,
and wvhich are detected by the ionization calorimeters but noi by theX-ray
emulsion techniques.

Figure 6,8 shows the resulis given in iwo recent surveys of indirect
measurements, The experimental points above 1000 GeV/c are the data given
by Ng et ;1. (1973(2) mnd 1973(b), internal ccmmunication), who used the
most recent data, combined with a recalculation of the range-energy relation

and fluctuation problem, to precduce a best fit line, using the standard
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dev to

3

model with =11 pion produstion, having Y= 2.70 + 0.02 from 10
102 GeV. Also shown is a survey by V¥right (1973 (a) private communication)
based on underzround and undervwatler dzta, and a reassessment of the range-
energy relation for different types of material {wWright, 1973(b)). Shown

for comparison in figure 6.8 are the results of the present experiment,

those of Allkofer et al. (1971), and those of landi and Sinha (1972), all
normalized as in the original publications,

As can be seen there is agreement in shope between the present results
and those of Yright over the energy range of the present experiment, Above
500 GeV both =n exiranolation of present resulis snd {the data of wWright
seems Lo bte giving too high intensities compared with the experimental
points at these energies, ZExamination of the available data above 1000 GeV
shows that it is possible that the present results (<500 GeV) could be
correct, znd would imply that the muon specirum, and hence the pion specirun

would have ito decrease in slope again somewhere in the region 1000 io

10000 GeV .

6.4 Summary

Conparison wi

) LY

h other direci measurementis shows that tnere is no
evidence to suggest that the present resulis, and tiheir interpretation in
terms of a decrease in the value of Y of the parent production spsctrs,
are incorrect., This seems to be further supported by the fact thnat imany
other experiments seem alse to show the same iendency of an increase in
muon intensity at high energies above that expected on 2 constani
model although the implications have not héen persued, ilhen one considers
also the indirect measurements it is clear that if they are correct, theu
the snectrum cannot continue with "this levier value of ¥ , and a rise in its
véluc, and hence a relative &ecrease in the muon intensity above ~1000 GaV
would be implied,

It is interesting to note that in a recent paper by ivdowczyk and ‘olfenaale

(1973) a decrease in the slope of the primary specirum above ~1000 eV

(to an integral slope of 1,44) was proposed to accommodazlie the recent direct
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measurements on the primary spectrum of iyan et.al. (1971) which if
extrapolated to the energies of air shower measurementis would rvesuli in
ton low an intensity., If one assumes the theory of scaling lo be true, then
the slope of the pion specirum would reflect the slope of the priwvary
spectrum and teking an approximate figure of 10:1 for lhe ratio between
the primaries and the eventual resultant muons (a2 ratio sugzested by the
fact that the mean value of the energy of the pions,which are important
in cosmic ray studies,from the I.S.R, data is 0.16 of the energy of the
primaries), then the theory of the above authors would predict an increase
in the muon intensity at ~160 GeV similar to that which has besn observed
in the present work, “Whilst at the presentl time there is no conclusive
evidence in favour of a flatiening of the primary spectrum, the present
results sugzest that the possibility of the spscirum becoming less steep
in the region of 1000 GeV canuot be ruled out.

As regards the absolute normalisation of the muon spvectrum it is seen

that there is still some disagrement, presumably reflecting the difficulty

of its measurement, and recent resulte are seen to Qary considerably.
Howvever the present result ic satisfactorily cousistenti with the mean of
the recent observations, and the agreement in intensity teiween the preseni
work and the spectrum of De et al, supporis the view of the presenl work
that it is accurate to within a few percent, In the next chapter an
experiment is described to measure the integral absolute rate above the
cut-off momentum imposed by the iron in the spectrograph ( ~7 GeV/c) which

as will be seen lends support to the correciness of the present estimate

of the height of the spectrum.
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CLAPTER T

THe AB8501UTE aaT8 EXPhilisst

The ARS spectrograph, as well as being operzted as a magnel spectilro-
grava, can also be used as a range spectrograph to measure the integra
muon intensity above the effective cut-off momentum defined by the quanlity
of zbsorbing material in the muon beam. The resulis of such an experiment
were reported at the Lobarl Cosmic iiay Conference (ayre et al., 1971(b)),
and were found tc be in disagreement wiil several other results, notably
those of Allkofer et al. (1571). The LaiS intensities were found to be
11.5" and 12.27 lower than those predicted by ithe ACD spectrum at mowenta

5.48 and 7.12 GeV/c respectively, and in view of the yrossness of these

ent at the nigh momentum
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discrepancies it was d
value. The rzsulis of this 'repeal' experiment are given in ihis chapler,
and they have also been presented at the Lenver Conference {tyre ei al,,
197,/.

For the purpvose of this experiment ikS5 essentislly consistis of four
large solid iron blocks, and three scintillation counters, (es shown in
figure 2.1). The experimentzl procedure is to reduce the magnetic field in
the blocks to zero, and count the rate of 3-fold coincidences veiween ine
scintillation counters. From tnis information, after applying several
corrections to be described in the following sections, the rate above the
effective cut-off momentus ( ~7 GeV¥/c) of the whole instrureni can be
calculated. (‘he lover momentgm value (3.48 Ge"’
cane from considering only varticles venetrating the top two iron blocks.
Since there were similax discrepancies between the initial .45 iceasurenent
and the measuremenis of other workers at both momenta it was only felt
necessary to repeat the exveriment at one value of momenium, the nigher

being the essier as this did not involve moving ihe scintillation counters

from the position they occupied during the spectrum measurements.)

¢) in ihe previous experiment
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7.2 Reduction of the Nagnetic Field to Zero

The reduction of the magnetic field to zero involved the standard
method of successively reversing the field whilst gradually reducing ihe
energising current to zero., The procedure of reversing the field was to
switch the current off, wait ~ 30 seconds, and then switch the current on
again in the opposite direction with a slightly reduced value, (the 30
scconds delay was necessory to allow the large induciive effects of the
magnet coils to die away bvefore attempting to reverse the field which other-
wise could result in damage to the instrument, and poessidbly to the operator),
Table 7.1 =howes the current sieps wsed in this reduction meihod together
with the values of the field at the end of the first four current ranges,
which have been calculated from measurements of /%dt, made using a large

loop of wire around one a2rm of = magnet block.

Current Reduction Approximate Hagneilc Field Z~fold Coincidence
Range (amps) Reduction Step at e¢né of Reduc- rate (min~1)
Length (amps) tion Range (ki)

50 ~ 16,3 17, 68+, 28

50-9,95 0.5 11,5 21,25+0.17

9.95-6.05 0.5 8.5 2%,53+0.27

6.05-4,10 0.2 5.7 25.4940.15

4.10-2,00 0.1 2.3 26,1140.18
2.00-1,00 0.1 - -
1.00-0.%0 0.05 - -
0.30-0.20 0.02 ' - —
0.20-0.10 0.01 — —
0,10-0.05 0.005 - —
0.05-0,02 0.002 - -

0.02-0.00 0.001 0. 28,34+0.17

Table 7.1

Summary of the Procedure of 2=ducing the Field to Zero

The small current reduction sieps used, pariicularly at low currents,
are important since,in order to reach a zero-field condition, the field must
.actually be reversed in each cycle, and if at any stage there is not complete

reversal then there vill be a remnani field. Also given in table‘7.1 are
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the 3-7old coincidence rates between the three scintillation counters which,
as exnected, are seen to rise as the field decreases due lo the reducing

loss of lor momentum particles which are normally bent cut of the acceptance
volume of tiue insirument. Figure 7.1 shows the mezsured field as a funclion
of energi=zing current, the point at 25 amps teing ovtained szimply Ly reducing
the current in one cycle from 50 to 25 amps, in a separate measurement,

The dashed line ia a fit by eye to the measured points., Figure 7.2 shows

the measzured 3-fold rates, plotted relalive to the zero-field razte, as a
function of magnetic field, The dashed line in this case is a theoretical
eatimate bvased on Oalculatlonﬂ of the acceptance ol the three scintillatien
counters at reduced values of the field uzing the methods given in ippendix 3,
and integrating over the incident momentum spectrum. It can ve seen that
there is good agreement with exvectation,wiiich lende zupport both to the
melhod of calculating the acceptances, and to the measurcments of the magneiic
Tields, BExamination of figure 7.2 shows that even with a field of ~2Zk§ the
rate is only ~ 27 below that of the zero-field rate, It is cons red that

the final field is much less than 2 kC and very clos=e to irue =zero, ccnseguenily
the true zero-field rate will be measured to within a fraction of a percent,.
Support for the field being zero is obtained from ihe RUDI distributions

of the data from the momentum selector tray=, The =sum of the first two

of these diztributions, after the field had been compleiely reduced, is

shown in figure 7.%, wnich also shows a theoretical estimaiion based upon

a Monte Carlo simulation of particles througn the spectrograph witn their
correct input momentum spectirum, and including ine effecis of multiple
=scattering, Clearly there i= good zgrecement, and the fact that there is no
apparent division into positive and negative charges, vwhich yould manifeat

nz of the neak of the distribution, leads teo the conclusion

s

it

[

itself =2s epl
that the field i= very =mall, and hence the ob«erveu raies are the true

zero-field rates,

r .

7.3 teasurement of the Efficiency of the Scintillation Counters

One of the key parameters in the measurement of an absolute value of
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the intensity is the exact efficiency of detection of evenis, in this case
a.fnowledg@ of the scintillation counter efficiencies, In the previous
evveriment these efficiencies were calculated by examining the pulze height
diztributions from ihe counters, and estimating how many real events were
being rejected by the discriminators, through which the pulses from the
counters were vpassed before being put into coincidence. In the present
experiment a more direct method has been zdopted namely using an extra
small scintillation counter in such a2 position that the particles passing
through the =mall counter and the otner two main counters would zlso pass
through the counter under teat, The dimensions of the small scintillation
counter were 55 x 68 cm. compared with 176 x 75 cm. for the main couniers,
and consequently il was possible to study three regions along the length
of each counter, known az the north, centre, and south regions, The positions
uzed for the small scintillation counter were directly bélow the upper and
middle counters for measuremenis on the upper and middle levels respectively,
and above the lowest counter for measurement=z at this level, the reason
for this latter being that there is no space below the lowest counter, and
care was taken {0 arrang= the position of the emall counier such ihat
varticles could not pass through the small counter and the other two
counters, and miss the loviesi one,

The experimental arrangement is shown in figufe 7.4, in this case
for the examination of the centire region of'ﬂmxaiddle scintillation counter.
As can be =een, the 3-fold coincidence rate Ltetween the other iwo counters

(the upper and lower) and the small counter, together with the total 4-fold

coincidence rate is measursd, fThe inefficiency of the region under test

is then given by the difference in these coincidence rates, since each
varticle producing a %-fold coeincidence irust alszo have passed througn

the fourth counter, The discriminator setiinge uzed in this pari of 'the
experiment were the =asme =28 thos2 used in the aciual final measurement of
fhe main %-fold rate, Tsble 7.2 shows the resultis of this procedure for

2ll three regions of each scintillation counter. -



12100G

12|02g

—

S213U21314} 3 12jJUN0H UOND]IRUIS
2y} Buunspap 10} awabubiy piuawizdxgy a3y ¥+, 3¥N9OId

m ;tozmu.;cuum cazomm

L ] t 13A37

3
~I <E

10}

L

12]unod UO!DII1IUIDS
_ - WI(gg X Q) ljpws
p——T

J € 13Aa

v
10 €

Y

S}HNOIY
25U2p13UI07

— ] S 13A37

Y
$J21Uuno9

S0} DUIILIOSI(] uo1}D]|DIUIOG

2y} JO M2IA 2pIS




S9

2°L e1qey

OUBTOTJJT JO}uNo) UOTFE[[13UTOS Y} JO LOT3E(NOTe) o3 JUTsiiemung

GI°0+R0°96 01°0+99°y 01°0+g*Q €929 Gzve 756 q3I0N Jemo]
g0°0+20° g6 pT0+ileLl6 L0*0+09°¢ LO°0+6L"g COVGT TGLGT: 26L1 | 8I3u8) IAnOq
21°0+02° g6 20°0%6£°Q g0°0+rG g 09111 b9ttt OfET Q3N0S I8k 0]
21°0+12°66 RO°0+12°9 £0°0+92°9 1186 LGgg ¢es Y3104 PTH
G0*0+22°66 70*0+l2°66 9G*0+VE *21 90°0+CV 21 LTlgeE € 006¢ LE1€ exjus) P
0T°0+60°66 LO*0+61°9 LO°0+G2*9 6£€Q 91l LbE T y3nos PTiH
G2 0+Ll Y6 o1°CryR°"Q 0L°0+0V "6 6618 0899 €26 yiuoy dog,
$1°0+06°16 o2 0+eG 0g $0°0¥e v g 90°0+26°6 €512 9t vye 9962 sxjusy dog,
Gro+elz6 60°0+€Q°Q 60°0+25°6 €1L6 9ly701 0011 ysno3 dog,

1ea07 Jad C\.v .

Loua1n13ia (%) Aﬂlc._"Ev A._,lﬂ,mEv S30USPINUTOD S9OUSPTOUTOD Acﬁuv 19A87 Ppue

aJdexsay LousTOoTIIE O3By PIOJ-y  93BY PIOF—E Pioi=y Jo oy PIoJ=€ 3o “oj sug] Jurtuuny uot3ay *9°S




102
Combining the three sverage efficiencies at each level one finds tizt
ihe overall efficiency of the scintillation counter aystem iz (0.894+0.002) 1,

o .

most of the inefficiency zrising from thie top counter,

7.4 Yeasurement of ihe ?-fold Coincidence iate

Measurement of the %-fold rate beiween the three mzin spectrograph
scintillatien counters wos made using the spectirograph coincidence unit
(as described by Ayre, 1971) and a scaler capable of couniing rates far
in exceas of those cbserved in the present experiment ( ~2 s-l). In short,
nulses from the photomuliipliers attacned to the scintillators (shown
schematically in figure 2.4) are szmvlified and passzed through discriminators,
the outputs of which are fed into = three-fold coincidence gate,

Data was collected during the month= of January and February 1973,
and together with the 3-fold coincidence rates, the atmospheric pressure,
recorded on a harograph, was measured. For the timing of ike runs a mains
regulated digital clock was used, which is very accurate over tne periods

used in the experiment. Table 7.3 summsrises the data collected. Figure T,

5

shows the observed 3-fcld coincidence rates as a function ol pressure, and
alsothe resulis of combining the points in pressure ranges of Smm Hg., In
the paper prezented at the Denver Conference {(Ayre et al,, 1973) the rate
was quoted as 28,35+0,2C min_l at 760 mm ilg, and was estimated from tbe
rav exveriment2l data, the error being a conservalive estimate considering
the size of the errors mnd the spread of the data., In the present work

the mean value of the rate, at the mean pressure is teken, being 23.57+0.04
min-1 at 754 mm lig. Examination of figure 7.5 also chows that there is a
strong dependence of the rate upon pressure, and assuming a linear relatisn-
ship between the two, the pressure coefficieni is szen to be ~-0,1 per

mm kg, : .

7.5 Absorbing ¥Material in ine f.uon Deam

The greatest proportion of the absorbing material ( ~2%7) is the irou
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of the masgnets, This is found fros the dimensions and weights of ithe individual
platez comprising the megnet tlocks to amount to a total of 3275+20 gun cm-2
the error coming from the quoted tolerance by the supplier on each plata.
This figure is conaistent with the fact that the height of the msgnet
blocks decreorse from 125.0 cm for ithe upper to 123.2 cm for ithe lower,
The total figure zbove, assuming & density of iron of 7.50 gm cm—3, gives
a block height of 122,86 em which is close to that of the lower block,
which is therefore virtually fully compressed by the mass above it.

Cther absorbing matleriels present are the scintillation counters, the
copper coils of the magnet windinge, and the nowentum selector trays. The
amounts of atsorter coniained in these have been czlculated from their

dimensions and respective densities, and table 7. summarises the total

amount of absorber precent,

s

Flement Mfaterial Thickness (g cin )
agnet Blocks Fe 3375+20
3cintillation Al 13
Counters NelQ2a
agnet Coils Cu 22
Liomentum Selector Al 17

Trsys Glass
TOTAL 3927+ 20

The energy loss curves of 3Sternheimer (1956) for ionisation loss, and
and Hayman and Welfendale (1963), converied from rock io iron, for pair
production, bremsstrahlung, end nuclear loszesea, have been umed to converti
the total amount of absorter into a momentum inrezhold. (The distinciicn

between momentium and energy at these energies iu neglected,) rigure 7.6

shows the renge-momentum relation cazlculated from above sources, in the
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. -2 . . . . .
region of 4000 gr. cm ~, Xeglecting the effect of fluctuations in energy
loss, which will be insignificant at these energies, and assumiang that the ranre -
momen tum relation is the same for other types of azbsorhing maieriazl
as it is for iron, which agzin will intrcduce negligible error, ine cut-off

-2

momentum for 3875 gm cm ~ is 7.Cl he%/c, shown by the zrrov in figure T.6.
The second arrow is shown atl the efifective amount of absorbing naterizl

after correcticn for instrumental effecte as discussed in the next section.

-y

7.6 Correctiona duec to Instrumental Zffects

7.6,1 Liultinle Coulonmb Scatiering

ffects:

4]

itultiple coulowmt scattering causes two

Py

a) it causes the particle to execute =z 'zig-wazg' motion in the iren,

tive

Q

increasing the effective path length, and hence increasing the efie
cut-off momentum,
(b) particles czn be =catiered in or out of ithe goomeirical acceptance of
the scintillation counters nence necesszitating a correcticn to the measured
3-fold rate.

Each of theme is considered in turn.
(2) 'Zig-Z2g' Yotion,

This has been studied by Xoenig (1946) who gives an expression for the
effective increase in vpath length of particle of nomentun P, Just penetrating

an absorber as :

B
2 .
AR = L ¥ W a(p/ ) 7.1
o 2 alp/p
143 n
log (—AL— -fﬂ)
rhere .32 = KX[;—'{(p )-i'i(p).] e \l+y, »
fn 0 - ’
1
Yoty - (343
2 : 2 2 .
Yy = p—g +1 , and K=l6nMe rr 2 2 log, 183
R SR V-
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In this expression R is the range as a function of momentum p, M and Heare
the &asses of the muon and electron respectively, K is Avagadro's numbter,
T, ia the classical electron radius, and Z and 4 are the atomic number
and atomic mass of the ab=orbing material. Substiiuting numerical valucs
for the conatants, and using the range-momentium relation given in the
previous section one finda that for a 7 GeV/c muon just able to penetrate
an iron absorber, the increase in path length is U.8%. Thus the anount
of absorber must be increased by this amount to allow for the effect.
(b) Scattering In and Qut of the Acceptance

Particle=s which, in the absence of multiple scaitering (i.e. straight
line trajectories) would be accepted by the three scintillation counters
have a probability of being scatiered out and mieecing either the middle
and/or the lower scintillation counters., C{onversely, particles which would
have tezn outaide the geometry defined by the countars czn be scattered
in., The neti result of this competition between scattering in ané scatteriang
out neceasitates a correction to the olzerved 3-fold rate,

In order to calculate the scattering effect=z, iniiially & two dinznsional
computer model of the ithree scintillation counters and the magnet blocks
was set un, Particles incident in the vertical direction werc conzidercd
and vere followed through =tep by satep including the effects of eneréy
loas and of multiple scatiering, as outlined in appendix C, Two distributicns
were calculated from these simulztions at given monents:
(i) the lateral disiribution at the lower level around the point at which
the particles would have been incident without the effect of scattering.
(ii) the laterial distribution at the middle level sround the line joining
the outer tro co-ordinates (upper =nd lower levels) of e;ch individual

track in the simulation,

n

Both theze distributions are found to be gzuusien with atendard
deviations On and o, respectively, shown in figure 7.7 as functions of
incident momentum. The experimentazl pointe are the results of the computer

simulations, and.the dashed lines represent those expected from simply
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considering the iron alone, taking a mean value for the womenta in the
spectrograph, and using the expression given by nossi and (reisen (1942)
for the standard deviations. As would be expected, the effect of the geps
betvieen the magnet biocks is to breaden tne distributions, seglecting the
effect of the increase in paih length, these diztributions may be considered
applicable to all angles of incidence, 7Two planes perpendicular to each
other were considered and the scattering in each taken to be indepcudent.
The front plane i= defined as that plane al righl angles to the Ilash tuuce,
(i.e. a ecintillation counter width of 75 cm ), and the side plane is
arallel to the flash tubes,'(i.e. a counter width of 176 cem ). In order
to compute the probability of being accepted bty the scintillation counters,
for a given angle, a trebdble integration has 1o be performed over tihe

espective widthz of the three counters. This can te expressed, for the

front plane as : . %
1 1y, -X 2 L fx, - []ﬂ ;% “ ) ax dx.,dx.
P(D’ '3)= « 52 - (1 3 eXn4- F 2 z K 17275
NG, 75 \—= : 2
L (Tl Om

7.2,

where xa, X5 and X, are the co-oxdinates at the top, middle, and lower
levels respectively. A similar expression exisis for the side plans, but
with the 75's replaced by 176's, the standard deviations,cn\aulol, novever,
remaining the azame,.

Solving the integral 7.2 numerically gives the probabilities of varticies
of a given momenium being accepted as a function of angie. Figures 7.8
and 7.9 show the results for momenta of 7.5 znd 10 GeV/c for voth the front
and side planes. Also shown are the probabilities expected for particles
with infiniie momentum, (i.e. having no multiple scattering), and as would
be expected the scattering is much more evident in the front plane, as the

3 N

dimentions are smaller whilsi the sczattering deviations are constanti in
both vlanes, Integration of thesze curves over ithe incident angle, v ,
and compariscn with tnat expected from infinite momentum, gives the net

probability of hteing 'lost' due to nmultiple scztitering as shown in figure

7.10, vhere again the =lfeci is much greater in the front
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plane. Averaging over ine incident momentwn spectrum gives an average n

.

los= in the front plane of 0.7%" and in the side plane of ¢.20-, ihis

amounting to a total net lcss cdue to =scattering of 0.95'., It is 1o be

1C7
et

noted that this i* very s=mall, considering the large smount of iron in the

snectrograni, which ias due to an almost equal number of events being sca

in and out of the acceptance,

7.6.2 Hon-Veriical Angles of Incidence

Particles traveraing the s=pectrograph with non-veriical angles of

ttered

incidence vasa through a greater thickness of zb=orber than calculated in

section 7,5 =and hence have a higher cut-oif momentum., The cituation is

shown in figure 7.11 (a), and conmsidering firsi the fronl plane, the vath

Rl . 3 - ’ 13
length at an angle -&1, to the verticazl is given Ly h/ccs.a,l, where h is
vertica: separation between the scintillaticn counters. Iniegrating ove
all angles of incidence weighted by iheir relaiive acceptance preobabilit

as given in Avnendix B, and letiting ¥y be tne width of ithe =cintillators

ve find:

max
n
Ty L 1 ., Yoo d
lfean Path Length i b 5oo s (viycosd - heind) 49
B VYymax
in front plane. / 2%_:1(:05,&_ heind) 49
0

" max* hlogo(cosdymay

"1Siﬂ‘a|max- h(1l-cosdymay

1]
~3
-
N

W

where d tan_1 (—1-

max~ h

Substitution of numerical values for w; ( =75 em.) and h ( = 649.6

gives the mean path lengtih as 1.00lxh, and a similar calculation for the

L

le8

cm.>

side plane gives the mean paih lengih as 1,006xh, The combinaticn of tae

two mean path lengths in the front and side planea is illusirated in figure

7.11 (b), where it can be shown that the overzll mean path length d is

given by:
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FIGURE 7.11 The Notation used in Calctilating the Mean Path Length due to
Non-Vertical Angles of Incidence.
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Putting the values for the mean path lengths in the front (E}) and side
(d,) planes we =ee that the mean vath length i=s 1.007xh i.e. an increase
of 0.7". Consequently the amount of absorbing material must be increased

by this amount.

7.6.3 Air Shover Triggers.

Large air shovers can cause pulses in szll three scintillation counters,
hence simulating the va=sage of a muon, Typical events photographed using
the flash tubes in the measuring trays have been scanned and it is seen
that the rate of occurence of such showers is ~1ii, The error on this is
considered to be quite large ( ~0.5) due to the objective nature of assessing
vhether such events were accompanied by muons which would have triggered
the apparatus, or whether or not the shower itself would have actually
caused triggering. A dowmward correction of 1,0+0.5:". has therefore to be

applied {to the observed 3-fold rate,.

7.6.4. Short Fulses in the Joincidence Unit

The pulses which are actually puti in coincidence in the coincildence
gale are only ~0.1 us in length, consequently ihere is some loss of evenis
due to variations in the arrival times of these pulses at the gate, This
was tested using a separate coincidence circuiti employing 2 us pulses at
coincidence and the rate with this was found to ve 1,067 higher than with
the main coincidence unit. TFor this reason an upward correction of tnis
magnitude must be applied to all the rates measured with the main coincidence

unit.

7.6.5 Random Coincidences -

The counting rates of the individual scintillation counters is

: -1 . S .
~340 sec ~, and the resolution of the coincidence arrangement is ~0.lps,

-6 -1

which gives a random 3-fold coincidence rate of ~10 sec which has

conseqguently been neglected.
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7.6.6 Summary of £11 Corrections

Correction to Correctiion to

Cbserved Hate Absorber Thickness %

wultiple Zcattering + C.95 + .0
Ron-Vertical Incidence — + 0.7
B.A.35., Triggers - 1.0C -
Coincidence init + 1.06 —_
TCTALS + 1.01 + 1,50

Teble Z.5_

Sunmary of all Jorrections.

Table 7.5 sumarises zll ihe correctionis which have to te made ic the rzie
and to the absorber thickness, The total rate after correction for the
. . =1 . . . ~ . .
above effects is thus 28.86 min and the effective amount of absorver is
-2 . . . - .
3933 gm cm ~ which from figure 7.6 is seen to correspond to a mean cut-

off momentum of 7.12 GeV/c, as shown by the second arrow in-that {igure.

7.7 The Final Rate

Combining the observed rate, corrected as above, w7ith the scintillation
. s A Y+
counter efficiency of 0.894, and the overall acceypiance of 4C8cm  sr as

given in Apvendix 3B, the measured muon rate above 7.12 Gev/c is (1.319+0.011)

-3 -1 -2 -1 . L '
x 10 5 s clg sr ~,where the error is a combination of 211 the sources

of error and amounts to 0,8*, fThis is for a mean pressure of 754 ms ng.

7.8 Discussion
It can be seesn ihat the present result sgreses very well #ith the previous
1 [o R 140 "3 -1 -2 -1 5 o ., .
MARS result (1.314C.02x1077 s "cw”“sr ") at the same value o mowmentum,
and hence suggests that both of the nrevious resulis were correci, Figure

7.12 shows a summary of recent absolute intensity measurements between

1 GeV/c and 10 GeV/c., The points of the Kottingham workers (Crookes and
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1 I L ¥ |
¢ Allkofer et al. (1970)

O Crookes & Rastin (1671)

A Previous MARS point
at 3-48 G=V/c
'Pres_ent result and

previous MARS result
- at 7.12 GeV/c

S~~'ACD Spectrum

~
Jokisch (1872)

‘N below 20

| ! ||1l|33

"~.. Form fit of De et al.(1972)
\.\  as given by Alikofer & '
N

—

-

—

extrapolation of present
N enom entu s\;;gc?rum

2
MUON MOMENTUM (GeV/c)

FIGURE 7.12 Recent Absolute Determinations of the

Integral Spectrum between 1& 10 GeV/c.
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Rastin, 1971) and the Xiel voint (Allkofer et al., 1970) have veen taken
from the summary by Allkofer and Jokisch (1972), as also nas the integral
form it specira of De et al, (1972). Also snown are the previous two
iARS points and the present results (the two 7.12 GeV/c mezsurements being
shovn at the same point zs they were in agreement), togetner with the
ACD spectrum (#llkofer et al., 1971) and the extrapolation of the present
measurement of the spectrum zs given in chaptler 5 of.this thesis, 4s can
be seen all the results agree fairly well in the regiocn of 1 Gef/c vihere
the value of the intensily has been confiried in several other experiumenis
telow this momentum (e.g. Ashton et al,, 1972). Aabove 1 GeV/c there is
diyergence of the results, the ACD spectrum giving the highest intensities
and the extrapolation from the present work the lowest, The form fii of
De et al,, as cuoted by Allkofer and Jokisch, lies in between the two
spectra., In fact the extrapolation of the present work was also based on
this form fit, which was originally made by De et al, to recent absolute
differential points, and gave a differential intensity 103 less than the
ACD spectrum at 10 GeV/c. In producing their integral from fit, Allkofer
and Jokisch have taken the ACD spectrum to be correct above 10 ueV/c,
whereas in the present work the intensity above 10 GeV/c is 107 less than
the ACD spectrum, hence the divergence of the two integral spectra calculated
basically from the same source.

As can be seen the present resulis agree very well with the extrapolation
of the i ARS snectrum which also agrees with the established values at 1 GeV/c.
The Nottingham results however suppori the ACD spectrum, but could possibly
be in error as they were underground measurementis, and hence rely on an
accurate knowledge of the terrzin above the detector., Clearly more measure-
ments are needed in this region before any firm conclusicns can be made,
However considsring the present work alone there is a consisient picture
of the spectrum from ~1 GeV/c to nearly 1000 GeV/c in which the measurements
of the differentizl spectirum above 20 Geﬁ/c and the absoluie intensity at

7.12 GeV/c are in good zgreement, As a final remarx ihe only common factora
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between the iwo present experiments, are the overall acceptsnce (408+2 cm sr)
and the scintillation countier efficiencies (C.5694+0.002), and it is taought
that these guantities are knowm suflficienlly well io szy that the absolute
height of the spectruir, bearing in wind ithe ccnsistency between iuie iwo

results, is correct to within a few percent,
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CONCLUSICHS ANHD FUTURE WCRK
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Conclusions

The final conclusions are fundamenially the same as those reached

2t the end of chapter 6. The vresent wmeasurements of the muon éifferential
spectrum in the range 20 GeV/c to 500 GeV/c agree reasonably well withn

the measurements of other recent experimenis (ses figure 5.5), lhough

n

many of the esrlier results (e.g. iiayman and Yolfendale, 1962; ippleton et zl.,
1971) gzive a steeper snectrum, vossibly due to ingtrumental bizses in
these data,
An attempt to fit an all pion production model, with =z consiant
exponent pion production spectrum, as outlined in chepter 5 proved unsuccess-
ful, and & simple X2 test showed the significance of such a fit ito be
less than 0.17. Bven with the inclusion of kaons as a second source of
muons, the fits obiained are poor (uniess a very high K/T ratio, ~0.6,
is taken). It is found that at the higher momenta (pu:>YOGeE/c), the

11

observed muon intensities are higher than those opredicted by a fit {o ihe
lower momenta data using the model with a constant expenent (Y ), and
consequently the best representation of the preéent resulis is obtained

when ¥ 1is allowed to increase with momentum. In particular a model contain-
ing two values of Y is-found to fit the data reasonably well, assuning a
¥/ ratio of C.195 as indicated by the I,5,R. measurements at Ckiii, namely
nith Y = 2,645 for a muon momentum less than 70 JeV/c and Y =2.56 for muons
in excess of this momentum. This appears contrary to the findings of many
other workers {e.g. allkofer et al., 1971; Handi and Sinha, 1272) who fit

a constant Y , all pion production model to their wezsurements. {loser
examinztion of their azctual data reveals that their experimenial pointis

tend to lie above the fitted curves zt high mcrmenta, and hence éupport the
idea of a. decrease in the slope cf the production spectra, (see figure

6.7). It is.considered thal the reason these workers were able to fit
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such a model to their data is that their statistical accuracy at the niguexr
momenta was very poor, and hence the fits are heavily weighied by the low
momentum points,

Fith regard to measurements made at very high energies (indirect
measurements), it is found that the extrapolation of the present work
above 50C GeV, whilst agreeing in shape with 2 recent survey of under-
ground, 2nd underwaier measurements oy Wright (1973), gives higher iatensities,
above a muon energy of 1000 eV, than the data given in a sscond survey of
all indirect measurements above 300 GeV by kg et al. {(1973%). If the spectrum
given by the present work is correct then it is reasonable to azsume thatl
its extrzpolation up to at least ~80C eV is valid, but at energies much
in excess of this, the indications are that Y must increase sgzin, hence
nroducing ihe relative decrezse in the mubﬂ inlensity necesszry for agreement
with the high energy indirect measuremenis of the ruon spectrum,

As pointed out in chapter 6, a decrease in the slope of the primary
spectrum has recently been suggested by wdoweczyk and Wolfendale (1973) in
an attemﬁt to give zgreement between the recent primary spectrum measure-
ments of Ryan et al, (1972) and the ¥.A.S. measurements in excess of
1015 eV, The former if extrapolated from 1012 eV to 1015 eV gives too low
intensities, and hence it is proposed that the primary spectrum slope decreases
to a differential value of 2.44 to allow for this, If the theory of scaling
is valid, then'the slope of the picn production spectrum should follow
that of the primary spectrum, and consegquently should decrease zbove

12 . . s 15 o e 4 .
107" eV and remzain at this value to ~10 > eV. The decrease in the slope

. X . . 1 . . cae s
of the pion production spectrum at ~10 eV is cousisient witn the present

nN)

results, but its constancy at the lower value is inconsistent with the
indications, from indireci measurements of the muon spectrunm, that it should
increase again abcve ~1015 eV. This viould imply the breakdown of the
theory of scaling, and the present resulis would indicate that such a breax-
) 13

dovn is occurring at »roton energies in excess of ~10“eV, however it is

by no means certain that such a decrease in slope of the primary spectrum
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existe, indeed the meazsurements of the PuQI0N satellites {Grigorov et &l.,
1371) suggest that the slope remains constant (-~ 2.7) for energies up to

14 . v o that 4 ;
~10 . £11 that can be remarked is that the present resulis tend 1o
support the idea of a decrease in the slope.

As regards the absolute height 5{ the specirum, there seems to be
disagreement emsng many exveriments. ‘The work of ihe wiel group (allkofer

et al., 1971) gives a spectrun {the iUD spectrum) which is ~104 higher than

he preszent work at 20 GeV/c, the difference decreasing with increasing

™

momentum end is 2C° below that of the present work at 500 dev/c. The aCH
spectrum, however, is a comnosite based upon the resulis from three magnet
spectrographs and one range spectrograph, and as explained in chapter 6,
it.is considered that in the region avove 1 Ge{/c, it may be too high, znd
possibly a bias exists in the high momentum spectrograph data due to the
track fitting criteria used, Consequentily it is believed that the preseui
resulis are in zgreement with the data from the Hiel experiments, bui not
with the ACD spectrum above 1 GeV/c. "he specirum of Burneti et al. (2973)
gives intensities ~22” lower than th&se of ihe present work, however due to
the nature of the derivation of this spectrum, (combining dala from different
zenith angles), it is uncertain as to the validity of the resultis, though
they do agree in shape very well with the present results.

Further support th;t the present results are correct is afforded by
their extrapolation below 20 GeV/c where they are found to join quite well
with the form fit or' De et al. (1972) at .7 GeV/c, and the integration
of this composite spectrum is seen to agree with the absolute rate intensitiies
given in chapter 7, and also with the previous absolute rate méasuremeuts
with the !7ARS spectirograpn.

The total systematic error on the spectirum measurements is seen, frow
chapter 4, to renge from ~1.27 at 20 GeV/c to~2.9 7% at 500 GeV/c, consequently
it is considered that the spectrum given in chapter 6 as the comparison
épectrum, vhich includes the present work; when allowance is made for both

statistical and systematic errors, is correct to ~2% at 20 GeV/c znd ~1Oj
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at 500 GeV/c, and can reasonably be extended above this energy to =800 GeV/c

using the model given in chapter 5,

8.2, Future Vork

Clearly the spectirum measurements should be extended to higher momenta.
This is being done at present with the high resolution system of LARXS using
the small diameter flash tubes in the measuring trays, and stoxring ihe
data on the 11%D computer, as outlined in chapter 2. This system has an
m.d.m. in excess of 5000 GeV/c, and will overlap the present meszsured |
spectrum in the region 200 to 500 GeV/c, and consequently any change in the
slope of the pion oroduction spectrum should be apparent., Tne present
viork will be useful in thal it will provide a normalisation for this high
energy snectrum whicﬁ may otherwise be difficult to fix due to rejeciion

criteria in the comnutler znalysis programmes.
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THE THAJECTORY OF wmUDHS TiiUGE: THS LAGHET BLOCKS

A charged particle moving in a magnetlic field I (gauss), is subject
to a force at right zngles to its direciion of motion, czusiug it, in ine
absence of energy loss, to move in a circular orbit. If p (eV/c) is the
momentum of the particle (of single charge) then the radius of curvature

of this orbit, r(em), is given by :

D

300 B

Tor the present situation with 3 = 16,3 kG, and changing p to ¥FeV/c we have:

B
N

r =0,2045 o

This eguation has been used throughout the present work tc calculate
radius of curvature of the partiicles in tne magnetic field.

Consider figure A.l., which represents a layer of magnasiised iron of
thickness h, in which the muon %ill be assumed 1o have a constant woisentum,

1,

the radius of curvaiure, r, hence being defined by eguation 4.2, If 9

S

(P8

the incident angle as point 4, and « the change in angle at point B, as in

figure A,1., then we have :

Chord AB = 2 r sin g Adde
and also
h = Chord AB x cos ( & -?%) . A.4.

Eliminating (chord A3) vetween these two equations gives :

Q



(8-)

FIGURE A1 The Trajectory of a Muon in a Layer of
Magnetised Iron.
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g_f = sin?— cos({}—%) A5,
vhich can ve solved fer « giving:
o = sin”t ( % - sind) +9 A.6,

Similarly for the opposiie sign of bending o can be shown tc be given
3 <] E: (]

by

K = sgin ; + sind) - AT

The lateral displacent & from point 4 1o point B is therefore given by
d =h tan (9 - ?—5—) A.B.

If the muon suffered no energy loss then the width h could be teken as tne
full width of the blociks, and the position and angle of emergence irom the
block could be czlculated from the above equations, and a knowledge of the
incident angle and position. To allow for energy loss lhe block is divided
into a number of layers (usually ~ 50) and the momentum assumed io Le constant
in each. The particlie is then traced through ithe block layer by layer at

each step applying the above equations fo find the augles and positions after
each layer and subiracting the relevant amouni of energy loss depending

upon the.momentum of the particle (see figure 3.2.). This method has been
used extensively to invesiigate the instrumental biases in the spectro-

graph, and to calculate the relaticnship between momentum and deflection.
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APPENDIX B

CALCULATICH OF TiE SPolTROGAATE ACCEFTANCE

By definition, the acceptance of the spectrogrann is that quantity vy
whicr the wvertical iniensity has to be multiplied in order to give the rate
of nasszge of muons through the three scintillation counters. Due 1o banding
of the particles inthe magmeiic field ithis guaniity if a Tunction of momentuwm,
and consequently its determination is divided into two parts. In the first
case particles with an assumed infinite momentum are considered (which
tnerefore, neglecting muliiple scattering, iravel in straight lines), and
in the second, bending of the particles in ihe plane perpendicular itc ihe
magnetic field lines is considered and the azcceptance relative to that with

af

infinite momentum calculated. In the calculaticn of both these effecis th

7

variation of muons intensity with zenith angle has bLeen neglected., Shown
in figure 2.1 is the muon intensity as a functiien of zenith angle for a number
of different momenta (Coates, 1967). 4s can be seen for womenta >20 Zev/c,
‘which are important for the momentum spectrum measurements, the variation
is not mors than ~17 at 60, the mean angle of incidence. aven fcr ihe
absoclute rate experiment in vhich the lowest momentum is ~ 7T wei/c, the
variation with zenith angle is still small at these near vertical angles

and its omission introduces negligible error into the resulis. The effeoct
of multiple scatltering on ithe acceplance, which has been shown to be small
in chapter 7 with zero field in the magnet tlocks, is also neglected in tne
accentance calculations.

(2) Infinite i'omentum Acceptance.

-

fonsider figure E.2(a) which shows the passage of a muon through the
upper and lower scintillation countiers, A and B being the points of inter-
section with each respectively. The two counters nzve been assumed to ve
represented hy vplanes, the acitual separalion of which is ill-defined due to
the finite thickness of the scintillators, and introduces an error into

the accepiance which is discussed later.
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FIGURE B.1 Variation of Muon Intensity with Zenith Angle
(after Coates,1967)
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For the purpose of calculatinzg the acceptiance ithe muon irajectory is
divided inteo the tvwo planes at rizht angles to each other as shown in figure
7.2 (a), and since the iwo are independent they can be considered separately.
01 and %2 are defined as the projected angles the track makes to the vertical
in the front and side planes respectively, the latter being in the direction
of the magnetic field lines, and the former perpendicular to this,

Figure B.2(b) shows a iwo dimensional picture of either of the two

planes, The acceptance at an angle ¥ is then represented by the distance x,

and from simple geometrical considerztions csn be shown to be given by :
X = weosd - h sing B.1.

thus the two dimensional acceptance can be wriiten as:

Jmax
Ay, =2 (wcos g - hsin §) 49 B.2.
0
where § - tan"t (W) and the factor two arises since the integration
nax h

is taken from C to instead of -&  to + & __. Evaluating this integral
max max max

and substituting for 9 gives:
max

Assuming thet both planes are independeat, then the total fthree
dimensional acceptance can te written, using the subscripis 1 and 2 to

rafer to the two planes, as

0 0

vhich reduces to :

2 w2\ 2 o 2\F
= ES \‘ - . h 2 \, - B
A3 4 [(h LW ) n] [(.. W, h] B.5.
Due to the finite thickness of ihe scintillators, the distance h in
the above equations is not well defined. Clearly it is not the centire to

centre distance between the scintillators, since particles at large angles
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FIGURE B.3 The Infinite Momentum for Different Positions of the
Effective Scintillation Counter Plane.
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could pass through the corners and still trigger the counter.
Equally well the separatior is not +that of the inside
edges. a5 the particles must pass through a finite distance of scintillator,
Pigure E.5 summarises the situstion, showing the acceplance calculated from
equztion B.5 for different positicns of the effective plane, the inverse being
taken for the lower scintillator (i.e, distances above the centre plane).
xamination of this figure, together with a reasonable estimate oi now much
scintillator has to be traversed before triggering the counter, leads to the
value of 408 + 2 cm2 sr for the infinite momentum acceptance, the errors
being given by the positions of the arrows in figure 3.3 and representi an
estimate of the error on the position of the effective plane.

(v) Relative Acceptance,

In order to calculate the relative acceptance one only needs to consider
the plane perpendicular to the magnetic field lines in which the particle
is bent. The procedure was to use a computer simulation of events ipcorpor-
ating the methods outlined in Appendix A, ZParticles of a given incldence
angle and momentum vere considered, and the extent of lateral movement possiltle
for the trajectory to remain within each of the three scintillatcrs, and
within the magnet dlocks, was ascertained, Thus efrectively a channel
is defined in which the particle can pass and trigger all three scintillation
counters. The projection of the width of this channel on the plane normal
to the direction of incidence of the perticle is a measure of the relative
accentance for that particular angle end womentum, Figure B.4 summarises
the situation for a irajectory bounded by ine e@ges of the middle and the
lover scintillators., The distance x divided by the &idth of the scintillator
(75 em.), is the relative zcceptance., Repeating this procedure for different
angles and momenta enableg the relative acceptance integrated over all angles,

as a funciion of momentum to be determined. Table 3.1 gives tn# relative

values obtained for particular moments, and these are plotted in figure B.5.




Incident ielative Incident ielative

Yomentum Acceptance w.omentun Acceptance

GeV/c . GeV/c
7.8 0.014 12,5 0.764
8 0.055 15 C.852
8.5 C.177 20 0.935
2 €.293 40 0.987
2.5 0.408 80 0.996

10 , 0.500 1c0 1.000

Table 2.1,

The relative accentance for variouns valuss of nomentium
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EXPRNDIX C

YULTIPLS OOULGHD SOATTERL:SG Id THE IRQY -

In its passagze through the iron the muon is scattered wmany times by
the iron atoms causing its patn to deviaie from a siraight line. "he probability
of a vnarticle vhich suffers no energy loss being scattered into a projected
angle ¥ to & + 49, and a projected lateral displacement y to y + dy is

given, by Rossi and Greisen (1942), as:

2 2 2 -2
v - B G |3 (S, )

where t is the distance travelled in the iron (radiation lengths) and

W= (21)9/2:‘.3), p being the muon's momentum, and ws a constant having the

value 21.2 eV/c. Integration of equation C.l, with respect to both 9 znd
y separalely shows that the resultant distributions in y and 9 respectiively
are gaussian with means of zero. iiowever if a particular value of y (or ¥ )
is takeun then the resultant distribution in -&_ (or y) is not gaussian about
a mean of zero and may be examined, for =xample for the case of a fixed vslus

of y, by vwritinz equation C.l. as followsz:

ct l Er\)

P(4,¥7,9) = C exp | - ( (9 - “)z +Y 2) C.2.
vwhere C, « , 2nd ¥ are constants, Expanding equation C,2. and equating the

coefficients of P to those in equation C.l. we find :

) 4
® = 21

Cu}o

o<
l\)l\h
<

Clearly then the resultant distribution is gaussian in J abcut the mean

value = ,y/2t, and has =z standard deviation,o"eu y &iven by




n

o = Es® t '
) = ) C.4.

It is interesting to note that this standard deviation is exacily half that
found when the sum over all values of y is tsken (see Rossi and Greisen).

™he treztwent in the present worik used Lonte Carle simulations of
muons through the spectrograph based upon equations ¢.2, C.3%, and .4, In
order to tzke account of the loss of enerzy of the muon in ihe iron blocks,
they are divided into several layers ( ~350) are the enerzy is sssumed constant
in each layer, the correct amount of energy being subtracted betveen euci.
At the top of each layer the incident zngle arnd position are known, and the
increments in these caused by wmultiple scatierinz in the 1%yer are czlcuiated
from the above equations and added to give the outgoing angle and position.
The procedure for calculatinz the increments in the layers, vwas initially
to select 2 lateral displacement (y) from a gzaussian distribution with
a standard deviation, Oy, given by Rossi and Greisen as:

E 2 t3

o 2 _ s
= 2 2
Yy 6pB

C.5.

vhich is the total overall possible sczttered angles, then using this

value of y to select an angle J from another gaussian distribution having

a standard deviation OQ@ and a mean value of 3y/2t as given in eguations
C.4 and C,3 respectively, In this way particles can be followed through

the spectrograph and the co-ordinates found at the measuring levels,

Clearly the method can also be extended to also include magnetic bending

by adding, as well as the scattering incrementis, also the magnetic deflectiion
increments as given in Appendix A, at each step. This method has been

used to caiculate the effect of scattering upen the deflections observed

ted irn the

o

for different momenta., GEvents of given momenta were simul

spectrograph in the manner descrived, and the distributions in deflection

(as defined in chadter 2) were calculated. These disiributions were f;und
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to be very closely grussian centred upon the mean value observed without
scattering. igure C.l shows values of the ratios of the scaiiering stondara
deviations to the masnetic deflections wilhsout scattering, where it can bve
seen that ihe ratio is very nearly independent of wmomwentum, and iias & valus
127 at the mean momentum ( ~15 Jev/c) of the incident spectrum. Consequently
the value of 127 has been used in the present vork in calculzting the eflect
on the spectrum in sectizn 3.%.1. It i= to be noted that the magnetic
deflections used in czlculaiinz the data shown in fizure C.1 were those
correspending to (b-a) = ¢ whenever possitle as explained in section 2,.8.2.,
gince these were the values used in ‘the momentum deflection relation given

in section 3.2.1. At the very low moments (<10 3eV/c) it is found that

theé czse with (b-a) = ¢ is not accepted by the spectrogravnh, «nd consequsnily

the values of mametic deflection used were those corresponding to ihe

. . .y Of . co 3
maxiwum in the variation,zcceptance with incidencs #ngle., ‘Ihils however
introduces nagligitle errors since at these low momenta, the variaztion of

deflection with inci.ent angle is very swall,
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