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ABSTRACT

Studies of cosmic ray muons have been made with a specirograph comprising
a 80lid iron magne’ Geiger counters and neon flash-tubes. The characteris-
tics of the 1nstrﬁnent are described.

Time variations in the verticel Jirection have 9cen scudied and are
attributed to variations ¢’ metecrclcgica. paraveters,

Momentum spectra bave been mess.red in the range 2 - 500 UeV/c for
zenith angles between 77.5 and 903. The results are interpreted as showing
that most muons in this range ome frem pions; aa vpper limit of 0.55 is placed
on the K/x ratio for protoneair nucieus collision: of 700 - 30,000 GeV.

The positive-negative ratiss cenfirm e near ccnstant value of 1.2 over
the range .f muon energies 10 - 200 GeV; & likely explanation is that there

is an increase in the fluctuvatiors of multiplicity in high energy collisioas.
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1. INTRODUCTION

1.1 General Sumary
The Cosmic Rey Group of the Depurtment of Phyeics, Durham Colleges,

18 undertaking & programms of reeesrch concerned meinly with measurements
ob the muon component of the cosmic radiacion at Dwham, To date the
messurenents havé included the intersctions of muons in local abs rbers,
the momentun spectrum of muons as 8 function of zenith angle and the time
variations of low momentum muons in the vertical directiom. Associated
studies have included the mamentum specira of near-verticel protons and
pioas.

That part of the work supnorted by the Buropean Office, Aerospace Research,
USAF, comprises the variatione «f the murm flux with respect to time and
zenitb angle.  Accerdingly, this report deals mainly with these studies
but reference will fe malde to the assoclated studies where this is necessary.

Much of the early work has been described in Techatcal Notes (Nos.

1 to 4, and willi not be repeated in detail. Instzad, attention will be
given to the more important aspects of the techniques developed and the
results of the later wark.

The work carried out fellis natwmally into four stages, as follows:

Stage I The Solid Iron Megnet

The magnetic lens technique used by early vorkers in cosmic reys
was oxanined and from it wvas evolved a device, the solid iron magnet,
vhich cauld be used to deflect cosmic ray muns in & well def ined manner.

A programme of msearch was initisted in which experiisats on model

magnets were carried cut by colleagues at Nottinghsm Universicy and the




College of Advanced Technology, Brighton and design studies were made at
Durham. Eventually & full. scale magnet was constructed at Durham and its
characteristics were studied in detail. This work has been described by

the Senior Investigator and his colleegue (0Q'Conmor and Wolfendale, 1960 ).

In viev of the importance of the technigue, ( :everal other solid iron magnets
bhave since been constructed by other groupe) a brief description of the
earlier work ie given, in Chapter 2, in additicn to more recent work.

Stage 11 Time Variatizns of the Vertical Muon Flux

A spectrograph was c'mitructed eshodying the solid irom nagne'c,vitb
Geiger counters an detectors and the varistion of the muon flux with time
wvas studied for various mowmentum bands. A descripticn has been given in
Technical Notes 1 aad 2 and g brief summary is given in Chapter 3.

Stage 13T 1The Low Mumentur Spectrum at_a Zenith Angle of 80°

The Geiger counter spectrograph was turned on its slde and measure-
pen’s vere made of the momentum spsctrim and charge ratio in the range
1.5 to 40 GeV/c for zenith angles close to 80°% The results of this work
were reported briefly at the Kyoto Conference on Cosmic Rays (Ashton and
Weolfendale, 1962) and a more ex’enced account by the same authors is in uhe
press. A detailed accouat is given in this report in Chapters b4 and 7.

Stage IV The Mowentum Spectrum in the Zenith Angle Range 80-90°
More recently, the spectrograph has been considerably improved by

the addition of neon flash-tubes and the gemmetrical arrangsment has been
changed so that a range of large zenith angles is covered. The resulting
instrument bhas potentialities for studies of the interactions of muons in
detectors placed at the output end of the 'machine’ and s considerstion of

this aspect 1g giver: in Chapter 5.

|
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The resulte of prelimiaary exgeiviuments on the momentum spectrum and
charge rati> ere given i» Chapier 6 vhere some discussion is also made of
accampanied evants.
The in't.erpz';e\;ation 24 the resulis on tu2 inclined spectrum measure-
ments, in termc ¥ tee msture If toe particles whose decay gives rise o
the muon flux, 1a given in Chapter T.

1.2 Staf{ amplcyz2d on the Contract
Scientific Stsif

Senior Invesiigetor : Dr. AuW. Voifendale, from start of Contract,
Janvary 1, 1958,
Iovestigator : Dr. f. isnuon, fram Octcber 1, 1960,
Research Studerts: #,V. O'Comor, July 1958 - September 1960.
J.B.M. Fattiscn, from October 1, 1661.
Ir additicn graduate students buvc been
employed for short periocds during vacatiouns).

Technical Staff

Junior Tecknicisne: X. Richards, February 1958 - July 1958.
B. Anderson, August 1558 « September 1560.

P.J. Finley, from October 1961.

1.3 ObjJectives of the Research
The objectiven have been to derive information about the cause of time

variations of the vertical muon flux as a function of momentum, and to
study the characteristics of high energy nuclear intersctions through e
comprisoh of momentum spectra and charge ratios in the vertical and

inclined directicns.




L.
2, THE SULID IRON 'l

2,1 Introducticn

A variety of tacihniquesarz available for determining the monenta (or
energles) of lonlziig particles tut of these the most widely used is that of
magpetic deflexion. ‘The most commun arrangement is to daflect the particles
in the alr gap of aa electromegren; in the eavly cosmic ray experimeats cloud
cherbers were used to cetermine the particle trajectories but more recently
electrical detectors, mainly Gelger counters and neon flashetubes, have been
edopted, with & consaquent increass 12 the efficieucy with which the field
voirme .5 used. VWitu the increasiag emphasis on higher intensitiesend higher
apper limits to momentum determirations, the size of magnet needed has
increased. A FTurthcer increase by on order of magnitude is almost out of the
question wth conventional mechods and sare other approach is necessary.

If attention is confined to non-interacting particles, in particular to
muons, the immediste possibility arises of deflecting the particles in mage
netised iron as distiget from the air gap of sn elrecored magnet: With a
magnetised iron syetem ('solid iron' magnet) the magnet can be of simple
rorm and can bz highly efficiert. Thus high Inductiuns and large volumes
can be achieved for low powers of excitation.

Although the probability of a muon suffering a large deflexion through
it shorterange intersction with nuclel is small, there will be a finite |
deflexion in a thick absorber reculting from multiple Coulomb scattering.
This results in a limit being set "o the accuracy with which the mome.atum of

a siasgle particle uey be determined. Although the r.m.s. angle of scattering

increases with length of trajectory, L, es L, the magnetic deflection increases

at s faster rante, «l, end the fructicnal error in momentum determination falls

e AR S A A 0 1 it



1
accordingly as ™. fn practice, then, L is made as large as possible.
The use of magnetised iror for deflecting cosmic ray particles is not
a nev idea; Kossi (1031, B-rradini et al. (1545) and Couversi etal. (1945}
have all used magretic lenses for partial separatiun of positive and nega~
tive mesons, but the present wcrk appears i be the first to develop the
technique for the rrecise determination of particle m-mentsa.

2.2 The Design of the Magret

Yhe design of the full-scsle magnet used at Durham was mainly the
resulit of theoretical studies; the madel experiments; which were carried
2t et the same time as thogse cn the fuli-scale magnei; were carried out
mainly tu give measuremerts which could notbe made un the full-scale
magnet.

The linear dimensicns chosen were the result of 2 compromise between
the conditicns for high signal to ncise ratio, large ccllecting power and
telerable ¢net. The beight chosen for the magnet was 25 in., for wvhich
the theoretical signal to noise ratio 13 3-Th at an excitation current of
16 A, the magnetic deflexion is 1.68° for a particle of mamentum 10 GeV/c
and the momentum loes in penetrating the irom is 0.59 GeV/c.

2.3 The Construction of the Magnet

The magnet consists of 50 horizoatal lsminationsa, of nominal thickness
0.5 in. and weight 4.2 cwt per plate. A diagrammatic view is shown in
Fig: 2.). (The magnet is there shown in the positioca for deflecting vertical
particles).

The constitution of the iron is shovn in Table 2.1.

Coils were wolnd on two sides of the magnet (B and C of Pig. 2,1)3 in
the first srrangement, used for measuremsnt of the field distributiom, the




Table 2.1 Chemical Compeeition of irun -sed in the Ms.-et

Elenent C 8 ¥ Mn 84 Cr W Cu

b by weight .07 .026 .01 .36 ,01 - 023 L1 o 20

£’ anent. Sy Co As V Al Mo Fa

» by weight .026 .0L7 .03L .01 . 038 015 remainder

(BoS«,S. 24 art 6,r SWC: Ls)u
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5.
¢oile were aplit 0 epabln 'tocco (Uil wirea to be izazcted at the centre of
the deflecting volume, v.. in o pog, recart applicution the coils are cone
tinuous, The cuils cars st b 0 Lors o 1k S W G copuer wire on each yoke,

the 1ote (wslctunce of  ac Wl woer (01 heing 5.25 shos and the seid-
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impcrtance, thsare g A rrrariab:e sicuscldsl variati-a, e 1s lateresting to
rote that A siai.me varieiion, .izicugh not ar mavked, w8 Jound by Bennett end
Nash ir the:ir atuel ex<i i .rwent oeere Fap, 2 5,. lhe origin of this varlatio:
is oot known.
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current and positinon or the wiler wes - und very simply fran measurements
with a single searche. .il wrepy«d areind the whole of the sife. The measure~
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mean value of B ig potted, * iv sesx tast the veriation over the area
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Fig. “e1l{c¢) enmables the stavillity of the wagnetic inductlon to changes
i SAcitetion o be ctuelies c¢he resuliing valve ror the ratio ot the frac-
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tiomal change o induchlor o .hat g cow-rent, vize 'ﬁ'&'}'i is 0.178 at an
LN "l

aoczieanion cxvrent of L A0 Such a degrec of o saulianly 1z eninently
sebisfactiorm,

.5 The Messwceueabs T vae Lozl Magries
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The wsin use of ‘he mealemenis wita the zo.el sagneis made oy Sennett
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ovee the smface ans: conliras the l1hnits s2t to the "useful region’ adopted
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wich whot was e -entislily a two-dimensional model: & cection of thickness
0.5 in,aid lincar Jdimensione as shown in Fig. 2.4, The coils contained
510 turns. Seerch coils were located in fine holes, as shown. The resultsr
give the variation of fm with y and show that over the region alopwed as
the useful repion in the full-scale magnet, which correqpoﬁ.ts to the region
AC reflected abosubrA (in Fig. 2.4), the variation is toler&bla.

The pet resnltof a.ll themamma 13 thuttherma.
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(” LS Yroolos: Messureuroats with the latest Arrmupomerni
As has veen pclaced out zirsasy, che nagnel has been re~assembled and
ie at present helmg uced to ctudy hori.ontul measdrements. A particularly

’

' '
(' ) precise set of neasarawents of A over the whole megnel has been made and

wy e

the restlis are shown in Fig. 2.5, These measwrspents vere wade by two
setbods involving Flusmeters callursted using standard mutual and self-
indactancen. Uorrections vere applie: for the finite tinme of Jdacay of the
csxeitguion Carrcons.

Mescurenenls have also Leen wade of che ripple in the excitation curreni

in uornal speracinng the rom.s. variat.on is 3. hi. The corresponding varig-

pion iz fanduction iu .0,
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3. TIME VARIATIONS OF THE VERTICAL MUOUN FLUX

3.1 Introduction

3.1.1 Historical Introduction

Exhaustive review papers on the t'lux veriations in general have appeared
(Elliov, 1¢52; Sarabhai and Nerurkar, 1 56; lorman, 1$57) and these all show
that the largest variations are due tc vuriations in the meteorological
parameters. It 1s these variations that will ve Jdis.uese. here.

The existence of a correlation beiween the inteansity of sea-level cosmic
rays and meteo®logical factors appears Lo have been firet pointed out by
Myssowsky and Tuwin in 1. 28. These workers fcund that & change in barcmetric
pressure of 1 mm Hg prowuceu a chanée in intersity of 3.45 $, the changes
oeing in opposi.e uirections. This variation was correctly interpreted as
being Jue co the increased absorption ana therefore lower intensity at higher
atmospheric pressure and vica versa at lower pressure.

With the development of cosmic ray devectors having high counti. g rates,
and improvements in the collecting of meteorological uawa, particularly with
regard to regular measu:;ements of upper atmosphere iata with balloons, further
correlations became apperent.

3.1.2 The Equation of Duperier

These correlatioms uad be most conveniently unuerstool from the edarly
work of Duperier (154C). Duperier showeu, by analysis of the Jay to day
changes in the intensity at sea~level, that the changes coul. be correlated
with the following meteorclogical factors.

1. The barcnﬁtric pressure -~ P,

2. The height of the 100 mb level in the atmosphere - H.

5 The averaga temperature of the atmosphere vetween the 100 mb

and Ll b Joaslsg - R

P B
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Thus, coasiderin_ the Iractioral change in intensity AI/I at sea-level

anl the parameters . 8 and T, they :my bHe related oy the following equalion.

%‘I"“f A< o, A% ay AT
wvhere A, AH and AT cepresent the changes in the respactive parameters, the
O's beirg their respective (7 eflicients

Corsidering tne paysical vizrificance of the various parameters it can
be sezen that a, represcits che nase absorption ef'fecc; an increase in
pressure will cause mcre low energy u-mesonte .o ba absorvel by the atmosphwre
before they reach eza-level wilk & corresponding Jecrease in incensity.
Q;H represents tae Jecay coeflicient, and may be interpreled as the change in
survival probability srising frewm a4 changse in height of the meson formatlion;
#n increase in H causes more u-nresons to decay into elecrirous cefore reaching
sea-level, thus again the intensiy falls. The thiruy parameter, aT’ is the
positive temperature ccefficient e to the competition between u-;: decay and
uuclear capture of the parent n-mesoa near the production level; a rise in
tenperature gives a corresponding fall in density aiaconsequently more
r-mesons decay and fewer inceract cince the average interaction Jdistance will
increase. At sea-level this will result in an increase in intensity of

p-mesons with increasing temperature of the upper atmosphere.

3-1.3 More accurate analyses of the Meteorological Effects

Many over-simplifications of physical processes involvel have been made

in deriving che regression formula; for example, u~mesoms are not in fact gehen.-

ted at a unique height but have a probability of generstion vhich varies with
height, T and P are not independent etc. In practice thamifore it 13 found

that the coefficients ere not strictly comstant but vary with time, for each

exnerizental arrsngeasrt, and ircousistencies asppear between the results from
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Jdifierent arrangements. In psrticular; widely differing values of a.r rave
been found by different workers, ranging from -0.025 # 0.027 to $0.1'% +
0,024} per Oc (Bachelet and Conforto (1556} heve summarized the discrepancies .
Miuch more elaborate repression formulae have in consequence been Jeveloped
to take account of these factors, demanding a knowledge of the physical
conditions over the whole of the atmosphere instead of at a few selected
points. These treatments heve been carried out by a aumber of authors,
notably Olber:t (1653, 1¢55) and Dorman (1957), and have resulie. in more
satisfactory agreement betwemn theory and experiment (e.g. the resulis of
Matthews, 155¢ ). A more .etailed discussion will be given later.

A further importari point that can be considere. here is that the
coefficieats in the simple regression formula represent the aggregate effect
sumed over particles having e wide range of momente; over the whole of the

segs-level momentum spectrun in fact. Now the theoreticsl analysis, as

distinct from the empirical analysis of Duperier (194S), considers the expected

variations as a function of momentumn. Referring to the simple regression
formula we should expect the coefficients to very with momentum as follows:
1. a.!._ shoald fall with increasing momentum since,as the momentum
rises,the amount lost in traversing the atmosphere (~2 GeV/c)
becomes less and less imporxrtant. |
2. an should fall with increasing momentum becauss at the higher
momenta the prooabilicy of u-e decay becomes progressively smaller.
30 Gy should become more important at high momenta since it is omly
at high momenta (>20 GeV/c) where there is significant loss of x-

mesons by interaction rather than uecay.

b et - i i
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3.1.4 Experimental studles of che Variations as a Function of Momenta

Systematic experimental studies of the intensity variation as a function
of momentum have not been wmade. Some relevant work has been carried out
hovever. For example, measurements have been made using counter teleécopes
under absorbers so that the Jata refer to particles having energy greater than

some minimum velue, E Thus, uweasurements were carried out Juring the

min’
International Geophysical Year using counter telescopes at sea-level, with a

thin avbsorbexr to give Blin 0.1 GeV, and at verious depths underground: 25

metres water equivalant (M.W. E. y giving DI 6.4 GeV and at 55 M.W.E., giving

in

Emin = 14. 4 GeV. These measurements have showr that there are no gross dis-
crepancies between experiment and theory but a more Jetailed experimental study
of the momentum (or energy) dependence is e:ill desirable.

3.2 Properties of the Spectrograph

The general characteristics of the instrument were descrived in an
sarly report (Technical Report No. 1) and a more detailed account of accurate
momentum determinetions was given in a later report (Technical Report No. 3).

Briefly, the instrument ccmprised three trays of geiger counters mounted
two above and one below a solid iron magaet (Fig. 3.1). Coincidence circuits
selected particles which were confined to a narrow angle of incidence (near
the vertical) and a restricted range of momentum. The configurations of
counters vsed allocated particles to 'moventum categories' for which the
median momenta were as given in Table 3.1.

3¢5 Treatment of the Experimental D:.ta

3.3.1 The basic data on particle rates

The number of particles traversing the apectrogreph was recorded ‘

automatically every 25 minutes. ‘The spectrograph was operated for an extended
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TABLE 3.1

CATEGORY Medisn Mom. in GeV/c. Rete of Particles in counts/hr.
11 .1 T2. T

llO; ll2 buo 6096

220, 113 3.k 43.3

Categories 110 and 112 select particles having the same momentum distribution

but opposite signs, similarly for categories 220 and 113.
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period on each nf the categories (Table 3.1), some T0,000 particles being
recorded for category 111 and ebout 10,500 particles for each of the other
categories.

The magnet current was monitored using a recording milliammeter and
alternate recoris were obtained with the direction of the magnet current
reversed.

Adheck on the performance of the instrument was carried out by examining
the distribution in the intervel of time between successive particles. This
was found to be accurately consistent with a Poiseon distribution, indicating
satisfactory operation.

3:3.2 The Meteorological Data

The meteorological data used in the analyses was ootained from the
Meteorological Office, who publish data found from radiosonde observations
fram a number of stations in Britain. The nearest station to Durham is
Leuchars, same 120 miles to the north.

Before the dats obtained from Leuchars could be used, however, it was
necessary to study the effect that this distance would have on the accuracy
of the data, as applied to Durham. To enable this to be done the data from
3 Meteorological 8tations was studied and compared; Leuchars, Hemsby about
130 miles south-west of Durham, and Aughton about the same .istance to the
south-east. Thus Durham lies roughly equidistant from these 3 siations, in
the centre of the triangle formed by them.

A close study of the data from the 3 stations, carried out over a period
of days, and including the variations of temperature and pressure levels up
through the atmosphere, revealed little significant change from statiom to
station; thus it wee concluded that for the present study the data obtained

[

ISR



from Leuchars was satisfactory; end that a detailed stady of the varistion
in intensity of /u.-me.sot\s wvith the atmospheric paremeters cauld be carried
out.

‘be meteorological date etsiracted for use in the analysis comprised

the Following:

{1, the sea level pressure
{11) the heights nf the 100 mo and 150 mb levels
(111} the atmospheric temperatures at ses level and at the
500 mb, 200 mb, 150 mb and 100 mp levels.
The rate of particles was fournd for 4-hourly periois and was plotted
against time, along with tha meteorological parameters given sbove.

3.4 'he Results or Correlatica with Pressure Changes

5.4.1 The single correlation treatment

The results of the simpl!fied analysis, in which the correlation between
intensity and pressure alone was studied, were described in detsil in
Technical Report No. 1. The result was that the form of the variatiom of i
vhe pressurecoefficient with mowentum was similar tc that expected but that
f.s magnitude was some TO) higher -hanm expectation.

3.4.2 The correlation treatment of Doxwman

As was mentioned in§b.1.% a comprehensive trestment of the carrelation

problem bas been given by Dorman (1957). This author has pointed out that the

atmospheric temperature is intimately connected with the barametric pressure.
Thus, most of the troposphere is usually warmer under high pressure and colder
at low pressure; in both cases the result is an enhanced variation in coamic

ray intensity and an apparent increase in the pressure coefficient.

e e RS SRR 1% 8
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Following Dorman, the effect of temperature variations (at constant
pressure) canbe considered as follows: The relative variation in the
intensity of p-megons, ;fl!, due to veriations in air temperature 8T(h) in
the region from the tcp ‘;f the atmosphere to the level of observation, h o’
way be represented im the form

aily Fo
W w,r(h, 8T(h Ydh.

)
where WT(h} i# a function indicating the role of the various layers of air

in the production of the temperature effect om a 1°C variation in the air
tempersature. WT(h) therefore represents the 'deneity' of the temperature
coerficienc. |

Dorman shows that w,r(n) varies strongly with the level of observation,
ho’ the n-meson production spectrum and the minimum energy of recorded pe
mesons A«

It is now necessery to find the value of this integral for the periods
of time for which data for each pressure range were accumulated and to
correct each inteasity. The result will then be a corrected mean intensity
for each pressure range, from which the corrected pressure coefficient may
be found directly.

The variation of HT(b) with h was calculated by Dorman for Ac = O.h,
6.4 and 1% 4 GeV, with the result shown in Fig. 3.2. For the preseat work
the variation it required for other values of Ac¢ and che equivalent minimum
values for each of the momentumn categories are given as follows:

2.0 GeV for categories 113 and 220,

2.3 GeV for categories 112 and 110,

and 3.5 GeV for category 1lll.
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Velues of wt(h ' ware found oy i aplation o a graph of wt(h} against Le
with h as parameter and the resulis are clsc sacwn in Fig 3.2

The integral cav Je rewritiar. wo cxfficiash accurscys, as

X hew
oo 3 L
e T ATan =
hal L |
wkere Ah = O 1 atrosrhere i £T ¢ whe diilerence ip wemderature of tae layer

(b} £rom its mean velue- Ap.iv.r; this to the cresent expariment s[was computed
from the meteorolozical lais . Iohorpolmting the temperature velues where
necessary, for each cutegor.. The iaternsiities were then plottec against 5[1’0:'
nerrow bands of presesuve. | vange of values of [ was chea taker and the mean
intensivy was plotoec against J( Tor each pressure ocand. ‘'These curves ware

then normelizedi to the same moap velue Lo give a master curve of '‘mean'
intensity against 5[ four eacn cateory.

It was found :(;ha‘c the reszulting 'cuxrve’, camposed of normalized inten-
cities; showed large fluctuntion: from one value of J to the next. In meny
casges the fluctusticns werc greater than coulld te accesunted for by statistical
errors and it was noi possible tc verify the yredicted variation of &

However, an approximste corvected pressure coefficient wes computed for
each category, as follows. The data referred to above, on the range of
value of jhfor each pressurs band, was taken and the intensities were normalized
so that intensity wae the ssme for each band of {: The msan of these corrected

v
intensities was then tuken for each pressure band ani plotted against pressure
and the 'corrected' coefficient determined. This method is not exact, but is
thought to be more accurate than the first approximetion. Essentially, it
assumes that the tempersture eiffecis have the form predicted by Dorman but
that the magaitude mey be uifferens. The reaulting values of ap, wbich show
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rather large errors, are given in Fig. 3.5. It will be seen that they are
systematically below the thaoretical curve.

It is reassuring to see that this treatment, which would be expected
to give an underestimate, does in fact give low values, whereas the simple
method, as expected, gives high values. It is perhaps fortuitous that an
average of the two sets of values is very close to the expected curve.

3.4,3 Copclusioms

It must be co.cluded from these experiments of rether low statistical
accuracy thatthere is no evidence in favour of any great discrepancy between
the experimental and theoretical valuss of the pressure coefficieat of

u-mesons at ground level in the momemtum renge 2 - 10 GeV/c.
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L4 THE MOMENTUM SPECTRUM AT 80° TO THZ ZEWITH

L 1 Imtrcduction

Cosmic reys which arrive ot large zen.ch angles {the term 'zenith angle’
will 2e used throwghoui to .nean ang’e with the vertical) at uea level are of ;
intzrest for wwo reasons: firctly, tecuuce they glve information about the parent
particles from which they are ierived; and seconuly, hecause they consist mainly
ai' puons of very high avarage caer: ies.

Maacuranent.: of the iutensity ol part'c es at large zenich angles have been
wede 27 Jakemen {1950}, Wilsou {1¢35¢), and Sheldon and Duller (1962) but the only
pievicus uetermination. of awomenlum spaitre are the experiuents of Moroney and
Perry 71654}, Pek et al. (1¢61) and Allen ana Apostolakis (1S561).

In the experimeat wo be uescrile. a uagnecic spectrograph, comprising che
"s0lid iron" magnet with counter rscoruing, has been operate. at Durham (200 ft.
above sea-level) and the momentun shecorum of muons incident at a zenith angle
of 80°8' 1°0" has been measure. intoe resge 1.5 - kO GeV/c.

4. 2 The Spectrograph

Tae apparatus (Fig. b1 consiste. of 3 trays of Geiger counters, A, B
and C and the magnet. Each tray containei 8 counters, each of sensitive length
60 cm and internal dismeter 3.3 cum, and an assembly of three-fold coincidence

circuits permitted "parmllel” telescopes to be selecteu. Particles were accepted

with zenith angles between 81%8' and 78°28', the axis of the apperatus pointing in

e direction 55056’ east of magnetic north. The opening angle. of the telescopes

projected on to & horizontal plane was 25°.
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A relaxacion method fo useld (0 derive the forc o the mamentum cpectrum

from the meagured rates, that is, incident specire are assame.i an. the expecie

sates calcalsted and crmpaces with observation. The uwain provliem is to Jetep-

uine the trejectory of a particle which loces enersy snd is sub,

scattering as i% passes through magnetized irom.

kol Theory ot the Spectrograph
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Tavle 4.2 The particle catec

Configuration Magnetic No. aof Rete of zintle particles
of vouniers fiel. channels  for all channels, correcs-
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vhere K m 21 MeV/c, = v.c und ¥_ ic the raliation length in iFom.
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Hence Trom %1 and b2 the magaeli. < splucewent, A, at 8 Jetecting lavel a

distence L{>#) from the frmi of the sapnery {Fig 4.2}
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bobh.2 The Scattering iicplacemsnt
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The mean square projacied angle «f Co.aster, <¢8*> ufered by aparticle :

of monentun pi - QX in travellin beiseen x an. x 4 dx from the Tront of the

magnet ie gilven vo cwriicienl accura.y Ly the equation , -
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L.h.3 Applicat or, 40 the presoni spechroaph

Tac mean coersy 2505 per ulit peth lensth in iron has been evaluated

-

voaaking approprisie codiiioasions Lo th: theoresilcal fomdla tor the mate
of eneriy loos of wunm. in esek Lliven Ly Adnton (1661) and iz given, as &
fupctlon of muon ener Ly Fige ko Bjuatioas 4.3 and Lok have been
gvaluate. Tor e dimencions o tie presen. spectrograph aad the results

are glven lu fig. kb the Jurves . we tle systensbi. @-upﬁace..‘un», A, due to
magnetic geflexion en. e r.m.s. 7siuz of che projecte. scatterim displaces
ment about the systenatic valia.

4.5 The expected zpecirus at arge zeuiih angles

4. 5.1 The method of celculs iun

In thi: Bection sitterction iu ilrecied oniy to the case of pions being
the source of muons, the effect. of kson: and other particles are coneidered
later, in §7¢ |

The method adopied 1s to use the vertical cuon spectrum q;‘mmii b‘y

Hayman and Wolfendale (1562) aud frow it to Jeternine the mm prcdmtiﬁn

ﬁpectrm and frcm iv the moa pro%m.»ion apectrum. m udap‘wi pien W L
- 1W1 Ww 13 Shﬂi!% m ?iﬁ.e ?w&a‘
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4.5.2 The muon spectirum at 8° to the zenith et sea level

ey e - N o‘! -c-E—e -3"” . l
The nmuon prodtiction sspectrum, Mu(...,Su 1o F(‘_J- rﬂo l’m_ E Bﬂ 0)!

has been teken ac the starting point wnld correctlions have been applied {or

eneryy Jocs and u-c decay. dsin; the Jdeta given in Appendix 2, to give the

expecte. wuon Lpesiruw av  cea level. At low wounenta corrections have also

been applied for scatiering in ine almosphere and the effect of geomagnetic
] ' deflexion, the latter correction arising necaqse the axis of the apparatus
wes at an angle to the zagoetic neridian. The vertical coupopent o the
earth’'s fleld alfects both positive sad nepstive muons equally ovut the hori-
zontal compouent causes negabtive muons of & given momentum at cea level to
have a lower mouenitun et yroduciion but greater survival probability than
positive muons of the same aowentum. ‘The effact of this is to introduce s
negative excess of low momentun muons. (see § 4.6).

The correcteld spectrum iu gives in Fig. 4.9. This spectrum has been used
as a trial spectrwn ani the expacted rate of events has been Jetermincd for
each of the counter chan ele of the spectrograph. The calculsabions have made
ase of the Jdata in Fig, b ok 5 converi the mouentum cpectrum into a deflexion

spectrum and allowance has been made for the effect of scattering in the iroa
( and the variation in reste of particles of a glven momentum over the acceptance

angle of the apparatus. The experimental poinis, also shown in Fig.{S, are

plotted at the meligw momenta of the counter chanmels and the ordinates bear t

same relation to the prelicted spectrum as lo the measurel rates % the predict

et
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.6 ™e charge ratio

The median mouents of muons traversing the two low momentwi channels are

2.5 Gevfc and %5 GeV/c recpectively. Using the nasentun dependence of the

o~

positive-nepavive rstio at woauulicn piver oy Pire et al. (1955;), and allowing
Tor pecuaguetic deflcxing by ifrxaclug lbe trajectoriss of posivive and uee:ativé
auong througl the atuosplira, the expovniea preitive teo ne@ti.ve ratios for these
{ + two chenmels are C.42 and €. 8) ressectivaly. The neasuredi values are 0.68 b
0.25 and C.T5 * 0.12. 'The two high uosentus chanrels record wainly high enérw
muon: vhich suffer littic wagpetic doliex.on and thus count bLoth positive and

negative muoas. Little chaare in the countine rate on reversing the fieldi is

a.t, orsevel {table 4.1)

s

therefcre cupecied, av 18, Ik

»'T Discussion of theresulcoo

Bxamination of figure 4.5 shows that the measured spectrum is close to
that expected on the basis of & pion soux;oe for ibe sea level muons. In this
respect the results are in good agreement with those ot Pak et al. (1{.61) and
Allen and Apostolakls (1561). The question of the relevance of this result

to the determination of the relative abundances of parent particles of various
masses is deferred until after the results at greater inclinstions heve beem
described. | '




3. THE _JORTLCNCAL SPECTROGRAPE

5.). The Genersl Arrsngenent

Diograumatic views ol he sgeoirocraph are given in Figs. 5.1 and 5.2
and a photograph of the svvuvent 13 shown ac the “roatispiace. The
spectrograph co:xpriséfs che colii iron warnel, six trays of Gelger counters
and four trays of nedn !lssu-cvues. ‘the Gelger counters used are 20th

Century Electronice. iyme %40, oach of cereitive Jeogth S0 ux aad diameter

L

2,28 cm. The fiamsk tubes 2ses sz ~& om in length ans 1.5 om in diameter.

The requirenments Tor 2o 2vernt oo he accepred are a four-fold colmcidence

o

pulse ACD without & clpeluzae »alee {row B or F counters. Toe E and F

couubers are locaied above bz ragnet and thaisr Jun.tion is to reduce the

fréquency of evznty 1we Lo extensive air chowvars.

After tbe coincilence avragpenmenis are sehisfiet, a high voliage pulse
is applied to the fiash-tuve eleciroves and s photograph of the {lashed
tubes is taken by the camerm toroush the mirrvor system (Fig$2). The mirrors
are so arrengel that the camors lcns 'gees' all fmr trays of flash-tubes.
At the sawe time a cycling aystes i3 trigeerel vﬁich firstly illuminates a
clock uader Lray C and two fiducial usrks on each flash tube tray, and
secondly moves on the f.ilme

5.2 The Neon Flagh-Tube

The cheracteristics of the flash-tubes have been described in deteil by
Caxell (1961) and briefly by Coxell et al. (1562). A summary w11 hog&m
here. N A
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distance between layers of tubse within one trey is 2.8 ¢

43,

The veriation of afficlency of flashin with respect to the parameters
of the elecurical puls2 and otier irportant characieristics are shown iu
Figse 5.5 = 3.5 and wbis w1, ['ron these fizwes it is seen that the
necessary condicions fer madnn wviclenacy anw visibility are:

(1) The aighést vorse, ~ pulue consisient wita an insipnificant rate of

spurious {lashiag

(11) Short rice tluae of *he epplied pulce

{111) Short delay Lelwean teseags oo .he purticle ant applicatior m:"' the
pulsze

(iv) Direction of phcrogrepn, makios the sualles: possivle angle with

the axes of .he Ulashebtudec.

Toe wethod of mas.oryin. these covlitioas will be coasiuered ia later

sections.

The geanrirical arsmngement of {lashebubes in a tray is shown in Fig. 5.6(a).

It willi be seen that cech ilray comsiste of eight layers of tubesstaggered in
such a way that & single periicle secapted vy the instrument cannot pass through
& tray without flasning ai least one tube. Electirodes formmed by thin aluminium
sheets are placed velween -uccosslve layers of cubes. The tubes are supported

in slots milled in 'Mufmol’ :square section rod (Fig. 5.5(b)) sad positioned in

such a sanner that any suall howing ¢© the tube L5 in the horizoutal plane.
All the btubes are sccuratcly parsllel vo one anocher within & w and the Wﬁ ‘
are aligned (B5.4) so that all the tubes in the vhole instrument are m:lel.;" W

The vertical dlstance vetween adjacent tubes is (1.505 + O-ch') cm- 'ﬂié“

dimension is referred to as the 'tube separation’ or "t.s.’s The ho
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5.% The Llectronic Cilrouii

A block digcrar of the b oTi 0 gyvtees de shown in Flge %jc T. As has
already doeu mencioned; e Wil Lur wojnl eaint 43 ABCDE& The output
of the aasi-volnscidencs Wi, o] atywoa Lroontion vad g iv Larn triggers
tbe high voloape woils Oflw.. D+ o L &7 npdecren dhyretiyon and pulse
srancformier.  Toic uali tri<er e Duriher aulls, Tach conprising an
eaclosed apari Ao { crido oo s’ - 500 man anchace pulse craneformer.  The
output of each o cheze wrovn oo oo Llaskeenaba wray (the circuits are
show: ir Pige 5.05)

The tine tequence 501 17 pu.oor o oo in Top. 5.067¢;. It 18 geen
thet & pulse of rise e .0 oo € appliss o toe elecirodes 8.8 usec after
the pascave I the ionizin, pact: 2 Surow the appsaralun,  The measured rate
of spurious CTlushas; .. uche. nob gnnocline s wWith g {celected ) particle is
~G x 1U™% per tuse per pulie

FromAa. typical sample of 3L ey uhe lerec efficlescy was found to e
7C5,  This figure and chat {5y 13 vace of spurious flashes are in good agree~
ment with the values repor.cu oy ‘oxa’l (1.5} for the same comaitions of

applied pulse.

5.4 Aligmwent of the Spectrepraph

The allgmeent of the Lastrwent and the determinstion of the geametrical
constants are subjecic of great impor-avce anl a detailed description will
be given. '

Bach flash-tube fray is fitted with four plates through waich a single

hale ic bored, the plates being in idontical positions on
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§2.

In the cllemens proceas asi foor wiay s wére aogosbel so haat
8) cotton Tivres ware :5le 59 s Laroyh tka centre of the hole in
each puece on bota hueg, an
b} each tray vas fn the ver.ial piorse ond che tubes in it weee norizonbal.
The worpee of horizental Levell - win hsaxe! in bhree way/s:®
1) omtically, usla, a —ulbaicicler hu teresiope
) odirecilys wsing a sorsitoen apiolo o oavel
i) by oAUIng s Luraicat e a. sTo L, 4 Lt s8a dlascter as Aho flash-tubes,
consaindvy a fuall caons. o wmer s {erfacilely a larpe spirlt level).
The conswants of the 320 ve cue (Bl 5. 8010)) vere ceterninel asing
cotton (or aylo.) fibre: stvicchor ¢ g Lae leapiy of whe spectrosraph from
knifo edges at cach end. ow/\u ihe w30 sitey ant o e o the wegt. A catheto-
meter was then usel to set wae Weals - v o W@ aorizoniel piane snd to

neasura the vertical dalsvtancs srow 9 relaren:s Tuoe in each treay %o the fibre.

Pl
<)

The vertical separation of uno Luben wus e8lee ceasareld in thic war. The
horizontal Timeusious weie wearure. <iih =i accurete steel Lape.

Correcilons wore appliad co the (veriical) meacircments for the catenary
elfect and all che weasurexect: wers rapesitedly two other cbservers. 'The finsl
adoptel values are given io Table 5. .

Tre relation oetween the spectrcyraph coauiants, the messurel quantities
for a particle'a.ud e momentus of he particls,can ve considered by examining
Fig. 5.6(d). The alignment ressursuants give the quantities 8 By S0s Ay
and the various £'s, anu the ueasurczents oo the photographs (85.6) give

a,b,candda

Ifthe wowentum of the perticle is p (eV/c) then p m 300 &:, _ﬂ:am K h m

£181l strength in @mwa and p 1: the miias of ~urmwm n cm. | Tt follows that

S

pan

[ U ——




oo
Tuble 5.0

Adopted Values of Geoumetricel Cons.oute {c.f.

—

[rpaeare

rig. 5.6(d))

Dinension o
2 W9.15 + G0t
52 TheSe + J.Ch
P TL.55 4 0.03
,e: 150. %%+ 0L05
8 256 & 0,003
‘uo 25,86k + 0,00
co 2551 + 0060
J.O 0O + 0.20%

[

8,25 + C.0L
29013 + 0.02
ALTT + 002
78.57 * 0.03

33.5%
13. 8614+ G.002
23.577# 0.001L | Normalized
1%. 362+ 0.00L to d =0

0 + 0.00L

1 teS. = 16505 cm.




S,

po = W HAL

= i7"

GoV/ie o degrees [or B = 15.85 gsass.
The deflexion, 9, i~ Jdesmuines Troe the wescurenerts in a straightforwerd
way. Thus:

G o /(q

+

e ol

S

Vo ‘l'j ,L.b {. -1 R v - R 3 -1
R R 7S I (R A RN TN) 75

in the small angle appraxi: 2 AT

t
¢

Ty s oonvenilsac to wors ik tne Linear sduension ,819 = L% Ao', where

4 i s . mb MRY I 3 3 =X
L2 (e - D~ o (> : NG /Ay = g -t - ¢ =a
&= (a R aiand 6 = {a :0) 81»‘ ( o o)

POt =
Thus; A is a constant of tae ipsirument and o 12 setermine.a directly from the
measare. qaantities Yoi eah acceptaed particle.
The resultin, relotion 2 24 + J ,1, 2 17.3 GeV/c.
kA

5.5 The Measured Retes of fvel..

It is usefuvl 0 examine the Fiequencies of evepos of uwirfereant types.
These are as follows,

Coincviuences ABIL @ 5.6 + 1.C Kt

Coincidences ABCDEF: 16-4 + &b r?

Rate of single particie cvents obssrvel on film & 7. # Oob hr—3

Thece fipures Jemonstrale the lave:2 coptribution to the counting rate
(ABCD) fron extencive air showers. The overwhelming majority of the showers
comprise elecirons and have an ancular distribution which varies with zenith
angle as cos®6(e.g. Coxell et al., 1¢62): the number of muons lost through

their being accompaniew by shovers at very larpe zenith angles is cmldgrtﬂ

co be very susll. ZEven wi:h the anti-coincidence amngement 1’(’. is :l‘mm mt:

about ome half of the evenis consist of axtansive air shmrt; tho'

have & 1ow dnnsitar and do not trisger ’c?.*ze counter fmya 8 m,

3
%




At et v

5.5 The Measurement Technique

The quentit- reguir

Py

i for each particle is the angular deflexion in
the magpetiv £i2l.., However, ¢s hac ulresiy been meacioned (§5.%) 1t is
more comveinient to work wite the guanuity A - A slace the measuremenis then
requirel are ihe distances &, o and do

Bach pheio raph is progel sew on o a ferean oo which is marked the
outline of each {lash tube ip 2ack iray tozether with the peirs of filducial
marks. A curcor s then adjunbed over the images corresponding to the
passage of the particle through o single trey and the best estimate of the

position of the treck ic rade Alco nurked on the screen iy a scale, in

unics or tuve spucibgs (t.s. ., at the centre of the fourth row of flash-tubes .
in sach cray. The eppropric:e values of &, v, ¢ and 4 are read off the scales
The accuraly :n these weesirenents is 015 cm et eachlevel.

57 The Basic Data

The data under znaly:is were collected over a running time of 169 hours
4 minutes during the periol % July 1532 to 17 August 162, In this time some
1288 particles were recorie. protographically. To obviate any bias introe
duced L the experinental arrangement the magnetic iieid was reversed for
half the runaing tine. The mean magnet current was 15.50 A giving a mean
value for the magnetic induction of 15.85 kgmuss.

From the measured uata, comprising &, b, ¢ &..d d for each :pai'ticle,
the displacement A + A  and the discrepancy, X, (Pig. 5.: ) at the cent;m duzj

the Tield were calculated. Accidental coincidences of mto Wkt wore

elimingted by rejecting eveats with X > 0.5T3 t.s. or lA * Aot >1.§-1 %a.; -
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Table 5.3 gives the numwst 2 accoepseld evenes Tor the various momentum
and zenith aagle rangzs.

Although the ac uracy of cvac) messurenani resultine Trom the simple
observacions on the projected images ir sutficizpnt for particles of
comparatively low massniw: (p € 190 GeV/c), at aigher masenia an Luprove i
technique ic mecessary o “ive Lde necessary hiiher accuracy. Consequently,
the Tast particizy were re-oxmri-es usinge apcheyr wothod. This methed
involved notlng the vositicns of ke {lashe.l tules in each oray and putting

this information on » rcale diagrms (track simvlator). The scales of the

diagram are dissinilar vo ispreve dhe accurscey of location {enlargement of
a factor of 2.5 Ir the vert-eal Jireciiom and J-7Tl6 inthe hori-oatel direc-
tion). Information usza in this metho., bub no. in the less precise method,
is the inciination of .he track at each tray and the accurate positions of
both the flashed and unfliached tuses.

In order to provide 8 wide overlap with the projector dats, all
perticles having A + 8 < C. 46 t.3. were re-measured.

The most sensitive inuicator of the sccuracy with which the neasure- :

ments are mode 1s the mesmitude of the discrepancy, x, at the centre of the

magnetic field. The frequency listrivutions for x for che two methods are
shown in Fig. 5.10. The improvesent in accuracy Lor the projector d&h
shows up as a reduction in the width of the dis tributicn.

The magnitude of x arisea both frm errors 1n mck lm%:im m %hei“‘“

mect a!' emm sasttaring» I’c m be _zhom
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Cw, ., = B A+ A )R
J . [&)

I4] i
wheie Wiz a wooctnant wilek contwins bthe aft'ouct of cceatisriby ab. ;z'f’
! ts he coublrivaiion o ercors o Limux looslica (3ee Appeniix &
!
~ . . . e e L - . .,
{ Too e delern Loz oion of Che scatbterde oounsptic The quantity PP
Felatel Lo the rom. uncarweiniy in Lrack loceitlon at each troy, o,
“hroUoie fhe Lemnirival constents of the instrusent” ;-i‘f" = 4.0 130%,
s
. B A g - 3
( : Tov osrell ilonlanemener < 2 = o0 £ oapnl the valuz 00 o onn thus
SN < o
p
PR NI FIE SIS SR S T N SLL UL, vhlud Dog Jollow ag
e L e T e i e e e
Ao (L 0BT 4 008 Yso e Toa the Lracl aimula.or reblod

: An {oporisot auavtlity, the nasiiruws Jetentasle movmeawuia, [ollews fron

X . o
i tee value o o (o, ore asually, froa the value of the prosable error, p,
Cives wg op o= TLATao )
z The correLponilny nacloms swiactalls nosenta peoobacie error valuea)
‘é
i S 3 <r i . . . i .
| (L0b 3 ¢} CeV/e 1ar the pro,cuLor wolhol
(355 + Gy G39fc for the track siawlator method.
5.5 Accelerator Cusrscteristice of the Spectropraph
( Arert {ram measuring the speuirum of wuon: at large zenich angles

the horizonial gpeccrograph ls designed Lo act as a “source” of very fasi
particles (f.c. muons) sothat experiments invectlgating the }.ntera.cti.om aﬁ’ >
(: ‘ these particles with matter can ve carried out. It is thus necew; tﬁ
know the aatentuwan an. spatisl-distribution of the energ,&nt pu.rt::.c};am'”
overall moentun distribution is givea in Table 5.4, where
pax'tiales in the rm,izzg time or ihe




Table 5.4 The Oversll Momentum Distribution of Particies

Momentun Total Numoer Rate
{ Interval of parsticliet (day™t;
GeV/ ¢ :
1.6 « 3.7 ‘ 11.1
3.7 « 5,8 82 11.6
( 5.8 - 4.8 113 16.0
6B - 20.0 50 355
2000 - 3L 202 28.7
| 310 » 513 164 27.0
| 51.% - 73.8 100 1k. 2
3.8 - 215 173 h. € |
>4 6. .8

Total 1257 178
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Table 5.5 Disvributioun of particles with exit angle at D

as a functirn of position in D -

{

BN R s e S i PR
] t. 8-
f ( o¢e¢h I 38
; L-8 5 58 55
E 8. 12 4 3% 66 18
12 - 16 22 Lo 45

16 - 2 ) 24 38 21

20 - 24 2 26 3¢ 1

24 - 28 1 3 1 5
| 28 - 32 1 19
32 « 36 2 5 8

| 36 - b1 1 S 1




6 THE MOMENTUM SPECTRUM OF MUONS IN THE ZENITH ANGLE RANGE 77u5° - 90°

6.1 Acceptarce Characteristics of the Spectrograph

The basic data for the spectrum measurements were given in §5. The
calculation of the spectra as a function of zenith angle follows the methgod
outliued in g%, i.e. spectra expected at sea level, on the basis of pions
being the sole parents of muons, are used to calculate the expected rate of
events as a function of zenith angle and momentum.

The expected spectra are given in Fig. 6.1.

The probability of a particie being accepted by the spectroéra.ph bas
bee.a found graphically. The quantity determined is the 'acceptance function',
measurcd in wnits of cm® sterad; the rate of evenis recorded then follows as
the droduct of the intensity and this function.

The acceptance function csn be vritten as the product

Ao(p,e)o 1o Go
Ao(p,e) is the geometrical function determined by the overall size of the
counter trays and n is the probability of none of the appropriate counters
in the instrument being quenched at the imstant when tie particle (of mowentum

P, at zenith angle 8! passes through them, G is the aversge probability of &

B ST P S = NI ST NP U

particle not traversing an insensitive region in any counter tray om its
pacssage through the instrument.
In the present cese n w 0.88 and G = 0.56. ;

The function Ao(p,e) is shown in Fige 6.2,

L
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6.2 The Measured Momentum Spectra
The derived momentum spectra are shown in Figs. 6.3 = 6.7. In addition

to the spectra expected for all pions as parents those for all kaons as
parents are also shown.

In Fig. 6.8 the data for the vhole zenith angle ranges are collectel
together and a histogram is plotted. The results show quite clearly thst
except at the lowest energies there is no evidence for a large fraction of
the see level muons being derived from kaoms. Further discussion on this

point 1is deferred until the naxt Chapter.

6.3 The Positive-Negative Ratio

The ratio of the numbers of positive to negative muons as a function
of muon energy is an important parameter, bearing as it does on the multi-
plicity of particles produced in high energy collisions. The data from the
present experiment has been combined and the messured ratios bave been found
as a function of muon energy at production.

The data are given in Table 6.1 and the ratios are plotted in Pig. 6.9.
Also shown in the figure are the recent results of Haymaa snd Wolfendale (1562);
these measurements were made withthe Vertical Spectrograph at Durhem and the
measured energies have been converted to energles at production.

Although the statistical accuracy of the precent data is low the results
are of importance in that they confirm the conclusion of Hayman and Wolfendale
that the ratio does not tend to unity at least before several hundred CeV.

This fact was interpreted by these authors as shoving that the fluctustions
in the multiplicity of high energy pions increases with increasing energy.
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Energy Range Field A Field B
at pg;i,uction J - + - Positiv;;:’ptin
10 - 20 b 67 96 1 2,07 # 1.57
20 - 30 33 95 8k 24 1.24 + 0.17
30 - Lo 43 b4 67 ko 1.29 # 0.60
U - 55 b5 62 6h 54 0.63 + 0.ho
55 « 75 46 b1 5k 36 1.30 + d.h?
75 - 100 31 30 51 31 1-48 + 0.26
10C - 250 28 23 ko 16 1.7 + 0.36
15C ~ 200 15 1l 13 11 1.27 # 0.11

Table 6.1 The Positive-Negative Ratio as & Function of Muon Ensrgy at
Production

(A and B refer to opposite field directions)
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] INTERPPETATION CF RESULTS

7.1 Statewent of the Provlen

The besic problem is to derive information sbout the characteristics of
highenergy nuclear interactions fram a comparison of the inclined and vertical
muon spectra. Of the characteristice accessible to study, the most significant
iz the relative production in the kigh enerpy collisions of particles which

() give rice evenivally to nuons. The most coavenient approech iz to take the
measured verticel specimmt az the starting goz?.nf; anu from it to calculate the
for —

production spectra of the parent particles/iifferenc assumed masses of these

particles. The spectra are then used to calcnlale preuicted spectra at lerge

! zenith angles and, by camparison with the ouserveld spectrum conclusioans can,

i.. principle, be drawn abouc the nost 1ikely pareat particle (or combination

P——

of particles).

Prior to the present work being carried ou’ it was not clear that the '
inclined muon spectrum was sensitive co the mass of the parent particle. The
early work of Jakemmn (1S3€) showed that a large sensitiviﬁ;y existed but the
values taken for the mass2s ard lifetimes of the relevant particles were, at

that early time, necessarily imprecise. Pak et al. (1561) implied & fﬂﬁﬂii-“v[;‘ 3

( ! tivity, but quantitative estimatec were noi given. The theoretical Btudics

of Allen and Apostolakis {1561), however, showed thet the melimdspa@m

should be camparatively insensitive to the mass of mmmme
- It 13 clear,

s neCessary.
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It has been pointed out already (Chapter 1) that measurvwents of the
momentun spectrum in the vertical direction have also been made by the Durham
Cosmic Fay Group. Of the direct measurements made to date the Durham data
(Cardener et al., 1962; Hayman and Wolfendsle, 1962} are the most comprehensive
and, it is hoped, the most accurate. ‘The Jdata ¢n the intengities are given in
Tables 7.1 and T.2. It is necessary tc point out that these data refer to
single particles vhich pass unaccampanied through the spectrograph. It is
likely that the fraction of mucns lost through their being accompanied on
arrival at the instrucent 1s small at momentum below 100 GeV/c. =t higher
womenta sowme appreciable bias must result but the overlap of this mamentim
range with that covered by the present experiments is small.

T-3 Tre Froduction Spectrum ¢f Micrs in the Vertical Directicn

Rather than calculate the producticn spectrum of the parent particles
directly from the measured sea level spectrum it is ccnvenient to introduce
an intermediate stage, the 'muon production spectrum’' M(p) or N(R) (Although
momentum 18 the measured quantity it is conventional to work in terms of
eneYgy spectra; over the energy range considered where the particles are
relativistic E = pc and M(E) is numerically equal to M(p) if p 1s expressed in
% x energy units).

In deriving M(B) it 1s sufficiently accurate tc assume that the mucms are
generated at a unigque height in the atmosphere. This simplificaticn is possidble
because first order errors cancel vhen the same assumption is made in going
from the muon pioduction spectrum in anclined direction to the inclined muon
spectrum at sea level. The resulting spectrum, M(E), is given in Table 7.3;
algo given are the factors entering into the calculation, viz: the anergy loss

in the atmosphere from the pr-duction height (83 g.cm™®, the medium height) to
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Teble 7.1 ‘The Measured Differentia; Intensity of Vertical Cosmic Ray -
Muons as a Function of Momentun over the Range 5-1U0U GeV/c

Method of Momentun
ueasurement (GeV/c)

I 5. 45
« ] 63
7.15
.15
10.8
12.b
1.6
17-8
22.6
313
k2,3
56.1

Iz 72,5
88.1
(' , 112

I1X 153
2uk
413
8ch

Differential Intensity

(cm~®cectsteral~t(Gev/c)~t)

3.21 . 10—
2.4, 20~
1.5 . 10~
1.28 . 1w
8.51 . 16~3
6.1k . 10
4.35 . 1S
2.52 . 10™%
1.3 . 105
5.85 . 10™®
2.88 . 107®
1.22 .
5.75 « 1077
3.27 . 1077
1.36 . 1077

5.18 . 1078

1.1% . W0
1.8 . 10®

1.84 . 10~10
* Region of normalization to Ueiger counter

ctrum.

#* Error according to the mmu of Regener 1951)
A0, 8 ﬁa?!c L

Statistical error (4)
(standary .eviation)

&)
{ Y

3.5
2.8
2.4
3.0
2.7
2.6
2.6
2.6
2.6
3.
45

8
3
10

18
60/ -3
470/ ~ls2ww




Table 7.2 The Intensities and Values of 7, of the Differential Spectrum of
Vertical Cosmic Ray Muons at Standard Momenta over the Complete Range i

0. b=1000 GeV/c
Momentum Differential Intensity
(GeV/c) (ca~2sec=Ysteras~2(GeV/c)~*, Tu
0.4 2.58 . 10~ -0 bl
0:5 2.85 . 102 -0.16
0. T 2.80 . 10™° ¥0. 22 .
1.0 *2,45 , 162 +0, 56
1.5 1,63 . 1072 .0
2.0 1.48 . 107° +1.14
3.0 8.7% . 10* +1. 42
5.0 3.75 . 104 +1.76
7.0 2,05 » 10™* #1.56
10.0 1,02 . 10 42,14
15 h.16 . 10™% 42,35
20 2.0k . 1078 +2.48
30 7.20 . 10™° +2.65
50 1.77 . 107° +2.8
T0 6.60 . 10™7 +2.98
100 2,25 . 1077 +43.10
150 6.28 . 10°® 3.22
200 2.4 . 107 +3.30
300 6.10 . 10~® +3.38
500 112 . 1070 R,
00 3.50 . 10730 3451

1000 .70 . 1043 $e55
*# Normalized to the intensity given by Rossi (1948). After Heyman & Wolfewdals 1562
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Table 7.3 The Vertical Muon Production Spectrum, M(E)

Energy at Survival Energy Correction Production
produccion  Probability Loss Factor Spectrum, M(E)

(GeV) 8(B) (GeV) FC(E) (cm™Rsecdstera.~3Gev=t) "
3,00 Je 27 2,00 0.86 T-T5 x 10> i
3.55 0.36 2,05 0.86 4. 76 x 103 ’
4 10 Jo 43 2.1 0.91 3,14 x 107 ;
5.15 0.52 2,15 0.5k 1.57 x 108
) Uo 6b 2.5 .06 5.71 x 10~* ;
¢ 4o U T2 2o 40 0.57 2.76 x 10™*

1:.50 0o Yy 2,50 V.48 1.27 x 104 ?
17.60 0.8k 2.60 1.00 %5 x 1078 |
22,70 0.88 2,70 1.00 2,35 x 10-8
32.80 Ce52 2,80 1.00 7.84 x W8
52.50 0S5 2.50 1.00 1.86 x 18
73.00 0.6 3000 1,00 6.87 x 107
103.1 0.7 3.10 1.00 2.32 x 1077
153.3 0.58 3.5 1,00 6.40 x 1078
203. b 063 3. 1.00 2,55 x 1079
( 303.8 0.5 3.75 1.00 6.16 x 107®
50k 3 1.00 4. 25 1.00 1.12 x 107®
T04. 8 1.00 LTS 1.00 3.50 x 1010
" 1,005.6 1.00 5. 60 1.00 Ce 70 x 10733
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sea level, the survival probability, 3(E), and the correcilon factor, FC(E),
which allows for the variation of rate of energy loss wich energy.

7.4 Unctable Particles siving rise co Muons |

It was pointed ou. in §7.1 that the objec:¢ 1s to obtain information on
the relative frequencics af production ¢f the various parents of the muons.
Of the known unstable jarticles s large Craction give rise to one or more.
muons at some stage in their decay sequence:. The most important .ecay
schemes are listad in Teble 7.4 Also given are the relative abundances of

the Jecay modes and the charac~teristic energy (minimum, maximum and mean) of

the resuiting wmuons (Trhe authors are indebted to Mr. J.L. Orborne for this
Table ).

1t is clear from ‘Y'sble 7.4 that if the energy specirsa of all the generated
particles (pions, kaons, hyperons: were the same then the majority of the muons
wouldi come from pions, followe. by a smaller contribution from ksons and a
much smaller concribution from the hyperoms. Consequently attention is directed
to the evaluation of the relative freguencies of production of piocns and kaons.

In the case of the charged imon, tha most {requent decay moue (58%
abundance ) is

Kna - u + vy, with a lifetime of 1.22 x 10~% sec.,

and this is also the mode which gives rise v the muons of the highest energiles.

The procedure to be followed is o derive the sea level muon spectra

expected at large zenith angles for the two extreme cases of all pions and all
kaons, decaying in the ;ﬁm mode, and then to estimate the relative importance
o K m-production by comparison of the expected spectra with observation. The

relative importance of charged kmons can then be found from the known abundance

of the Ku’-modee




Table T.4%

Dacay Schemes giving rise to Muons

Total enercy as rra.cion of Parent

: | ! total energy .
Farticle . Decay Moae | Asundance E E
s ; : HLax : wain ")
SRR TmrE Gl r i T R T SR
\':}-.,._.IT .._..bOdQ'. ! i
o pt oy 1005 1 L L5T3 . 787
— L J, —_
gt ¥ v : 585 1 P .0b6 . 523
Ki } { x + ﬂ \ )6 2 ()e 518 " ? 050 ° 396 :
{ . i i i ;
: % 1
kK L Y U-S 1k | Lokg ¢ o.3ch
s i
? * - f j - 1
A { P L '; ko o 2k PLUu3T 0121
! j . g
+ i -; . o ! !
b | { v ’, 4o 5 350 i .023 .153
i
e - ! -
Dl { L? -y . wob .358 b 022 | .156
i H i L
4 the following 5 stage Jecav:s § ‘ ‘
T A | f:
0 6uplop + 5~ s 100 f** | o 2l L «032 [ Al
c{ T L”p :"L : i i
; o : !
° ! A+ on ! ! . )
r-._‘ §{61+;2L,p + : 10U G 1 . 23% i .028 ~l
e i S 3 S
] ! ! 1 T
‘ R r'u tv ! .2 stage pu .B1 ¢ .026 .116
Y ‘ A+ n” ; J '; 5 ;
( - g 6)+/JL)I) + . iC0 A 6“; ‘ H
§ (b) I b j § § i
! : ! !
: k* § “t + $ +v | bt ; 521 2050 | 4352
+ + ¢
K= « } 2 ! . . 06¢ .
| R T . |6
i 3 1 .
K i { ~L . } 6 | + 634 072 <262
: ; » '
; x° ¢  Branching ratios not known
. 3

o ‘ * Bach parent gives 2 e
¢ esch parvent giver 1.64 %

#* each perent gives 0.6% &e

+f zach p&mn‘t gives ,




T-5 Deaivation of the Production Spectra of Pions and K",-mesons

Since the expected inclined sea level muon spectrum on the assumption
of all pions ae parents has already been calculated, it is not necessary
to carry through the Kug-calculstions to sea level. Inatead, all that is
necessary is to evaluate the expected muocn production spectra in inclined
directions for the two cases of pions and K "a-mesons as parents and to
translate their comparison to ses level.

Various approximations are made in the analysis, tne most laportant
being that the primary particles (protons) and the secondary nuclear inter-
acting particles are sbsorbed exponentially in the atmosphere with the same
absorption length (A = 120 g.cum™2). The Justification for thiswvalue of A comes
from the reviews by Sitte (1961) and Perkins (1961) on the attenuation of the
vhole muclear-active component in the atmosphere. The attenuation length is
s mnificantly greater than the interaction length of protons and pions, due
to the comparative inelasticity of the high energy interactions. It is likely
that the interaction length for charged kaons is closely similer to that for
pioms.

Use is made of the relation given by Barrett et al. (1952), betwmen the
auon production spectrum, Mx(E), and the production spectrum of the parents
:b‘x'.fE/r), vhich assumes a unigue correspondence between the energy of a muon

and that of its parent particle (i.e. neglects the spread in energy om decay).

This relation is . (E) rx(g/rx) 1 (7 1)
x - T o 1 "’TB eed0000 L]
m c*r H x x

vhere Bx '—x'cT;L ’ Tx is the mean lifetime of the parent particle of mass B,
i is the weighted scale height of the stmosphere, andF/r , 18 the effective
energy of the parent particles which give rise to muons of energy E. Small



" AB r j te allow

o A

correction. ave apploen o the Loclvor cclasoong fere i
more accuiavely Lor ho sprecc. i enervgies Hf the aumae in the decay prcoecss
Thae recul Ling rels.iouw, are denosied a. Fx(E'/rx)c"
The adopses values {or b yarious watities ave:
(i pioos : v o 76, ﬁzn = " GeV

JiiY K _-nesors  r, = U9, B, = D17 GeV.
L‘.z X i

The Jerivel prouuction spactra for pion: and X -mesons are given in
b H

<

Flg. Tcle Tver Lunlied recion: ' sner.y che spectra caa ve approximated by
straicht lines of simple analytizal foray chus, for Jhe plon production

sPECHTUn, I‘ (E = 0. 228727 for 10<B000 G eV, ane 1or the X production
2

pecLrum, }(F = 0. GHE zqsrov HB3R Got

T.€ The Muon Production Specira at Lerge Zerith Angles

The muon yroduction specura <can be lder.vea ip a straightl{orwar. wey,
using equation (7.1 m~dified Lo allow for .re effect of osliquity oy using
the value i Bx appropriate to the zenith angle 6. t small zepith angles
BX(B} = Bx sec § but at angles avove about 'T5° a nore complicateld expression
i3 necessary-

Neglecting Jecay spreal; the ratioc of :ke muon production spectra, for

the cases of all Ku? ma2sons; &ad-all pions, as paren:s of the muons, follcws
L]

directly as
I‘»&{(EFQZ: FK(E/PK, I"t E/B (e : ) .'
—mn E:O a:-—-r-rF“E n; T*‘-‘:-EWBK—-(-—*‘F voswsne (7,,«}

under the same approximation as for equation (7.1:. Small corrections ave
applied for the effect of decar spread,; and the retiv is ploited as a function
of E for various values of 6 in Fig. T-2. ince the subsequent history of the
maons does not depend on the character of their parents the ratics shown in
Fig. T-2 are also the raticgof the sea level muon intensities expec*;ed in the

two cases.

-
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It 18 immediately apparent that the intensity of muons in inclined
directions is sensitive to the mature of the parent particles, and, if
adequate statistical accuracy is avallable,the fractioms of muons Jerived
from pions and kasons can be determined.

7.7 Determination of the K/x Ratio from the Measurements of Inclined Spectrs

7+7-1 The measurements at &0°

The spectrum measured at 80° (Pig. 4.5, p 38) has been converted to a
spectrum at production, and the intensities are compared in Fig. 7.3 with
those expected on the basis of 100% pioms or 100% Ku’-mesonsu parents. Also
shown in the figure is the curve corresponding to equal production af pions
and Kn-mlone.

It is possible, by interpolatiom, to determine the fruction of K

ue
(Fx) required to give agreement with experiment. It is clear from the figure

that there 1s no evidence for a large value of FK’ in fact, the results are
not inconsistent with FK = 0 throughout. The derived values of FK have signi-
ficance only for the two points of highest energy where the statistical accuracy
is reasonable. The interpolate! values are given in Table 7.5. In this table
the errors in Pg have been :mcreued to allow for the statistical errors (~3%)
in the vertical muon spesctrum on which the calculations are based.

7o 7.2 The measurements in the range 11'20"290

A similar treatment has been carried out for the messurements mede with
the flash-tube spectrograph and the data of Figs. 6/have been combined to give
the ratios of muon intensities at production given in Figs T.4. A feature of

the results is that there 1is some anomalous behaviour of the ratio at energies

below 20 GeV; however, this is just the region vhere there are large corrections
for the effects of scattering infls atmosphere, energy loss in the megnet, etc.
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It ie considered that these ancmalous values do not invalidate the conclu~
sions at high energies vhere only small corrections are applied to the
data. |
The interpolated values of PK are given in Table 7.5
7-T+3 The Measurements of Allenand Apostolakis (1961)
It bas been remarked already that the only other msasurement of the momentum

spectrum at very large zenith angles (>70°) is that by Allen and Apostolakis
(1961). Since their results have not been amalysed with respect to the
determination of the quantity P, this analysis is carried cut here. The
data for the angular range 65°-85° bave been combined and the retiocs of
observed to expected intensities of muons at production have been calculated
as a function of muon energy. These results are presented in Fig. 7.5.

'mevalmaari'xbvobo«pnfoundmmm‘nyandthnmximm
Table 7.5.

T-T+% Conclusions from the mescurements of inclined spectre

The values of Fy found in the three experiments are plotted against
muon energy, for energies above 20 GeV, in Fig. 7.b;unaer the aseumption
that Py does not vary with mucn energy over the range 20 - 40O GeV, the data

can be cambined with the result that F_ is less than ~0.25. This means that

K
lesstmesidmmlmlnmmthisomgynnpmd.rivpdrm

honsdeuyinginthexm-mda.

Thealculations can be pressed a stage further by determining the corres~
ponding comtribution fram all charged kaons, from & Inowledgs of the relative
abunda.ice of charged mons of decey modes other than'X and their relative

. e
efficiency of producing muons. The most importént mode nﬂnt‘-ulo

o i g st

,. o
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Table 7.5 EK as a function of muon energy at production

Experinent Muon Energy F

(GeV) K
Durham, 80° 36 0025 + 0.23
Ll 0,22 + 0,20
Durbam, 77.5 - 90° 28 >0.66
55 <0.22
w5 <0.18
361 <0.02
Allen and Apostolakis 28 <0.23
25 ' <0. 72

108 <0.28
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(Kﬂg -» 3 + ©3 abundance £7%) which has an efficiency of about 65/ for a
production spectrum of the foru E-2. The effect is to increase the upper
linit o FK to ~0.3, that is, itaz ratio of all charged kaons to charged

pions mius iaons has a valtue 1l:ss than Oe3. '

A Turther contrivutior to the muen flux is expected from neutral kaons,

in particuler through the Kg-moie:

K » ¥+ 5~ (lifetime 1.0 x 10730 gec)
At high energies it is likely that the frequencies of production of the four
states of the kaoa, K':NK'KOKO, are equal and the result is thut the upper
3imit to FK is lncreased & little further.

The conclusion is that the ratio of the production of all (charged) kaons
to all kaons plus pions i3 less than ~C.35 that is, the K/n retio is less than
~0,55 for pion energies ia the range 3C-600 GeV, the correspondi.g range of
the primary protons being eppreximately 700 - 30,000 GeVs

7.8 Comparison with other observations

Conclusions about th? fraction of muons derived from kaons at lower
energles nave been made from studles of the polarization of muons at sea level
and underground. A recent sumrary has been given by Wolfendale, (1562),
leading to the conclusicn that K/x retio 1s <0.3 for pion energies below 16 GeV
(muon energies <12 GeV), a conclusion that comes mainly from the work of Bradt
and Clark (1962) and Alikbanyan et al. (1962). These indirect determinations
of the K/ # ratio are consistent with the direct measurement of this quantity
in machine experiments. Thus, von Dardel et al. (1G60), using 25 GeV protons
from the CERN proton synchrotron, found a K"'/ n+ ratio in the range 0.2 « 0.3
and & K /x~ retio in the range 0.04 - 0.07, the results referring to secondary

particles of energles 5 Lo 18 CeV,

- et o e e
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At nuch nicher 2nwergles gloics of cosnic roy jets have shown that
the K/ vatio iz stili commaratiriely low. 'Teous, Boiler et al. (1962)
find K/n < 0.5 Tor the rampz or caerpy of vroduced particles 30) -« 7,000 GeV.
Fipelly, in Fig. 7°7, tke ¥/x zatios found by the various methods are
szowas  sn adaisiorn bo the erernn :swule for the resalting muons en estimate
Ls made of that Qcr 2 primedy protons,
7.4 Zoncrusions
The conclusion o) be drawn from this work is vhat the ratio of the
ntmders of kaon. 0 pilons {of the sane snergy) prodiced in proton-air
nvcleus collisnons ig less than £5% over iz rauge of proton energy TOO -
30,000 GeV, Tehen together with the resuliz of other experiments it is
clear that thers is nd evidence for a rapid incresse in the K/x ratio over
an 2nergy range of priwary pirotous ertending from a few GeV to some 500,000 GeV.
The type of expzriment descrited in this report is importaat in that
the conclusion about the K/x retio is made with e minimum of assumpitions about
nuclear process2s. In this respect it is superior to both the polarization
studies and the jet studies.
More extendec. reasurements on both the inclinei spectrum and the
positive-negative ratio should erable closer limits to be put on the K/ﬂ
ratio and an examination to be mede of fluctuations in the multiplicity

of p=cduced particles &t ultra-high energies.
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APPENDIX 1 List of Technical Notes, with Abstrects
No. 1 Variations of the Sea Level Muon Flux™
by P.V. O'Connor and A.W. Wolfendale, 26 Jamary 1960
Abstract

The characteristics are described of a cosmic ray spectrograph which
uses a aolid iron magnet with Geiger com?tnrs as detecting elements. “he
instrument is being used to study the variations of the y-meson flux at sea
level, with direction and time, as a function of momsntum.

Preliminary results are reported of the msasurement of the pressure
coefficient of the pu-meson flux for three bands of momenta having median
values 2.9 GeV/c, 4.5 GeV/c and 8.6 GeV/c. Using a simple one-term regression
formila the corresponding pressure cosfficients are 0.25% mb™3, 0.15% mb™ and
0.11% mb™}. These values bear a constant ratio to the expected coefficients,
as wvould be expected from an analysis based on the known mechanism of the
propagation of coemic rays and the properties of the atmosphere.

Bo. 2 Correlation of Intessity Changes of the
Sea_Level Muon Flux with Pressure Changes
by P.V. O'Connor and A.W. Wolfendale, 15 July, 1561

Abstract
A cosmic ray spectrograph has been operated near ses level for an extended

period and intensity changes of the particle flux have been correlated with
changes in the meteorological paramsters. In particular, the variation of flux
with atmospheric pressure has been exanined as a function of particle momentum
10 the vazga 2 - LU Uef/ce The results show no evidence for any appreciable
departure from the thecretical predictions of Dorman (1957).



No. 3 Momentum Measuremeuts with a Cosmic Bay Spectrograph

by ¥. Ashton, ¥.V.0 'Comnor and A.W. Wolfendale, 725 July, 1461.

Abstract

The characterisiics of a8 co.mic ray specirograph which u.es & solid
iren meg et a:. the weflecting element heve already been_iescribei oy
J'Connor and Wolfendsle (1¢6C). The present work consiuers the prov.em
of the acuurate Jeterminaticn of che momenta of cosmic says craveruing
the insvrument. In particwlar, the megnetic anld scattering Jefleciions
of muons are evaluasteu tor lhe cace in vwhich soventum loss in the iron is

iaporiand.

. ]
No. 4 Froperties of the Earth s Atuosphere Relevanu to the Interpretation

of Cosmic Ray Experimeats

uy 7. Ashton 8 Janvary, 1462




Appendix 2 Atmospheric mass ag & function of zenith angie

A requiremant of cai~ulations on the propagation of cosmic rays in the
atmosphere is tae variation of atwospheric nmasswith zenith engle and discuance
frem sea level. |

Calculations have beea made using che ‘standard’ atmospbere given by
Rossi; (1952), which is sufficiently accurate for the range cf atmospheric
depths of importance to cosmic ray p.v'opég,atir‘n, with the results shown in
Figure A2.1 and A2,2. Figure A2.1 shows the mass of atmosphere traversed
by a particle arriving at a poinc Jdistance S from sea level in the direc-

tion 6, for a variety of zenith angles. Filgurs A2.2 gives the total mass

traversed by 8 particle arriving at sea level; also shown is the result

for the simplif {ed case where the curvature of the earth is neglected

(flat earth approximation'. It is seen that the Jeparture from the approxi-
mate result occurs at about 80" In figure A2.3 the variation >f the
quantity p(’;) 1s plotted as a fnction of x, where p(x) is the air density

at atmospheric Jdepth x. The weighted scale height of the atmospheie at

zenith angle § is given by
o
' x_ e/
H :sou[ (p(x )>9 exp( X/ 7\,(1)(

o‘fw exx:(-';g) ax

and this value can be found with the aid of Fig. "‘A2.3.
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Appendix % Energy Loss in the Atmosphere

It El }s the energzxat grouhd lever ani E2 the energy at the production
( level then E2 = El +O‘/‘ gg dx. The upper limit of this integral for & given
zenith angle corresponds :o an atmospheric depth of 120 gm cm? and can be
found fram figure A2.2, ‘The variatin of the energy loss of muons in air
( has been foundbymking appropriate modifications to the equation given by
Ashton (1961} for the energy loss of muons in iron. In figure Ajol,‘gg is
plotted as a funcﬁién of F for three lifferent air densities: carresponding

tn ground level, the praduction levels »f nmuons in the vertical and in the

horizontal directions.

The survival provability of a muon between atmospheric depths x1 and x

at zenith angle ¢ is given by
2

( Kamgc 1 X 1 ax
exp - 1[ c T E(x) {pzxg} X
1 . 2]
where m“ and To are the msess and rest lifetime of the muon.

The equation has been integrated numerically and the resulting

survival probability is given in Fig. A3.3.
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Appendix U Verification of the Scattering Constant
Consideration of the theory of the spectrograph (i) shows that, for

the magnetic induction used in the sxperiments, the ratio of r.m.s. scattering i
daflexion to magnetic deflexion is 0.30. As ves menticoed in §5.7, 1t is l
poesible to c.bck this value, and to determine the magnitude of the accurscy g
of track location, by studying the variation of the r.mes. value of the dise |
crepancy, x, (Fig. A1) at the centre of the magnet, with momentum.

In Pig. Ak1, x 18 given by x = 2,0y + £,0, + (v = 42) vhere whe rirst
two terms arise from scattering in the trays B and C and the final term arises
from scattering in the magnet.

The distributions in o, and @ ere Caussians with standard devisticn T.7
x 10~° P~ redians. ’

The dtstribution in (y - 42) follows fron scattering thecry: e
probability that a particle of momentum p suffers an angular deflexion, ¢
(projected angls), and a projected displacement y in traversing t rediation

lengths 1s given by: |
P(,y,0)dyds -32, {. op { 4({ - %}Q +2$!)} ayde

( vhere o= im iR w2l MeV/c. (Rossi and Greisen, 19%1).
" -
From this equation the distribution in y - % 1s found to be & Geussian

vith standerd muoué <8>, vhere <6> 13 ‘he T.m.8. projected angle of

.~ sckttering in the magnet.
It follows that the distribution in x is Gaussian, with steadard |
deviation ?
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1na.

2
2,2 .8 2
<, 09.231 Oy +12<°’>”‘o

= (&0 ) {oo 0157 K* + o.ooo52} +x®
(in units of t.s.®)
vhere x, is, as in §5.7, the contribution fram errors in track locatioa.
The variation of <?> with (Aﬁ'&o)’, for particles of sufficient energy
for the epergy loss in the magnet to be neglected, is shown in Pig. Abe2.
Also shovn is the theoretical line, drawn through the weighted msan value,

found essuming K« 0.30. The fit 7., the expsrimental poinis is regarded as
satisfactory.
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