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ABSTRACT

Using the ﬁurham_spegtpqgfapﬁ;'muqn electromagnetic interact-—
-ions have‘beeﬁ.sfudiea“bo;ﬁ tﬂeoreticaliy and experimeﬁtaIIY-'
The'cﬁrfént best theoretical1crqss—sections for muon interact-
ion pr§cessesvin'iron havé been‘numerically calcuiated anﬁ.tabulatéd.
Tﬁe muon burst probabilitiés and spectra have been“deter@iﬁed for
é 1000 gm cﬁrz iron absorber.

’Exberimentaliy the sfudy has been giﬁided_into two aspects ofl
Tmuon interactidné.. Firgtly, a stﬁdy.gsing‘three différént analysis
techniques has been ddhe'to-de£e£ﬁine-if positive or negative'muoné
interact abnormally. NéiobserVable intéraétion'ﬁharge aSYmmétry
has been obsérved, the overéll iﬁteréction chargé ratio for bursts
§f > 2 particles béingil.OZO + 0.032. Secondly, a stﬁdy has been

done to determine the differential muon burst spectra in a thick

iron absorber over. various muon energy ranges. A comparison has

been made between the theoretical and experimental spectra. Over

- all energy ranges of this experiment (7 CeV-to 1 TeV incident muon

energy) no deviation has been observed between the two sets of

spectra. .
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PREFACE

. The work presented in this thesis represents wotrk carried

'__out during. the period 1971 to 1974 while the author ﬁasfa_reséarch.

student under;the_supervision of Dr. M. G. Thompson in the Cosmic

vRay Group of thé.Department of Physics at the University of Durham.

When the author. joined the group in 1971 the MARS Specfro—'
graph Was'physically complete and in the proceés of being put on-

line toﬂan IBM 1130 computer. The author helped in the.generél

- running and maintenance of the apparatus. The author also designed

and built various electronic equipment for the spectrograph and

the associated interaction experiment reported in this thesis.

The author was solely résponsible for the interaction equip-—

ment, its running and the data collection, analysis and interpret-

ation. ; All theoretical calculations used in comparison and inter-.

' .pretatiqn'are also the author's work. The spectrograph momentum

analysis was provided by the groﬁp programmer, Dr. B..Daniels.

' Some preliminary results from this work have been reported

-at_the XVI International Cosmic Ray Conference in Munich, Germany

(Hansen and Thompsoﬁ 1975). The reportsof'furthér results are

. either in the press or are being prepared for publicatién.
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION.

The objective of science, and particularly of.Physics, is to.

- seek explanations and understanding of the actions, motions and

i

structures in the Universe and to learn how these fit into the fabric:

. - of logically consistént theories. ErquVery early times, Man,

‘being aware that he is separate from his environment, has sought.

knowledge in an effort to contrdl or to successfhliy predict the

events occurring around him. Early in history Man showed interest

in the origins of the_world,'the nature of the Heavens, and the
elemental‘maké~up of physical objects. Of coufée, most of fhe-
eﬁrly explanatiéns and_tﬁegrieé lay in the superstitious and the
supernafural. | |

| Before Man copld obtain fhe.inteilectual and fechnélogicai
tools needed to.study_the extremellimits of.spaceftime and to

produce more than superficial explanations, it was necessary for

'-men like Newton, Maxwell and others to develop a workable sét of

theories to explain the basic interactions in the classical univexrse.

With an understanding of.electricity, magnetism, and thg motion of
bodies, men began to séarch‘for the basic units of mattef and for
the forces that bind the Universe. ' Liitle did they anw that to
obtain an undepétahding of the‘afomic nucleus and all the'assoéiated
subjagomic particles, men would eventualiy look fo the stars to seek

20

the sources of extremely energetic (1018—10 eV) partiéles_and, in
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turn, would use these particles as messengers bringing information’
from the distant parts of the Universe.

In August I912,_Victpr Hess, -a’ German physicist, conducted an

!
! .

'-expériment dﬁriﬁg.a balioon flight”to detefminé_if the_;adiation
present at gééund'levél decreésed withiincreasiﬁg‘altitude; Init-
'ially aS'he;ascénde& the.fadiation did decfease§~.howevér; above
altitudeé of 700 m the-radiation'began_to increase. At fhe.flight;s
apogee-(SOOOIHD théfradigfion present was four times thé.intensity
'ét'gfound level. In the report of the experiment (Hess 1912),
. Hess concluded, 'The resuits_ of my ob.éem):at'z_lons are b_es_i" e@lained-_
‘.by the assumption that a rqdflat_ian bf véry. g_réc_zt éenetrating power 3
:eh.tersl bﬁr __dtrnbspheré from above.' This péﬁetfétihg'radiatio;i has
bedoﬁekknowh as '¢§smic radiation;.

Originally cdémic;rays were assumed to cbnéiét of Y—iadi#tion
because of their penetrating ability. - Clay (192?) found a ﬁéria—
tioh,in intensity with geomagnetic latitude (thg;iatitudgveffect)
and Bothe and inhorstef (1929) interpreted this effect in termé
of the Earth‘s‘magnetic fiéld to ﬁroVe the existence of charged
‘particles abbve the atmosphere, _They also did experiméntsﬂwith.'
various configuratidns.of'Geiger-Muller tubes to shqw the ekistenée‘
of charged particles at ground 1e§e1. Johnsonvaﬁd Street (1933)
.discovered that the _intensit;i_els_ from_ the eastward and westward direct-
ionstwere not equal (the East-West effect) showing not only that
cosmic rays are-charggd but fhaﬁ there is a majoritylof_pbsitiveiy
 bhérged particles. — | .

With the discovefy'of the ‘positron (Aﬁderson 1932) it became
pdsSible tq_expiain_cosmic rays in téfms of positive and negétive'

" electrons. The theéfies of energy loss by electrons were seriousiy

'questioned_when it was found that cosmic radiation could be divided
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into soft and hard components by using a 15 cm lead abéorber (Rossi
1934, Auger and Ehrenfest 1934, Street et al. 1935). Bhabha (1938),

in an effort. to'keep the energy loss theories,‘hypothesiied the

B}

_existence_of;'heavyfeléCtrons' which wthd bé_bogh pqsifively and

»negatively cLéfged and have a mass infermédiate.betweén that of an
élééffoh.ané‘a_proton. |

Street and Stevenson (1937)'and Ande;son and ﬁéddérmeyer (193§)
established-thé existence of a particle with a mass of about 200

electron masses. Originally named 'mu-meson', they are now called

'muons'.  Unfortunately, due to its time of discovery, the muon

was .confused with the predicted quahtum of the nuclear,forceI(Yukawé

;1935), It soon became aﬁparent that the muoﬁ*did.hot interact
strongly with other nuclear active particles as was expected.. In-
1947, Lattes, Muirhead, Occialini and Powell discqvéred the pi-meson

(pion) which was found to decay into a muon and interacted strongly.

The pion since has become identified .as the Yukawa particle.

1.2 DISCUSSION O0F THE COMPONENTS OF COSMIC RADTIATTON

Cosmic ray research can be divided into the study qf'primary

cosﬁic rays, those.incident at the top of the atmosphere, and the

' study of secondary cosmic rays, those seen in the atmosphere, at

ground level, and underground. _Primary cosmic_rays:have been
studied by the use of balloqﬂs,.satellites.and eVén_ﬁanne&TSpace
flights. It -has been found>that tﬁese primérieé c&néiét mainly

of protons (88%) and helium ﬁuciei (112),‘with a few heﬁvier ele-
‘ments (1%). There are also some electrons, photons, and very likely
large fluxes of neutrinos. . A look .at the abundancyes of elements

in the Universe shows that ‘there is an excess of light nuclei incident



: ,ary.cQSmié'rays.- Up to an energy,of.about 3x10

" has a slope of ~1.6. At 3. x 10

-4 -

on the atmosphere.. This is believed to be due to.fragmeﬁtatipn of

~ heavier elements as they paés through the small quantities of matter

in space'cﬂ b g curz).
- Greisen (1965) produced an integral intensity spectrum for prim-

15 eV his spectrum.

15 eV the slope.changes_dramatic-

.ally to -2.2. This3chéhge in-slope'is believed to be due to the

inability of the galac;ic”magnetic fields to contain the particles

18

as their rigidity is exceeded. At about 3 x 107" eV the slope

_again=f1attens to ~1.6 due to an ex@ected extra—-galactic source.

. Greiéeﬁ (1966) predicted a sharp cut—-off .in the spectrum at about

102°-ev due to the'diSCOVefy of 2.7°%K black body-radiation in space

_(Roli'and Wilkenson 1967) apd the resultant expected photo-meson

~interactions. -

Primary cosmic réys suffer a series of nuclear coliisionsiwith:.
air_nublei_as they pass through the atmosphere, resulting in a
cascade of secondagy particles krown asfextensivg air showers (EAS).
The.mean depthlof tﬁe_fi:st_interagtion of'propons is abouﬁ 18 km

above the earth, the proton interaction length being 80 g cmfz.

In each collision the prdton loses -about 50% of its energy to the

productions of charged and uncharged pions, with a small proportion

. of kaons and hyperons also being produced. The three charged states

of pions are produced in almost equal quantities, but because.of

the different modes of dacéy of the charged and uncharged pions respect-

.ively-différent aspects of the EAS develop. . Uncharged pions can

decay electromagnetically and therefore do so quickly (v 10—16 s) into
two photons.- These photons.soon produce a pair of electrons (pair

prodﬁctipn) which produce more photons (bremsstrahlung) and a photon-

‘electron cascade develops. The growth of the cascade is almost
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ekponential (Heitler 1948) until the average electron energyvis less
than . the critical energy of the material (84 MeV 1%ﬂ2;r) The

pAaTE OfF
cr1t1ca1 energy has been deflned as the energy at whlchbenergy loss

1

J
by 1onizat10n is equal to that % bremsstrahlung.» Beyond thls point

the shower siowly decreases in size because of the absorptlon of
electrons.'i
Charged pions either undergo yeak decay (2;6 x 10—8 s).into nuons
’and neutrinos or they undergo further nuclear interactions producing
more-charged and uncharged pions. The muons Which are prodnced and
which constitute the most common S1ng1e particle’ observed at sea
1eve1 will either decay (2.2 x 10 s)-if they arebof Veryvlow,energy :
jinto an-electrOn and-neutrlnos, or if they havEran-energy.abQVe a. - |
" few GeV, will survive to be observed at the surface of the earth.
| Ektensive air showers from primaries of energies greater than
5 x 1013 eV wili not be completely absorbed by the atmosphere and
can .be observed»at sea level.. Very energetic EAS:may spread over
seyeral sqnare'kilometres. "The study of EAS produces.informarion
about nuclear interactions occurring at energies many orders of
magnitudes higher than man-made accelerators can attain.
If the observer is sufficiently far away from the shower core
or if_the electron—-photon component has died away;-it is possible
to study individual particles, usually muons because of their abundance.
Three aspects of muon physics-are generally studiedi Two of these
are the muon momentum spectrum and the muon oharge.ratio. ‘The study
of these, like that of EAS, provides information about the parent
particles and in turn about_the‘nuclear interaction Which produced
these particles. The third aspect is to study how the;muon interacts
with matter. bThe study of muon interactions is essential to the

understanding of what the muon is, where it fits into the classes of
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.particles and whether it obeys quantum electrodynamics (QEﬁ) as it
is presently understood. |
The study of mugﬁ-interactions is not a new subject but a controv—'_
:_eréigl.one..' SeVéral previous experiments have'ﬁeenipérfqrmed to
 .,vcompape-the theofétiéallyféxpected'cfoss—seétions éf_fhe:intéract-;
‘ion'ffocésses with the meésﬁred ones.  Some dfithesé ekperiménts
have yiélded_signifi¢anftdév1ationé ffom theory. bther experiment-.

ers have looked at the cross-sections of positive and negative muons

separately with the result thét some of thése experiments have
- appeared to~show;tLat positive»mupns.interact.more readily than -
negative muons.. If Ehis is tfﬁé,theofies of muqnﬂphysicé'and/or
. '.QEbﬂare in'éerious froublé.f 'The expefimeﬁt reported hefe has been
' done in an effort to detérﬁine ﬁhethér or not the apparent anomalies
exist. = The .next secfion will present a summary of previous inﬁer—_

action experiments.. The last section of this chapter will discuss

the objective of this experiment and experimental report.

1.3 THE RESULTS OF PREVIQUS MUON INTERACTION EXPERIMENTS

1.3.1  INTRODUCTION

' This section will-present briefly the result of previous
interaction experiments, both from’gosmic ray muons and accelerator
muoné. It is-esseﬁtial bgfore.embarking-on an interaction experiment
such as thé one presented hefe to knéw the results 6f past expériments
toijustifY”the experimeﬁt’being done and to know;whét the:pﬁfpose of
‘the experiment should be.

The experiments from which the reéults‘preéented in this section

are obtained will not be described in any detail, if at all. Discussion.
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and comparison of the previous results and the present results is
presented in Chapter 5 (The Interaction Charge Asymmetry) and

Chapter 7 (The Experimental Burst Spectrum). The previous results

presented here are from comprehensive surveys compiled by Allkofer

et 51. (19715 and Grupen (1974).
1.3.2 PREVIOUS INTERACTION ASYMMETRY RESULTS _

" Neddermeyer et al. (1961), while using cloud chambers to g

study muon knock-on electron'production,-found an excess of events

g 1 GeV energy transfer from muons of energy 5-50 GéV. They also

examined the data with respect to the charge of the interacting

muon.and found an apparent interaction asymmetry which showed that

. positive muons interact more readily than negative muons. As would
be expected, this result triggered a series of experiments to either
- support or disprqve‘the‘Neddermeyer experiment. Unfortunately,

' ‘these experiments have produced a variety of results (see Figure 1.1).

About half of the experiments show an asymmetry and about half do not.

. Those showing support for an asymmetry are Neddermeyer et al. (1961,

1965, 1967) which obtained an‘asymmet:y of 1.60 * 0,30, Allkofer et

+ al. (1971) which obtained a result of 1.23 % 0.11, Ayre et al. (197i)

which obtained a result of 1.32 * 0.11,and Sheldon et al. (1973)

which obtained a result of 1.45 * 0.19. - Two observations can be
ﬁadé from the figure. First, the accelerator resulté of Jain et al.
(19705 and Kirk et al. (1968), quite surprisingly, have not produced
very precise results. Neither experiment is inconsistant with there
beiﬁg quite a large asymmetry. Second, while it might be exbected
that some of the experiments deviate froﬁ the expected value, it is

not expected that they should all have fluctuated to positive values.
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It can be seen, based on these fesults; thet it is still necessary -
for experimenters.to look at this.impoftant problem. If no asymmetrj
is found in future experiments, it will also be necessary to attempt
to provide plausible explanations as to why some experiments have

obtained such marked asymmetries.
7.3.3 PREVIOUS MUON INTERACTION CROSS-SECTION RESULTS

< N - M [ ' - L]
These results are divided into the three electromagnetic

processes and are. presented graphically as a ratio of experimental

»

-cross—section to the theoretical cross-section as a function of

(193%)
energy transfer, In the comparlson, Bgabha theory)for the knock-
Ciau

on process, Christy and Kusaka theory)for the Bremsstrahlung process,

Mmulevr ET AL cmr)uqsb)

and M5 theory for the dlrect pair production process, have been

used. Knock-on, bremsstrahlung and direct pair production comparis-

-ons are presented in Figures 1.2 1.3 and 1.4 respectively.

Flgure 1 2 shows 81gn1f1cant dev1at10ns from theory by ehe
fesults of Neddermeyer et al. (1961), 4a==m; ;1 a1 (1965, 1972),
and Allkofer et al. (g;;éé for the knock-on process. Their.results
also support an increasing deviation as a function of increasing
energy transfer, | |

The bremsstrahlung results seem to agree to very large energy
transfers for the majority of experiments, but deviate for a few
experiments: Alexander et al. (1970); Matano et al. (1968) and
Nagano et al. (1970). | |

The comparison of the direct pair productioe results shows a
tendency for some of the experimental results to be iow. In the

next chapter, during the discussion of the direct pair production

cross—section, it is pointed out that the theory of MUT probably
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Qver-estimates the_cross;Section.by at least 20%. This could partly
.account for the epparently 1ow resﬁlts. A recent expefiment (not
shown in the flgure) by erght (1975) produced results in complete

pETRMKMAL
agreement with the direct pair production theory of Petwwlein=and

Kokoulin&\A 30, 1C1 ks '\ '

All of these results have been presented as a function of energy
transferred to the interaction, but not as a function oﬁ muon energy.
While it is true theoretically (éee Chapter 2) that knock-on and
‘bremsstrahlung processes are virtually-indepeﬁdeut of muon energy,
the direct pair production process is very energy dependent; The
great majority of the past experiments have used relatively low energy
muons, ~ < 50 GeV, with‘the excepticn of some underground work and
some'work usihg large epectrographs{ All the accelerator experi-
ments have usec muon energies of less than 20 GeV. There is obvicusly
a need to 100kiat thevhigh energy_muon'burst spectrum to decefminez
" if anomalies exist as a function of energy and large emergy traesfers,
as well as a need.to continue to look at iower energy,mucns to deter—
miee if the apﬁarent discrepancies really exist.

‘Higﬁvenergy muons are so far only available in.cosmic radiatiom,
but due to the falling spectrum it is.necessary to have an'acparatus
with a large acceptance. The MARS spectrograph has a large accept—
ance (408 * 2 cm? st) and a good resolutlon (MDM v 5 PeV), and is in

these respects ideal as a source of high energy muons.
1.4 OBJECTIVES

Using the MARS spectrograph it has been the author's intention to
'study the electromagnetic interactions of cosmic ray muons in iron.

‘Muons are assumed to be the observed particles because they are the only



- 10 -

- : . PRE S -
known charged particle which 48 able to penetrate ™ 4000 gm cm 2

of iron. The first objective of this experiment.has been toilook
at the ratio of the interaction créés—section of positive muons to
the interaction cross—seétion of negative muons, and to detefmine

the mégnitude of any variation from unity. The second objective

has been to study the muon burst spectrum in iron both experimentally

and theoretically and to compafe‘the‘results to determine if the muon

interaction probabilities vary from that predicted by quantum electro-

" _dynamics.

One note on terminology; throughout this thesis the terms energy

and momentum have been used interchangeaﬁly.  The error in doing

0 is 0.01% at 7 GeV and 6 x 10 °% at 100 GeV.
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CHAPTER 2

" INTERACTION PROCESSES - THEORETICAL CONSIDERATIONS

2.1 INTRODUCTION

During the past forty years theoreticians have derived the_mﬁon
interaction CrOSstections assuming the muon‘to be electron~like but
more massive. Each successive treatment has resulted in a'ﬁore-precise
cross-section prediction. (At prééent all eleétromagnetic cross-
sections are accurate to less thén 3%.) |

In this chapter the foﬁr known types of interactions.by which muons
can lose energy are discussed. The fheoriés and pfedictions of various
éqthors are considered and calculatiéns havelbeen made for the theories

which appear to be the best. The four types of interactions are:

1. Excitation and Ionization (Knock-On)

Energy is transferred from the muon to an atomic electron

via the'coulémb fields involved.

2, Bremsstrahlung (BrakingﬁRadiation)

" The emission of a photon (y) as the muon is scattered by the

nuclear coulomb field.

3. Direct Electron Pair Production

The materialization of a positron-electron pair from a virtual
Y emission as the muon is scattered by the nuclear coulomb

field,
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4, Photonuclear

One of the virtual photons accompanying the muon interacts

strongly with a nucleon in the atom.

2.2 THE KNOCK-ON PROCESS

2.2.1  INTRODUCTION

i ‘ | S As a charged particle passes through matter its coulomb field,
i. which may be extended-relativistiéélly, can interact with the field of
an atomic electron. When this happens either'thé.electron'involved
will be raised to a higher~enéfgy state (excitation) or, if it is given
sufficient energy, it may be knocked out of its orbital (ionization).

The approximate énergy required for ionization is (see Rossi, 1952):

V,=13.6zeV _ - @)

Vb being the ionization potential and Z the atomic number of the material.

For energy transfers < Vb excitation occurs and for energy transfers > V

ionization occurs. - If the energy transferred is >> Vb, the electron
! can be considered as free and not bound to the nucleus. These.electrons
are called Knock-On (KO) electrons. o

For iron, the material used in this experiment, Vp = 281.2 * 0.8 eV
(Anderson et al., 1969). The present experiment is not concerned with |
energy.transférs < 1 MeV, therefore there is no need to consider excitat-

fon and all of the electrons can be described as free. Only the cross-

section for the production of knock-on electrons will be discussed.
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2.2.2 THE CROSS-SECTION FOR THE KNOCK-ON PROCESS

Bhabha (1938) has calculated the knock-on cross-section for
particles of spin { and mass M (i.e. the muon). In the present work,
it is assumed that his expression (Equation 2.2) is valid up to muon

energies of 10 TeV. Bhabha's derivation is

_- : ZHNOZrimecz dEt 2 Et' 'E
g0 BB 4By = ) (1~ B g+ i(

£ 12
2
B“A  E; MAX By Me

)] "(2.2>_

where:
%”js the muon energy,

Et is the energy transferred in the collision,

-2, ‘
m.c is the electron rest mass,
Mc2 is the muon rest mass,
B is (&2 - wchHif,

N, is Avogadro's number - 6.02252 x 1023 mole_l,

Z is the atomic charge (for iron Z = 26), -

A is the atomic mass (for iron A = 55.85),

. x, is the classical electron radius - 2.8 x 10_13 cm,

Note that ﬂr: is the projected area of an electron. Frequently the

constant C is introduced in the expression for the cross-section where

ﬂer Z
e

C = A? (units are électron cm? gm-l) } - (2.3)

which for any material reduces to

C=0.1482/A . | | .8

EMA# is the maximum transferable energy and follows directly from

the application of the law of conservation of energy and momentum to the
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- worth .noting that because of the magnetic moment correction E, > E is

_14 .

interaction. For the kinematics of the collision tﬁevénergy transfer-
red (Et) to the electron as a function of. the scattered angle (0) is
" 2m e?p2c? cos?e
e U

E = L ]
t ((P262'+ M.2c4)i + m.ecz)2 - P2c2 cosze

Pu is the momentum of the incoming muon. The maximum energy will

occur when the electron is scattered forward (i.e. © = 0)., This gives

2.2 2

2m ¢ P c
Bx T TR T T 7]
MAX c' +mc +mc @S+ M ){
e e " H
or S ,
: 2E2m c2 + M2c4m c2
E = ue = .

MAX 2 2 4 2 4
o Qﬁuméc + Me +me
MA ,EMAX) as a function of Eu. Eu,‘

Table 2.1 gives E
EMAX and (Eu - EMAX) are plotted in Elgure 2,1 as a function of Eu.

X and (Eu f
Note that for high energ}es (i.e. Eu > 109 GeV? Eyax = B 11 (Gev).

2.2.3 THE RESULTS AND CALCULATION.OF THE KNOCK-ON CROSS-SECTION

In Equation 2,2, the final terms in the square bracket are a

correction term for the maximum transferable energy (Bz'Et/EMAX) and a

- correction term for the muon magnetic moment (iiﬁtﬂk + Mzc%jz). The

first correction term only becomes important as E, approaches EMAX"
The second term is only important as Et approaches Eu and for Eu >> Mcz.
In general, by the time the second correction begins to take effect the

first term has reduced the cross-section significantly. It is also

MaX
a possibility.

(2.5)

(2.6)

2.7).
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TABLE 2.1

MAXIMUM TRANSFERABLE ENERGIES |

(GeV) ' E

E, (GeV) Eyx L u ™ Ty (G0
1.0 x 10°. 8.294 x 1072 9.171 x 107}
2.0 x 10° 3.087 x 101 1.690 x 10°
4.0 x 10° 1.071 x 10° . 2.929. % 10°
7.0 x 10° 2.733 x 10° 4.267 x 10°

10x 100 4.774 x 10° 5.256 x 10°
2.0 x 10% - 1.204 x 101 . 7.06 x 10°

4.0 x 101 3.142 x 100+ 8.58 x 10°
7.0x10°  6.055 x 10% 9.45 x 10°
1.0x10%  9.015x 108 9.85 x 10°
2.0 x 10 1.896 x 10 1.04 x 10*

4.0 x 102 3.894 x 102 1.06 x 10°
7.0 x 102 6.892 x 10> 1.08 x 10!

1.0 x 103 9.800 x 10° 1.10 x 10"
2.0 x 10° 1.989 x 103  1.10x 100
4.0 x 10° 3.989 x 10° - 1.10 x 108
7.0 x 103 6.989 x 103 1.10 x 10*

“ 13 1

1.0 x 10 9.989 x 10 - . 1l.10 x 10

 ——m o A AT R, e M3
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FIGURE 2.1. -Plots of the maximum transferable energy for the knock-on process
and the difference between the muon energy and the maximum transferable energy.
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In Figure 2.2 the knock-on cross-section is plotted for five muon -
energies (1 GeV, 10 GeV, 100 GeV, 1 TeV and 10 TeV) and for

1 MeV < E_ < Ey. o It can be seen from both Equation 2.2 and Figufe

: PRopMES
2.2 that until E .ﬁeznmas-E y O, & 1/E2. The results of calculat—
t MAX® “RO Pt
ions for 1 GeV < Eu < 10 TeV and 10 MeV < Et < EMAX are tabulated in

" Appendix A.

2.3 THE BREMSSTRAHLUNG: PROCESS

2.3.1 - INTRODUCTION

Whenever a force is applied to a charged particle it is accel-
erated and classically it must radiate energy in the forwm of electro-

magnetic radiation. As a particle radiates it must slow down, hence,

. the German name of Bremsstrahlung or braking radiation.

Bremsstrahlung occurs when a charged particle passes close to an

atomic nucleus.and is accelerated by the electric field present. This

acceleration will occur over a very short time period ~ 10-'23 s; and

~results in the emission of a single photon. According to quantum

"mechanics this emitted photon is either a real photon or a virtual photon

vhich may subsequently materialize as an electron—positron pair. The
process which produces a-singlé real photon is called the bremsstrahlung
process. The materialization of a particie pair from the virtual photon
is known as the direct pair production process énd-is discussed in

Section 2.4. |

2.3.2f THE CROSS-SECTION FOR THE BREMSSTRAHLUNG PROCESS

Bethe and Heitler (1934) carried out the injtial theoretical

treatment of this process. They derived a formula for spin 4 particles
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FIGURE 2.2.  The knock-on cross-section for muons in iron.
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~ about the interaction:
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by taking into agcount the effects'of the atomig form factors (screen—

.ing by atomic electrons).
Christy and Kusaka (1941) did calculations for particles of spin 1

and spin O and corrected the Bgthe—Heitler spin } formula for the finite

size of the nucleus. 1In their calculations they made three assumptions

.-

1. The kinetic energy of the particle is large compared to

the electron mass.

2. The electric potential of the nucleus is that of a point

charge for distance > r, (the nuclear radius). and constant

for distances < .

3. The screening by the atomic electrons is negligible.

Until :ecenﬁly the Christy-Kusaka spin } formula has been the most widely
used formula for muons. The Christy-Kusaka cross-section for the prod-

uction of a photon of energy E, from a particle (spin }) of energy E is

given by
L dEe lmmoz2 ’mecz 'dEt E-E
| Oy (BB AT —p— Tl L+
Me t .
2EH(E - E)
x [In l"-—'z——"———l*' 1]
Mc McrnEt .
where
0 is the fine structure constant -:1/137,
N, is Avagadro's number - 6.02252 x 1023 molé—l,
Z is the electronic charge of the medium,
A is the atomic molar wéight,
13

fe is the claséical elecfron radius - 2.8 x 10

_.._._......)..

cm,

(2.8)
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r is the nuclear radius - 1.38 x 10 12 al/3 em,
mec2 is the eleétron‘rest mass,
Mc2 is the muon rest mass,

¥ is Planck's constant (h)/2m - 6.5820 x 10'-22 MeV s.

Petrukhin and Shestakov (1966, 1968) suggest that for Z ~ 25,
Christy and Kusaka have ﬁnderestimated_the nuclear férm factor (i.e.
nucleon screening) by a factor N2, They also suggest that this is
one ‘of fhe reasons why Ashton and Coats (1966)vfound for'muon energies

> 100 GevV, where‘breméstrahlungis the dominant process, some disagree-

ment between their calculations and their experimental data, the theoret-

ical calculations being overestimates.
Rossi (1952) says that the Christy-Kusaka formula is probably

correct to

2 4

-, Me 137
E < 2'—173-—1Tev
mec Z

above which energy_screening 6f the nuclear'eleétric field by the atomic
electrons becomes important. Petrukhin and Shestakov (1968) believe
that at E v 100 GeV screening is very important.

In 1966 Petrukhin and Shestakov, :using the originai work of Bethe
and Heitler (1934), derived a single_aﬁalytical expression Eo take into
aécount any‘degree of atomic sqreeningf In 1968 they made a correction
to the 1966 expression for the nuclear écreening. For their work they

made two assumptions
1. The energy of the muon is much larger than the muon mass.

2. For distances > r (the nuclear radius), the nucleus is a
point charge and for distances < s they assumed a Fermi

charge distribution,

(2.9)
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They began with the following Bethe-Heitler derivation:

ZZrem.ec2
(E4,E )dE,_ = o(———a—)
t t EMc 2

2
OBREM -

(2 - 2BE. + E2)4. (5) - 2(B - E. ). ( e 2.1

where all terms are as defined earlier and where

2 4 E
=Mc _ 't ' ' .

(thelleastAmomentum traneferred to the nucleus). ¢1(6) and.¢2(6) are
functions that were showh by Bethe and Heitler to be very nearly equa1; -
For the case of no screening ¢f§¥ ¢é$and for the case of complete screen—
ing ¢f§f ¢§®= 1/6. 1In thelr derivation, Petrukhin and Shestakov assumed
¢1(6) = ¢2(6) = &(8) where
q .
®(8) = I MAX[Fh-(q) - Fa(q)]2¢(q,6)§% . o (2.12)
Fn’ F; are the functions of the nuclear and atomic form factors

respectively. ¢(q,8) is a function of the kinematics of the interactionm.
They -obtained the following expression for'Q(S) which takes into account

both nuclear and atomic screening:

(8) = 1n| 2/3 126Mb ~173 ! . : : (2.13).
(m ¢? + 18978 6z ) :
Combining Equations 2.10, 2.11 and 2.13
2
ZZr m c’ 4 2 dEt
Oprey E E) By = 00— y o ) (3 g EE YEDE
cE t
) ) 2 , .
X 1n 126Mc 5 | . (2.14)
2/3(m 2. 94.5/e Mc E, :
e 179

EE - Et)Z



i
1
i
Bl
i
H
i
i

|

- 20 -
This cross—section goes to zero for.

, I P Y I
Et = EMAX =E - -Z/— Mc“Z 0.387 (GeV) .

The maximum energy transferred to the nucleus is

2

Syux = 2Me =1/3 L 5,404 27113 ye?
3/e '

and for iron 6MAX‘=>14'42 MeV.

| 2.3.3 THE RESULTS AND. CALCULATIONS OF THE BREMSSTRAHLUNG CROSS-SECTION

For the present experlment the expr9351on by Petrukhin and
Shestakov (1968) is considered to be the best and to take into account
the most recent information about the nuclear size, Calculatlons have

MAX
2.15) and are presented in Appendix-A. The results are also presented

been done for 1:GeV < Eﬁ < 10 TeV and 1OMeV < E, < E (see Equation -

in Figuré 2.3, -where it can be seen for E, « Eu that o (Eu’Et) m-l/Et.

BREM

From a comparison between Figures 2.3 and 2.2 it can be seen that for
muon energies greater than 100 GeV and for all energy transfers greater
than 4 GeV that bremsstrahlung is the dominant process.

2.3.4 ERRORS IN THE THEORETICAL TREATMENT

zental' ( as analyzed the errors in the Petrukhin-
Ro 1' (1968) h lyzed th he P kh

Shestakov derivation and has concluded that the overall accuracy of the

continuous formula is about 2%Z. At an energy of 1 TeV he estimates
the radiative correction necessary to be Vv.~-5%. = The use of the Born

approximation in the treatment introduces a further 1% error. If

(2.15)

(2.16)
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FIGURE 2.3.  The bremsstrahlung eross—section for muons in ironm.
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. bremsstrahlung in the atomic electrons;”coulomb field is considered it
has the effect of raising the Z2 term to Z(Z + C).where r =1, Kel'neru.
(1968) has estimated 1 < < 1.23 for iron as the cross-section varies
“from the non-screened to the screened case. The effect of making allow-
ance for the atomié electrons is to raise the cross—section by about 5%.
The radiative correction and the electron bremsstrahlung correction -

1 - tend to cancel one another. The net error in the formula used is about

3%.

2.4 THE DIRECT PAIR PRODUCTION PROCESS

P 2.4.1 INTRODUCTTON

As described‘in Section 2.3; as a muon passes close to an

i Bt A e S T | L B e R e R

atomic nucleus it will be scattered and in the process radiate energy.
Classically, this radiation would always be electromagnetic and only
bremsstrahlung would occur. With the advent of quantum mechanics,

electromagnetic waves could be described in terms of quanta ef—the

eleetromagnetie—£field (i.e. photons). A further implication is that

- @ photon with sufficient energy will spend some of its time as a virtual
farticle—antiparticle béir._ To take the process one step further it

is possible for a virtual photon accoﬁpanyiﬂg a charged particle to

gspend some of its time as a virtual pair. The pair that a photon will"
usually assume is an electron—pos1tron pair, because such a pair has

the smallest mass (energy). Flgure 2.4 shows the Eeynaﬁudlagram represent~
ing a photon which breaks into an electron and a positron whigh,'in turn,

recombines into the photon again.

-
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FIGURE 2.4. Diagram of a virtual particle-antiparticle pair

It is not immediately apparent why; when the pﬁdton is in the particle-
antiparticle state, that it will not remain so, .or wh& Y*e + et is
ﬁot a valid decéy_mode of the photon. (All quantum numbers are coﬁf
ser&ed.) However, when the kinematiés‘of such a system are considered
it becomes evident that it is necessary for some momentum to be exchanged
with another particle before the momentum of the system can be conserved.
Figure 2.5 is the diagram for Y pair production where the momenfum'
q is exchanged with a nucleus or other particle. Figure 2.5 is Fig#re
2.4 opened out. It is apparent é;;Figqre 2.6, vhich is electron brem-
?strahlung, is compared with Figure 2,5 that pair production is simply
reverse breméstréhlung.
Direct pair production, as‘opposéd to photon pair production, is
when a muon (or other particle) is scattered in the atomic electric
field and the photon which is emitted materializes as an electron-
positrdn.pair, the momentum being conserved by a single y exchange with
a nucleus by one of the particles (muon or electroné) involved.
Figures 2.7a,b:shOW«the four diagrams for direct pair production by
muons. Figure 2.7a is the 'second order!' proceéses; when the y exchange

is done with one of the 1eaVing'e1ectrons. Figure 2.7b is the 'first
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FIGURE 2.5. [Fewwmam diagrams of photon pair production of eZectrons

: FETIUM
i o FIGURE 2.6. E’eymem diagrems of eZectron bremsstrahlung.

{a) : (b)

. FIGURE 2.7. E%y%n‘ldtagramb of muon dmrect pair production of
electrons. (a) Second order processes. (b) First order

| processes. -
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order' processeé, when the Y exchange is done with the muon.,  The
terminology, first.and second order, is not strictly correct and is
misleading since the dominant process for muons over most energy trans-—
fers is thé second order process. For the sake of clarity, the notation

: 1930
of Petrukhin and Kokoulin (¥269) has been adopted. The first order

. diagram will be referred to as 'H', and the second order diagram as 'e'.

Strictly speaking there are six diagrams as pointed out by Kel'ner

(1967). The last two (not shown) are interference dlagrams and follow
FermwmAn

from the Feyman-Dyson method of analysis. It turns out, however, that

when all the states of the system are conSLdered these dlagrams make

no contrlbutlon to the cross-sectlon.

- 2.4,2 THE CROSS-SECTION FOR THE DIRECT PAIR PRODUCTION PROCESS

For the discussion of the cross-section it is useful to define |

regions of interest, Figure 2.8 shows the regions as defined by various
\ :

workers (after Wright, 1972). The discussion here shall only concern

itself with relativistic.particles (EAP 1 GeV and Et > 10 MeV). There-

fore, the regions labelled A, B and C will not be considered. The

remainder of the figure is divided into four areas labelled IN, IS, IIN,

, o\
IIS. I denotes small energy transfers (Et-< 0.805 E), II denotes large
o ol 1 .
energy transfers (Et > 0.065 E). N, S denote the non-screening and
screening of the atomic electrons. N, S regions are defined by v > 1

and y < 1 respectively, where.

189(2m§c4 + M2 c (1 -p ))

Y=
AEuv(l -p )méc (1 - v)

(2.17)
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FIGURE 2.8. Direct pair production regions of interest (af%er

Wright, 1972). N,S are the non-screened and screened regions

respectively. ‘I,II are the regions of small energy transfers
(Ef < 0.000E,) and large energy transfers (Et > 0.000F,) respect-
ively. The thick solid line represents the physical. limit. The

~ dashed line separates the relattvzstzc (right) and non-relativistic

(left) regions.




Co= 25 =

where

Eﬁ is the muon energy,

v is the fraction energy transferred,
m.ec2 is the electron rest mass.

Mc2 is the muon rest‘mass,

b is the asymmetry coefficient of the energy distribution of the

produced pair.'

Carlson and Furry (1933), shortlyvafter the discovery_of the posit-
ron, were the first to attempt to calculate the direct pair production

cross—section in the IN region. More exact cross-sections were calc~

. ulated by Landau and Liftshitz (1934), Bhabha (1935), Nishina et al.

- (1935), and Racah (1937). = They all considered the fields involved

classically and as such their work is.only valid for small energy trans-

~ fers (i.e. regions IN and IS). To obtain correct results in the IIN

FEYOIM#A
and IIS regions the ibyman Dyson formalism should be used.  All workers

u81ng this method only cons1dgred the case when E >> Mc? (relativistic
particles). Murota, Ueda and Tanaka (MUT) (1956) were the first to

FEXNMAN !
use the Jeyman method. They claimed their calculatlons have shown.

. Neeled

that only the e diagram meeds to be cons1dered Until recently, the MUT
theory has been the most popularly used set of formulae. Its main draw-
back in calculation is the constant a'whicﬂ is of éhe order of unity,
It is usually accepted that o = 2. If_thé MUT formulae are compared
with the later work of.Ternovsky (1959) and Rel'ner (1967), it appeafs
mére likely that 1.36 < a < 1.65 (e/2 < a < ei).

| It is very probable that the MUT cross-section is an overestimation
of the correct one. MUT; themselves, have suggested that the method

they used may overestimate the cross-section by as much as 20%. Compar-

ison of the calculation of Thompsoﬂ-(private gommunication, 1971) and
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‘Allkofer et al. (1971) with the Allkofer experimental results (total

cross—-section) and the more recent cross—section calculations reported
here (see Figures 2.9 and 2.10) suégest that MUT do indeed overéstimate
the cross—section by aﬁ leasf-ZOZ.

Rel'ner (1967) and Kel'ner and Kutov (1968) have done the most
definitive.work to the present date. These workers not only considered
the four diagrams in Figure 2.7, but also took into account the inter- |
férence.process. Kel'ner found £hat after the integration ovér all the
final states,.the interference term was zéro. Kél'ner-Kutov (1968)
corrected the original Kel'ner equgtions taking.into‘account the nuclear
form factors in a similar fashion to the method used by Petrﬁkhin and
Shestakbv (1968) for the b;emsstraﬂlung process. Kgl'ner's equations
for the IN and IS regions are the same as the Bhabha fo mulée as up-

Wis SRUATIDMS 10 TE 'IIQS ADILY, IEEUHDIUS-_
dated and presgnted by Davidson in Rossi (1952); These—equeeédﬁs)also
show contrary to the‘results of MUT that for very large energy transfers
the y diagram becomes dominant and should be taken into account. How- -
ever, if only the energy 1osé.is important the ﬁ diagram contributes
less than 0.17 to the fotal. _

'Kokpulin'and Petrukhinv(222§?197l) used the wérk»of Kel'ner and
developed a single analytiéal formula for both the e and M diagrams whicﬁ

for the extreme cases of screening and non-screening gives results identi-

cal to those of Kel'ner.. Their results are

2
m e
e

sz

o2 21-~-v,
GDPP(Eu,v,p)dvdp = 3,"(Zour:e) = ‘¢e *

| 2
b = U2+ o)A +8) + 33+ PN + p + L

- (3 % pz)}Le (2.19)

¢ )avde 2.18)
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0, = LA +pHA+ 38 - 2 + A - PH 11 + D)
. 2 _ | | |
s o0 = B) 1+ 20 - pz)}Lu (2.20)
2 by 1/3
. 2m c“e 1+ +Y)
| L, =z 310+ D@+ v+ 2 . 1}
% A : . Ev(l - p)
-l + @2 2320 4 @A« )] a1
1 . . Mc .
i : . .
o : 4,,-1/3
;1 2 _ oam cZefar 31+ p 4 ¥) -
l L, = w2 a3 e : } (2.22)
i | m.c , Ev(l - p%) :
2 . 2 -
= 5= p + 48(1 + .

Te = T AR b - (2.23)
2(1 + 38)In(3 + ) = " - 28(2 =-p7)
| 2 2
: 4 + 3B(L +
| Yu = s p- + (1L +p7) _ 5 | (2.24)
; (1+p)G+28)In3+7) +1-3p
2 2 ,
E . oMV, 1 =-p .
R T (2.25)
6 - v2 : . (2.26) |

¢

where

E is the muon energy (Eu),

E, (E_) is the positron (electron) energy,

Et is the energy transferred to the pair - E.=E +E_,

v is the fractional energy transferred to the pair - v = Et/E’

p is the asymmetry'cbefficiént of the energy distribution of the

pair -p = (€, - E))/E,

Z is the electronic charge of the material,

o is the fine structure constant - o = 1/137,

ke s AR
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A is the constant determining the value of the radiation
logarithm - A = 189,
T is the classical electron radius - r, = 2.8 x 10”13 cm,

2, . ,
m.c” is the electron (positron) rest mass,

Mc2 is the muon rest masas.

The indices e and U represent the contribution from the two diagrams.
The cross—section is non-negative for
4m c2
e

<y <l = =g’ —ea
B — —
" 4 u

2.041 MeV < E_ < E ~ 0.387 GeV

and
, 6Mc2 4m.ec2 }
0P~y ~55)" .
Eu(l.-\r) M

. \
According to calculations and comparisons done by Petrukhin and

Kokoulin, their cross-section.varies an average.of 17 from that of
Kel'ner. Because of the simplicity of calculation (as compared to
others) and its agreement with Kel'ner's derivations, the formulae of

Petrukhin have been used in this work.

2.4.3 . THE RESULTS AND CALCULATTONS OF THE DIRECT PAIR PRODUCTION
CROSS-SECTTON '

It is important to know how the energy transferred to é pair
of partic;esuiS'divided between the two pérticles. Figure 2.1la,b,c,d.
shows ‘the probabilify P(e'/g) pf one of the pair receiving a fraction
of the energy transfer €'/e for various muon energies and energy trans-

fers. €' is the energy transferfed to one of the pair, € is the total

(2.27)

(2.28)

(2.29)
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energy transferred to the pair (elsewhere called Et) and P(e'/;) is

t . ' 1 (¢! /E)MX
.P(%) = UDPP(Eu’e’EE)dEd(%)/I :

(o
Yo, pPPR "y

In the calculation it was required that each particle in the pair has a
minimum enérgy of 5 MeV. It is-appargnt that except for small energy
transfers Et < 0.0l E, it is very likely that one of the par#icles of the
pair will carry away most of the energy transferred to the pair.

As stated in the last séction, Kel'ner in his work found it necessary

to include the p diagram and its contributions for high energy transfers.

" In Figure 2.12 the cross—section contributiong from the e and Y diagrams

are presented for Eu = 100 GeV. . This plot is typical of other energies.

For energy transfers of ~ 0.5 Eu'the U contribution is signifiéant and

‘becomes dominant for very high energy transfers. The direct pair product-

ion cross—section GDPP(Eu’Et)dEt was calculated for 1 GeV j_Eu < 10 TeV
and 10 MeV < E < EMAX (see Equation 2.29). The results are tabulated
in Appendix A and presented in Figure 2.13. In the two previous discus-

siong on cross-section it is shown that o, . « llEi and o

KO = 1/E,

REM

over ‘certain regions. Unfortunately O shows no such simplicity in

DPP |
any of the regions of interest, nor can it be represented by a single -
power law. Also contrary to the knock-on and bremsstrahlung cross—

sections, the direct pair production cross—section is very sensitive to

muon energy. Because of this dependenée it would be expected that for

high energies, pair production should be the dominant process.
2.4.4 ERRORS IN THE THEORETICAL CROSS-SECTION

‘Since the direct pair production process is very similar to

the bremsstrahlung process, the errors involved will be equally similar

&6, 59a0a(E) . (2.30)

i
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(Rozental'!, 1968). The corrections due.to radiaﬁion and the éair
production in the electfon-shells should cancel out. Petrukhin and
Kokoulin estimate tﬁe errors in theirvinterpolation formula to be 1 to
2%Z. The approximation in Kel'ner's formglae should introduce an error

of v 1%Z.  The overall cross-section for. pair production therefore

- ghould be accurate to about 3%.

2.4.5 ° CONSTDERATIONS IN THE CALCULATIONS OF THE CROSS-SECTION

. To calculate ODPP(Eu’Et)dEt the formulae g;ven in Section

2.4.3 (Equations 2.18 to 2.26) must be integrated numerically over the

coefficient of asymmetry in the energy of the pair, p, where

__._h___,m_.__._.,‘...-.-,.-.=.u

o=, ~EJ/E, . | (2.31)

Figures 2.1la,b,c,d show how the cross—section'varies with p. . (Note

that p can be expressed as

p==F- 1) . ‘ _ ' : | (2.32)

Two observations can be made. First, the cross-section is symmetric

about p = 0. This implies that

P
max . {Pmax- .
o, GDPPdp = 2 GDPPdp . (2.33)
min : 0 _ _

Second, as the energy transfers increase the cross-section varies more

rapidly as p * pmax' In this area the integration error can be great

! if the integration steps taken are too large.

The integration over the variable p, has been performed on the

vNorthumbérland Universities Multi-Access Computer (NUMAC, IBM 360/67)

}
H
?
7} .
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using Simpson's method. The formulae, though lengthy, are straight-

forward and easily used. To eliminate errors that can be caused by

using integration intervals that are 1arge.iﬁ the region where the.
differential cross-section is varying rapidly, each successive point
wag checked. .‘If theAdifference between any two consecutive points
was %?ioz the intervgl size was reduced. This procedure, although

taking considerable computer time, should have minimized the integration

um{«lﬁ
2,5 THE PHOTONUCLEAR INTERACTION PROCESS

2.5.1  INTRODUCTTION

As has been mentioned before, when a charged particle is in
motion, it is accompanied by an electromagnetic field, which can be

described as a cloud of virtual photons. As a muon passes very close

to a nucleon, possibly through a nucleus, one of.the photdns with suffic~

ient energy can interact strongly producing one or more hadrons, usually

.pions. TFigure 2.14 is a Feyman diagram'for‘the photonuclear process.

The muon (W) as it passes the nucleon (N) emits a photon (Y) Which.is
ﬁbsorbed at @ and a group of hadrons move away. It is not completely.
élear.what happens at @, how the photon couples Qith nucleon., Because
of this lack of understanding, the diaéram and cross—section calculations

are divided into two parts.
1. u-—+u+y
2. y + N = N + ANYTHING .

The first process is very well understood from the Feyman formalism and

- QED, but the second is still open to speculation.
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FIGURE 2.14.  Feyman diagraﬁ of the photonuclear procéss
2.5.2 THE CROSS-SECTION FOR THE PHOTONUCLEAR PROCESS

In the past fhe c;oss-seqtion has been calculated by estimat-
ing the virtual photon flux and then coupling this to the real photon-
nucleén (be) cross~section. .Weizacker (1934) and Williams (1935) Wefe
the first workers. They divided tﬁe virtuél photon flux into frequency
éomponents and.multiplied it by a constant Yy-N cross-section (OY).

Later Kessler-Kessler (1956) carried out a treatment using QED, but only
considered the case when the four-momentum transfer to the nucleon
squared (qz'ér t) was zero. (For a definition and derivation of.q2
see Appendix B.) |

The most recent3approggh to the cross-section has been to split ﬁhe
virtual photon flﬁx into longi£udina11y and transve?sely polarized -compon-
ents and to assume that the total crOSSjsection-(OPN) is equal to the

sum of the two fluxes multiplied by their respective nucleon cross—

sections..

ey = O * 00

(2.34)
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QT, ¢L are photon fluxes for the transverse and longitudinal components

respectively; OT, Oi are the corresponding cross—sections for the

- two fluxes._-

Diayasu et al. (1962) used this.approach and obtained

) . 2.
K{(Eu + (Eu EJOt

2 t2 '
- McE - 7T&L(Et,t)dEtdt

b (B B )0 (B, ) B dt

K{(-2M2c4

. ' ) - 1 - .
¢L(Eu,Et,t)GT(Et,t)dEtdt t)t L (E,»t)dE dt

g el 1 1
= AT ST Y
8w (Ez - Mgc ) t2
M
wvhere .
Eﬁ is the twon initial energy, : N
Et'is the energy transferred (the energy of the ¥),
Mc2 is the muon rest mass,
t =-|q2| is the four-momentum transfer squared,

L and L' are nucleon structure functions. Diayasu made two

possible'aséumptions for L and L':

4o :
assumption a: L(E,,t) = -ir:L L‘(Et,t) =0
. > t .
4mo A2 2
assumption b: L(Et,t) =5 ( 5 ) L'(Et,t) =0
o . t A o+t

where A% = 0.365 GeVZ.

In assuming L' = 0, he has also assumed that the longitudinal cross-

section is zero. Assumption a is the 'point-like assumption' which
describes a nucleon with no structure (a point nucleon). Assumption b
is the 'cloud-like assumption' which describes the nucleon structure as

a function of t. The structure function as defined by Diayasu is

'essentially the exponential charge distribution of a proton with a

(2.35)

(2.36)

(2.37)

(2.38)

(2.39)
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radius 1.4 x 10713 cm, .Basedfon the cloud chamber exﬁeriment of
Higashi et 'al. (1965), the best fit to t suggests that their data is
107 p01nt—11ke and 907 cloud-llke.

The most recent work has been done by Drell and Walecka (1964),

Perl et al. (1969) and Cassiday (1971). The work of Perl and Cass1day

P is the bas1s of the calculatlons done here.

~

Writing again Equation 2.34

(;PN(E WK,t)dKdt = ¢T(E »K, t)oT(E t)det + ¢L(E K, t)o (E ,t)deL

. (ERUATON 2.39a)
; where K = Et - tIZMbc%A (Mbc? is the proton rest mass.)

K is ‘the photon energy in the c.m. system of the final-state hadronms.

K has been preferred.by many authors because it is invariant.

- The muon-photon vertex (U = U + 7) is well understood by theoretic-

‘ians with the result (Cassiday, private communication, 1972)

LY

H
!
il
i
i
4
H
1

24 2E (E - E) - it

v _ o K 2M"c B :
¢ (B ,K,t) = ( ) (L - + ) (2.40)
; T u 27t E2 _ M;ca t E2 +t
H t
2E (E. - E ) - it
: K t
1 ¢ (B K ) = 5o ) (— 2K ) (2.41)
: u 2mc 2 2 4 2
. E.~-M E.  +.t
u t
where
po
: o is the fine structure comstant - 1/137,
Eﬁ is the muon energy,
E, is the energy transferred.
Thé problem as before is the lack of a model for GT and 0y, Modéls

based on- regge poles (Fowler, 1964), partons and vector demonance (Perl
et al., 1969) have met with only limited success.. Vector dominance will

be considered here.

The vector dominance. theory assumes that the y-N coupling is done
i via one of the vector mesons (p,w,9).. The p meson is considered to be
the dominant coupling and to. a first approximation the w,$ mesons are not

considered.
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Sakurai (1969) used vector dominance to predict -

op(K,t) = (1 + -éEZQOT(K,t=O) : g (2.42)
Mee | '
_ 0 (X,t) : ' S _
= = t K 2 .
: T 0 (&, ) ( 2c4) (K + t/2M cz) e - (2.43) _
. where P P

-

Mpc2 is the proton rest mass,

‘Mpcz is the P-meson mass. - n 275 MeV,

GT(K,t=O) = OY(Et)’

C(K) is the ratio of p-N total cross—section for various helicity
states. LK) = 1. (Perl et al.‘ obta:.ned Z;(K) £ 0.2.)

There is now sufficient mformatlon to calcdulate a cross=-section.

Opy (BB, )AE, = vftma" wir E;’Z)z
Lo t . (1 + t/M c )
min
o (B HE st) _
u® t LS . :
+ R Yo (E )= dtdE_ , (2.44)
From Equation 2337 3. 3%9a_
=1+ - : ¢ ) (2.45)
BE, M (e -E) M2c>* M c?
; P H p
with '
' Mzcl}Et
t ‘e = T —— . ’ A' .
min Eil(Ell - Et) | ~ (2.46)
This comes from forward séattérin.g, in Equation b.4 set 6 = 0, simplify
assuming
- E .
B 2
5% 1, .
t = 2M c’g | | - -
max p ot . (2.48)

a \"a%b

This comes from Equatlon 2437 when K = 0, i.e. all of the energy transfer

is given to the nucleon; or the energy of the photon in the c.m. system
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of the finéljstéte hadrons is zero.

OYCEQ ié shown in-Eigure 2,15, This is a_sufvey of Y—P-éroés-
section data from Daresbury, SLAC and DESY gom@iled»by Lewis (1973).
- = 125 pb has been assumed.

Y

The implications of this are discussed in the next section (Section 2.5.3).

For this work a constant cross-section of O

A* is'a-faétor to account-fdr the number of nucleons that the Y can
interact with in a given nucleus. A is the atomic mass number. (Fof
iron A = 55.85 g * mole.) Go{;tfried and-Yennie (1969) and Stodolsky
(1967) discussed the A dependence of the crOSstecfion. Theré'are two
opposing views; First, if the mean free path of the photon.is large

- relative to the nucleus then the oﬁtical theorem applies and"

1

g =.A70_ . Second, if vector dominance is completely.
nucleus nucleon :

correCf, and the vector meson's mean free path is small compared to the
- 2/30

size of the nucleus, then O , = ) « The results vary,

. ~nucleus nucleon
Caldwell et al}.(1969) found GPN « Ap'g, while Engler et al. (1968) claim
an A2/3 dependence. A recent survey done by Cassiday (private-communicaﬁ—.

ion, 1973) shows that at present the best estimate of the exponent is

_ 0.8

. i.e. © = v
0.8, i.e nucleus nucleon

. . A vaiue_of 0.8 was used in these
calculations.
The minimum energy transfer is the mass of the pion (Mﬁéz). As

Figure 2.15 implies OY(< Mﬂcz).=_0. The maximum transferable energy is -

given by thée kinematics of a head-on collision:

2 .
M-c M?cA
EMAX o Eu'— -j%—-(l + M?¢4) = Eu - 0.4635 GeV ., . (2.49)
P

- 2.5.3 RESULTS AND CALCULATIONS OF THE PHOTONUCLEAR CROSS-SECTION

The calculations were performed using Equation 2.42 and assum-
ing GY(Et) = 125 ub. From Figure 2.15, it can be seen that this is a

good approximation for energy transfers > 1 GeV. . It was assumed that the
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~ cross—section, GY(Et), rémained consgant for Et ; 20.GeV, althdugh it
looks as though the cross—section may be falling slowly. For Et_i 1 Gev,
'fhe discrepancy becomes very great, a maximum of 400%. In‘Figure 2.16,
tﬁe results 6f the calculations are presented. ' Figure 2,17 shows the
same results with a éorrection (dashed line) for resonances in the Y-P
' cfoss—sectiqn. It is believed that the assumption of GY = constant is
justifiable sinée in the region where the resonance peaks ‘occur, the
CrOSS7secti9n for'tﬁe knock;on and the direct pair production processes
are. orders of magﬁitude larger. The present experiment is only,looking
at the total cross—section. Any error in the photonuclea; cross—section
in this region is unimportant. If the.crpss-séction for photo-production
alone was being studied then it would have been important. Tables of
calculated results are présented in Appendiva.

The errors'involved are hard to estimate,,dﬁe to the lack of know~
ledge asout the Y-N vertex and the lack of exberimental results; Fort~
uﬁately,'the cross-section is nowhere dominant, except possibly at

extreme high energy transfers.
2.5;4 CONSIDERATIONS IN THE CALCULATION

As in the case of direct pair production, the photonuclear
cross~section must be integrated.pumerically, Figure 2.18 shows how
OPthvarieswith t f9r a 100 GeV muon. :Tﬁe curves are evgrywhere,
except at the peak, steep. Care should be taken particularly at the

t end to ensure that the cross—section is nét under-or over-estimated.

min
As in the direct pair production integration, the difference between two
successive integration points was monitored and not allowed to vary more
than 107. This ensures an accuracy in integration of << 1%.

If UY_is taken as a constant (125 ub) the cross~section is continuous

. . ' . 2 . . .
and non-negative to energy transfers < ch . As 1s shown in Figure 2,15,
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the cross-section UY(Et) = 0 for E_< Mﬂcz. Therefore, although
calculations for E, < Mnc2 can be carried out (using a constant GY)

they are not meaningful.
2.6 RESULTS AND bBSERVATIONS
2,6.1 INTRODUCTTON
As mentioned earlier in this chapter the theofetical calculat-

ions reported in this thesis are based on the knock—on (KO) cross—

section of Bhabha (Section 2.2), the bremsstrahlung (BREM) cross-sectlon

" of Petrukhin and Shestakov (Section 2.3), the direct pair prbduction

(DPP) eross—section of Petrukhin and Kokoulid (Section 2.4), and the
photonuclear (PN) erOES-sec;ion derived on the basis of the wofk done
by Cassidaf and Perl (Section 2.5). The results of the calculations
are presented graphically in this section followed by some commeh;s
and observations on the results. (Complete nuﬁerieal.tables or the

calculatiohs are presented in Appendix A.)
2.6.2 COMPARISON OF THE INTERACTION CROSS-SECTIONS

In Figures 2.19 to 2.23 the differential cross-sectiOns-as a"
function of energy transfer. for the foet processes at five muon energies
are plotted.  Two plots of the photonuclear cross-section are shown;
one (solid line) is the result assuming that the photonmnueleon cross-
section remains constant, and the other (dashed line) is the result when
the cross-section is corrected for the resonances in the Y-N cross-gection.

The critical energies for each process as a function of muon energy

_ are presented in Figure 2.24. The critical epergy_is defined as the
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energy_transfér when the cross—sections for two competing processes are
equal. This means that the curve labelled BREM/KNOCK-ON is where .

UBREM/GKO = 1; the curve labelled BREM/DPP is where OBREM/GDPP =1;

the curve labelled DPP/RNOCK-ON is where 0./ 1.  The

ppp/ “RNOCK~ON ~
photonuclear cross-section is not included because it is nowhere import-

ant except possibly at Eu N1 GeV and as E, approaches Eu, it can be

seen in Figure 2.22., One point of interest is where

: oBREM/ODPP‘=°BREM/0KD'= qDPP/GKO = 1, this occurs at E

Et = 20 GeV,

" = 280 GeV and

Figure 2.25 uses the critical energies in Figure 2,24 as the demarc-

i ma s B

ation for regions (shown shaded) in which ‘the labelled process is domin-
ant. .If'phbtoproduction were included, it might be expectéd to occupy
the region immediatély next to the E_ = Eulline;

Figures 2.26a,b,c,d shbw whicﬁ'process is dominant for a given
muon energy and energy transfer.

.Figu:es_2.27a,b;c,d,e,f present the integfal cross—éection for a
minimum energy transfer as a function of muon emergy, i.e.

o(Eu',Et > E,min) = I ”"’{?fEu,Et)dEt . | .{2.50)

E 1. e
min

- 2.6.3 COMMENTS ON THE CALCULATED INTERACTION CROSS-SECTION

The following is a summary of important points which can be
seen from the graphical results.
1. The only apparent région where the pﬁotonuclear process can

be successfully studied corresponds to muon energies v 1 GeV and large.

fractional energy transfers (> 10%). For fractional energy transfers

> 10% the contribution from the photonuclear process n-33%.  For energy

" transfers Et >0.8 Eﬁ photoproduction may be the dominant process.

i
E
{
l



10000 "
1000

100 |-

ENERGY TRANSFER (GeV)

' ]
_ 0 011 10 - 100
MUON MOMENTUM (GeVic)

1000 100

FIGURE 2.25. Regions of dominance for the interaction -

processes of muons in iron. S



bl e M T e b

it N LY mamimemecmns id T e sk e e

.1(')-2 — T T

' o(E{)dE,Gm cm? GeV' . .

¢ 6m’ cm® Gev

-

. _10.' ' - T ' ‘l'
. E't=0-1 GeV

anadh
O,
]

&
e

. _
S ('R [+ AR 100 10*

RS

‘FIGURE. 2.26(a). _' The eross-sections for a given energy transfer

E¢=1.00GeV .

K.O.

- BREMS

_/r'P"N’/M
i

S0 10’ 10"
MUON ENERGY (GeV)

FIGURE 2.26(b). The cross-sections for a given emergy transfer.



| -165-

«(E)dE,Gm? cm? GeV

o {Ey) dE; Gm* cm? GeV™!

3] . .
10 : — ,
E¢=100.0 GeV
: Q
10 & A
pREMS/—
10°}- _ ‘/p‘\i_:
wO: S
10’} -
=10 .
10 1 1 : ]
10° 10 102 10° 100

] ] L

- - 10 1 10*

. FIGURE 2.26(c). The crosé-%ections’fbr a given energy transfer

MUON ENERGY (GeV)

FIGURE .2:26(d). The cross-sections for a-.given energy transfer.



A e A e U A W PSS 2 s kT s

~ o-(E ,Ey>10MeV) gntf cm?

oM e
. k]
. T

[ (i) 10° 010t
By ' GeV : S o
FIGURE 2.27(a).  The integral cross-section greater than a
. - . gilven energy transfer. : o
102

_.
o
&

Ep, GeV .

FIGURE 2.27(b). The iniegmi eross~gection greater than
a given energy transfer. o _



e e b g e L e e m aiar: oy i ceer meesarzn

102

o~ (Ep, Eg>100

. 10°3
E
o
E,.10"4
10
100 o102 0 10t
- Ey GeV. C

 FIGURE 2.27(c). The ihtegral eross—section greater than .
a-given energy transfer.

102 T U LIRS N ML T

03

l

o (Ey, 1 GeV) gl cm?
—.;’. .
|

10 100 10?2 10° 10°

FIGURE 2.27(d). The integral cross-section greater
than a given energy transfer. :



103 1T

10*

{ELES10:GeV) gl em?
g

10°

FIGURE 2.27(e).

Ep  GeV

The zntegral cross—sectzon greater

than a given energy transfer.

- 10+ 1 ]

—t
o,
]

o

-t
(en)

={Ey,E>1006GeV) gnif cm?
3, |

T T T [ _i

FIGURE 2.27(f).

Ep GV

The integral cross—sectzon greater

10¢

than a given energy transfer.



i it A i A

- 40 -

2. For muon energies to 10 TeV, all energy transfers < 80 MeV
will be via the knock—on process.
3. The knock-on process will never dominate for energy transfers

> 20 GeV. Direct pair production will be dominant to E. ®0.1E, and

3}
bremsstrahlung will be dominant to " Eﬁ.' _

4. All very large fraction energy transfers (Et/Eﬁ R 0.1) are
via thé bremsstrahluﬁg process.

5. - For Eu > 280 GeV, the DPP-BREM cfitical energy is approximat-
ely proportional to E (Ec'u 0.1 EU)' |

6. Although direct pair production for muon energies > 400 GeV is
not dominant over the entife E, range, it is very probable that if a .
muon of energy > 400 GeV does interact, it will do so via the direct
pair p?oductibn process;

7.. For'mﬁOns with Eﬁ < 100 GeV, direc; pair production ﬁakes no
significant contribution to the energy loss.

8. At E = 280 GeV and E_ = 20 GeV, all three electromagnetic

cross-seétions-are equal.
2.6.4 CONCLUSTONS

From the results three general conclusions can be drawn with

respect to muon energy. . Firstly, for E ~ 1 GeV it should be possible,.

u

by studying a very narrow energy transfer range (Et 2 0.1 E), to investi-

gate the photonuclear process.
Secondly, for moderate muon energies (10 GeV < Eu < 400 GeV), the
knock-on and bremsstrahlung prbcesses can be studied. The knock-on

process will be the main means of energy less, but for energy transfers

', greater than the knock-on maximum transferable energy (Equations 2.5,

"2.6), the bremsstrahlung_pfocess will dominate.
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Thirdly? for high energy muons-(Eﬁ.> 400 GeV), although low energy
transfers will be via the knock;on process, direct pair production will
be the dominant process and easily studied over'a very large region of
enefgy transfers. Very largeignergy transfers will be via the brems— -

strahlung process.
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CHAPTER 3

THE MAGNETIC AUTOMATED RESEARCH SPECTROGRAPH (MARS)

3.1 INTRODUCTION

MARS hasvﬁeen in operation for four years, being used to study
;he ﬁuon charge ratio (Hume.1975), the interacﬁion asymmetry (Haﬁdan
1972), Fhe absolute.rate'éf energy loss by muons in iron (Wells 1972),
and the muon energy spectrum to 800 GeV (Whailey 1974). As a conseq-
uence; the MARS spectrograph has been described in detail in séveral-.
publications (Ayre et al, '1969, 1972(a),(b) and Thompson and Wells
i§72) and in several unpublishgd works. Therefore, the'déscription
- given here is brief with attention being given to those aspects qf‘thé
apparatus which are unique or of particular importance to this experi-
ment.

MARS is ‘a 7.3 m tall muon spectrograph consisting of four 71 ton
solid iron magnet blocks with particle aetectors placed_above.and.
; below each block (see Figures 3.1 and 3.2). Scintillation counters
(SC) are placed at lévels 1, 3 and 5 (level 1 is the 1owest‘measuring
level,Figure 3.2). The scintillgtdts pro;ide-a tﬁreé—fqld coincid-
ence for a main trigger of the appaiatus. The scintillators also
provide pulse height infofhation for this experiment. Moméntum
Selectér trays (MST), which consist of four layers of v 1.5 cm &iameter
neon flash tubes, are also placed at levels 1, 3land 5. Informat—
ion from tracks in these three trays is used to determine whether
the particle is of.high momentum (Pu e 100 GeV). At each of the
levels 1, 2, 3, 4 and 5 are placed measufing trays (MT) which each

consist of eight layers of n 0.55 em internal diameter neon flash tubes.
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FIGURE. 3.1.  The muon automated research spectrograph (MARS).
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Thesé high resoiution tubes give a particle trajectory location with
an accuracy'of 0.3 mgihp to five measuring levels, three being the
necesséry minimum required to determine the_moﬁentum of the particle.
Thé over-definition is“tb allow-for~eiectr§n show;r accompaniment ﬁhich
becomes very probable for high energy muons (Eu 21 TeV). " Both thé
measuring tray data and the pulse hgigﬁt information froﬁ the scintil-
lators are digitized and arestored on a magnetic disk via the on-line
I3M'1l30 computing system which is shared.with the High Enefgy.Nuclear
Physics Group (HENPG). | |

'.When‘the spectrograph becémes completeiy operational two azimuthal
trays (1eve1s 6 and 7) will also be digitized and will provide direct-
ional-infoymation in the back plane of the spectrograph. As can be
seen in the.figures, thevspectrographxis divided in;o two halves known
as the 'red side' (western side) and the 'blue side' (eastern side).
The blue side has been completely digitized and has been used in this -
ekperiment.

The diécussion in this chapter will be divided into three general

parts: - the particle detectors and the associated systems, the general

aspects of the spectrograph, and the experimental description.
- 3.2 THE PARTICLE DETECTORS AND ASSOCIATED SYSTEMS

3.2,1 INTRODUCTION

In the operation of the spectrograph three types of particle

"detector have been used:

(a) Neon flash tubes first introduced by Conversi and Gozzini
(1935) are the main bulk of the detectors. [Each flash tube

is a 2 m long tube filled with neon gas. A charged particle
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(b)

(c)

3.2.2 .
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ionizes the gas as it passes through the tube and on the
application of a high voltage pulse (& 6 kV for ~ 3 us) the.
tube will discharge and will give an optical flash. Fort-

unately, the flash tube will also give a voltage pulse on

a capacitance probe placed close to the end of the tube.

- This pulse has been made compatible with conventional DTL

-

and TTL logic and consequently the systems using these flash
tubes have been digitized (see Ayre et al. 1972, Ayre énd

Thompson 1969).

Plastic (NE102a) scintillation counters are used to initi-
ally detect the passage of a muon through the spectrograph
and via a-céihcidence system to trigéer the high voltage to -
the momentum selectof trays and the measuring trays, as well
as to trigger the data analysis and storage systems. For
this experiment the pulse heights from the scintillators

have been digitized and stored with the flash tube information.

Geiger-Muller counters have been placed above and below the

spectrograph and have been used to give some locational

information as to where the muon traversed the spectrograph

in the back plane. - This information has been used to line-
up the trays in the spectrograph and, in this experiment, to
check the uniformity of the scintillation counters.

THE MOMENTUM SELECTION SYSTEM

Any spectrograph which is built to study high momentum

(X 100 GeV) muons must be able to cope with the endrmous flux of low

momentum (v 10 GeV) muons. The rate through MARS of muons



10 CeV/c < Pu < 100 GeV/c is " 18 parficleé/minute’while the rate of
muons Pu 2 190 GeV/c is n 19 particles/hour. This means that for
every high momentum event % 100 GgV/c the spectrograph will also have
the passage of N 60 low momentum events. To eliminate the low moment-—
um events the MARS spectrograph uses a low resolution momentum select-
ing system. The momentum selecting system consists of two parts:

the momentum selector trays (MST) and the momentum éelector, aﬁ elect~
ronic device which uses the information from the momentum selector
trays to éelect high momentum events and to trigger the data Stor;ge
systems. The minimum detectabié.momentum of the momentum selecting
system is N 220 GeV/c-and it is 1007 éfficient'at &-SGQ-GeV/c{ For

a complete and detailed description see Ayre (1971).

3.2.2,1 THE MOMENTUM SELECTOR TRAYS

At levels 1, 3 and 5 of the spectrograph are placed momen tum
selector trays, each consisting of four layers of large diameter

(v 1.5 em) flash tubes with 39 flash tubes in layers 1, 2 and 4, and

38 flash tubes in layer 3 (the'measuripg layer). Figure 3.3 shows

the tube pattern as seen from the front of a tray on the blue side.
k-2 cm-4

Measuring -

Lon s (BN (B (B (N (B
it oo ST T T

HEHHH®

FIGURE -3.3.  Momentum tray flash tube pattern.
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The tubes have been digitized.according to the method deﬁeloped

by Ayre and Thompson (1969) and each tube's oﬁtput is fed into DTL

.latching circuits. Within "v.12 Us after an event has been recognized

in MARS, the tray front electronics have allocated the tube config-
uration set off by the traversing particle to a 0.5 cm cell as defined
at layer 3, the measuring-layef (see Figure 3.3). There are 152

0.5 cm cells across each tray.
3.2.2.2 THE MOMENTUM SELECTOR

The momentum selector is an electronic device which uses
the cells'that have been allocated by the traj fronts to determine

if the event was a possible high momentum event. A high momentum

‘event has been defined as a muon which appears to have passed through

the magnetic fields of the.spectrograph with no deflection. The
momentum selector finds high momentum events by searching for .straight-—
line combinations of the cells set by the trays. | To do this the
momentum selector puts the cell informatiqn into a corresponding bit

in a shift register. There are three shift registers, shift register

A for level 5, B for level 3 and C for level 1. The information in

"~ each register is shifted and the shifts counted until a set bit is

shifted off the end. Let N, N gnd N, be the number of shifts in
A, B and C respectively for a givén event. A straight line (and hence
a high momentum event) corresponds to N, + N, = 2Nb' Since it 'is
possible for a muon to be allocated a wrong or slightly misplaced

cell (Ayre 1971), the straight—line’definition is relaxed to *2 ceils,
i.e,~|Na + N, —-2Nb| < 2. TFigure 3.4(a) shows the celling of a high
momentum event.

There are two cases in which a low momentum event may be classi-

fied as a high momentum event by mistake. The first, as the most



(a)

B . )
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‘ FIGURE 3.4. The momentum selector celling of possible accepted events.
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obvious case, is when the muon is accompanied out of a magnet block

by one or more electrons. When this happens the tray front elect-

ronics will allocate more than one cell to the event. Therefore;

it becomes more likely that one of‘the~extra celis will lie in a
straight line with cells in tﬁe other‘two levels. Figure 3.4(b)
shows'diagrammatically hoﬁ a burst event may appear to the momentum
selector as a high momentum eveng. |

The-seconé case in which a low momentum event may be éelectedA

is that of the ‘zero' bits line~up with cells on two other levels.

The zero bit does nmot correspond to-a cell in the tray front but is

set at the beginning of each event and is used as a continual check

that the shift registers are working. A monitoring system checks
to make sure that this bit is shifted completely across the register.

Howéver, frequently this bit will also line-up with the track of a

- low momentum event and cause a high momentum triggér. Figure 3.4(c)

illusfratés how this could occur.

- The most important attribute of the momentum selector is that
although it may accept some low momentum eﬁents, it will always accept
all high momentum events. Since the }ow momentum contamination is
relatively small, the main anélysis programs can identify these eventé
with no major problems.

The momentum selector must proéuce a 'deflection' for every event
in the spectrograph to determine if it is or is not a high momentum
event. It is, therefore, useful to use that deflection to sfudy the
low moﬁentum (7 GeV/c to 500 GeV/c) end of the spectrum. For ;hi&
purpose RUDI (Restricted-UQe Digital Instrument) has been built and
has been fﬁnctioniné fér seQeral years. For a complete description

and results see Whalley (1974).
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3.2.3 THE TRACK MEASURING SYSTEM

The track measuring system is tﬁe most fundamental systeﬁ

of the spectrograph. TFrom the data gathered by this system the muoﬁ
event can be reconstructed, the muon ﬁomentum found, and the event
studied for bﬁrsug;double muons, showers, etc. ‘This syétem @onsists
of the measuring trays (MS) with special tray front_electronics, a

data‘gathéring and assembling system, and an on~line IBM 1l30'§omputer'
for ﬁata storage and analysis. This system can locate the position
of the muon track to 0.3 mm in each tray and it has a momentum resolut-
ion in excess of 5 TeV/c, if good-tracks are available in five trays

(Wells 1972).

3.2.3.1 THE MEASURING TRAYS

At levels 1, 2, 3, 4-and 5 aré placgd maasuripg trays (see-
Figures 3.1 and-3.2) which each coﬁsist of eight layers of small
‘diameter (& 6.55 cm) flash tubes.  Figure 3.5 éhowé the flash tube
.pattefn as seen from the front on the blue side. Each layer contains
89 flash tubes (a total of 712 per tra&). The columms are labelled
2 to 90 for convenience in data processing. The flash tubes have
been -digitized using the method developed by Ayre and Thompsdn (1969).
The tray front electronics prepare the data in such a faéhion that
it i; read into the data gathering system in the form éf-fwo one byte
words (one byte is two hexadecimal digits). The first word of data.
coﬁtains the column number and the second contains the tube configu-—
ufation. Each tube in a particular coluﬁn is assigned a 'l' if it
has dischafged and a '6' if it has not. .It is, therefore, possible

to specify every tube configuration (i.e. 28 combinations) in two
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hexadecimal digits. Figure 3.6 shows -a section of a tray with a

muon event accompaﬁied through the tray by a knock—on electron. On

thevdiagram'are also givenvfhe data for the event. - The first pieée
of data is '6276', which iﬁterpretedsmeans that the data are for |
column 62 with 76 being thev tube,pattelfn. Seventy-six in muﬁm—
'01110110'. This binary number correspondé exactly to the pattern

in column 62 if the right—most'digit‘(o) applies to the fubevin layer .
1 and ‘the left-most digit (0) applies to the tube in 1ayér 8.. By
the same argumenf the second piece of data '6491; corresponds to'the-
pattern '10010001' in column 64. As can be seen, it is very easy to.

reconstruct the track left by the muon at each level. Ayre (1971)

gives a description in detail of the trays and digital logic used.

3.2.3.2 THE DATA GATHERING SYSTEM

, The data gathering and assembling system can be operated
in one of two modes. Either it will only come into operation when
the momentum selector signals that the event is a high momentum event

(high momentum mode) or it can be operated to gather and store the

_ data from every event (all events mode).

The data gathering and assembling system consists of a 'tray
steerage unit' and a 1024 8-bit (1 byte) word éore store. When this
-system receives a-stoxg e§ent pulse, the core store system puts
together a 'header' which contains vital informationabout fhe event
(i.e. event number, time and dat@ of the event, atmospheric pressure,
magnetic: field direction, magnetic cﬁrrent, geiger counter inform-
ation and‘trigger'mode). The core store unit then notifies the tray
steerage that it is ready for the data. The.tray steerage unit fhen
transfers the data from the tray fronfs to the core store, one tray at

a time, starting at level 1, When all the data are gathered in the



PATTERN. DATA; ~ 627§ 649

- COLUMN ~ TUBE PATTERN

&~

FIGURE 3.6. A muon event m,th an accompanying electron in a measumng
tr'ay presented with the computer pattern data.
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core store, it notifies the on-line IBM 1130 that it hés an event to
" store on disk. When the computer finds'time (within 2 8) it transfers
the data to a data.storage disk. |
During the day-time the 1130 is shared with the High Energ§"
Nuclear Physics (HENP) Group which uses it forvscanning bubble chamber
films, Wﬁen operating in this mode the MARS data is simply stored
on a satellite disk drive. During tﬁg night—-time the‘1130 computing
system is used exclusively by the MARS project. | When running in #his
'.modé the éomputer is used to analyze data which ﬁas been gathered
and at the same time is uséd‘to store data as it is gathered. For a
more compleﬁe description of the tray steerage unit see Ayre (1971).
For a cpmpleté description of the core store unit, the data format and =

the on~line system see Wells (1972).
3.2.4° THE SCINTTLLATION COUNTERS AND ASSOCTIATED ELECTRONICS

The scintillation counte?s ha#e been used for two purposes

in this expefiment. The first usé has been to deterﬁine when a muon
has traversed MARS by providing a three-fold coincidence to the spectro-
grapﬁ systems. The other use has been to obtain pulse height inform-
ation which could be assbciateé and identified with individual events
in the spectrograph. In particular, iﬁlcan be used to study bursts;

.This system consists of seintillation counters Viewea By’two photo-
multipliers at each end looking through a triangular perspex light
guidé, The outputs of the photomultipliers'are‘added.énd'mixed in
spec131}y designed head amplifier units which give two kiﬁds of out-
put.” One type is from two " X50 amplifiers, which is uéed to generate
the spectrograph coincidence (the coincidénce system is described in
Ayre 1971). The other type is from an v X1 amplifier to be used'in

the burst analysis system. The ® Xl output is inverted in a linear
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ampiifier of gain -0.75 and is fed into an analogue to digital converter
(ADC) Which'gssigns a digital value to a certain pulse height; Thg
digifal data are then read int§ a‘éore storage system and evenﬁually.
fransferred to magnetic disks with the flaéh tube data forilaﬁer analy~

sis. Figure 3.7 gives a diagrammatic representation of the system .

from photomultiplier to computer.
5.2.4.1 THE SCINTTLLATION.COUNTERS

At levels 1, 3 and 5 are % 176 cm x 75 cm x 5 cmitype NE102a
plastic scintillators. Each sciﬁtillator is;ébservéd byifour Mullard
‘typeLSSAVP photomultipligrs. _Af each end two of these bhotomulti-
pliers are.attached, via-oﬁtical,cemenf, to triangular perspex 1ighti
guides. ‘ Figure 3.8 shows a scintillator witﬁ light guides and photo;
ﬁmltipiiers. The scintiliator and 1ight gﬁides are wrapped in aluminium
foil in order to help reduce light loss ‘and sheets of black -opaque
. plaétic are wrapped round the aluminium foil to prevent light from
getting into the system. The scintillator»an& photomultipliers are

sealed in a light—-tight box.

Plastic Scintillator (Ne102A)

Photomultiplier . \
Tubes {53 AVP) . {

FIGURE 3.8. A MARS scintillation counter,

- Since the gain of the photomultipliers is affected by the pres-
ence of ‘a magnetic field, it is essential that when the scintillation
counters are placed in the spectrograph that the photomultipliers

are protected from the stray magnetic fields which exist between the



‘wogshs sishizpuv qybrey osqnd oya fo no10 OLUUDIBDID ¥ 4 2 FUNSIA

(VHAWN) MISKTVNY  (DQV) YILYIANOD

- SHANGLNWOLOHI

]

510X v

. 1HOEH 3sNd - - vuoig oL
- HBLSNVIVESIONN . INO0TVNY
e £20QavV
3401S —
| NI _ .
B _ PN S Zz oav
o . .
e < NOdO |- | —F
JTYYONCT sinaaz Y T oa
_ WNLNINOW HOIH 4 1t 4
) 131 ;
i

IN3AZ WNINZWOW HOH  IONSQIONIOD
¥OLOFTIS WNINIWOW  HJVHOOULI3dS

, L xe
. -g3I93ANI -

il

~ SON3AINIOD _l -
Hdv¥oouloads any [ SV
. SHOLYNINIMOSIO  OL ‘

T




- 52 =

magnetic blocks. Hamdan (1972) investigated how best to shield
' the photomultipliers and his work yielded the current shielding
technique of placing and inner mu-metal cylinder-and an outer

soft core iron cylinder over each photomultiplier.

The voltages (EHT) on the photomultipliers were adjusted to

S
give the same gain for each photomultiplier. ‘Bhet was achieved

while the scintillators were in the spectrograph by using two of the

three scintillation counters as telescopes to provide coincidence

with one of the four photomultipliers of the third scintillation
counter in a 400 channel PHA. The EHT on each tube was adjusted
until the desired gain was obtained. This procedure was then rep-

eated for all the photomultipliers in the spectrograph.
3.2.4.2  THE SCINTILLATOR UNTFORMITY

A study of one of the scintillators using-two 9 inch (23 cm)
square scintillation telescobes has been done to obtain the uniform-
ity as a function of the distance from the light guide. The study
was -done using only one photomultiplier. The telescope was placed

.successively at three positions laterally across the scintillator at

.intervals of 15 cm from the light guide (see Figure 3.9). The out-
put from the photomultiplier was analyzed in coincidence.wiﬁh the
telescope by a 400 channel PHA. Thé collected data were tfansferred
to cards and analyzed via the NUMAC IBM 360/67 computer By fitving
a third order polynomial using the least squares method in the.¥égion

of the statistical mode. The form of the fitted equation was

2 ‘ . y = ax3 + bx2 +cx +d. - _ (3.1)

i The maximum and minimum can be found by setting the first derivative
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T e Photomultiplier -
£ oy XX XX X XX XX XX
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| = . |
i

FIGURE 3.9. A scintillation counter with teleéeope measuring posit-
;o ions marked (X).

4y . : . ’

of the equétion (3.1) to zero.

! %% =3ax® + 2bx + ¢ =0 . : (3.2)

It has two solutions (generally real)

bt A2 - 3ac

*,2° " 3a . . | (3.3)

The mode is the solution (x1 or x2) at which the second derivative

of equation (3.1) is negative,

2
dx

This method of locating the mode is accurate to < 5%. The result

of the uniformity is presented in Figure 3.10. The curve shown is
. *

a least squares fit of an equation of the formy = e?* b to the

data at distances > 30 cm from the 1ight guide. It was decided to

fit the curve to the last nine points only because of a special geiger

counter spectrograph run used to determine whether or not the scintil- -

lators at levels 1 and 3 have similar uniformity to the one used in the
uniformity study. The results of the run which used four geiger
counter trays, two at the top, front and back of the spectrograph, and

two similarly at the bottom, are presented in Figures 3.11(a),(b).

The geiger counters weére used to determine the general position of the
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FIGURE 3.10. The scintillator uniformity as viewved from one end
presented with an exponential fit to the emper*'bmental point > 30 em
from the light guide.
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- 54 =

particle as it traversed MARS. The experimental points (@) are

presented with the theoretically predicted points (+ <). The theoret-
' 2,10

ical values are based on the fit in Figure ﬁiS and are normalized

to the point labelled 'n'. Figure 3.11(a) is the result for level

3 and Figure 3.11(b) is the result for level 1. The reason why :level
3 has six expériﬁental points while level 1 has only three is that

! . at level 3 it is péssiﬁle to locate six regions of particle traversal
due_td particles crossing front to back and vice versa.

} As can be seen the level 3 uniformity agrees very well with the

-~ expected resﬁlt. However, the results for 1eve1_1 suggest thaé the

scintillator is more uniform by a‘small amount'than-the scintillator

at 1ev¢1 3.

 Figure 3.12 presents the normalized non-uniformity curve based

on the Figure 3.9 fit. Curve (a) is the curve obtained if viewing
i the scintillator from one end only. Curve (b) is the expected curve
| .~ . if the scintillator is viewed with the photomultipliers at both ends.
i : The curve shows about 607 ndn—unifofmity from'the end to the centre;

for the scintillators in MARS.

. 3.2.4.3 THE AMPLIFICATION SYSTEMS

‘Each photomultiplier has identical base circuits (shown in-
Figure 3,13). The pulse out of theée bases is of length N 20 ﬁs,
being solely determined by the load resistance (10 KQ) and the capacit-
ance of the circuit. The output from each photomultiplier is fed

into a specially designed head unit. Figure 3.14 presents a circuit

. diagram for these units. - Each unit has four inputs (A, B, C, D)
which correspond to the four photomultipliers at each level. Three
amplifiers are contained in the head unit; ‘these consist of ome n x1

amplifier and two n, x50 amplifiers. Each of the a x50 amplifiers add

]
i
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two diagonally opposing photomultiplier outputs together (see Figure
3.8). The output of the two " x50 amplifiers is sent to a discrimin-
“-ator and then to the coincidence unit to provide the main trigger

for the spectrograph. The " x1 amplifier adds all four (A + B + C + D)

inputs together, and the output has been used in the experiment

reported here.

'Figures 3.15 and 3.16'éhow the linearity of the N x50 and v xl

i amplifiers respectively. Also shown are the curves when various
inputs are added tégether. © The linearity is considered to be good
E since the anélogue to digital converters (ADC) attached to the N %1
. amﬁlifier saturate at 4 to 5 V.

A study was done to determine the variation of the gain as a

function of temperature. This is useful to know, since the temper-—

ature varies a number of degrees from the top to the bottom of the

spectrogréph. The results of this study (Rada, private communicat-

_ion) are presented in Figure 3.17. The gain variation over the temp-
erature range used (ZOOC to'30°C) is n 2~3%.

The output of the N oxl amplifier is fed into an inverting ampli-

fier of gain -0.75 via an N 10 m cable. The circuit diagram can be

. seen in Figure 3.18 and the linearity is shown in Figure 3.19.

3.2.4.4 'THE ANALOGUE TO DIGITAL CONVERTER

The analogue to digital converter is a device which converts

the height of an input pulse into a series of digital pulses whose

number is a measure of the height. . The ADC's which were used in

this experiment were designed by Dr. E. Bateman based on the Wilkenson -

i
g
i
i
i
{
i

principle of charging a capacitor up to the peak voltage of the imput
pulse via an emitter follower, and then discharging it with a constant

current source and detecting the time length of the linear ramp produced
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The linearity plot for the~ X 1 head amplifier.
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by a Schmitt trigger. - The width-modulated pulse is used to gate a

constant frequency. astable, and the number of counts is counted on

'a scalar to give a numerical measure of the pulse height.

Figure 3.20 gives circuit and block diagrams of the working.ADC.

Figure 3.21 presents the progressive éhange of the input pulse as it

passes through the ADC until it is a string of digital pulses. A

detailed description of the ADC's is given in an unpublished work

by Whalley (1972).

In an analysis of the errors in the ADC system, it has been

found that the fluctuation in counts for a given pulse height is <17

over the entire range (0-1024 couﬁts). Figuré 3.22 shows this result

for one of the ADC's used in this experiment. - The linearity of the
ADC's used has been checked using a precision pulse generator. In

Figures 3.23(a),(b) are the results of this test for level 1 and

" level 3 respectively. It was decided when the ADC's were calibrated

that it would be best to have a negative threshold, so that no pulse,
or a pulse of zero height, gave a count of +2 at each level. This
makes it easy to determine the spectrum's starting cell.’ It is also

this threshold which makes the data points appear to be non-linear at

i the low end. The data are presented with a least squares linear

fit. The ADC's are very linear and the apparent curvature of the
linear fit is due to6 plotting a straight line that has a non-zero inter-

cept on a log—-log scale.
3.2.4.5 THE MULTTPARAMETER PULSE ANALYSIS SYSTEM

The multiparameter pulse analysis system (MPHA) consisted of
six ADC's (described in the previous section) and a magnetic core store
system similar to the core store system associated with the flash tube

measuring trays. The MPHA, as with the track measuring system, could
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FIGURE 3.21.  The progressive changes to a photomultiplier pulse

“as it passes through an ADC.
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be operated in either a high-momentum mode or an all-events mode. .-
When a three~fold coincidence occurred the ADC's were triggered to
.analyze the scintillator pulses aséociated with the event. If the
momentum selector flagged the eQent as a possible high-momentum event,
or if the operation mode was 511 events;-tﬁe data from the ADC's

plus event information (i.e. event number, run flagé and,maénetic

field flags) were stored in a 1024 8-bit word ferromagnetic core store.

Fach event in the core store consisted of:
(a) a two word event 'start' identifier (FFF1)
(b) a three word event number (O~FFFFFF)

(c) one word of geiger counter information associated with

the event (if available)

(d) one word for series number (0-F) and magﬁetic field (0

.for zero field, 1 for '+' field and 2 for '-' field)
(e) vone word for run nﬁmber (0~-FF)
(f)‘ twelve wbrds (two each) fgr the six ADC's
(g) a two word event Tend' identifier (FFF2).

Each event used a totai of 22 words; and as a resuit the core store
unit stored 46 events (1012 words plus 4 word core store identifier

(00 00»FF FF)) before it dumped the data to the disk storage via the
IBM 1130 computer.‘ Figure 3.24 shows a diagram of the logicﬁcircuitry
for the control section of the core store unit. TFigure 3.25 is a
échématic of the MPHA system. ' In this figure data gates 1 and 2
correspénd'to the start and end identifiers reépectively, data gates

3 and 4 feceive the event number and geiger informatiqn, and with the

manual flag, the series number, run number, and magnetic field were
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set. For a complete and detailed description of the MPHA see Whalley

(1972).
3.3 GENERAL ASPECTS OF THE SPECTROGRAPH

3.3.1 THE MAGNETS

'
The main physical bulk of the spectrograph consists of four
N .

»‘solid iron magnet blocks (size: 1.24’4Q % 3.66 m x 2.13 m) (see Fig-

ures 3.1 and 3.12). Each block is made from 78 5/8 inch (1.59 cm)
iron plates and is comstructed as a toroid to contain a maximum amount
of the field. The magnets, being toroidal, conveniently divide the

spethograph into two halves (the.red or west side and the blue or

east side) with fields in opposing directions. The field direction

'is defined such that a positive muon will be deflected towards the

_centre of the magnet in a poéitive field (i.e. a positive field is

into the blue side and out of the red side when standing at the fromt,

"electronics end, of the spectrograph).

Each energizing coil has a resistance v 1 Q. Magnets A anduC,

B and D (as labelled in Figure 3.2) are wired in series and the two,

series circuits then wired in parallel giving the entire circuit also

a resistarice of v 1 .  The coils are energized by a 100 V DC power

supply to 100 Amp. During operatioh-the magnets dissipate N 10 kW.
The magnetic field inside each block is 16.3 + 0.1 kG with a variation
of only 4% over the sensitive areas of the blocks (Ayre 1971 and Whalley

1974).
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3.3.2 THE SPECTROGRAPH ACCEPTANCE

The geometrical arrangement of the séintillato*s determines
the acceptance of fhe.spectrograph. An infinite momentum particle
traverses the specfrograph in a straigbt line and determines the maxi~
mum acceptance. Whalley (1974) studied the acceptance in detail using
numérical and Monte Carlo methods. The maximum acceptance is
408 + .2 cm? sr. He considered the effects of magnetic field, coulomb
scattering and muon energy. It was found that ét the energies studied
¢ > 7.2 Gev; the spectrograph threshold) csulomb sca;tering could be
neglected. As a consequence the zero field acceptance is a step
function (i.e. A(E) =0 for E < 732 GeV and A(E) = 408 cm2 st for
E > 7.2 GevV). |

When the magnetic field; are gohsidered, it can be seen that the

more curvature the trajectory of the particle has, the more likely it

is to pass outside the acceptance volume. Consequently the lower

the momentum the more particles are lost. For energies b 7.2 GeV
the acceptance starts at zero and rises almost exponentially until at

> 100 GeV the acceptance becomes equal to 408 cm2 sr. Figure 3.26

_ presents both the zero field.acceptance and the field acceptance as

" a function of energy. Table 3.1is a table of the magnetic field

acceptance versus energy (after Whalley 1974).-
3.3.3 THE DATA HANDLING

The analysis and data handling programs for the IBM 1130

: ' ALD - :
have been developed by Wells 523 Thompson (1972) and Danielsg

(private communication). These programs determine for each event

the charge and momentum and, also, flag trays which may contain bursts.

" They also put the data into a useable form for further analysis on the

NUMAC IBM 360/67.
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TABLE 3.1

THE ACCEPTANCE AND RELATIVE ACCEPTANCE 0F THE SPECTROGRAPH

Incident . . Absolute

Energy Agiigtizze Acceptance
. (GeV) (cm2 sT)
? 7.8 0.014 . s
. 8.0 ' 0.055 22,44
8.5 ©0.177 ' 72.22
9.0 | 0.298 121.58
9.5 0.408 166.46
10.0 0.500 | 204.00
; 12,5 - 0.764 311,71
P 15.0 | 0.862 351.70
20.0 0.935 381.48
40,0 .0.987 402.70
80.0 0.996 406.37

* 100.0 - 1.000 408.00
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Sipce the flash tube data are collected and pﬁt on disk with
each event and the pulse height data are saved until it has a block
of 46 events and then stored on disk, the data end up in ﬁlocks
of v 46 events of each of the two types of data. The iﬁitial handl-
ing programé separate the data into the different types. This sep-
aration is done to save program steps in the MARS analysis program.
The data in this.dividedifdrm are. then analyzed by the main
MARS program to determine, if possible, the momentum, charge énd-,
other information. If an event_faiis in the analysis it is-flagged,
but éaved. Later it is given special attention and is analyzed by
a more sophisticated program on tﬁe IBM 360 (Déniels; private communicat-
ion). For a description .of thé analysis programs see Wells (1972);
The anaiyzed data are then put into Sd'column card image format
and are transferred from the IBM 1130 via disk to tape and disk on thei
IBM 360 for further analysis and geﬁgral acéess to any member of the
ﬁARS group.

-nFigure 3.27 shows the general handling procedure. The'upper
half of4the diagram is the on-line data'handling system.and is under
the direction of the MARS group programmer. This part of the diagram
has been described briefly above. The .second half is the IBM 360 data
handling system as developed and used by the group.progrémmer and

by the author.
3.4 THE EXPERIMENTAL DESCRIPTION

The short term interaction experiment was set-up to run alongside
and in conjunction with the long term measurement of the high energy

muon spectrum. The MPHA and its associated electronics were built

. to operate in either of the two operational modes of the spectrograph;

the object being to have pulse height information associated with each
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- FIGURE 3.27. The MARS and interaction experiment data handling procedure.
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event stored along with the flash tube data. Figure 3.28 shows

diagrammatically how the experimental arrangements are operationally

interconnected.
'The method of using flash tubes and scintillation counters in
conjunction is a powerful experimental tool, particularly for cross-

calibration., The flash tubes can be used to select the single part-

~icle pulse height distribution in the scintillators. This distribut-

ion can, in turn, beluse&'td calibrate the method used to determine
the ﬁumber of particles in the flash tube trays ﬁo obtain an accurate
burst spectrum. Details of this metﬁod will be discussed in the
next chapter.

The interaction ekpe:iment was performed in é éix—month period
between the 19 December 1973 and the 11 June 1974. | In the first'
five months two types of data corresponding to the two operational

modes of the spectrograph ﬁere collected. There were 4175 useable

events in the 'All Events Data' and 5203 useable events in the "High

Momentum Data’'.
It was deci&ed that for about 1 morth (8 May to 11 June 1974)

the spectrograph could be used exclusively by the interaction experi-

ment for a special interaction run, the object being to bias the

" triggering of MARS in favour of events which are accompanied out of

a magnetic block by an electron shower. To dd this the coinéidence.
system was altered to trigger on.lérge pulse heights in the scintil-
lators at either level 1 or level 3.. Figure 3.29. shows the modifi-
cation.to the coincidence system. The level 1 discriminator was

set to a pulse height equivalent to about 3.5 particles and the level
3 discriminator was set to an equivalent pulse height of about.5.5
particles. This collection of data (called the '"Interaction Data')

yielded 13349 useable events. The analysis and data handling of

_these three different kinds of data will be discussed in Chapters 4,5,

and 7.
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3.4.1  THE ROLE OF THE AUTHOR

With an experimental pr&ject of the size apd complexity
of MARS, it cannot be the work of one person, but rather the work
.of a éroup; When the author joined the group in 1971, the spectro-
graph and the bulk of the electronics had been completed. | Eveﬂ part
of the equipment for the interaction-éxperiment had beén built,

though not operational with the spectrograph. On arrival, the author

was involved in scanning and analysis of the previous interaction

, PAMDAN ) .
experiment (Haman 1972). This work resulted in two papers: 'Electro-

-magnetic Interactions of Cosmic Ray Muons in Iron I: Search for

a Charge Asymmetry' (Grupen et al, 1972(a)) and 'Electromagnetic -
Interactions of Cosmic Réy Muons in Iron II: Momentum Dependence of
the Interaction Probabilities' (Grupén 1972(b) ). The conclusions

were that it appeared that there is no charge asymmetry, although a

_ prévious_experiment by Hamdan (1972) exhibited a slight asymmetry,

and that the experiment was in good agreement with the cross—section
probabilities for knock-on and pair production. Since that experi-

ment the author has been mainly concerned with setting up and operat-

_ing this interaction experiment which has included the scintillator

uniformity study, the development of the special photomultiplier
head amplifiers, the design and building of the core store interfac-

ing unit {built to handle the orderly passage of data from one to

three core stores to the IBM 1130), the installation of the MPHA

into the spectrograph system, and the production of data handling
and analysis programs for the IBM 366/67. The actual running of
the'épparatus was carried out by thé‘author assisted by other members
of the group. | |
The theoretical calculations and predictions are presented in

Chapter 2 and Chapter 6. The data analysis and results are presented

in Chaﬁters’4, 5 and 7.
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CHAPTER 4

THE GENERAL ANALYSIS OF THE DATA

. 4,1 INTRODUCTION

j, ' ~ The purpose of this experiment was to study two aspects of muon
physics in iron: (1) whether or not there is an intéraction charge
asymmetry as observed by somevexperimenters, aﬁd (2) does the

muon follow the predictions of q&antum eleétrﬁdynaﬁics with the aésumpt-
ion that the muon ié just a héavy.electron. "As a result the data

analysis has been divided into three parts. This chapter discusses

ISP TP T PO SRR ¥ PR LR R

the general analysis of'all the data. Chapter 5 discusses the inter-
action charge asymmetry analysis and results, and Chapter 7 discusses
the burst spectra analysis and results.

As would be expected with an apparatus the size and complexity

of MARS, there are systematic effects which must be taken into aqcount.'

In an attempt to:eliminate the effects of the magnetic field, the
fields of the magnets were reversed approximately every 24 hours and

the total run times under each field direction were made equal. While

this eliminéted field dépendent effects in the accepfance and flash
tﬁbe patterns, the'field,revérsal was found to introduce a systematic
effect on the gains of the photomultipliers. The correction is
discuésed in Section 4.3.3.

It is essential in the development of any analysis by computer

to have some form of wvisual display to detérmine what the analysis

ha . |
h%g done and what, if any, details or errors have been missed. {fim

RS A e AR AT
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In Section 3.2,.3.1 the rebuilding of events in a tray has been discussed

as a result and as an aid to analysis a simple program has been written

" to éisplay_the trays of the spectrograph for each event. Figures

4.1 to 4.7 show examples of burst events which occurred in the spectro-
graph. Each display also giveé vital information about the event.
As.can be seen from the figures, there were six ADC's record- -
ing pulse height information, two for eaéh scintillatof, " This was
done.in case of system failures during éxperimental runs, of wﬁich
there were none. This experiment used only levels 1 and 3 and fqr

this analysis'only ADC 3 and ADC 2, respectively,_have been used. -
4.2 THE DATA

In the six-month run of this experiment three classifications
of data were collected (thé all events data, the high momentum data

and the interaction run data), each with its own distinctive attrib-

utes. Each class of data contained air-shower events, events with-

out flash tube or pulse height data, and events to which the main
MARS analysis program could not assign a momentum or charge. Each
event was classified as an useable or unuseable event for the analysis

using the following criteria.

1. Each useable event must have had both flash tube and

pulse height information associated with it.

2, It also had to have been:assigned a momentum by the

main analysis programs.

_ Ofithese useable events some may have been partly or compietely dis-

~ qualified for other reasons during subsequent analysis (i.e. no data



‘I 12097 3D 38anqg D -y32M SHYW UP 3ULad uomw Y °I°p FUNDIL

€LY 34 0V 19T e 20V o+ & & "k * . wx+ B
. ot . . * % * . %* LT 1 + L
+ N A - *® Cwdgk + 9
+ L2 N ] B ok Bk i + &
+ wdkde . Ao ) + b
+ : *% ARk + E
+ £33 + Z
+ ; o+ 1
+ . - *® + B8
+ * + L
+ * + 93
+ % + S
+ * b
+ + c
+ * + Z
+ % : + 1
%2 3Gk 20V 2e  s2k Jav o+ _ . * + 8
+ ' : + 9
v + . . ) * ’ + &
+ + b
+ . + T
+ o ) + Z
e ' * + 1
. % + 8
+ ® + L
+ . % + 9
+ . % + S
+ * : %+ b
+ T + £
; . + N ¥« * Z
: + + 1
9y sy# Qv - C¢ tT# 20v  + %* . % + 8,
) : . . ' + . : + L
+ + 9
+ %* . + S
+ v + b
+ ’ : % + €
+ S + 2
+ ' + 1
10 3GILS*8~ WNINIWOW  ~ DT :NAY - ¢ :53I¥3S . - = 07314 - bivie ©obleGee :31VQ - LZbSEs tLH3A3




. . . ‘ydvaboaroads oy3 %0 Nanl oy3 fo sssoxa
Uz Abasus uv poy uonu 3sou-4fel] oyl  °g 19097 u %mﬁsa 2bavy m&@a » mﬁss mm¢ﬁ Uz Jueas vonu mNaxo@ V. °g° w TINOIA

§8 394 JQv 28 iem 20V » . e + 8
+* * * + L
+ % + 3
+ % * + 5
+ % % + 9
+ * + T
+ + £
+ , * + 1
¥ . * : : Ak + 8
+ : . * ’ *k + L
* ' k& + 3
+ % *® o3k % + 5
+ %, * + v
+ %* *% k& ok + €
+ % %® ek + 2
+ * Nk & + I
QL. :a# Jav 969 :2# Jdov + %*_ s % Tk -k L 2 Rk % ® wkk e kRdoFEE dkdkkE % x + 8
+ * N Sk ok ko Rk k% ko ok kmE Rk k¥ K + L
+ %k ok % bk . %k % ’ x % %% Bk R kRdRE %Xk kokk R ook + 9
Hokdoeds & % & & .k x T ke o . . : +
+ R T T ETI Y] * kclokR Rk * Aok * + ¥
+ T o : I ’ ) * + £
+ B % : *  odede o % ® sede ok ik g ok kokk ek ok Ak * * + 2
+ % . IR A *E ¥ % *x x % ek ¥ sk ok ok * % % + 1
+ * * + 8
- . . L
+ + 9
+ - + 5
+ N * + Y
+ 'S * + &
; + 2
. + * U o+ 1
9L tvE D0V 96 - 1# Juv  + #* + 8
+ % * + L
+ . % + v
. .+ . *. * . + -ﬂa
+ : . + b
+ * * + €
+ * + 2
. v +- 1
Y0 30686°T SANINIAOW . vl 3NN 6 1§S3I¥3S J 6ETCE . :3NWIL . ®i906 :31vVQ Q26298 tINZA3




%7 78097 20: Q..m&_xﬁ 8bav] D Y310 SYWH UL JuULQD UONU ¥ *g°p M_Mbmhm

8LL 9k DUV 6LL :ex DAY + *® Tk ks felkdokkokokke kk % % +. B
. ) . . : » . . : o Kok kkkkbkgwk k &k ok . + L
+ *k - P Co — % L A S T T %* kX + 2
+ . . T % B km k% ok dddokk K o s+ z
* * . . s dkkkkiRE ki * + &
+ . * wh & R * T+
+. * sk gk kg Exawkk  FEokK + 2
+ * o ¥ kokkwRR Ak Kk X + 1
+ + 8
+ - % + L
+ Tk v 3
+ -k + &
+ * + B
+ + £
+ %* +
+ #* + .1
0 $Gh 2Qv 4 sZr 2Qv + . . . . IR . ) N . 8
. ’ o + . L o . L . * *+ L
. + ) 7
. *. ‘ . . + 5
+ ' + B
+ i + £
- + % - + 2
+ N % + 1
¥+ ~ + B
. + > + L
+ o 3 + 9
+ %* + g
+ - ok + v
. . % + E
. + % + 4
+ * + 1
£ . tHi AV 0 s1# OQv + % + B8
o : : _ . + o & + L
+ . -k + 9
+ * ’ +
+ * %
+ * +
+ + 2
+ ) + 1
T0 3G006°9 :ANINIANIA 60 .3NMY - ‘e £S3IY3S - + :01313.° 2055681 :3AllL plG0UZ 331V3 2Z82%6% 2IN3A3

P




4

ceel

29% Jav

6% Qv

2y

¢¢ﬂ

‘g 12027

CER DUV o+
. 2
2
+
+.
+
C+
+
+
+
+
+
+
-+
+
+
T2E IV +
i
. +
+.
+
+
+
.
+
+
+
+
S+
. +
+
+
Sla 2dv

+ .
+
+
+
+
+
+
+

#*

# 3% % 3

¥*

PP

3 Fusurinduoooy 97013404 976urs » ﬁw:_a SHVH Ul 3uda2@ uoru y  *B°p HYADIA -

*

* 3

¥

2

LR A R

O I R Ao

L I

[ N S WS VI PRI

— e

.
+
+
+
+
+
+
+

o~ g

Lt A ¥ LA BN T

o

«

Lo BV B T o

LN SRV RN




918

194 Y

SH Juv

z

L)

3

€4 JUV

2zd Jdv

e 0OV

+
+
.o+
+*

+

+
+

+

TR A I + et

LS NS SR I

L IR R P

*

ko
%

& k%
*

-

P

x
wox

5

‘g 12091 30 38anq vbavy Aixea D y3IM SYYN UD FUBQD UOMM Y G°F MUNDIZ

- -+
£ +

, +

JE +

=% x +

. - +

; o +

3 +

+

% -+

s Wk * +

* %* +

- % +

* * * . E +

. S * % -+
- . - +

* . gk T R obdekkdokddx xRk N % +
ko % & Ak & ok dkk doopkdkk . k& % % * * +
sk ok sl ok & . % . % ¥ & * : % +
* ok .x & & ok & ¥ * . . . : . -
% X % Coke k¥ kck %k %k ¥ ok %* » . +
. .x N . B R T # : . +
I 13 Cfedeokk Ak & @ W%k % * : : -+
® X . R T S T T % : ’ +
+

& . . . . +

. B +

3 « +

0% ° +4

x +

. : +

- +

. .

. i +

L # g +

. . . +

* +

. +

S +

« ..7

NSO g ~© NSO~ SN E N~

NN IO~

HANMSINC N~



¢ :9r IV 1 tey 20V + - + 8
s ) ) . . + L
+ *» ¥ o2
* * + s
R * * + ¥
- %x + T
+ . + 2
- . + 1
+ + 8
. + ) &+ L
+ % + 3
+ . * + 5
* + b
. + . * + €
+ . . .+ Z
+ &« + 1
228 5k 3w 62L Zy JQV ¥ . C : . Lo * S oMk & w kwkEk dobkk R ¥ + 8
. o : + T S * * dokakk ok kEkw ¥ T ok ek . S
+ T . T T T T T - £ 9
S . : % o - L . * S+ &~
+ * * Rk R ik ok okl kK k& * x &% + b
. + o : . _ o S N
+ : : *® & . S % ok ok kERdw dkkEREr k¥R X o+ 2
+ SR AR B B Cdw okkkkRk b RRKwkE R T 2
+ .+ B
+ #* + L.
.+ y 3
+ : * + &
¥ . + %
+ % + £
* * + 2
¥ + I
st sh# 20V € sI# oQV + %* + 3
. L . . + -+ L
. + + 9
. . T e i R - . ] . . + g
. _ y . Col T T o . y
: . .- s . : v €
* . . + Z
+ . % + 1
1D 30LOT 6~ SWNLNIAONW VO :NNY .6 °3S31¥3S - G313 . L2LGET :3WIL - Hls0lZ :31V0 60€96% siN3AT




DT i[ 70a87 9v 98anq D Y330 SHVH U3 JuEAE WOMM Y *4°F MINDI

Lodde e kA

%* ok kdopx Xk &

Lk L akmkk % X %
T k% Wik ke T
T ks x - £k

* % & ok &¥ ¥k ok %
. B ok ok gkddsder wx o ok . T kR
T Tat L kak  ok demw k¥ t

18 - :94 duv Lo - :g# 0V

EAE N I A S
HONM IO~

R B EE BN I 2K 3K )
i
L

3*

*®

Y
+ b+
PN &N 0 P

P g S
#

(=

s# oav €. szm oGV

NN O

O
#
N

* % # % -

]
+ 4 b+
—“NNTIANS D

R TS

Y % Jav 0 :1# JQv

EIE R N S A
L]

L N R

~ANMTIDL D

R

PO, T SR




i
i
i
i

s s pp b b e b s T L e

= 66 -

‘or abnormal data for a tray, or possible multiple‘muons travers—-

ing the spectrograph). For example, the event shown in Figure

4.2, which had three interactionms, was also a double muon and was
excluded.
The 'All Events' data, és the néme implies, is a collection
of 4175 useable events in which any event within the épectrograph-
acceptance is included. As would be, expected the bulk of this
da@a is low moméntuﬁ. This data'contains the least systematic .

effects and can be used as a basis to correct the other data.

'This data has been used for both the interaction charge asymmetry

analysis and the burst spectra ahalysis.

The 'High Momentum' data was collecteﬁ using the momentum
seléctor described in Section 3.2.2.2..‘ This set of data, which
contains 520§.useab1e events, is severely biésed by the momentum
seléétof._ Not only does it bias the muon-spectrum but it is
biased in_such a way as to have a tendency to accept burst events;

As a consequence this data has not been used for the burst spectra

measurements, but has been used for the charge asymmetry experi-

ment, where the muon spectrum biases should cancel one another.

A benefit of this is that the bias towards bursts should amplify

~ an asymmetry, if it exists.

The"Interacti;n-Run' data was collected,as described in Sect-
ion. 3.4, by biasing the triggering of tﬁe‘spectrograph towards
bursts. This resulted in 13349 useable events, most of which
contain bursts at levels 1 or 3. Thi; data was biased by-the
triggering criteria, but by the use of the single parficle digtri-'
buéion obtained ffom the All ﬁvents data, this data has been corrected

(see Sections 4.3.4 and 7.3.3).
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Due to the logical 'or' in the triggering circuits, there is
éross—contamination of the two levels (that'is, a burst event at
level 1 is not likely to be a burst event at level 3). To eliminate

this contamination, any even;s'having a pulse height of less than

75 (MPHA cell) has been excluded for that level. The cut at cell

75 was chosen after comparing the pulse height distributions for the

Interaction Run data at both measuring levels. This data, like
the All Events data, has been used in both types of analysis.

Because of the number of events, it contains the most statistically
significant results.

4.3 THE GENERAL ANALYSIS

4.3.1 INTRODUCTTION

The next three seqtions present the analyses performed on,
" or results obtained from, all three classes of data. These prep—

aratory anaiyses and results are necessary for both the asymmetry

and burst spectra measurements
i 4.3.2 THE DETERMINATION OF THEPMUON MOMENTUM

The momentum P (eV/c) of a particle moving in a uniform .
: ‘ magnetic field B (gauss) with a radius of curvature r (cm) is given

by

% : P = 300Br . ‘ o o - (4.1

The magnetic field in MARS is 16.5 kG. The radius of curv-

ature is determined by fitting a paraboia by the least squares method

e ek b



- 68 -

to a set of from three to five co~ordinates along the track observed

in the flash tube trays of the spectrograph. A parabola has been

used instead of a circle to take into account energy loss. The

‘method has: been developed by Wells. (1972), Wells and Thompson (1972),

and Daniels (private communication, 1974).

It has been shown by Wells that the radius of curvature (r) is

2

directly related to a parabola of the: form ax” + bx + ¢ = y by its

-first coefficient

_1 - : |
r=o— _ . (4.2)

Wells also took into account the effects of the gaps between the

magnet blocks which lower .the momentum predicted by equation (4.1)
by ébout 20%. The result is that the mean spectrograph momentum

in GeV/c is given by

- L (4.3)

a beiﬁg in mfl.

Wells also gives the correction required to convert the mean
spectrograph momenta to incident momenta. On average, the differ-
ence is about 4 GeV/c. . The moﬁenta quoted infthis report are
incident momenta. |

The maximum detectable momentum (MDM) is dependent on Wﬁich

trays are used for the fit and on the accuracy of particle location..

A five-tray fit with a location of 0.3 mm gives an MDM of 5427 GeV/c.

Above this momentum less than 10 muons per year are expected to

pass through the spectrograph.'
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4.3.3  ESTIMATION OF THE BURST SIZE IN THE FLASH TUBE TRAYS

All of the data at 1evéls 1 and 3 have been divided into
particle number bins by estimating the number of pérticles in the
flash tube trays from the flash tube pattern. This was done in

the first instance to study the charge asymmetry as a function of

‘burst size, and in the second instance to determine the burst

spectra, It was therefore neceésary to develop a consistent and
realistic method of estimating the burst size.

The data for each tray were divided into 'groups'. A group
has been defined as a cluster ofidischarged"fiasﬁ Fubes 1ying in
adjacent colums such that thé number of flasﬁ tubes (> 3 ) dis—.

charged is greater than the number of adjacent columns. This

criterion eliminates spuriously discharged flash tubes lying in

. . pavieRN, -
adjacent columms. Because. of the tube peatters (sge Figure 3.5),

it is very unlikely that a muon will pass through a tray without

setting off at least three flash tubes. If a tray had no defined
groups the data fqr that level have beenlrejected.

In most cases it was easy to determine when a single unaccomp-—
anied muon passed through a tray. Most unaccompanied muons were
selected by defining a single muon event as an event with only one
group of 3-8 tubes, if: (a) there was only one columﬁ of data, or
(b) . there were less than two tubes that lined up with other tubes
in the same layer. This included all events with three or four
discharged flash tubes and all other events with less than eight
discharged flash tubes where there were less than 1.25 Aischarged
fla;h tubes per layer.

For aﬁy other tube configuration the analysis was more complex

and has been based on previous work done by Rogers (1965), modified


http://had.no
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by the éuthor to be ﬁseable with the present apparatus; It is
based on binomial statistics and assumes'that within the b&undary :
of the shower the shower particleés are uniformly distributed.
Consider K adjacent-éounters each of area § m?. The prob-
ability (P) of L of the K counters being triggered by a shower of

uniform density A particles nrz is given by

1
i
i
i
i
i
]
1

o K! .. _ AS\L, ~AS\K-L
where 1 = e—AS is the probability of at least ome particle passing
through any single counter.
The most likely denmsity for triggering L of K counters can
be obtained by maximizing equation (4.4)
PK,LA) _ 4 (K=-T1) -AS _ : .
= 0 e | (4ﬂ5)
. and solving for A (particles mfzf
= 5 Inlg =gl : ‘ o
To obtain the burst size it is only necessary to multiply by the
physical shower size. The shower size was assumed to be KS (the -
area of one detector times the.number of detectors triggered), and
therefore
- X
N = QK 1‘-"1::-:1{1 : (4.7
K- : . .

where N is the shower size and Q is an enhancement constant introduced
;" to take into account: (1) the non-uniform density ofﬁshower,parti~

cles, and (2) particles which may have passed through the gaps bet-

ween the flash tubes.



~ 71 -

Equation.(4.7) was applied to the_tréys in the following
way.
It was said

N = integral part of (1.78K 1n|K f tl) ' (4.8)

where

e SRIIZI LI . SR, -

N is the number of particles in the burst, if one of the special

i
1
i
J

cases below does not apply,

1.78 is the arbitrary enhancement constant Q,

K is the number of adjacent columns with at least one flash

tube-discharged,

L is the average number of discharged tubes per layer, i.e.
Xtdms : . .

There are three special cases.

1. IfK~-L =0, then it was assumed that

=l

njg=%

=1. S | _ | (4.10)

2. If the result of equation (4.8) yielded N = 0 then N

was set equal to 1.

3. IfN from equation (4.8) was less than the number of

groups  then N was set equgl to the number of groups.

When an event with more than one group was analyzed, it was assumed

to be one large group with the empty colums between the groups not-
included. The value of N includes the muon so that the burst size

was N - 1.
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As an example of how this method has been used, consider the
burét éveﬁt'at level 1_in Figure 4;3. This évent contains three
-groups, where there are 31 adjacent columns of data'(K = 31) and -
there are 124 tubes discharged in tﬁe three groups

(L = 124/8 = 15.5(tubes/1aYer)). From equation (4;7)

N = integral part of(1.78 x 31 x 1ln I%lg-) = 38 particles.

-

(4.11)

N and b ke o L AT £ RS S

Due to . the arbitrariness of the constant and the unknown effect
of the non-unifoim density, it is essential that this method be

calibrated. The calibration is discussed in Section 4.3.5.

4.3.4 MAGNETIC FIELD EFFECTS ON THE PHOTOMULTIPLIERS

To eliminate the effect of the magnetic field on the
acceptance, the fields in the magnet blocks were reversed evéry 24
hours. However, it was discovered while comparing the pulse height

distributions with respect to field that despite the precautions

taken to shield ‘the photomultipliers from the fields, there was a
noticeable effect on the phétomultipliér gains.,

A stﬁdy has been carried out to look at the effect on the..
i ' scintillétion counter pulse heights at levels 1 and 3 as avfunct—
ion of lateral position of the event‘traék in the flash tube trays
] - and as a function of magnetic field. Each.tray was divided into
nine ten—flash-tube column cells. The mean pulse height of un—
. accompanied muons passing through gach cell was determined.

Figure 4.8 presents the results of this study along with third-
order polyndﬁials fitted to the statistical results by the least

squares method. It can be seen from this figure that there is
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an effect of both position and field. The neggtive field pulse ‘
heights Wefe generally larger than.tﬁe positive field pulse heights.
'Figure 4.9 compares the polynomial fits at each level.

Using the polynomials the pulse heights of all the events were
corrected so that the means of the pulse height distributions were
equal to the normalization point shown in both figures. The norm-

alization point was arbitrarily selected to be the maximum value

at .each level.

The polynomial fit was of the form

Y = aX> + bX2 + cX + d o : (4.12)

where X is the position of the tray determined by taking the mid-point
in the group or groups,
Y is the mean pulse height expected from equation (4.12).

The correction was then

PHN = YPHO (4.;3)
where '
| ' PH_ is the corrected pulse height

PH is the measured pulse height

'Y i8 as defined above

Z is the normalization point: for level 1 Z = 35,18, for

level 3 Z = 32.65.

The error in the correction is estimated at about 5%.

'
]
i
|
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TABLE 4.1

COEFFICIENTS OF POLYNOMIALS FITTED (EQUATTON (4.12))

| . -5, -3 )
. + Field =-4.21 x 10 2.74 x 10 7.51 x 10 24.72
Level 1: -6 I R
- Field 1.84 x'10 -3.70 x 10 2,90 x 10 29.39
. -5 -3 -1
+ Field 5.84 x 10 -8.60 x 10 2.92 x 10 25.58
Level 2: : -5 -3 -2
"~ = Field 13.21 x 10 1.10 x 10° 9.28 x 10 29.17

4.3.5 CALIBRATION OF THE. FLASH TUBE DETERMINED BURST SIZE

Using the definition of unaccompanied particles, the siﬁgle
particle puise height distribution in the scintillation couﬁters
has been determined by selecting the pulse heights assogiated with
these single muons only. Figures 4;10 and 4.11 are the.single
particle distributions at the experimental levels. 1In this sect-
ion they will be used to calibrate the flash tube trays. 1In a
later settion they will be used to correct thé interaction run
data. »

All the pulse height data has been‘divided-intb particle number
cells aécording to the flash tube method described in Section 4.3.3.
The means of these distributions Wére then divided by fhe mean of
the single particle distribution to determine the mean number of

particles in the cell (including the muon).
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It has beeq assumed that every particle which passes through
~a scintillator will produce identical pulse height dietributions,
Thie implies that the N particle distributioﬁ is the same as fold-
ing N single partiele distributions ;ogetﬁer; It follows’
.that the mean ef the N particle distribution will be N multiplied
by the»single particle mean. . |
The result of this calibration can be seen in Figures 4.12 and
4.13. By using a weighted least squares fitting procedure a

linear equatiorn of the form
ax +b =y

has been fitted. Each point was weighted inversely as the square

of its errors. The result of the fit is: !
For Level 1: y = 1.08x - 0.46

For Level 3: y = 1.59x - 0.24
where |

y is the predicted number of particles in the burst (exclud-

ing the muon)
x is the number as determined by the flash tubes.

These curves are also presented in the figures.

As can be observed the flash tube method provided good results
for level 1 and.undereetimaeed.the numﬁers by-¢ 60% atilevel 3.
The diecrepancy between the two levele is not une;pected. The
rejection efficiencies for a single muon are different for each’
tray. . Monte Carlo calculations predict A 5 flash tubes per track
on average. Figure 4.14 contains plots. of the averege number of
discharged tubes per track for the two trays. Level 1, as might

be expected, is close to the theoretical value, while level 3 is

(4.14)

(4.15)

(4.16)
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low. This inefficiency is visually observable in EAS and large

_ burst events. For example, layers 3 and 5 in the burst at level

3 in Figure 4.2 show marked inefficiencies.
Within the experimental errors the fits seem to be good. The

error in the fit has been estimated at v 50% at 1 particle to < 10%

at > 8 particles.
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TABLE 4.2

CALTBRATED -BURST SIZE

Flash Tube : Corrected . Corrected

Determined Burst Size  Burst Size
Burst Size Leyel 1 -Levél 3
; 1 0.62 1.36
% | | 2 | 1.71 2,95
§ : 3 | 2.79 4,55
é 4 3.87. 614
5 5 4,96 7.73
? 6 6.04 9.33
% 7 | 7.12 10.92
z 8 s.zd . 12.52
1 ' | | 9 9.29 14.11
% 10 '10.3? 15.70.
- 1 11.46 17.30
% 12 12.54 18.89
‘ | 13 13.62 20,48
i | “w 14,70 - 22.08
15 | 15.99 23.67
20" 21.20 31.64
; 25 26.62 39.61
: | 30 - . 32.04 47.58

e e A AP Ly
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CHAPTER 5

THE INTERACTION CHARGE ASYMMETRY -

5.1 INTRODUCTION

The interaction charge asymmetry has been studied as a funct-
ion of muon incident energy and the burst size at both levels 1
and 3. Three techniques have beeﬁ employed. The firstvhas been
the conventional method.of simply counting thé number of events.of
a given burst size and comparing the charge.ratio with that - for
incident muons. - The second method has been to estimate the ratio

of the means of the pulse height'distributions for positive and

negative muon events as a function of burst size and to compare

them with the expected result of unity. The third method has been
to study the pulse height distributions in detail by dividing them
into six sections. An excess of positive or negative events has

been looked for in each section.
5.2 METHOD 1: THE INTERACTION CHARGE RATIO

All of the events have been divided into four energy bins
(7-14 GeV, 14-54 GeV,'54—204 GeV, > 204 GeV) and into five burst
size cells as determined by the,flésh tubes (0, 1, 2-4, 5-10, > 10

particles). For each of these energy-burst size bins a charge

. ratio has been found by using equation (5.1).

R =N /N_

(5.1)
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wheré:
R is the charge ratio
N+,N_ are the number of positive and negétivé events respect—
ively for each bin.

The error on the charge ratio can be shown to be

@R =R+ L | | L (5.2
. + —— ’ - i

The data and the numerical results of tﬁis analysis are giveh
in tabular form in Tables 5.1a,b,c,d,e,f. In Figure 5.1 are the
graphical resultS‘as'a function Qf burst size, incident muon energy
and level. These results are compared with the.charge ratio for‘
all muon .events observéd_in.the‘spéctrogfaph k1.254 + 0.014). (This
dharge'ratio aﬁpears.low because of the momentum selector contamin-
ation. The charge ratio excluding the high momentum data is
1.292 * 0.018.) The errors presented aré statistical.

There is no evidence in the results from this method that

would éupport an interaction charge asymmetry either positive or

negative. The only oddity occurs in the single muon plot (Figure

5.1a) where there appear ta be too few positive muons of energy
> 204 GeV. Although the poinf is low by about two standard dev-

iations, it is considered to be statistical.

5.3 METHOD 2: THE RATI0 OF MEAN PULSE HEIGHTS FOR POSITIVE AND
NEGATIVE EVENTS

This method of analysis has been to look at the ratio of mean

pulse heights for positive and negative events as a function of

burst size and muon energy. If muons of different charges interact

e s A VS L SR e
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differently, it would be expected that the corfesponding ﬁuise
héight distributions would be of different shapes, producingAdiffer—
ent means for the same glassification of events.- -'s

" The data have been divided into the same bins as for Method i '
(féur energy biﬁs and five burst size bins). For each bin at
each experimental level the pulse heiéht distributions have been

determined separately for positive events and for negative events.

A ratio R' has been defined as

RU=MM | (5.3)

where:M+,M; are the mean pulse heights for positive and negative

events respectively. The error dR' can be shown to be

dR' = R [(%)2 + (11?:'-)2]-£ . o | : (.‘5.4).
dM_, dM_ are tﬁe statistically determined error on the mean pulse
heights for positive and negative events respectively. |

The data and the numerical results of this analysis are given
in tabular form in Tables 5.1a,b,c,d,e,£. In Figure 5.2 are the
gréphical results as a function of burst size, incident muon'énergy

and level. The errors presented are statistical.

From this analysis, as with the previous analysis, there is
no evidence which would support either a positive or a negative

interaction charge asymmetry.

5.4 METHOD 3: COMPARISON OF THE PULSE HETGHT DISTRIBUTIONS FOR
: _ POSITIVE AND NEGATIVE EVENTS

As a basis for this method of analysis it has been assumed

that if positive or negative muons interacted differently from one
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another, this difference would be reflected in the shape of the
pulse height distributions. For this analysis the data has been
- divided into four energy bins (7-14 GeV, 14-24 GeV, 24-54 GeV,

> 54 GeV) and into four flash tube burst size cells (0, 1, 2-5,

> 5 particles). To improve ‘the statistics the data from both
experimental levels have been combined. This means that due to
the different calibration curves'at levels 1 and 3, the burst cells

overlap slightly (the burst size cells are 0, 1-2, 2-7, > 5 part-

icles). The pulse height distribution8for positive and negativé

whve ] . . ]
events -kas been determined; the area of the positive distributions

. has been normalized to the negative distributions, and both distri--

butions were divided into six sections (1-20, 21-50, 51-100, 101~

200, 201—400, 401-1000 MPHA cells). ‘For each section a charge

excess Q has been calculated using equation (5.5)

CN, - N_ ~ -

where:

N ,N_ are the number of events in the section of positive and

negative events respectively,

C is the inverse charge ratio for the entire distribution.
This normalizes the positive distribution to the negative
! distribution.

The error on the excess, dQ, can be shown to be approximately

- | - (5.6)

. The results of this analysis are presented in Figure 5.3-5.8.
; Figure 5.3 gives the results for the all events data as a function
of magnetic field. It can be seen that there is no magnetic field

.effect, Figures 5.4~5.7 present the results as a function of burst

i o AT < Y
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siée; incident muon energy and MBHA sécﬁion. The éolid circles
(®) are plotted at the mean of the MPHA section._ Figure 5.8 cont-
ainsvthg results for all the data over all energy ranges.

" The plot of all accepted events (Figure 5.8) shows a marked
structuring as.would be expected if there were a charge asymmetry.
Section_l (MPHA cells 1-20) has ﬁoo few pulse heights for posit-

ive events by about four standard deviations. This implies that

* positive events tend to produce larger pulse heights (i.e. more

bursts). This positive effect can be seen in MPHA sections 3, 4

and 5.

However, from inspection of Figures 5.3-5.7 two observations

can be made. . First, the only other figures which-also show this

asymmetry are.the single,muon_one (Figure 5.45 and the 1-2 accomﬁ-
anying particlé one (Figure 5.5), which itself will contain a
high percentage of single muons with knock-on electrons in the
flash tube trays. Secénd, Figure 5.3, the plot of the field depend-
ence of the excess for the all events data, does not showlany
structuring, or any tendency for structuring. In fadt, the high
momentum data is the only set of data to contain this‘structuring.'
This strongly suggests that there is a systematic effect produced
by the momentum selector.

It has become appafent upon investigétion that not only is such
a systematic effect possible; but it is strongiy_supported by the
pulse height data. The first MPHA section (cells 1-20) was madé
to end approximately at the mode of the single particle pulse height

distribution (see Figufes 4,10 and 4.11).' If, for some reason, ‘the

pulse height distribution or a component of the distribution were

to shift to the right (towards larger pulse heights) by an amount

. of about 10--20% (bossibly due to an increase in path 1ength in the

scintillators) , the excess in this section could be great due to-
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the fast rising edgé'of the distribution. A small shift could
result in the loss of ; large percentage of the partiéles. It
would be expected, however, thét poéitive and negative events would.
be shifted by the same amount, exceét if there were a bias on the -
basis of charge.. The momentum selector has such a bias. The
contamination from the 'zero' bit lining up with othér cells (see
Section 3.2.2.2) is such that it only accepts negative contaminat-—
ion in a negative field and positive contamination in a_positive
fieldl Based on the accepted chafge raﬁio, the,data shows that
the momentum selector accepts géé‘times the expected nﬁmber_of pos—
itive events in a positive field and negative events in a negative
field.

| ‘It is reasonable to expect Ehat fﬁe contamination particles
will tend to pass through the trays and scintillators in 1o¢a1izéd

' ov
directions and localized areas, either @ both of which could super-

impose a shifted distribution on top of the expected one with v 1.7

times the number of events. Comparing the 'all events' pulsé
height distributions and thé 'high momentum' bhlse height diétribut—
ion, it was found that the means of the 'high momentum' distributions
were high by v 15-25%.

Using the single particle distributioné corresponding to the

high momentum data and the all events data, and the above perceht—

 ages, the expected possible charge excesses in cells 1-20 have been

calculated. The extreme cases correépond to an excess between
~0.17 to -0.26. The actual measﬁréd excesses fqr the high momentum
data were —=0.19 * 0.04 at level 1 and -0.22 * 0.05 at level 3.

It is, therefore, believed that there is no anomalous energy
loss effect by single muoﬁs, but that the effect observed is symptom-

atic of the high momentum data only. There is no evidence among
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the burst distributions (Figures 5.6 and 5.7) to support an inter-

action charge asymmetry.
5.5 CONCLUSTONS

Three methods have been employed to study the dafa in the
search for any evidence to suppoit éﬁ interaction charge asymmetry.
Two of the meﬁhods have not Beenlpreviously émployed._ Although the‘
resﬁlts of the third method showed some strﬁcﬁuring, it is consid-
ered to be due to a specific class of single muons and has been
shown to be systematic.

It is- concluded, baséd on the results of the three methods,
that there is no evideﬁce to support a charge asymmetry invthe

interaction crosé—sections of muons.
5,5.1 COMPARISON WITH PREVIOUS RESULTS

The two experimental methéds,using the pulse height distri-
butions cannot be compared directly with.previous results, except
in so far as they ao not support the éharge asymmetry found by
Neddermeyer et al. (1961,1965,1967), Allkofer et al. (1971), Ayre
et al. (1970) and Sheldon et al. (1973). i

The first method using the charge ratio of interaction events
can be compared. In this experiment observations have been‘made
under a very thick iron absorber. It,'therefore, has not been
possible to determine the energy transferred to the shower which
is observed. It is only possible to say (as per calculations domne
in Section 6.3.1) that the mean shower age is about shower maximum

and the mean energy per observed particie is; very loosely speaking,
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about 1 GeV per particle. Using this result, the energy transfer-
red‘per burst size cell has been roughly estimated in an attempt -

to provide a method of direct comparison with previous results.
TABLE 5.2

THE INTERACTION CHARGE ASYMMETRY (METHOD 1) AS A FUNCTION OF
BURST.SIzE AND APPROXIMATE ENERGY TRANSFER

, Approximate
Burst ' Mean Energy '
Size Transfer Asymme try
(GeV)

'0 (Muon) - . 1.002 * 0.018
1 T  0.969 £ 0.039
2-7 4 1.047 * 0.041
5-16 7 _ 0.988 + 0.061
> 10 10 0.924 + 0.094

Table 5.2 presents the combined results from both experimental

- levels. The overall asymmetry for bursts of greater than 2 part-.

icles is 1.020 % 0.032. In Figure 5.9 are the previous results.
along with the results from the firét method éf this experiment.
It is useful to present ide;s as.to why some experiments have
found such marked asymmetries. The ﬁirst results of the MARS
spectrograph (Afre et al. 1970) have been largely attributed to
poor stétistics and a possible misalignment of the spectrograph.
Thih view is supported by the seédnd results from the spectrogréph

(Grupen et al. 1972) which do not support an interaction charge

\

asymmetry.'
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Grupen (1974) suggests that a possible explanation for the
asymmetry in some experiments, partlcularly those of Neddermeyer
et al. 1(1961,1965,1967) and Sheldon et al. (1973), may be due to
proton contamlnatlon.. Most experlmenters assume the proton flux
at ground level to be negligible. This is not the case if one
compares. the fact that only about 27 of muons intera¢t while about
100% of protons will interaction if they can get into the épparatus.
ﬁeddermeyer et al. have i 400 g cm.-2 of lead shielding and Sheidon
et al. have no shielding, Grupen has shown by.using the proton

flux at grouhd level that it is possible to obtain an interaction

charge ratio of 1.40. All experiments showing no asymmetry have

" 1000 g gnr or mofe of shielding or are accelerator experiments.
‘The only experiment for which it 'is hard td provide any plaus-
ible explanation is the result (1.23 % 0.11) of Allkofer et al.
(1971). - Theif apparatus‘was in the horizontal with n 2400 g r:m_2
of shielding. Howeﬁer,.this resuit may be attributable to stat-—
istics in the:light of the most recent Allkofer experiment (Allkofer

et al. 1974) which obtained an asymmetry ratio of 1.00 * 0.04.
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CHAPTER 6

THE THEORETTCAL BURST SPECTRUM

6.1 INTRODUCTION

The discussion in this chapter.will concern itself with the
calduiation of the theoretiéal bursé specfrum expected.at the bottom
of the magnet blocks at levels 1 and 3, the ekperimental levels.
Each magnet block contains 969 * 40 g cnrz of iron (Well 19725, i.e. 7
69.7 * 2.9 radiation lengths. To muons of energy in excess of
10 TeV eééh,the magnet appears as-an infinite iron target (neglect—-
ing energy loss). Although the ngatment given here -is not complete,

it is considered adequate. Three assumptions have been made.

1. For the numerical integrations performed.the blocks have been
divided into 70 thicknesses of 1 radiation lemgth. For each radiat-
ion length ‘the cross-sections for the processes occurring have-been
considered to remain constant. The effect of this, if any, wiil

. make the result slightly low.

2. It has been assumed that the particle detectors being considered
are immediately below the magnet block. This is not the case, see
Figures 3.1 and 3.2. . This assumption implies that the mattef bet-
.ween the detector. and the magnet block is assumed éo behave as if

it were ironm.

3. . Transition effects have been ignored. -
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6.2 CONSIDERATIONS IN THE CALCULATION OF THE BURST SPECTRUM -

6.2.1  "SHOWER DEVELOPMENT
The shower curves used here were taken from work done by
Ivanenko and Samosudov (1959,1967). Figure 6.1 presents'the family

of cascade curves for iron (critical energy E,k = 21 MeV), for minimum

~ electron energy of 3.21 MeV, for various energies (Et) of the init-

iél’particle (electron or phqton). Two ﬁseful.propérties can be
observed by comparing the sgries of curves presented in Ivanenko
and.Samosudov (1967). First, if the families of cufves for mini-
ﬁum electron emergies of 3.21 MéV_and 32;1 ﬁeV (a facfor of'lo)aare_

compared, it can be noted that the energy transferred curves shift

by a factor = 100-5. 'If_N(Et,t,EMIN) represents the family of

curves in Figure 6.1 (i.e. N particles of > EMIN are observed at a

depth t from an energy transfer of Et)’ then this observation says
' -0.5_ '

" that N(Et,t,32.1 MeV) = N(10 Et’t’3'21 MeV). Assuming that

this property holds for any E (3.21 MeV< E < 32.1 MeV), it

MIN — "MIN —

is possible to define any family of curves from the 3.21 MeV family.

N(E,,t,Eyp0) = N(AE ,t,3.21 MeV)

MIN

where

/3.21)

et

3.21

' E . :
A= QMIN-0.5 <1151 log), Gy

Second, the difference between a photon and an electron inifiated
shower is that on average the photoﬁ initiated shower begins to
develop iy 0.5 radiation iengths later than the electron initiated
one, From this observation, if an elecﬁron initiated shower is
given by N(Et’t’EMIN)’ then the photon initiated one is given byl

N(Et,t—O.S;EMIN) where t is in radiation lengths.

(6.1)

(6.2)
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Beeause of the method'used it is'not-important to ‘know how
many partlcles are produced but what size energy transfer (E ) is

requlred at a depth t from the bottom of the magnet block to prod-

‘uce N partlcles. Once the_Ivanenko—Samosudov-shower-curves have

been stored on file in the computer, the inverse function determin-
ing the energy transfer required (Et)'to produce N particles-at a

depth t ccan be found numerically. .

E, (N, t EMIN) o o R o ".(6.3)' :

for electron initiated showers and

nt(N,t—o.s,EMIN) '._* : '*' L (6.4) -
for photon initiated shoWers..

Figure 6.2 presents these inverse functions for various shower

sizes.

6.2.2 - ENERGY LOSS IN IRON

Since MARS consists of 3876 20 g cm 2.of iron (Wells

'1972), energy loss must be taken into account in order to produce

" an accurate burst spectrum. The energy loss curves used here are

all numerical integrations of the cross-sections discussed and
presented in Chapter 2 and Appendix A. Because the ionization.
(knock~on) cross-section was only calculated from energy transfers

of 1 MeV this curve was normalized to CERN results (Serre 1967) ‘at

" a muon energy of 1 GeV.

" The bremsstrahlung energy loss is likely to be slightly Low;

 energy transfers less than 1 MeV have been ignored. . Direct pair

production is likewise likely to be low. It has been assumed the -
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lowes£ energy ;ransfer'toiﬂuapait,is 10 MeV. In the‘calculatién
of energy loss due to photo-production the resonancevpeak has been
ignored; it is expected to be low by 50~100%, but loss dﬁe to this
procésslié negligible; |

Figure 6.3 is é graphical presgntation of the energy loss By
each of the four progeéses‘and of the'total'energy loss. A table
of the contribution by each proceés is given in Téble 6.1. These
results have been compared to the results of -various authors as
compiled Ey Hayman, Paimer and Wolfendale (1963) by a cqnversioﬁ
to standard rock. There is general agreemeht for all processés.'

If EL(E) represents the energy loss in iron, then the energy
(E) of a muon (of incident eﬁefgy Eo) as a function~of‘aeptﬁ (X)"

can be implicitly defiﬁed,by

E__QFL_— X&x:x
B EL(E") S
(o]

(o)

To solve for E requires some iterative process. If, over short

depth (AX) the energy loss is considered constant then it is poss-

'

ible to find E(Eosx) using a recursive function

E(EO,A);) = E, - ' EL(Eé)AX
E(EO,ZAX) = E(EO,AX) - EL(E(E'O,AX))AX
CE(E,,34%) = E(E,20%) - EL(E(E ,20%))AX

E(E,,X) = E(E ,N0X) = E(E_, (N~-1)AX) - EL(E(E, , (N-1)AX) AX

" where

- X = NAX .

Note also that for convenieﬁce, the energy can be defined in terms

Of"depth from the bottom of a‘magnet block, i.e. (X =70 - t)

" (6.5)

.(6.6)



- 91 -
TABLE 6.1

CALCULAT;ED ENERGY L0OSS IN IRON BY MUONS

- %E— (MeV g-l cmZ)
i
1.0 1.577 0.000 10.000 0.000 1.577
% 2.0 1.664 0.000 . 0.000  0.000 1.665
? 4.0 1.755 0.004 _' _o.boz . 0.000  1.762
;‘ 7.0 1.817 0,008 0.0 0.001  1.832
i '10.0  1.860 '0.013 .  0.010  0.002 1.885
20,0 1.932 0.022 0.032  0.003  1.989
40.0  2.002 '0.061  ° 0.08 . 0.009 2.158
70.0  2.051 0.125 0.180 0.017 2.373
100.0  2.081 0.192 0.282 0.025 - 2.580
200.0  2.112 0.269 0.650 0.038 3.069
400.0  2.178  0.757 1.439 0.094 ©  4.468
700.0  2.223 1.508 2.669 0.176 6.576
; 1000.0  2.250 - 2.272 3.931 0.261 8.714
% 2000.0.  2.277 2.285 O ss 0.391 13.107
4000.0  2.342 8.056 ' 16.798 0.950 .  28.146
70000  2.387 15.877  29.812 . 1.779  49.855

10000.0 2.413 23.741 42,884 2.623 71.661

{
z
s
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E'(E_,t) = E(Eo_,?o—x) .
6.2.3 THE PARTiCLE'PROBABILITIES

It is now possible with the information given to find the

probability of prarticles of minimum energy E being detected at

MIN

the bottom of a magnet: block from a muon of incident energy E

The_bfobability,(@) of obtaining an energy transfer E. anywhere in

a magnet block is given by

>

O(E_,E,)dE, O(E' ,E, ,t)dE dt

fblock

where O is the cross-gsection of the process (K0, BREM, DPP or photo—

production) and E' is the energy of the muon at the depth of the

energy transfer. Substituting equatlon (6.3) (assume for now that_.

the shower is electron initiated) and also substitute equation (6.7)

<1>(Eo,;\i)dEt = of[E' (E »t),E (N t EMIN),t]dE (N,t,E )dt.

[block MIN

To finish the transformation multiply by dN/dN to obtain

dE,_(N,t,E,..)
ofE' (@ ,b),E, (O, ¢t,E t MIX

(I’(E'o ,N)dN = J
: block

Re—define

., ] dE (NtEMIN) N
MIN” ? © dN *

¢(E0,N,t) = o[E* (&, t) E (N, t,E

Therefore,

®(E_,N)dN =‘Ib o(E ,N,t)dtdN .
(o] o]
: lock

(6.7

(6.8)

(6.9)

MIN) g - g dtdN . (6.10)

(6.11)

(6.12)
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Equation (6.12) is the probability of obtaining N particles out of
a magnet block of MARS from an iﬁcident muon oﬁvenergy,Eo.-
¢ besides beinglthe.complex function stated in equation (6.11)

is also

dEt dE dE dEt

= %0 a * srem a * per @ Oy W (6.13)
In the’éalculation of the probabilities each one of the above cross-

sections had to be considered separately.

1. The knock-on (KO) cross-section was straightforward. One electron

is produced, and is assumed to initiate a shower.

? -2, The bremsstfahlung ﬁrocess (BREM) is assumed to produce a single.
photon and then after travelling 0.5 radiation lengths a shower is

initiated‘aS'per the observation in Section 6.2.1.

"3. The direct pair production (DPP) process produces two electrons.

As can be seen in Figures 2.1lla,b,c,d,the distribution of energy to

: - the pair varies with the muon energy E and the energy fransferred (Et)'
For.simplicity the generalization was made that for E, > O;iEAfhe
:production is completely asymmetric. One particle receives the
entire energy transfer and initiates a single sho%er. If Et < 0.1E,

the production is assumed to be symmetric. Each particle receives

'0.5Et and two showers &evelop.*

i 4, Tt was assumed that the contribution. from photo-production (PN)

is very small, It was not.included in the calculation.

In the calculations, the minimum electron energy was assumed to
be the'energy_required for an electron to'traverse 0.5 of one of the

measuring trays (3.76 * 0.49 g cmfz, Wells 1972). This minimum energy

e mmppi s e g L S TS
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has been calculated using equation (6.14) obtained from Evars (1971)

: : _ R(mg cm ) + 106 : _
] E(MeV) = 550 o . | (6.14)

R is the range in the material, and E is the ‘energy required,

' EMIN = 7 MeV , ' ' ) : A (6.15)

The results of this calculation of particle probabllltles out
of a magnet block of MARS are presented in F1gures 6.4, 6 5, 6.6, 6.7
and 6.8. Flgure 6.4 shows the contrlbutlon to the particle probab-
ilities of the three 1nteract10n processes for a 100 GeV muon. Fig-
ure 6.5 also .uses a 100 GeV muon to illustrate the probability of
produeing N.particles as a function of depth in the magnet block.

The dlfferentlal probablllty of obta1n1ng N partlcles out of a magnet

block as da function of incident muon energy is shown in Flgure 6.6.
_Figure 6.7 presents the integrel probability of producing > N part—
icles at the bottom of a block as a function of energy. Figure 6.8
is a plot of the areas where a particular process is dominant with

respect to muon energy and the number of particles observed.

6.2.4 THE VERTICAL MUON SPECTRUM

The spectrdm_used (S(E)dE muons sfl cm_2 sr-z Gerl) was

j the result of experimental and theoretical work done by Whalley (1974).

He conducted an experiment to determine the vertical spectrum between

20 GeV and 500 GeV. He did a least squares-fit,to his data, see
equaﬁion (6.20).

" Below and above his specrrum. he extrapolated using a derivat-
ioﬁ from the kaon and pion spectra using the method 5: Bull et al.

(1965). He derived an equation of the form
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: ;‘ thlB“ ' KrK-_lBK L
S(E)E = AP LB+ AE)[E T T 5 TR T : (6.16)
K .

where

A is the normalization constant

E is the muon energy

(M c /p(y)T E np)
= ( ! TOP”, the minimum survival probability
y a - : | |
Y,y are the_atmospheric depth at séa-level and the observation

'point respectively

Ey ,Ey,ETOP-are the muon energies at sea-level, observation'and
o .

top of the.atmosphere

. Muc2 is the muon rest mass, 105.655 MeV

M.,"c2 is the pion-rest mass, 140 MeV
MKQZ is the kaon rest mass
p(y) is the atmospheric densiﬁy at depth y

'ru is the muon mean life

Iﬁis,the pion mean-life, 2.60 x 10_8's

TK is the kaon mean life

Y is the exponent of the kaon,pion spectrum (AE Y)
AE is the energy lost in productlon

I'1T K is appfoximately the mean of the pion or kaon energy
H] . .

distribution

U PR I R PP

Bk = T pbimx

b=0.771 - a factor 1ntroduced by Smith and Duller (1959)

2
\ Mﬁ,Kc Yo

Ik T )
'"’K'- T."’K(yo)

K is the pion to kaon fatio, ~ 0.15.

The resultant analytic spectrum is

i
§
|
|
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For E < 20 GeV

- . 2,645, 57.303. .  23.021 - :
S(E)E = 0.1815P,(® +AB) ** " Pt + g v asoldE (6.17)

. 0.0968E,(1.027/(E + 1.107AE)) | -
Py = GvaE | R G

For 20 GeV < E < 500 GeV

S(E)dE =.J§[—o.5236 + 0.3659 1n|E| - 0.0445(1n|E|)2'+'0.0008(1n|E|)3]'
E . . .

(6.20)

For E > 500 GeV

e . =2.56  58.656 24.337 _
S(E)dE = 0.1187 (E + AE) 556 * 5Tl - (6.21)

All units are muon s-1 cm 2 sr_-1 GeV—1

To define the spectrum S'(E)dE for the spectrograph the accept—

ance must be taken into account.

S'(E)dE = A(E)S(E)dE S ' (6.22)

where A(E)'1s the acceptance function defined in Section 3.3.2. Fig-
ure 6.9 presents the muon: spectrum as seen at levels 5, 3 and 1.

The mean muon enefgy incident on the spectrograph is 24 GeV at a rate

of 0.321 muons s-l.
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6.3 THE BURST SPECTRUM

Using the results of the last two sections, the rate‘(Rﬁ(N)dN)_
of observing bursts of size N at any level (L) in the MARS spectro-

graph has been calculated using the equation

B

Ri(N)dN = f

2 . ' ‘
@(E(Eu,xL_l),N)s (Eu)dEudN . _ (6.23)

E

All functions are as previously stated. - XL—i is the depth of iron
to the'level above the measuring level. El,Ez.define'the section

of the muon energy spectrum of interest. .

P The burst spedtrum was calculated for the following energy ranges

which correspond to the energy cells used for the analysis of the

data:
| 1. 7GeV<E_ <14 GeV : | Eo v 11
2. 14 GeV < E_ < 54 Gev B~ 24
3. 54 GeV < E_ < 204 GeV Eo n 85
b, 204 GeV < E_ < 604 GeV E; N 298
5. 604 GeV < E_ < infinity E_ " 1005
5. 7 GeV < E, < infinity Eo N 24

The results of this calculation are reported in Tables 6.2 and

6.3 and in Figure 6.10. It can be seen that for incident energies

"> 54°GeV the spectra are almost the same (< 5% difference) at the

two levels.

|
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" TABLE 6.2

LEVEL 1 BURST SPECTRA (UNFLUCTUATED)

; R! (N)dN EVENTS &~ ! ACCOMPANYING PARTICLE™!

%ﬂ;ﬂi: 7-14 GeV 14-54 GeV  54-204 GeV 204-604 GeV > 604 GeV > 7 GeV
0 1.22x10' 171x10" 1.72 x 10> 9.76 x 1074 7.21 x 107> 3.11 x 107!

1 1.36 %103 5.41x1070 9.11x 104 8.28x 10 1.01 x 1070 7.81 x 10

2 1.70x10°% 9.92 x 107 2;90 x107% 3.77 x 107 5.30 x 108 1.34 x 10

7.23x 1020 2,70 x 1074 8.32 x 107 1.78 x 107 2.82 x 107° 3.75 x 10

3.43 x 10728 1.08 x 10 3,90 x 107> 7.92 x 100 1.67 x 107 '1.55 x 10

5 | 5.90 x 1070 2.35 x 1070 4.23x10°° 1.11 x 10 8.71 g_lo

6. 280x107 149 %107 274 %107 6.60 x 1077 4065 x 10

L 194 x107° 1,06 x 107 1.94 x 1070 4.68 x 1077 3.22 x 10

L8 1.35 x 107> 7.75 x 1070 1.45 x 10°® 3.63 x 107 2.29 % 10

9 | 8.41 x 100 6.42 x 107° 111 x 1075 2.95 x 1077 1.62 x 10

. 10 . 5.41 x 1070 5,01 x 107° 8.85 x 1077 2.44 x 1077 1.15 x 10

. 20 ' 513 x 107 1.10 x 107° 2.03x 1077 6.90 x 107° 1.88 x 10

E 2.85 x 1020 3.01 x 1077 7.95 x 1078 2,69 x 1070 4.08 x 10

| 40 178210 155 x 1077 432 %1078 1.41 %108 2.13x 10
i 50 4.63 x 10013 8.72 x'10°® 2.71 x 1078 8.19 x 1070 1.23 x 10”7

I 0 1.30 x 10773 5.03 x 1070 1.78 x 1078 5.39 x 1070 7.38 x 10

% 70 . 2.54 x 108 1.27 x 108 3.76 x 100 4.19 x 10

i g0 | | 1.69 x 1070 9.74 x107% 2.81 x 107 2.95 x 10

L 90 L , 127 %108 7.69 x 1070 2.14 x 1070 2.25 x 10

*-100 -  8.63 x 107 5.83x 107 1.71 x 107 1.62 x 10

e ey ek + o L %
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TABLE 6.3 -

LEVEL 3 BURST SPECTRA (UNFLUCTUATED).

R! (N)aN EVENTS ™' ACCOMPANYING PARTICLE™!

giﬂiﬁf 7-14 GeV  14-54 GeV - 54204 GeV 204-604 GeV > 604 GeV > 7 GeV
0 1.21x10% 1.70x10r 1.72x 107% 9.74 x 107 7.19 x 10 3.08 x 107"
1 2.90%x 1073 5.95x 1073 9.30 x 107 8.3 x 167> 1.02 x 10 9.88 x 10~
2 3.54x10°" 1,18 x10° 3.08x10°¢ 3.82x10° 5.3k x10° 1.89 x 10
3 4.60 x 10 3.68 x 104 8.74 x1070 1.81 x 107> 2.85x 100 5.23 x 107
L4 9.99 x 10° 1.55x 107" 4.07 x 107 8.16 x 10° 1.69 x 107 2.14 x 107
5 5.18x10° 8.48x10° 2.45x10° 4.3 x10° 1.13 x 1070 1.19 x 1074
6 1.07x10°°% 4.17 x 1075  1.56 x 1070 2.81 x 10® 6.70 x 1077 6.17 x 107
7 6.95x107] 2,90 x 10° 1.00 x 1077 1.99 % 1070 4.75 %1077 4.26 x 107

8 1.34x10 2.02x10° 8.08x10° 1.5 x10 ° 3.67 %107/ 3.02 x 10°

9 7.26 x10 1.29 x 10 6.69 x 10 1.14 x 10 2.99 x 10 2.10 x 10

10 1.83x10° 8.35x10° 5.26 x10° 9.00x 10/ 2.48x 10’5 '1.47 x 10
20 8.21 x 1077 1.18 x 10° 2.00 x 1077 7.03 x 108 2.28 x 10
0 1.28 x 077 3.52 x 1077 8.16 x 108 2.75 x 1078 4.61 x 10
40 1.72 x 1011 1.82 x 1077 4.42 x 1078 1.44 x 107 . 2.40 x 10
. 50 o 4.93x1012 1.02x107 2.76 x'10°° 8.35 x 107 1.38 x 10
| 60 - 1.4 x 102 5,87 x 1078 1,82 x 108 5.9 x 107 .28 x 10
| 10 | 2.9 %107 1.30 x 168 384 x 107 464 x 10
. 80 | . 1.97x10°% 9.04x1077 2,87 x107° 3.25 x 10
%0 | 1.48 x 1078 7.85 x 100 2.18 x 10™° 2.48 x 10
-8 9 -9

100 : | 1.0l x 10° 5.98x10° 1.74x10° 1.78 x 10

e R s T bt Ak AL
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6.3.1 FLUCTUATTONS

Thus far the célculations have been performed using average

showers. In reality the number of particles at any point in a
shower flucpﬁates from this norm. Due to the decreasing cross-sect- .
ions as.a functiop of increasiﬁg burst size, the fluctuations will
.alter the shape of the burst spectra.. The effects of tﬁese'fluctuat-
ions will be particularly noticeable for.small burst sizeg and low
muon energies. Small showers produced by muons of low energy are
very depeﬁdenf on the points of the first interactions. A late
interacting electron (or photon)’&ill tend to froduce a smaller shower
than an ear1ier'interacting particle. Lafge fluctuations about

% the méan might, thereforé, be expected with the result that some

: large showers should be observed froﬁ low energ& muons.

| qucfuationsiilshower development are c&mplicated and not well

_known, most of the theoretical work having been done about the same

time as the discovery of ﬁenétrating radiation (see Furry 1937,

Scott and Uhlenbeck 1942, Rossi and Greisen 1941, and Rossi 1952).

i Two -types of fluctuation have been used in the past. Thé first and
.pefhaps the most widely used ‘approach assumes that all the shower
particles are genetically independent. Based‘pn-this assﬁmpfion the
fluctuations in the shoﬁer development would be expected to-obey
Foisson statistics. -The probability P of seeiﬁg N electrons from

a distribution whose mean is m electrons is given by
N

-m N
e

© P(N,m) = §T , (6.24) .

g

The assumption of genetic independence will be approximately satis-

fied for large bursts and for bursts several generations old. = However,
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for small showers and showers in éarly development, the Poisson stat-
istics should undérestimate the achal-fluctuatioﬁs (Roséi 1952).
Thé expériment reported here does not only concern itself with relat-
ively large bqrsts, but also is interested in small showers of less
than 10 particles. As.a developing shower in which there are 10
' pérficles is just over three geneFations old, it was theréfore though
tﬁat the problem of fluctuations should be looked into in more det-
ail.

Furry (1937) considered the problem of fluctuations taking
into account the genetic dependence in the shower deyelopment. In

his treatment, Furry made two major assumptions.

1. Energy loss in the shower was neglected. In order for this
assumption to be valid, it is necessary that the total energy trans-
~ferred to the shower must be large compared to the total ionizat-

ion loss suffered by all the particles in the shower considered.

2. In solving his set of differential equations he assumed that
there must be at least one particle at any point in the shower. If
one assumes an electron initiated shower, as Furry did, this assumpt-

i ion does not allow the shower to fluctuate to zero electroms.

At the time when Furry was looking into the problém of fluctuat-
ions, penentrating radiation was just being detected experimentally
and'its implications discussed theoretically (Bhabha 1938, Rossi 1934,
Auger et al. 1934, Street et al. 1935).  Furry, therefore, did his ’
work for electrons énd thin thicknesses of absorber. In order to
justify the use of Furry'statistips, it must be shown that the éssumpt—

ions which Furry made are applicable to high energy muon physics and
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. very thick absorbers.. To accomplish this, calculations have been

done:

1. to determine the mean energy transfefred-per“obserQed'electron in
-a burst. (To obtain ‘this the following equation was integrated numericaily

: t
lock (6.25)
N f $(E_,N, t)dtan
block

B EN) =

where Et and ¢ are as defined eailier, 'Ep(Eo,N) is the mean energy
oS ELVATION ' '

perAelectron in a shower of size N as a function of muon energy'Eo.

For representative numerical results seé Table 6.4) 3

ﬂ 2. to determine the mean depth_(tp) of the interaction which prod-
uces a shower of size N.  (This was calculated using the following
equation

. Jbiock t¢(Eo’Nst)dFdN

- . LS . (6.26)
£ (ool = I © 9(E_,N, t)deaN o
' " ‘block

For representative numerical results see Table 6.4);

3. to determine the mean age oflthe'bbserved'shOWer as a fuﬁctibn'

" of muon enérgy and shower size.. ' Théuéhower_age_haé been estimated -
by combining an'gquafion obtaiqed by Rossi- (1952) from approximation |
A and an equation obtained by Baruch- (1573), and normalizing it to
.the'Ivanenko—Sambsudovshowercurves. The eétimated shower age (Sj

.as a function of the shower size N and the depth of_ihteraction t is-

given by

3t : : , A .
t + 2.02[B(N,t) - q . (6.27)

B (N, t,E )
BQY,t) = L MV

[

_S(N,t) =

(6.28)
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TABLE 6.4

A TABLE OF THE MEAN ENERGY TRANSFERRED PER 0BSERVED SHOUER PARTICLE,.
MEAN DEPTHS OF INTERACTION AND MEAN SHOWER AGE OF

SHOWERS 0BSERVED OUT OF A THICK TRON ABSORBER (70 r.1.)

Muon Energy .

11 GeV 24 GeV 86 GeV 300 GeV 1000 GeV

o2 Minimum 0.4 0.5 0.8 0.7 = 0.9
v O '
B . '
WO M : _ .
g p“j’;';Maximum 0.8 0.9 1.3 1.3 2.5
; REed : :
8% 8 - : :
“8
LB winimm 2.1 2.5 2.8 2.9 3.4
(1)
g
8o i
§' § - Maximum 4.3 4.6 7.0 8.8 9.3
ﬂ . .
<1 3,3 A
g 87 o _ ,
408 Mean 3.6 3.9 5.6 5.9 7.1
o™ :
i g
Minimum 0.7 0.9 0.8 0.8 . 0.8
[ ' ) .
& ¢ Maximum 1.1 1.1 1.2 1.2 1.3
9, _
: §< _ -
: ] :
% Mean 0.9 0.9 1.0 1.0 1.0
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where S is the shower age defined such that § = 1 at shower maximum,

~ t is the depth from the point of initiation, E, is the energy trans-

t

ferred to the shower and E, is the critical energy of the material,
The mean age (Sp) has been determined.as follows:
. S(N,t) $(E_,N,t)dNde ,
- ‘block : : (6.29)
S (B o) — . | '
' ¢(E N, t)dNdt

block

\

Representative numerical results are,presehfed in Table 6.4.’
Theée céléulations have revealed three important points. First,
the average energy transferred per shower particle is, very roughly,
1 GeV particle_l over all muon energies considered. Sécond, even
in a thick iron absorber the mean point of interaction lies in the.
last few radiation 1éngths. Since'interaction can 6ccur with a
_1bw probaEility many‘radiétion lengths from the bottom of the absdrber,
it is apparent that most of the interactions must occur between the
mean depth and the bottom oflfhe.magnet block. And, third, on aver-
‘age, the showers which are observedvténd to be near shower maximum.
Furry's first assumption is that the energy transferred to the
| WREATER ' o
‘ total ghower must be-téas'than the energy loss due to ionization.
~ In traversing one radiation length in ironAaﬁ electron will lose
about 30 MeV to the ionization process; The ébove calculations

o : /
show that for the average shower, which is about at shower maximum,

the average energy transferred to the shower is much greater than

the energy loss due to iomization in depths which are greater than’

the mean depth of interaction. Based on this result it is believed
that Furry's first assumption is satisfied for thick iron absorbers

at the muon energies which are relevant to this experiment.

O I YT
TSR S SR
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It is possible through the various processes to lose a11 of
the expecté&’electfoﬁs and to have a shower fluctﬁatéd to a size
of zero. . Thé assumption that the'iﬁifiating électron is always
present doés not allow this to occur; ' Howe?er, if it is assumed
that the shower is not electron. initiated but muon-initiéted, the
sécond Furry assumption is more realistically satisfied. The energy
loss of the muon can be considered to be negligible. Since it has
no process by which it can be absorbed it,wili always be ﬁresgnt in
the shower, and it is reasonable to éssume that fhe muon Will not
fluctuate to more than one particle. It is believed that the condit-
"ions of this experiment satisfy both of thé assumptions made by
. Furry.

The solution to the set of differential equations which_Furry‘
oBtained can be stated as .
N

POLW = (m+ 1))

(6. 30)

where P(N,m) is the probability of 6Btaining N electrons from a
distribution whose mean is m electromns.

It éppears, 5ased on_ﬁhe 1iteratufe and the results obtained here,
;that Furry statistics should at least be used for small showers and
low muon epergies, while it appears that Poisson ;tatistics might be
valid for large showers amd=higirmmomenesgies. To dscertain if
. the Furry statistics ééuld be uséd_over the entire sﬁectrum, the burst
spectra using both types of fluctuations have been calculated and
. compared. Equation (6.3}) was used to fold the fluctuations into
the burst spectrum. |

m=oo .
RADAN = §  P(N,mR'(me ax .. (6.51)

m=0 -
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where
R' is the flﬁctuatgd burst spectrum
1 . P is the Poisson or the Furry distribution (equation (6.24).or
P equation (6.30) respectively)
R is the unfluctgated Bufst.spectrum (equation (6.22))

dm/dN is the cell width correction.

The results of these calculations are presented in Figures 6.11, 6.12
and 6.13. It can be seen that at low muon energies (less than about
50 GeV) the Furry fluctuated spectra are flatter than the Poisson

fluctuated ones. At high energies the two types of spectra are

.very similar except at very small burst sizes.
Taking all.of thié'information into account, it appears that :
tﬁé realistic spectré to use are the ones which contain the Furry
- fluctuations. The numerical values of the spectra containing Furry

fluctuations are presented in Tables 6.5 and 6.6 and in Figure 6.14.

To present a complete picture, the probabilities of producing N

particles out of a magnet block as -a function of muon energy have

been calculated with fluctuations and are presented in Figure 6.15.

and Figure 6.16.

6.4 DISCUSSION OF ERRORS

Because of the nature and complexity of the calculation it is.
b not easy to.obtain an exact error on the theoretical burst spectrum.

‘The discussion in this section will attempt to obtain a general idea

of the order of the errors.

The eigctromagnetic interaction cross-sections, as stated in
ro . ' : _
Chapter 2,. are considered to be accurate to approximately 37. 1In
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TABLE 6.5

LEVEL 1 BURST SPECTRA (FLUCTUATED)

R! (N)aN EVENTS ™! ACCOMPANYING PARTICLE™!

7-14 GeV 14-54 Gev  54-204 GeV 204-604 GeV > 604 GeV > 7 GeV

0 1.23x10% 1.74x 10" 1.79 x 102 1.04 x 10 > 8,05 x 10> 3.16 x 10
N

D1 343 x10% 1,65 %1070 3.24 x 1074 3.5 x 1070 4.98 x 1070 2.37 x 107>
2 1.72x10% 8.90 x10% 1.82 x 107" 2.10 x 10> 3.07 x 100 1.27 x 10

8.67 x 10 4.88 x 107 1.06 x10°% 1.30 x'10° 1.99 x 10 ° 6.98 x 10

3
L 4.37x10° 2,76 x107% 6.38 x 1070 8.32 x 1070 1.3 x 10°° 3.94 x 107

5. 2.21x10°  1.61 x 1074 401 x 1075 5.57 x 100 9.49 x 1077 2.30 x 1074
6 1.2 %100 9.71 x 1075 2.63 x 107> 3.8 x 1070 6.96 x 1077 1.39 x 107
7 5.70x10°% 611 x 100 4,80 x 1070 2.80 x 100 5.28 x 10~/ 8.82 x 107
8 2.92x10° 4.00x10° 1.28x10° 2.09x10° 4.12x107 5.82 x 10
9 1.51x107° 2.71 x10™ 9.45 x 10°° 1.60 x 107° 3.28 x 1077 4.00 x 107
F 10 7.88x107 1.91x10° 7.18 x10° 1.25x107° 2.67 x 1077 2.86 x 10
% 20 3.76 x10° 1.76 x 10° 1.23x 107 2.38 %1077 6.47 x 10°° 3.31 x 10°°
' 30 107 x 100 4,05 x 1077 4.53 x 107 9.30 x 108 2.77 x 1078 9.92 x 1077
0 4.8 x1012 1.33 x 1077 2.21 x 1077 4.85 x 108 1.50 x 1078 4.27 x 1077
50 2.50x1013 5.20 x 1078 1,23 x 1077 2.93 x 1078 9.26 x 1070 2.21 x 1077
0 1.37 x 10 2.35 x10°  7.63x 108 1.94 x 108 6.18 x 10 1.20 x 107
10 7.67x10% 1,12 x10® 5,00 x 107 1.37 x 107® 4.36 x 1077 8.16 x 107
80 4.31x 10/ 5.65x107° 3.44 x10°° 1.0l x 1070 3.20 x 100 5.48 x 1070

90 2.42'x 10 2.95 x 10 2.46 x 10 ° 7.64 x 10 2.43 x 10 3.86 x 10

100 1.36 x 10 1.59 x 10 1.81 x 100 5.97 x 107 1.89 x 107° 2.82 x 10 0




~'108. -

TABLE 6.6

"LEVEL 3 BURST SPECTRA (FLUCTUATED)

R' (N)dN EVENTS. s~ ACCOMPANYING PARTICLE '

Burst

Size 7-14 GeV 14-54 GeV 54-204 GeV  204-604 GeV > 604 GeV > 7 GeV
0 1.22x107% 1.74 x 107" 1.79 x 1072 1.04 x 107> 8.03 x 107> 3,14 x 107
1 8.14x10% 1.87x10°0 3.3 x 107" 3.5 x 10 5.0 x 10°° 3.06 x 107>
2 4.23x107% 1.00x107° 1.88x107% 2.13x 107 3.10 x 1070 1.65 x 1073
30 2.23x10% 5.62x10" 1.10 x 107* 1.31 x 10 2.00 x 10°° 9.10 x 107

A 1.19x 10" 3,22 x 107% 6.64 x 100 8.45 x 1070 1.36 x 100 5,17 x 10
5 6.47x10° 1.91x10 " 419 x10° 5.67x10° 9.58 x 107/ 3.04 x 107
[ 6 3.60x10° 1.18x10° 2.75x10° 3.95x10° 7.03x10 ' 1.86 x 10

7 2.05x10° 7.55x10° 1.89 x 10> 2.8 x 1070 5.34 x 10 / 1.18 x 10

8 1.20x 107 5.05 x 107 1.35 x 1070 2.13 x 107 4.16 x 1077 7.85 x 107
9 7.27x10°° 3.50 x 107 9.93x 107° 1.63 x 107° 3.32 x 107/ 5.41 x 10~
L 10 452x100 2.50x 1070 7.5 x 100 1.28 x10° 2.71 x 1077 3.87.x 107
20 1.3 %107 2,57x10° 130 x 10 2.45 x 1077 6.57 x 1078 4.33 x 1078
|30 1.23x10° 6.13x107 4.8 x 1077 9.5 x 1075 2.81 x 1078 1.26 x 1070
0 1.87 x 100 2.06 x 1077 2.41 x_1o'7 4.98 x 100 1.53 x 108 5,26 x 1077
50 3.55x 100 8.20 x 1070 1,37 x 1077 3.01 x 10°° 9.43 x 1070 2.68 x 1077
60 7.68x10 1 3.72x10° 8.52x10° 1.99 x10® 6.30 x 1070 1.5 x 1077
70 181 x10° 1.79 x 1070 5.63x 1070 1.40 x 1070 4.44 x 1077 9.60 x 107
| 80 4.55 x10712 911 x 1070 3.90 x 19’8 1.03 x 107 3,27 x 1070 6.38 x 10
| 90 1.19 x 1072 4,80 x 1070 2.81 x 100 7.8 x 1077 2.48 x 100 4.45 x 1075
; -13 -9 -8 -9

100 3.25 x 10 1> 2.60 x 100 2.08 x 10 ° 6.12 x 100 1.93 x 1070 3.23 x 10
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the considerafion of the total cross—section, only.the érrornon the
dominant cross—sectidn will be important.. The maximpm error will
. occur at the pbint:wherenthe three croég—section% éré approximately
equal (Eu = 280 GeV, E = 26 GeV). At this point the error will
be approximately 5%. In the use of these crqss—sgctidns in the
numerical calculations, the numerical.interpolatidn should introduce
errors of d 5% (the interpolation was linear in>1og-1oé épace. As
a consequence the knock-on and bremsstrahlung cross—sections which
axe'1inear in 1dg—1og:spéce, except at enefgy transfers near the
maximum eﬁergy.transfer, will be interpolated with almost no errbr;
é . ~ but for direct pair ﬁrdduction, wﬁigh is;éurvea in log—Iogfspace;
the straight line interpolation_will_intr;duce errors.) The error
- introduced by the crdés—sections should have been épproximately 7%,
The shower development curves are estimated by'Ivahenko and-
Samosﬁdov to be accurate to approximately 16%. Again, the inter-

polation will introduce errors.. Due to the nature of the data and

the‘method used, the estimated interpolation error is approximately
10%. This gives a composite error of approximately 14%. When
considering the effect of this erfor on the calculations, it éan
be seen that this error is magnified by the slope of the cross—sectipn.
In general, the steepest cross—section is for the knock-on érocess.

-2

 where GKO « Et" The effect of this is that a 14% error in the

energy transfer required will cause a 287 error in the cross-section.

The energy loss curves should have errors approximately equél

1
H
i
1
i‘l
i
H

to those for the cross-section (approximétely'72), but because of

the criteria on the bremsstrahlung and direct pair production cross-

[ ———

sections, these losses could be low by a small, but unknown, amount.

This is unimportant, the effects of error in the energy loss.are minimal.
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For muon energies > 100 GeV the maximum contribution the energy loss

makes to the actual emergy is < 10Z. 1In this region the error

introduced by energy loss error is < 1%. At muon energies of approx-

.imately 7 GeV the error due to energy loss is approximately 7Z. The
effect this error has on the cross-section can be seen in comparing

Figures 2.2, 2.3, 2.13, 2.19—2.23: Since the knock-on and bremsstrah-

lung processes are essentially not energy dependent the error intro-

duced is « 17%. -'Only direct pair production shows a marked energy

dependence. DPP only plays an important part in the total cross-
‘section at muon energies > 100 GeV. Consequently the error in energy

loss will contribute at_mosf approximately 1%.

The numerical inteération-thrbugh a magnet bloék assumed that_
the cross—section was conétant'over eééh radiation length. In gen—
" eral, thg error intfoduced should bebg 107. This .error will be a
function of energy, the error will be smaller the higher the muon
energy. The most éignificant contribution to this error will come
i for 1 or 2 particles producéd in the last radiation length ﬁhére the
I shower need not develop. The particle numbers may bé due to the
fastly increasing probability for knock—on'aﬁd pair production to
i . occur as the bottom of the magnet is approached. It is‘aésumed,
however, that this contribution is small when compared to the inte-
gral probability from depth > 1 radiation length. |
The error, therefore, in &, the probability of producing N
particles out of a magnet block as a function of energy is n 317,
The muon energy_spéctrum ié.e#timated by Whalley to be accurate

to approximately 2% at 20 GeV and approximately 10%Z at 500-1000 GeV.

et ery o NE EE AL+ ERAR famreee? LS E IR B b s P 1 % S

This spectrum was used to 10 TeV, well beyond its guaranteed'limit.v

By comparison between the Whalley extrapolation and a best fit of
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Ng et al. (1973) (see Whélley 1974) at 10 TeV suggests the Whélley

-spectrum may be high in this region by 50-100%Z. The contribution

from this area to the total burst spectrum’is however small, but
should be kept in mind when'the comparisons of the expe¥imenta1
results in this region are'made; For this error estimation an
overall 107 error is assumed.

The acceptanﬁe of the spectrograph is accurate-to 0}5% (Whalley
1974).  The error introduced in this numerical calcuiation is
likely tq‘be ¥ 17 because the method used was similar‘to the one
used to calculate the cross—section of Chapter 2..

Téking all the above errors into accéunt it isvﬁelieved that

the theoretical burst spectrum is accurate to approximately 337.
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- CHAPTER 7

THE EXPERIMENTAL BURST SPECTRUM

7.1 INTRODUCTION,

In this chapter the determination of the'éxperimental burst
épéctra is diséussed and compared‘with the theoretical pfedictioné
producg& in Chapter 6. vTo.produce the experimental burst spectra .
three corrections have been madeqég’the data. -First, the rates
have been corrected to the real burst sizes from those predicted
by the flash tubes, As a conéequepce there hés also been a cell’
width correction. Second, a correction has been applied to alldwk

for the contamination of the burst size due to knock-on electrons

_in the flash tube trays. Third, and finally, a correction has

4o . . . ' . .
- been made em the interaction run data to correct for the discrimin-

ator setting which was used in event selection.
7.2 THE UNCORRECTED BURST SPECTRA

There were 4175 useable events géthered in a run time of 4.0
hours in the all events data and 13349 yseable events gatheréd in
a run time of_480;3 hours in thérinteraction run data. A total of -

17524 events have been used in determining the burst spectra. The

‘data have been divided into five emergy bins (7-14 GeV, 14-54 GevV,

54-204 GeV, 204-604 GeV, > 604 GeV) and into flash tube determined

burst size cells (see Section 4.3.3). The differential uncorrected

rate, R'(N)dN, has been calculated as follows.
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M

R'(MdN = —— | o | ' | - @a.D

eff

where

M is the number of events per cell,"
N is.the burst size cell,

W is the cell width,

t is .the effective run time.

eff '
é - Due to the scintillation counter efficiencies (Esc)'and the
probability (R) of rejecting some events at the two experimental
levels, the effective run time is different from the measured run

- time and is given by

teff =-tEsc(1'- R) . S (7.2)

where t is the run time. .
Whalley (1974) has measured the scintillation counter effidienc—

ies with the result that the overall efficiency.for accepting penetrat-

ing muons which travefse_tﬂe spectrograph is.0.894.i‘0.002. _The
event acceptance prdbability_(l - R). at levels 1 and 3 has been
obtained from the all events data. . The acceptanée probabilities
are 0.934 * 0.021 for level 1 and 0.896 + 0.030 for level 3.. ?he
.calculatedieffectiye run timés are given in Table 7.1.- |
The:flash tube burst size cells, céil width, number of evénts
per cell, and uncorrected rate for tﬁe two experimental levels are

given in columns 1, 2, 4 and 5 respectively of Tables 7.2 to 7.5.
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TABLE 7.1

EFFECTIVE RUN TIMES.

Run Time (t) ‘_Effectiﬁe Run Time tgf¢
" Interaction Run Data
Level 1 480.3 hr . 400.9 * 9.2 hr
Level 3 480.3 hr 384.6 * 8.6 hr
., All Events Data _
Level 1 4.04 hr 3.37 £ 0.08 hr
Level 3 ~ 4.04 hr ~ 3.24 £ 0,07 hr

7.3 CORRECTIONS
7.3.1 PARTICLE NUMBER AND CELL WIDTH CORRECTTONS

The flash tube burst size cell number has been corrected

using the calibrations of Section 4.3.5. ' The corrected burst

sizes are given in column 3 of Tables 7.2 to 7.5. _The calibration .

curve is a linear transformation from burst size cell to different-

ial particle number, i.e.
ax+b=y.

Due to the fact that the spectra which have been determined are
differential, the cell size éhanges and a cell width correction is
also required. If the burst spectra are given by R'(y)dy, the

correction yields

=pt(X 4+ by dx
RNy =RUG+ D 7 &y

where, from equation (7.3),

(7.3)

(7.4)
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dx 1 ' : ' o )
& 3 | | . o .(7.-5)

‘dx/dy is the cell width correction and would be unity if the slope

(a) of the calibration were 1. dk/dy is 0.923 for 1eve1 1 and
0.627 for level 3 (a = 1.08 and 1.59 for levels 1 and 3 respectivély).

The estimated error on the burst size and; therefore, the cell

. width, is given in Figure 7.1. . The cell width corrections are
presented in column 7 of Tables 7.2 and 7.3 and in colum 8 of Tables
j’ 7.4 and 7.5.

\ - LT

7.3.2. THE KNOCK-ON IN THE FLASH TUBE TRAVSICORRECTION

As a muon pésSgé'tbrqugh the flash tube trays it has a
probébility of'producing.a'kﬁock—oﬁ,eleétron of gsufficient energy
‘to contaminate the estimated burst size. This contaminatibn will
have.the most effect on small bursts. Unfortunately, it is hard
to estimate. If the flash tube trays were solid irom, a muon

~would produce a deteéfable electron about 7% of the time. Due to
"the different densities and Z of glass and aluminium, the probab~- -
ility would be expected to.decreaée significantly. The knock=-on
probability has been estimatéd to be. 4 * 2%. Kelly et ai; (1968)

E have measured 4% in the flash tubes which they used. The eXperi;

mental spectra have been corrected by estimating the contamination

| for each particle number using the theoretical spectra. - The correct-

ion,.C, is given by equation (7.6).

R SN
Ry~ 0.04Ry + 0.04R _ (7.6)

cy) =

where
Ry is-the predicted rate for N particles,

0.04RN is the rate lost to the RN+1.rate'due to knock-ons,
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0.04R._, is‘the rate gaiped from the Ry ; ratg due to knock-

ons.

Calculations have shown that'this coxrecfion,hasllittlé effect
(< 5%) everywhere except for bursts of 1 particlé. The estimaté&'
errors aré about 507 at 1 particle, about 3% at 2 particles, and -
< 0.5% at 50 particles. The knock—oﬁ correction is presented in
column 6 in Tables 7.2 and 7.3 and in column 7 in Tables 7.4 and
7;5.;

I3

7.3.3 THE INTERACTION RUN DISCRIMINATOR CORRECTION

' The interaction run data was collected by tfiggering the -
specttpgraph on 1arge.pu1sé heights in the scintillation counters.
at level 1 or at level 3, This was -accomplished by using discrimin~
ators in-coinéidence with fﬁe main trigger of the spectrograph
(see ‘Section 3.4). Due to fluctuations in the pulse height_maﬁy
small bursts have been detected as well as some larger bursts having . -
been lost. Since flash tubes and scintillation couqte?s have
begn used'iﬁ conjunction with one another, there has been enough
information available-to calculate a ;orrection.- In Section 4.3.5
the single particle pulse height distributions have been obtainéd
by selecting only pulse heights which were associated with a clear
single track in the flash tube'tfay.. It is reasonable to assume
that the pulse ﬁeigh£ distribution for two particles passing through
a scintillator is the same as ﬁould be obtained by folding two |
single particle distributions together. Likewise, the Nth particle
distribution is equivalent to folding a éingle particle distf{bution

into itself N - 1 times. If P? is the N-particle pulse height

1000

distribution, where j is the MPHA cell, and if z ?; = 1, then

i=1
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the Nth particle distribution is given by the followiﬁg recursive

function.’
k-1
2 v 1.1
LR 70
i=1 . '
k-1
3 2 1
PL=) P{.R .
i=1
k-1
N _ N-1 .1
Py ) B 'Pk-l
i=1
.. N '
for k < 1i, Pk = 0,

Eigdre 7.2 presen¢S'the result 6f'folding the single particle
distribution (burst size N = 0) at level 1 into itself nine times.

The discriminator settings used to gather the interaction run data

- correspond approximately to cell 120 at level 1 (shown in Figure 7.2)

and cell 128 at level 3.

The probabilities ofvobtaining N particles, B(N), are calc-

~ ulated by summing the portion of the distribution above the discrim-

inator cut.

B(N) = ) P

1000
N
A i
i=cut

Figure 7.3 gives the acceptance function for both levels 1 and

‘3 as calculated by this procedure. The estimated errors in this

correction are presented in Figure 7.4. The interaction run discrim—

inator correction is presented in columm 6 in Tables 7.4 and 7.5.

(7.7)

(7.8)
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7.4 THE CORRECTED EXPERIMENTAL BURST SPECTRA

The corrected burst spectra at 'the bottom of thelmégnet_blocks
of MARS are given by the follo&ing equation. |
v | R(N)dN=B—'—§TI§—)(—§—)(-&dN ' - . (1.9
. vhere
| R(N)dN is the corrected burst spectrum,
‘R'(ﬁ)dN is the uncorrected burst spectrum (see Section 7.2),
'.C(N)’is the knopk—oﬁ correct?oﬁ, | |

I a is the slope of the burst size calibration curve (see

. Sections 4:3.5 and 7.3.1), o S o«
. B(N) is the interaction run discriminator cut correction.
@B(N)= 1 for the all events data.)

‘Six burst spectra have been calculated at each experimental

“level:

11 GeV

1. 7:GeV < Ej < 14 GeV E, =

2. 14 Gev < E; < 54 GeV E; = 34 Cev
3. 54 GeV < E; < 204 GeV Eu' ='86 GeV
4. 204 GeV <'E, < 604 GeV E, = 300 GeV
5. E, > 604 Gev E'u' = 1000 GeV
6. E;> 7 GeV (the total S?ectrugo Eﬁ = 24 GeV.

The ‘uncorrected and corrected burst spectra are presented in Tables
7.2 and 7.3 (the all events data) and Tables 7.4 and 7.5 (the inter-

action run data). The errors presented in these tables are stat-

istical only.
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LEVEL: ) ' ENERGY RANGE: > 7 GeV " TYPE: A1 Events Data

Number Rate in M.A.R.S. Rate in M.A.R.S.
Flash Tube Cell Corrected . : 4% Knock-On  Cell Width
+ of - {Uncorrected) . N (Corrected)
Burst Si.ze. Width  Burst Size _ Events . Events Sec-! Particle-] Correction .Con ection  poonts'Sec-1 Particle-]
1.0 _ 1 0.62 205 . 1.68 & 0.12 x 10-2 0.495 0.923 - 7.68 £ 0.55 x 10-3
2.0 1 .n a5 3.70 ¢ 0.55 x 1073 0.732 0.923. 2.50 £ 0,37
3.0 1 279 - W 15031 0.967 0.923 1.03 £ 0.28
4.0 1 3.87 5 a0z : 1.8 x 1074 - 0.970 0.923 369 1.65x 107!
20 s 192 3 . 823:402x100° .7 0.923 7.42¢ 3.72x 1078
HUONS 3625 : '
TOTAL 3899 )
LEVEL: 1 ENERGY RANGE: 7-14 Ge¥  TYPE: A1l Events Data
1.0, ! 0.62 59 4.85 '+ 0,63 x 107 0.436 0.923 1.95 £ 0.25 x 1073
_ 2.0 ! 1.0 7 5.6 £ 2.17 x 107 0.702 0.923 3734 1.41 x 074
| 4.5 4 441 2 4.10 £ 2.90 x 10 0.962 0.923 | 3.64 2 2.58 % 10
' HUONS : : ' : :
; 1342,
: TOTAL . 1410 -
Lo LEVEL: 1 ENERGY RANGE: 14-54 GeV TYPE: © A1 Eveiits Data - .
' 1.0 1 0.62 129 " 1.06 £ 0.09 x 10-2 0.516 0.923 . 5.05% 0.43% 107
2.0 . 1 n )| 2.55 £ 0.46 x 107> 0.742 0.923 1.75 ¢ 0.32
3.0 1 .79 10 8.23 + 2.60 x 1074 0.968 0.923. 7,3 ¢ 2.32 % 107
4.0 1 387 3 2.46 + 1.42 . 0.970 0.923 2.20'% 1.27
6.5 4 6.58 . 3 6.17 + 3.56 x 107> 0.976 0.923 5.56 ¢ 3.21 x 107
MUONS ‘2044 ‘ - . o ) ] .
TOTAL S N 2] '
- LEVEL: 1 ENERGY RANGE: 54-204 GeV - TYPE: Al Events Data
Flash Tbe  Cell - Corrected  NUmber: Ra(';fn:;‘rj‘e"‘:“t'e“d-f' 4% knock-On  Cell Width R"t(ecgr"re“cfe'd“)'s"
Burst Size  Width  Burst Size ™ puonec  pyents Sect! Particlerl | Correction - Correction  gyoneccoc-1 particle-
1.0 1 0.62 b 1.40 + 0,34 x 1073 0.592 0923  7.65% 1.86 x 107
2.0 1 1.0 6 - 4.94:202x10" 0.780 0.923 3.56 & 1.45
" 3.5 2 3.33 5 2.05 £ 0.92 0.973 0.923 1.84 £ 0.83
HUONS : 220
TOTAL 248
i .
i LEVEL: 1 . ENERGY RANGE 204-604 GeV TYPE: A1l Events Data
5.5 8 - 550 2 12,06 £ 1.46 x 1070 0.962° 0.923 1.87 ¢ 1.32 x 107
HUONS , 15
TOTAL ‘ 17 .
LEVEL: 1V ENERGY RANGE: > 604 GeV . " TYPE: A1l Events Data

TOTAL 4

O whe 18
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ENERGY RANGE: > 7 GeV TYPE: AN Evént;- Data

LEVEL: 3
. Number Rate in M.A.R.S. . Rate in M.A.R.S.
. Flash Tube CeN Corrected . . 4% Knock-0n Cell- Width P
A : of {Uncoryected) . (Corrected)
Burst Size  Width  Burst Size ..o Events Sec's Particle! Correction Correction  pooies'sec1 Particle~1
1.0 1 1.36 197 - 1.69 £ 0.12 % 1072 0.474 0.627 3.02 £ 0.3 X 107
2.0 1 2,95 20 1.71 £ 0.38 x 1073 0.969 0.627 1.04 £ 0.23
3.0 1 4.55 7 6.00 £ 2.27 x 1074 0.971 . 0.627 3.66 ¢ 1.38 x 107
5.0 3 7.73 6 1.72 £.0.70 ’ 0.979 0.627 1.06 ¢ 0.43
MUONS BN - . ' :
TOTAL 3781
LEVEL: 3 ENERGY RANGE: 7-14 GeV TYPE:  Al1 Events.Data
1.0. 1 1.36 '80. . 6.89 £0.77 x 10”3 0.439  0.627 1.90 £ 0.21 x 1073 -
2.0 1 2.9 10 8.58 + 2.71 x 107} 0.965 0.627 5.19 + 1.64 x 107
4.5 . 4 6.94 3. 6.43 + 3.70 x lo.‘5_ 0.97 0.627 3.92 ¢ 2.25 x 10°7°
MUONS 1308 '
TOTAL. 1401 _
LEVEL: 3 ENERGY. RANGE: 14-54 GeV TYPE= - A}1 Events Data
.0 1 1:3 106 9.10 £ 0.88 x 1073 0.485 . 0.627 2.7+ 0.27x 1073
2.0 1 2.95 8 6.86 + 2.42 x 107 . 0.969 . 0.627 4.7+ 1.47 x 07
3.0 1 4.55 5 4.29 + 1.92 - 0.972 0.627 2,62+ 1.17
5.0 3 .73 5§  .8.58+3.83x10° 0.980 0.627 . 5.27%2.3x107
HMUONS . 1953 . . ¢
TOTAL 2077 -
LEVEL: 3 ENERGY RANGE: 54-204 GeV TYPE: A1l Events Data’
Flash Tube  Cell  Corrected  1umber Rate in M.A.R.S. 4% Knock-0n  Cell Width Rate in H.A.R.S.
Burst Si Hidth Burst Si of (Uncorrected) Correction Correction (Corrected)
urst Size urst 5128 gyonts  Events Sec-1 Particle-l L Events Sec-1 Particle-1
1.0 1 1.3 N 944285 x10" 0.653  0.627 3.86 ¢ 1.17 x-1074
2.0 1 295 2 L7112 0.976 0.627 1.05 % 0.74
HUONS 230
TOTAL " 243
CLEVEL: 3 ENERGY RANGE: 204-604 GeV TYPE: A11. Events Data
TOTAL 1
LEVEL: 3 ENERGY RANGE: > 604 GeV TYPE: A1l Events Data
TOTAL 4

TReLE 1.5
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Events Events Sec~] Particle-]

; _ <. LEVEL: 1 ENERGY RANGE: > 7 GeV TYPC: Inte;r'actionl Run Data
: Number . Rate in M.A.R.S. : ; ~ -Rate in M.A.R.S.
Burst Size Width Burst Stze g0 g vncorrected) | PETIOY Comection Corroction gy gne ST
: 1.0 1 0.62 N7 8a7:o0.24x 1074 . 23.95 0.495 0923 893t 0.26x 1075
] 2.0 1 N 677  4.69 £ 0.18 7.5 . 072 0923 2.39 £ 0.09
3.0° 1 279 48 3.3 £ 0.15 3.00 0.967 0.923 9.02 4 0.40 x 1074
4.0 1 3.87 35 2.39 £ 0.13 ' 1,50 0.970 0.923 3.21 £ 0.17
5.0 1 4.96 212 1.49 £0.10 .06 0.972 0.923 1,424 0.10
60 1 6.04 146 1.01 £0.08 I W'Y 0.975 0.923 9.09¢ 0.72x 107 -
7.0 1 792 . N5 7197 £ 0.74 %1070 00 0977 0.923 7.9 0.67
8.0 1 821 108 7.48%0.72 1.00 0.980 0.923 6.77 ¢ 0.65
9.5 2 9.83 15 3.98 £ 0.37 1.00 . 0.984 0.923  3.62%0.34
15.5 10 16.33 N6 1152009 . 1.00 . 0.988 0.923 1.05 ¢ 0.08
25.5 0 2.6 -. 25 1.73:0.34x10°5 100 . 0.995 0.923 1,59 £ 0.32 x 1076
05 - 2 44 2 4362 1.20.x.107 1,00  0.9%  0.923  3.83%1.10x 107
€0.5 20 6508 3 1.08:0.60 1.00 0.990 0.923  9.49:5.47x10°
HUONS ’ 6962 ’ ' ' -
OTAL 10554
LEVEL: 1 ENERGY RANGE: 7-14 GeV TYPE: Interaction Run Data
: Flash Tube Cell  Corrected Number Ra(tlfng;‘n["e'c‘gjd)s' {scrininator 4% Knock-On Cell Width Ra,t?ciar':é:éﬁis'

Correction Correction .(:orrection. Events Sec-1 Particle~]

1.0 1 0.62 256  1.77:0.01x10°% 23.95 0.436 0923 . 1.71:0.0x107°
2.0 1 171 © 99 - 6.86 %069 x 107 .54 . 0.702 0.923 3.35+ 0.34 x 1074
3.0 1 279 &6 3191047 3.00 0.962 0.923 8.50 + 1.25 x 1075
4.0 1 3.87 8 194037 - 1.50 0.962 0.923 2.58 & 0.49
5.0 1 4.96 12 8.310.26x107 .06 - 0.962 0.923 7.82 ¢ 2.26 x 1075
6.5 2. 6.58 6  2.08 £ 0.85 1.00 0.963  0.923 1.85 % 0.6
9.0 3 8.29 4 9.24%4.62x107 .00  0.964 0.923 8.22 ¢ 4.1 x 1077
L1555 10 6.33 1. 6.93£6.93 : .00 0.970 0.923  6.20%6.20
wons 2482
T0TAL ' 293

: f%LE 7.4
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LEVEL: 1 ENERGY RANGE: ]4-54 GeV TYPE: Interaction Run Data
: Number JA.R.S, - , s en i
Do G e TR GRS BN G
0 0.62 7185 5.44 £ 0,19 x 104 23.95 0.516 0.923 6.21 £ 0.22 % 10-3
2.0 v . ag2 3.34 £ 0,15 7.54 0.742  0.923 1.73 ¢ 0.08
300 1 27 335 2.32 £ 0,13 3.00 0.968  0.923 420t 0.35x10°%
4.0 1 3.87 4 . 1.69 + 0.10 ' 1.50 0.970 . 0.923 2.27 £ 0.13 '
: 5.0 1 4.9, 162 - 1.12£0.09 1.06 0.972 0.923 ©  1.07 % 0.09
' 6.0 1 6.04 W 7.41% 0.72 x 107 1.00 0.975 0.923 . 6.67 % 0.65 X 1070
7.0 1 702 88 6.10 £ 0.65 1.00 0.977 0.923  5.50 ¢ 0.59
8.0 - 1 s 70 4.85 + 0.58 1.00 0.979 0.923 4.3 0.52
9.5 2 9.83 77 2.67%0.30 ' .00 0.983  0.923 2.42 +0.28
: . 155 10 1433 103 7.04 £ 0.70 x 10°° .00 0.98 . 0.923  6.40 % 0.64 x 107
‘ 266 0 2706 . 13 - 9.01:250x07 - 100 0.993 0.923 8.26 ¢ 2.29 x 1077
/5 . 10 3800 1 6.93 £ 6.93 x 1078 1.00 0.966 0.923 6.37 £ 6,37 x 1078
| MUONS - - 08 | ' ' T
Lo TOTAL - a5 “
LEVEL: 1 ] - ENERGY RANGE:- 54-204 éeV - " TYPE: Interaction Run Data

' lsflash Tube Cell COr.rected Nuz!;er .Ra(tlfn::"i':t':d‘)s : Discriminator 4% Knock-On Cell Width Rat&::r Mc.&.g).s.
ur_‘st Size Width Burst Size Events Events sec-1 Particie~1 Correction  Correction Correction Events Sec'?' particle-]
1.0 1 0.62 ~ 123 - 8.52:077x107°  23.95 0.592  0.923 1.11 £ 0.10 x 1073
2.0 1 o 8 5.89 + 0.64 7.54 0780 0923  3.20£0.3 x 107
3.0 1 2.79 8 . 6.0 £ 0.65 3,00 0.972 0.923 1608007 .
40  1° 387 63 . 4.3640.55 BRI I X7 0.923 .  5.88:0.76 x 107 .
5.5 2 550 66 2.29 + 0.28 1.02 0.981 0.923 2.12 + 0.2
7.5° 2 7.66 50 . 1.73:0.25 - 1.00 0.983 0.923 1.57 £ 0.23
9.5 2 9.83 2 1.00 £0.19 ©1.00 10.988 0.923 9.12 1. 1.70 x 1076
5.5 10 - 16.33 . 51 353050 x 108 1,00 0.982 - 0.923 - 3.23:0.46
25.5 10 27.16 10 6.93 ¢ 2,19 x 1077 1.00 0.99 0.923 6.3 £ 2,01 x 107
| %5 10 3800 5 3.46 £ 155 1.00 0.997 0.923, 318" 1.42
45.5 - 10  48.83 2 1.39 £ 0.98 1.00 0.998 . 0.923  1.28 £ 0.90
; MUONS . © . 483 ' ' ' ' '
! o, 1025

- mpeLe 74 (conTivued)
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LEVEL: 1 ENERGY RANGE: 204-604 GeV TYPE: lnteraction Run Data
Flash Tube Cell Corrected |umber Ra(tl?n::nﬂe.:t'e%)s : Discriminator 4% Knock-On Cell Width ,Rat(ec‘)\‘!\reﬂc.ti\e.d%.s.

Burst Size Width Burst Size [ ..o’ Fvents Sec-! Particle™) Correction Correction COrrecnqn Events Scc” Partic_le"!

1.0 1 0.62 W 9.0 & 2.5 x 1078 23.95 0.687 0.923 1.47 £ 0.38 x 107
2.0 1 0 N - 7.62 £ 2.30 © o s4 . 0.827 0.923 - 4.40 £ 1.32 x 107°
5 . 2 3; 20 6.93 £ 1.55 2,05 0.977 ©  0.923 1.28 £ 0.29

5.5 2 5.50 - 8 2.77:0.98 < 02 . 0982 - 0.923 2.56 + 0.91 x 1075
8.5 4 875 15 2.60 :0.67 100 0.988 0.923 2.37 1 0.61
205 .20 2L.75 N a8 s1asx07 1,00 0.995  0.923 3.50 £ 1.05 x 1077
50.5 ' 40  54.25 6  l2s08 .00 - 0.998 "0.923 112 1 0.42
MUONS _ 33 . '
TOAL - 18

LEVEL: 1 ENERGY kANGE; > 604 GeV . TYPE: Interaction Run Data

20 3 LN - 7. 1.62%0.61 x 107 1.54 0.873 0.923 9.85 £ 3.71 x 1070

.0 71 . 12 6 .. 5.94%2.42x107 1.00 0.987 - 0.923 5.41 5 2.21.x 1077
%5 N 2706 3 6.9324.00 x 108 .00 0997 0.923 6.37 + 3.68 x 1078
MUONS 5 ' oy
TOTAL 21

<

et -

TRBE HY (ONTIUED)
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LEVEL: v 3 E ENERGY RANGE: > 7 GeV TYPE: Interaction Run Data

: Number Rate in M.A.R.S. - i : : AR.S,
S R S N 01 1 I o el e o AL 1
w0 1.3 590 426 £ 018 x 107 - 24,78 0.474 0.627 3141013 x 1073
2.0 1. 295 46 3.33 £ 0.16 409 0.99  0.627 . 8.48320.40 x 107
3.0 4.5 34 24803 R T 0.97 0.627 2.20 + 0.12
4.0 1 6.14 200  1.73:o0.1 . 102 0.975 0.627 1.08 2 0.07
5.0 1. 293w 1.06 # 0,09 1.0 0979 0.6 6.51 & 0,55 x 1075
6.0 1. 933 N2 8.09:0.76 x10°° .00 . 0.983 0.627 4993 0.47
7.0 1 10.92 67 - 4.84 £ 0.59 , 1.00 0.985 0.627 2.99 + 0.36
8.0 1 282 2 3.5 048 1.00 - 0.987 0.627 2,00 0,30
9.5 2 - 149 66  2.38:0.29. o 0989 0.627 1.48 : 0.18
_ 6.5 10 24.47 7 5.56 £ 0.63 X 1075 1.00 0.994 . 0.627 3.47 £ 0.40 x 107
| . 2.5 0 w04 - 10 172 2.28x107 1,00 0.997  0.627 - 4.52:1.43x1077
b 40.5 20 64.31 8 . 2.89%1.02 1.00 0.9  0.627 1.81 1 0.64
P MONS - 729 ' o
TOTAL . 2916
LEVEL: 3 ENERGY RANGE: 7-14 GeV TYPE: Interaction Run Data
Flash Tube Cell Corrected Mifer  Rafe {0 MARS.  piscrininator 43 knock-on cett wigen ~ Fof2 in HAES.
Burst Size Width Burst Size g i Fvents Sec-1 Particle-l » Correction  Correction Correction .. .- coc-1 particle-l
, : &
1.0 1 1.3% 125 9.03%0.81 x 107 24.78 0.439 0.627 6.16 + 0.55 x 1074
2.0 1 s W '6.64 £ 0.69 ' 4.83 0.965 0.627 1.94 £ 0.20
3.0 1 4.55 79 5.71+0.64 Y 146 - 0.967 0.627 . 5.06 £ 0.57 x 1075
4.0 1 e 43 3012047 1.02 0.969 0.627 1.93 + 0.29.x 107
5.0 1 23 21 1.95:0.38 .00 - 0972 0.627  1.1930.23
: 6.0 1 9.33 15 1.08 £ 0.28 " 1.00 0975, 0.627 6.60 £ 1,71 x 1075
7.0 1 10.92 12 . 8.6740.25x10°° .00 . 0977 . o627 . 5.3141.53
9.0 3. WN 0. 241076 1.00 0.981 0.627 1.48 +.0.47
20.5. 2 32.44 9 3.25:1.08x 1077 1.00 0.991 0.627  2.0230.67 x 107
MUONS ’ 200 '
oTAL B E

|
:
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LEVEL: * 3 ENERGY RANGE: 14-54 GeV - TYPE: Interaction Run Data

Rate in M.A.R.S.
(Corrected)
Events Sec-1 Particle~] )

flash Tube Cell Corrected ““g“"?” Ra(tﬂ’nci:n”e‘c’\{&')s' Discriminator 4% Knock-On Cell Width
. Burstﬁize Width Burst Size o hc  Events Sec-! Particle~! Correction COrrect19n Correction

1.0 1 1.3 3 2,86 £ 0.14 x 107 .78 0.485 0.627 2.6 0.1 x 1073
207 1 2.95 213 1.97 £ 012 . 48 0.969 0.627 5.78 + 0.35 x 107
3.0 1 4.55 26 1.56 £ 0.11 . 1.46 0.972 0.627 - 1.39:0.10
4.0 1 6.4 150 1.08 £ 0.09 1.02 0.976. 0.627 4.7 + 0.56 x 10°5
50 1. 213 96 6.93:0.71x0°° 100 0.980 0.627  4.263 0.48
6.0 1 9.33° 74 5:34 £ 0.62 1.00 0.983  0.627 3.29 5 0.38
7.0 1 10.92 47 3.39  0.50 1.00. - 0.985 0.627 .- 2.09 £ 0.3
8.0 1 12.52 ) 2.17 £ 0.40 100 098 0.6 L3202
9.5 2 19 0 1.81:026 ° - 1.00 0.988 0.627 112 5 0.16
155 10 24.47 .. 53 3.83:053x10°% 1,00 - " 0.993, 0.627 2.381 0.33 x 10‘?
3.5 20 48.38 7 2.53 + 0.96 x 107 .00 0.9% 0.627 . - 1.581 0.60 x 1077
MIONS ' as4 : ' T
TOTAL ' 1811
LEVEL: 3 . ENERGY RANGE: 54-204 ée,v " TYPE: Interaction Run Data
Number Rate in M.A.R.S. s g ' ; in M.A.R.S.
Pt The S, mometed Mot leorecies) | Ottt f odetn cell it - ot
1.0 1 1.3 81 5.85 £ 0.65 x 10°° 24.78 0.556 0.627 5.05 + 0.56 x 1074
2.0 1 295 82 5.92:0.65 -y 0.072  0.627 1.74%048
;i . %0 1 4.55 a 3.18 £ 0.48 ST 46 0.9 "0.627 2.80 £ 0,43 x 107
' 4.0 1 6.14 38 2.74 £ 0.45 1.02 [0.980 0.627 “ .71 0.28
5.5 2 85 . 4 1.48 + 0.23 : 1.00 0.985  0.627 .14 1.42x 10
1.5 2 N2 15 5.42+1.40 x 1076 1.00 0.989- 0.627 3.36 & 0.87 )
9.5 2 149 N 397120 T oo 0.991 0.627 2.47 £ 0.75
15.5 0 24.47 12 -8.67 +2.50 x 1077 "1.00 0.99  0.627 5.41 ¢ 1.86.x 107
%5 10 40.41 5 3.61 ¢ 1.61 .00 . 0.997 0.627 2.26 + 1.01
_ 0.5 20 6431 4 - 144072 1.00 0.998 0.627 - 9.01 £ 4.51x 107°
MIONS 93 . ' . ’
]

TOTAL 426

| IABLE 1S (ConTInuED)

£ a



- 126 -

~LEVEL: 3 ENERGY RANGE: 204-604 GeV TYPE: Interaction Run Data
Flash Tube Cell  Corrected Nur‘l;l;er Ra(tlfn ::n!"e:tgd)s * Discriminator 4% Knock-On  Cell HWidth 'Rat&:;‘r:::'é\e'dg)‘s'
Burst §ize‘ Width Burst Size Events Events Scc-1 Particle~] Correction Correction COr_rectior_\. Events Sec-1 Particie-1
1.0 1. 3% 10 7.22 £ 2.28 x 1078 24,78 0.653 0.627 7.32 £ 2,31 x 10°°
2.0 . 1 2.95 13 9.39 ¢ 2.60 4.83 0.976 0.627 2,78 £ 0.77
3.5 2 5.34 10 3.61£1.14 7 1.13  0.981 0.627 2.51 £ 0.79 x 1076
5.5 2 853 5 1.81 £ 0.81 1.00 0.987 . 0.627 1.12 ¢ 0.50
8.5 . - 4 13.31 3 5.42 £ 3.13 x 10”7 " 1.00 0.991 0.627 337195 x107
25.5 .30 0.4 5 1.20 + 0.54 1.00 0.998 .0.627 7.51 ¢ 3.37 x 10'3_
MUONS . _ o 9
TOTAL ' 55
LEVEL: 3. ENERGY RANGE: > 604 GeV " TYPE: Interaction Run Data.

1.0 1, 1% 3 2165 1.25x 10 .78 0:751 0.627 2.52 + 1.46 x 1075
4.0 4 6.14 9 ~ 8.66 % 3.54 x 1077 1.02 0.986 0.627 J5.46 £-2.23 x 10‘_‘7
MUONS 2 ' '

TOTAL n

1
;
1
s

TARE 1.5 ,(-WT{W@S
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7.5 THE COMPARISONS OF THE RESULTANT'BURST SPECTRA
Thé experimentalvburst spectra are pfesénted'in Figures 7.5 to

7.10 with the theoretical spactra incorporating Furry fluctuationms.

The experimental points have been obtained by combining the inter-

_action run data and the all events data by weighting each poiﬁt by

»

the errors on tﬁat point, wﬁeré tﬁe error was a combiﬁatiOn of stat-
istical and s&stematic errors. Neitﬁer'the experimeﬁtal points nor
the theoretical curves'ﬁavé been normalized. : It can be seen that
the theofetical and experimental specfra agree over all the energy
ranges selected. |

In order to compare the experimental results with the various_-
interaction processes smme of the experimentai points have been div—
{ded‘by the théoretiéaliy expected fesﬁlt in various energy ranges
and energy transfers where different interaction processes should
dominate. The total spectrum (Eu > 7 GeV)'has been used to illust-—
rate the comparisoﬂffof the knock—-on and bremsstrahlung processes,
The spectra for muon energies > 204 GeV,have_béen used to illustrate
the compafison for the diréqt pair production frocess. These

results are presented in Figures 7.11 and 7.12. The errors presented

incorporate not only the statistical and systematic error on the

experimental points but also the estimated error in the theoretical

. burst spectra (& 33Z2). The dividing'line between the processes has

been obtained from Figure 6.4 and the result of Section 6.2.3. The
approximate mean eqergy transfers have been taken from calculations
performed in Section 6.3.1, i.e. there is on average about 1 GeV

energy transferred per observed particle. - As can be seen, within

. .the .errors.of this experiment the experimental results agree with the

theoretically predicted onmes.
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" FIGURE 7.6

The resultant experimental and theoretical burst spectra as observed
at the measuring levels in the MARS spectrograph.
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' The resultant eaperimental and theoretical burst spectra as
observed at the measuring levels in the MARS spectrograph.
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FIGURE 7.11. A comparison between the experimental and theoretical
results for muons of energy > 7 GeV where the. knock-on process and
bremsstrahlung processes are dominant. The errors include statistical
errors,. systematic errors, and errors in the theory.



‘ | ! _ | ' I [
' _. . 1204 GeV<E,<604 GeV-@
B - EL1. H s
L.EV {Ep<eoz. GeV-0
vy ) 206 GeV<E,<604GeV-B -
, 00— LEVELB{EP<604 GeV-D -1

[\
fPard - )
2 DIRECT PAIR IBREMSSTRAHLUNG
= L | PRODUCTON | DOMINANTL
2 B DOMINANT
e e T - @ o | i
o - I} . lﬁ
B . ¢ |
5 10 | ST
5 , |
E L] i I _
S -
D
s |
0 ~ -
5
o _
Y ] | i I 1
04 ' 0 | 100

| si rticles) |
- ¢1pprc»cimBCtl%;zs'tm%z'cizﬁ'z é grgyllc '?rgnsfer (GeV)
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results for muons of energy > 204 GeV wheve the direct patr production
and bremsstrahlung processes are dominant. The errors inelude
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A brief conparison has been'made'With previous experiments
(see Section 1.3.3 and Figures 1.2, 1.3 and 1.4).  The foliowing

observations have been made.

1. Some experiments studying the knock—-on process have
found disagreement with the theory of Bhabha in the region of 1 to
20 GeV energy transfers, particularly those results of Neddermeyer

et al. (1961) and Kearney et al. (1965,1972). Tﬁe results of this

experiment which predominantly studies that region of energy trans-

fer disagree with their results and find no significant deviations

from the Bhabha theory.

2. Vhile studying the bremsstrahlung process some experimenters
have found disagreement with' the theory at energy transfers of 100
to 10000 GeV. - However, in the region tested by this experiment

(energy transfers of 10-60 GeV), all the previous experiments have

.found no deviation from.theory. This experiment supports that

conclusion. It can be noted, ho@ever, that the 55 GeV point is
not-incqnsisfant.with an increase in the cross-section as found by

Nagano et al. (1970), Matano et al. (1968)'and_A1exander et al.
(1968).

3. Some previous'eiperiments studying the direct pair produét-
ion process havg found the theqretical_predictions to be high.
In the energy transfer region studied iﬂ this experiment, which
really covers all previous experiments due to the integr$1 nature

of the observations, there is no support for a deviation from the

- theory as calculated, although the errors presented by this experi-

ment are large.
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7.6 CONCLUSIONS FROM THE BURST SPECTRUM STUDY

Based on the results obtained from tﬁis anal&sis; it is concluded
that, within thg experimental errors of ;ﬁe.experiment;.tﬁe muon
cross-sections are as predicted and that tﬁe mﬁon beﬁaves as expected
using quantum electrodynamics.

An implicéfion ié that the Erosgfsections discussed and calc—i
ulated in Chabter 2 have not been found to be in disagreement'with'
the experimental results. “ It is beliéved that the Calculéted results
given in Appendix A are uéeable in future experiments studying
muons in iron. For example, they sﬁould'bé useful to calculatevany'
burst correction required in the ﬁigﬁ momen tum sea=level spectrum.
experiment. It is also .believed that'tﬁe energy loss by muons in

)

iron calculated in Section 6.2.2 can be used with confidence.
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CHAPTER §

CONCLUSTONS

- The objecfives of this experiment have been:

-

1. to study the interaction probabiiitiés of positive and negat-
ive muons to determine the magnitude of an interactioﬁ asymmetry,
should it be found to.exiét,
and
2.  t6 produce a set of experiméntal and theéretical burst spéctra

in iron over a range of muon energies and to compare them with one

another in an attempt to find poséible disagreement with the cross=

sections as predicted by quantum electrodynamics.

For the production of the theoretical burst spectra, the var-

ious theoretical interaction cross-sections have been studied

(Chapter 2) and the .ones considered to be the best have been calcu-
lated and are in tabular form‘in'Appendix A. Based on these cross-
sections the energy loss in iron has feen calculated (Section 6.2.2).
With thé use of?the.Ivanenko-Samusu&ov shower'deﬁelopmgnt cufves,

a series of theoretical burst'spectra h#vé.been calculaLed and are

presented in Tables 6.2, 6.3, 6.5 and 6.6.

In the.ekperimental study, the MARS'spectrograph.which is cap-

able of measuring energies 'in excess of 5 TeV, has been used to

collect a total of 22727 events. The majbrity.of'these events

P contain a burst at one. of the experimental levels. These events
y have been analyzed to see if they support an interaction charge asym—
metry using three different methods (Chapter 5). All three methods

pfodqce no evidence of a charge asymmetry. The overall charge asymmetry:
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of the cross—-section of ﬁositive-muons to.that of negative muons

is 1.020 + 0.032, with no disagreement with unit& over a large
range of energy transfers (& 1-20 GeV). Tﬁe interaction~asymmetf
ries seen by Neddermeyer et al., (1961,1965,1967), Sheldon et al.
(1973), and Ayre'et al. (1970) are believed to be systematic. The
asymmetry if Allkofer‘ét al. (1971) is very probably statistical in
the light of the most recent Allkofer result (Allkofer 1974).

‘A seri;s of experimental burst spectra over severai muon energy
ranges have beeﬁ determined (Chapter.7) and com#ared_with the
theoreticalnspectra. There is agreement over all energy ranges
and overiall_regioﬁs where partiéﬁlar’pross—séctions aré dominan;.
In pafticﬁlar, these results disagree with the results of Neddermeyer
et él.-(1961) aﬁd Kearney et a1.'(1§73) who found disagreement wifh'
the knock~-on croés—section for energy transfers of 1-20 GeV.

‘It has been concludéd from this study that the electromagnetic
cross-sections, as they are now known,.afe in agreement with:the

experimental results obtained here. Based on this conclusion the

theoretical results (i.e. numerical cross-sections, energy loss and

numerical burst spectra) can be used wifh confidence.

Quantum electrodynamics does not predict an interaction asymmetry,
and it is the basis for all the electromagnetic cross-sections used
in the theoretical calculations. All of'the.results.obtainedliﬁ
this experiment agree with QED predictionms. - Thé muon, therefore,.
appears to behave as predicfed by QED considering it as a "heavy |

electron'.
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APPENDIX A

TABLES OF THE INTERACTION PROBABILITIES OF MUONS IN IRON

Tﬁis_appendix contains_seventéen tables of the differential cross-
section for mﬁons in iron (Z = 26) calculated using thg formulae and
other criteria specified in Chapéer 2. = The cross-sections are of
the form G(Eu,Et)dEt, where o is_the cross-section, E. is the ﬁuon
energy, and Et is the energy tfansferred in the interaction. The
tables extend over Fhe energybr;nge 1 Gev»'f_Eu < 10 TeVv. " Each table

MIN

: . < < » :
conFalns energy transfgrs EMIN __Et —-EMAX’ whgre E MAX

and E are

defined as follows.
(a) For the‘knock—dn process:

EMIN.

10 MeV

EMAX = the maximum transferable energy (see Equation 2.6)

(b) For the bremsstrahlung process::

=t
I

MIN 10 MeV

EMAX = Eu ~ 0.3870 GeV. (éee Equation 2.14)

(¢) TFor the direct pair production process:

E

MIN 10 MeV

EMAX

E, - 0.038 GeV (see Equation 2.27)
(d) For the photonuclear process:

EMIN =" 100 MeV (‘v the pion rest mass)
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”_EMAX.= Eu - 0.4635-GeV (see equation 2;45)

For each muon energy and energy_transfer, data for the following cross-

‘sections are given in colummns 3 to 8 of the tables respectively.

1. The knock-on (KO) cross—section, ko’

2. The bremsstrahlung (BREPD cross—sgection, GBREM’

3. The direct pair production~(DPf) cross—-section, GDPP’
4,. - The photonuclear (PN) cross-section, Opy? ‘

5. The ;otal electromagneth-cross—sectlon, i.e. GKO + GBREM + obPP’
6. The total cross—-section, i.e. Gko + UBREM + ODPP + Opy*

All cross—sections are given in units ofv{target particles gm_1 cm2 Gev—l'.'
DISCUSSION OF UNITS

In general cross—sections are stated in one of two units, either

. 2 . -1 2, . . .
in 'em ' or in 'gm " cm'. These units are somewhat ambiguous since .

some of the dimensions are assumed to be 1mp11c1t1y understood, partly
because strictly speaklng they are not dimensions. When a quantity-

such as cycle, partlcle, number, etc. is in the un1ts of a’ quantlty,

ME WAOE Lt
1t is often left out of the phy31ca1 notation. For example)(X)1s
W TIME

stated in 'cm' instead of 'cm cycle ', @)1s~stated in 'sec' instead
_ , -1, o . I B I |
of 'sec cycle "', the muon spectrum is stated in 'sec " cm * sr

GeV/c_l', instead of 'muons sec-1 cm_2 Sf—l GeV/c—l'. For the sake
of clarity and understanding the complete units have beeﬁ used in this
appéﬁdix.'

The cross—-section in 'cmz', if it appeared, would read 'cmz'
particles atom-l‘, i.e. for the knock-on process the units would read

-1 . - . . 2
'em® electrons atom ~ ', TFor this reason a cross—-section in 'cm' '
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is given, often called the atomic cross-section (Rossi, 1952). The

! ‘ crogs-section in 'gm—licmz' reads in'this appendix as 'target parti-

c1esvgm_1'cm?‘ (i.e. for the knock-on process. the units are 'electrons
4 . _
gm T ocm ). .

i The cross-=sections have all been calculated in the latter units

"for ease of use. For example, the probability, ¢, of a knock-on
electron emerging from a material of density, p, and thickness, t, is .

1. simply

If it is required to use the cross-section in ‘en’' instead of

-1 2 i . .
‘gn ~ cm’' the conversion is

o(cm2 GeV—l) =-ﬁé-'.0-(gm_1. cm2 GeV_l) . - (A.2)
o . _ .
where

A is the atomic weight (for iron A = 55.85),

No is Avagardo's number (6.02472 x 1023-atom mole_l),

23

A/No =9,270 x 10 gm atom.-1 (for irom).
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APPENDIX B

THE FOUR-MOMENTUM TRANSFER SQUARED (q* OR t)

The‘foﬁrfmoﬁentum transfer squared (referred to as ﬁ, whgre
t = |q2|) ié A'very useful quantity in the descriptiﬁn of any inter-
laqtion process bécause it is Lorentz invariané. In the bremssfrah—
lung and direét pair production_processes.discussed in Chapter 2,
the integration over the variable t was performed by the authors of
the theories and formulae. Ho%ever, in the'photoﬁuclear proceés the
integration had to be performe& numefically by this worker.

Consider Figure B.l where a muon of momentum P_ and energy E

" travelling élong the x~axis, interacts with a nucleon via a photon.

ﬁ ' exchange, and is scattered in the x-y plane at an angle 0.

FIGURE B.1. Muon scattering by photoproduction.
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The. four-momentum (PAC) before collision is-
P4c = (Puc50,0;iEu) , . . o (B.1)
and the four-momentum (PZc) after the collision is
1A = 1 1 . sty ‘ .
P4c (Puc.cos O,Puc.31n 6,0,1Eu) . _ (3.2)

Therefore, the four-momentum transferred is

=-.-'= - P! l..' s : - Tt ’
q. P4c P4c (Puc . Puc.cos 0, Puc.31n 6,0,1(Eu Eu)). (8.3)

If Equation B.3 is squared, it 'gives t or the four-momentum transfer

- squared.

.-.t.= |q2| = l(Puc - P/;(Z!.COS 6)2 + SP{IC.‘SJ'.II 9)2 |
- E - E' ’ Boll'
&, u.)_ | (B.4)
which reduces to
F.; |q2| =;|2EUEL - 2M2c4.— 2Puc.Pﬁc.cos 0| . "~ (B.5)

where Méz is the ﬁuon.rest mass.
t is often referred to as the mass of the virtual photon and can be
either.space—like or time-~like. The minimum t will ;ccur when 06 = 0,
the case of forward scattering. _ If in Equation B.5, 0 is set equal
to zero and it is assumed that (E'/Mcz) >> 1, then it is simplé to
obtain the minimum t.
MZE#EZ
t t

B evirecnermsmt———_ (B.6)
MIN . EU(EU - Et)

here E_ = E_ - E'.
w t U v
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