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ABSTRACT

A measurement of the cnergy spectrum of hadrons at sea level in the
energy range 10 GeV to 10 TeV has been performed. The hadrons interacted
in a thick aron or lead absorber and the burst size produced was detected
by a scintillation counter placed under each absorber. The burst sizes
were used to estimate the energy of hadrons. The result on ths hadron

rS
~2¢7 = 0.1 over the

energy speclrum shows a coustant slope of ihe form E
whole energy range from 10 GeV to 10 TeV. There 1s no change or step aa
the slope between 2 - 8 TeV as has been suggested by Baruch et al. (1973).

A measurement of the energy spectrum of neutrons at sea level in the

- a me - - - AN AT Y Y P a0 — - ¥ - - _ _
CHGLERY LAl JV = 14UVUV UCy LAd Uttll maut 4nu LUg CApel .Ldienial Lesdudly Ieples=

ented as a dafferential energy spectrum an the form N(®) = K?-2°9 * 0.1 n
the same energy range, This result agrecs with previous Durham neutron
spectrun measurements,

A statistical method has been used to derive the high energy pion flux
at sea levelfrom the total measured hadron spectrum. The results show en
increase in the T /P ratio as the energy incrsases and over the energy rauge
40 GeV to 7 TeV the differential vertical flux decreases with increasing
energy as 32092 = 0°10.

A search for ?/3 charged particles (querks) close to the core of air
showers of median size 6.5 105 particles has been carried out. The search
was conducted at sea level using a flasn tube chamber technique as e visible
detector. Air showers were selected in this experiment by requirang a locel
eleciron density above the chamber to be greater than 250 m-2. In 7,009 -
hours two quark candidates were observed and both were explained as due to
background incoherent muons. With no definite quark tracks having been

. e . -11 =2 -1 -1
observed, the upper limit on the /3 quark flux is< 4.3 10 cm sec st



at 907 confidence level.
The energy spectrum of hadrons in EAS of median shower size 6.5 105
particles has been measured in the energy range 10 < E < 1,000 GeV,

A slope of ¥ = 1.07 z 0.09 has been found for the integral spectrum for

energies > 200 GeV,



1L

FREFACE

This thesis describes the work performed by the aulhor in the
Physics Departmeni of Unaversity of Durham while he w=s a research student
under the supervision of Dr. Fe. Ashton.

An experiment to study the energy speclrum of strongly anteractang
particles in 1lhe cosmic radiation at sea level has been performed using a
flash tube chamber. The chamber has been used also to study the particles
close to the core of extensive air showers, in particular to search for
quarks and study the characteristics of hadrons.

The construction of the experiment, running of the chamber, analysis
and interpretation of the data have been the responsibility of the auihor
waith the assistance in some of the early wsork from Dr. D.A. Cooper. The
results described in this thesis on the energy spectrum of hadrons at sea
level, the eaergy spectrum of charged pions at sea level and the quark search

have been reported earlier by Ashton and Saleh (1975a, b and c).



CHAFTER 1

INTRCDUCTICN

1,1 Basic developments in the study of cosmic rays

The discovery of the existence of the cosmic radiation was a
consequence of certaln experiments undertaken at the end of the last
century and the beginning of the present century on the conductivity
of gases, This work showed that the conductivity of a gas was increased
vwhen il was exposed to high energy radiation, for example, that produced
Dy rudiouctive maverials. 1N a4iliempts TO TeSlL nis nypoilnesis a numoer
of workers flew ionisation chambers in balloons and studied the variation
of conductivity with height. The early experiments were inconclusive
due to techuical difficulties but in 1912 Gockel, Hess and Kolhorster,
sent sultabvle donisation chambers up with balloons and measured the
variation of conductivity of the contained gas as a function of altitude.
They showed that the radiation, and hence the ionisation produced in the
gas, first dropped to a minimum and then increased considerably with
heighte From the experimental result it was clear that the whole of the
residual ionisation observed at sea level could not be due to the radio-
activity of the earth, nor can it be a property of the gas with which the
ionisation chamber is filled. Thus, Hess put forward the hypothesls that
the increase was due to the existence of & penetrating lonising radiation
which enters the earth's atmosphere from outer spaces He concluded that
the radiation must be extremely penetrating for it is able to penetrate the
vhole of the earth's atmosphere, He also deduced further that the radiation
was not of solar origin from the absence of any significant difference in

/‘] i Il‘\\
260 170 )



ionisation between day and night experiments, so0 the phenomenon came
eventually to be called cosmic rediation. At that time the most penetrat-
ing radiation explained as Y = radiation was thought to come from the
radioactive elements. Kolhorester (1914) working at 9,200 metres ebove
sea level found that the ionisation increased up to ten times its value at
sea level,

He found that the absorption coefficient \ derived fram I = I, e~ ¢
where 4 1s the thickness of' the atmosphere had the value 10~ per cm of air
which was much less than for Y = radiation from neturally occurring radio-
active materials. The conclusions of Hess and KolhOrster were not immed-
iately accepled and in fact a greal deal of controversy took place between
171 = 1926, 1In tne meunvime, nowever, & numvelr Of dirlfvrene vypes Of
radiation detectors had been developed wathin the field of nuclear physics
such as the Geiger = Muller counter. This counter was capable of being
discharged Ly the passage of a single charge particle or Y = ray quantum.
Thus, for charged particle discharges the counter operates by means of the
ionisation which the charged particle produces directly, while the Y =~ ray
quantum does so by virtue of the ionisation produced by secondary electrons
to which it loses part of its energy in Compton scatterse

Therefore it is possible to detect Y = rays which have a detection
efficiency less thamn charged particles.

In 1929 Bothe and KilhSrster used the Geiger counter to study cosmic
rays end by using counters in coincidence to insure that the radiation was
due to single charge particles passing through the successive counters.

This proved the existence of charged particles, i

The other instruments introduced into cosmic ray physics at the end of
the twenties was the Wilson cloud chamber, which was not only capeble of

detecting individual charged particles but also of giving much more deteiled




information on their trajectories and interections. However, with a

cloud chamber operated in a strong magnetic field Anderson discovered

the positive electron (positron) in 1932, and this was confirmed soon

afterwards by Blackett and Occhialinl using a cloud chamber controlled
by Geliger counterse.

In 1929 a cloud chamber photogreph showed a case where many particles
crossed the chamber simultaneously. This was defined as a 'shower' and
later, Blackett and Occhialini showed the existence of positive end negative
electrons in these showerse.

Rossi in 1932 made measurements on the absorption properties of cosmic
radiation showing the existence of two main components, the hard (penetrating)
component and the soft (absorbed) componente

Direct determination of the mass from cloud chamber observations hes
been made using & combination of magnetic and multiplate chambers.

Range = momentum methods were used by Anderson and Neddermeyer and
independently by Street and Stevensen in the period 1936 - 1938 to evaluate
the mass of the particless The particles were found to have a mass of
about 200 ye (Me is the mass of the electron) end were later named |l - mesonse

Yukawa in (1935) had predicted the existence in the nucleus of a
particle of mass about 200 Mg which would act as a link between the neuirons
and protons in the nucleuse This particle according to Yukewa should inter-
act strongly with matter. It was suggested that the B = mesons should not
be identifizd with the Yukawa particles However, with the development of
the nuclear emulsion technique such a suggestion was shown to be corrsct
and another heavy particle was discovered which fitted Yukawa's prediction
better. So in 1947 the T - meson was aidentified by Lattes, Muirhead,

Occhialini and Powell and experimentally it was shown that these particles

were produced directly in interactions and decay to W = mesonse



Rochester and Butler (191,.7) reported the exastence of even heavier mesons
called 'strangd particles. However, this discovery was followed up by

en intensive search for other new particles in cosmic rays and accelerators,
table 1.1 shows a summary of the discovery of the so called elementary part-
icles given by Hillaes (1972). By this time the general picture of the
cosmic radiation was becoming clear and the interactions involving the

primery cosmic rays (proton) with air nuclei also became clear.

1,2 The primery cosmic ray spectrum

The primary particles arriving at the top of the atmosphers have

come in a small proportion from the sun but the majority have come from

In the primary cosmic radiation nucleons are known as a single proton;
and when the protons and neutrona are together they form the heavier nuclei.
The spectra for various primary components are shown in figure l.i. This
figure can be expressed in a variety of ways, the choice being usuelly
determined by the method of measurement. At the highost energies, where
extensive air showers are examined, the informsiion i1s usually in terms of
primaery energy per nucleus. Below J.O:u‘L ¢V the ordinate refers to the
number of nuclel per unit kinetic cnergy per nuclecn. Figure 1.2 also shows
this composition in more detail where the primary cosmic radiation protons

represent about 85% of the particles and the remainder are heavier nuclei.

le3 The secondary cosmic ray particles

The primary particles (protons) interact with cir nuclei when they
pass through the atmosphere producing secondary particlese The heavier
nuclel in their collisions fragment into nuclei of lower atomic number so

that after a few interactions they have completely split into their



Datc

1900 ) Parucle  Source of  y o ent used  Specfic observation
! radiation made
1930
1931 AL
1932 \ ‘, ¥.(v.) nuclear reactor liquid scintillator Capture by proton
1933 \- Y accelerator spark chamber Producuon of x4 and
1934 \ (Z not e
1935 e” discharge tube fluorescent screen Rato ¢/m
1936 cosmic rays cloud chamber Charge mass
1937 ~~—L 4™, p~ cosmic rays cloud chamber Absenre of radiation
1938 loss in Pb, deuay at
rest, mass
1939 COSMIC Fays nuclear emulsion < — x decay at rest
1940 cosSmiIC rays nuclear emulsion  Nuclear interaction
1941 at rest
1942 accelerator counters Decay into ,-ravs
1943 COSMIC rays nuclear emulsion K., decay
1944 COSMIC ravs nuclear emulsion Nuclear interaction
1945 at rest
1946 cosmic rays cloud chamber Dccay into =77~
1947 in flight
1948 accelerator bubble chamber  Total mass of ducay
1949 products
1950 discharge tube spectroscopes, Charges and masses
1951 mass spectrometers  of 1ons
1952 accelerator Cerenkov counter ¢/m measured,
1953 annthilation
1954 * radioactivity  1onization Mass from elastic
1955 chamber collisions
1956 accelerator counters Annihilation
1957 COSMIC rays cloud chamber Decay to p~ 1n ilignt
1958 accelerator nuclear emulsion Dciav to pt7 n fhignt
1959 COSMIC rays nuclear emulsion  Decav at rest
1960 accelerator diffusion chamber Decay to n77 1n flight
1961 accelerator babole chaniber Decay to 17 1n fign®
1962 £~ cosmic rays cloud chamber Decay to 17 n fight
1963 accelerator bubble chamber  Decay to 11”n ilizht
1964 accelerator buoble chamber  Decay to 1~ ir fight
1965 Very many ‘resonance pzarticles with
1966 Ifetimes ~ 107 to 10-19 5
1967 \ accelerator bubbic chambers Total mass of decay
! products
7“Fireballs  cosmic rays nuclear emulsion  Angles of meson
emission
Table 1.1 Summary of the discovery of the elementary

particles. After Hillas, 1972.



Figure 1.1

Figure 1.2

Summary of measurements on the primary
spectrum of protons and nuclei in the

cosmic radaation, corrected for geomagnetic
effects,

The groupings of nuclel are as follows:

L:3=< 2Z =5; M: 6=<7Z =9 and H: 10=Z.

After Wolfendale, (1973).

Differential energy spectra of various groups
of nuclei cbtained by the Max Plank Institute
group and the Goddard groupe. Both of these
experaments use tctal energy colorimeters,
After Vebber, (1973).
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congtituent nucleonse In each interaction the nucleons emerge with a
certain fraction of their initial energy and the remaining energy is used
into the production of plonse.

At sea level neutrons, pilons, kaons and muons must be secondaries
produced in nuclear interactions while protons and neutrons may be surviving

primaries,

l.4 Hadron energy spectra

The energy spectra of hadrons or nuclear active particles (protons -
neutrons and pions) have been studied in detail using the flash tube
chamber, A technique has been adopted for measuring the emergy of these
particles interacting in lead and iron absorber.

In chapter 3 the theory of these cascades is developad and the relation
between the burst size (number of particles measured in a detector below an
absorber) and the energy of the primary varticle has been given. Chapter 5
describes the experimental results on the hadron energy spectrum at sea level
and chapter 6 summarises the results on the neutron and pion energy speclra.

The energy spectra end the characteristics of hadrons in an extensive
air shower of median shower size 6.5 105 has been studiede The results
of this study are given in chapter 9.

The full experimental arrangement of the present work has been discussed

in chapter 4.

1.5 Search for quarks

Since the theory of quarks was first postulated to explain the structurs
of elementary particles many experiments have been performed to search for
these particles.

The baslic developments of quark theory and a review on the quark



searches has been given in chapter 7.

Chapter 8 explains the experiment carried out to search for these
particles in the secondary cosmic radiation. In this chapter the search
was carried out close to the core of EAS, assuming the quarks, if they
exist, to be produced in very high energy interactions of the primary

cosmic rays with the atmospheric nuclei,




CEAPTER 2

REVITW OF MEASUREIMENTS CF SINGLE HADRCN SPECTRA

AT SEA LEVEL AND HIGH ALTITUDE

2,1 Introduction

In thas chapter measurements of the hadron (nuclear actave particles)
spectrum at various depths in the atmosphere are summarased and compared.
The majority of experiments to study the interactions of hedrons in

the atmosphere have been performed at mountaian altatudes, although some

mag eanvament e hawa haan nanffnrwmad at+ aas Tawal Th’.’ mean Mosaemn frr the

mountain altitude experiments is that for the higher altitude of the appar-
atus the greater flux of high energy particles one can gete

In the primary cosmic radiation protons contrabute about 85% of the
partacles ithe remainder beang heavier niclei, see figure 1.2, so that
the neutrons, pions and kaons must be secondaries produced ian the nuclear
interaction of tne primaries. By studying the energy spectra of all the
different componenis at different depths in the atmosphere 1t 1s possible

to obtain ainformation about the nature of thear intieractione.

2.2 Experimental methods of measuring particle intensities

It is convenient to discuss the experimental methods according to the
techniques used, and one can classify the techniques used anto four cate-

gories, with each of them restricted to a fairly well defined energy range.

2.2,1 The direct measurement method

The direct measursment mcthod used to measure the particles morenta




were determined from (a) a comparison of their rates of ionization loss

and thégé rangesg. The rate of ionizaiion loss by a singly charged part-
icle in eny given medium is a function only of the velocity of the particle.
At non relativistic encrgies this loss is inversely proportional to the
square of the velocity so that the difference in ionization ranges of
protons and the other types of particles present in the cosmic radiation

is large. By observing the rates of particles stopped by an absorber of
suitable thickness as a function of energy, the low energy protons spectrum
can be derived. (b) Another technique in this energy range uses a mag-
netic spectrometer, which gives a particularly reliable estimate of the
particle momentum. A charge particle shows a curvature of its trajectory
in a magnetic fielde However, 1t should be possible wath higher field; to
measure the higher energies.

These techniques are therefore suiteble only for measuring the charged
perticles, and if the momentum spectrum of positive particles (protons,
pions and muons) were determined from either magnetically or fror a compar—
ison of their rates of ionization loss and their ranges and alsc if the
negative particles (pions, muons) were determu:cd in the same way, then the
proton momentum spectrum can be evaluateds This method covers the energy

renge up to ~ 200 GeV.

20:2,2 The nuclear interaction method

This method has been used with conjunction wath a magnetic spectro-
graph and in the region of energies = 1010 eVoe After deflecting the
charge particle by a magnetic field a nuclear interaction occurs in a
thick absorber and either the pions produce in this interaction or evapor-

ation neutrons from the 'target' nuclei can be detecteds Nuclear active



particles were recognized by thelr production of evaporation neutrons,
The proton spectrum has been derived from the difference between the
positively and negatively charged particle spectra, and after subtracting
the muon contrabution rom the spectrum of negative interacting particles

& pion spectrum can be deraved.

20203 The ionization calorimeter method

The lonization calorimeter was originally developed by Gragorov et al.
(1958) and initially it was intended for use in measuring the energy of

individual particles, either charged or neutral in the energy range above

011

(i

eV Tenally in the top of the celorimater a lar
several interaction lengths in thickness, in which the hadrons (nuclear
active particles) anteracts with ite. The calorimeter used as an object

of absorbang the whole of the energy of incident hadrons, most of the energy
goes into the electron-photon cascades which develop from the neutral pions
('ﬂf ) produced either in the interactions of the incident hadrons or from
the secondary charged pions which anteract inside the calorimeter. From
the shower (electron-photon) development curves measured at a series of'
depths inside the calorimeter the incident energies of the pramary particles
can be calculatede The calabration for the absolute energy is difficult
end systematic errors may be significant, but it can measure the energy of
en individual particle to an accuracy of approximately 30%. This device
has been employed in several experaments with spark chambers and different

target meterials at sea level and high altitude to study the characteristic

of high energy nuclear interactims,

2.2+4 The burst method

From the electron-photon showers or 'burets' which eventuelly develoepe



10

from the neutral pions as the result of a high energy interaction of
incident hadrons in a thick target, incident hadron energies can be
estimated, Usually the apparatus used consists of a single layer of

a target material above a detector which is capable of measurang the
total number of electrons emerging from the absorbere. By using a sample
model one can calculate the number of eleclrons as a function of the
pramary energy. This type of technique 1s thus not very reliable for
determining the energy for individual particles but it can be employed
more usefully In the meassursment of a spectrum where a large nuaber of
events are being taken. This method has been used in the present work

and it will be discussed further in chapter 3.

2.3 Measurements at sea level

2.3.,1 Brooke snd Wolfendale (196.)

A magnetic spectrograph was used to measure the sea level momentum
spectrum of cosuic ray protons in the range 0.6 to 150 GeV/c. The
spectrograph used four measurang levels, 1@o above and two below the
magnet and the deflections, and therefore the momenta of the triggering
particles are determined from the intersection of their trajectories
with the four levels. Protons were detected by two methods (a) vy
their absorption, either through ionization loss or interaction, in &
local absorber, or (b) through their production of evaporation neutrons
using a neutron monitor. Both methods can be used in the low energy
region but at high energies where the probability of secondaries emerging
from the sbsorber is high, then the evaporation neutron method becomes

more reliable to use.
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Figure 2,1 shows the measured differential vertical momentum
spectrum of protons at sea level by Brooke and Wolfendale, Mylgﬁi_
and Walson (1951) have measured the proton spectrum at sea level in
the range 0.6 - 12 GeV/c using the absorption method, the measurements
agres with the measurements of Brooke and Volfendale up to 28eV/c, but
above this the intensities of Mylora and Walson become lowers

Also an estimale of the proton to muon ratio has been made. The
result found is that this ratio falls as the momentum increases, the
ratio being 6% at 0.7 GeV/c and about O.4% over the momentum raage

50 = 150 GeV/co

203.2 Brooke et al. (1961+l

The momentum spectrum of negative pions an the vertical darection
was measured using the same spectrograph discussed in Section 2.3.1 an
conjunction with a neutron monitor. Pions were detected by means of
their interaction and subsequent neutron production in the monitor.
The ratio betwer. positive and negative pions 1s taken to be unaty as
calculations show that even for momenta cf about 100 GeV/c at sea level
the majority of the survivang pions comc from intoractioms at low altiludes,
where the proton to neutron ratio is unity. Figure 2.2 shows the measured

vertical differential energy spectrum of pions at sea level.

2.3,3 Diggory et al, (1974)

A magnetic spectrograph similar in principle to that used by Brooke
and Wolfendale, whach included a large air gap magnet and neutron monitor.
The method adopted to derive the absoluts flux of protons and pions was

similar to the one discussed in section 2.3.,1. The data of Diggory et al.
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may be usefully compared waith results of Brooke and Wolfendale, It
appears from figure 2.1 that the spectra are in reasonable agreenent.

The data of the negative pion momentum spectrum has been corrected for
positive pions assuming the ratio Tr'/ Tr” is uniiy and the fanal result
is showmn in figure 2.2 as the pion energy spsctrum at sea level. This

result is compared with the result of Brooke et al. in the same figure.

2.3.4 F. Ashton (1973)

The low and the high energy spectra of neulrons are summarised as
the best estimate for the neulron energy spectrum at sea level, Ashton

\ P T P U T L - -
15727 « Tl diisct meaBurement of e 10w euevigy specirum nas veen mads

”~™~

in the region 0.4 - 1.2 GeV Ashton et al. (1971a)using the charge exchangs
reaction n + p —> p + n. Tgure 2.3 shows the result of the low energy
neutron spectrum compared with other workss From this fagure it can be
seen that lonization loss can be neglected in considering the propagation
of nucleons of energy greater than 5 GeV through the atmosphere. At
higher energies ( > 20 GeV) the neutren spectrum has been obtained from
the burst spectrum produced by neutral pramary particles in a thick steel
target Ashton et al. (1970). Fagure 2.4 shows the verticel differential
energy spectrums Over the energy range 50 - 1,000 GeV the spectrum

N(E) = AEY shoms VY= 2,952 0.1,

2,3.5 Cowan and Matthews (1971)

Cowan and Matthews (1971) used an ionization calorimeter together
with nine cloud chambers principally to study hadron interactions and

also to measure the energy spectrum of unaccompanied incident hadrons.
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The array of overall dimensions 5.8 m by 1.6 m by 0.9 m was operated

at 250 m above sea levels A total of 1,167 single cosmic ray particles
has been observed in 0,85 year and wath a solid angle area 0,65 m2 sto
The neutral to charge rstio was measured for incident particles which
interacted in one of the layers of carbon, the value found being 0.295

: 0,035 at an average energy of 330 GeV. The energy spectra of plons
and protons have been calculated from the measured charged spectrum using
the neutral to charge ratio and Cowan and Matthews took this ratio to be
0.9. Hayakawa (1969) gave a value greater than 0,9 at sea levcl, although
this would be a lower limit at large atmospheric depthse Assuming the
neutron to proton ratio i1s 0.9 Cowan and Matithews found almost exactly
twice &s many pions as protonse The restli for the energy specirum of

charged hadrons is shown in figure 2.5.

2.3.6 SiOhan et al, (197}3._).

They have measured the charged hadron flux at sea level using an
jonization calorimeter., The calorimetsr, of erea 4 m2 ; consisled of
8 interactaon lengths of iron in 8 layers of 15.2 cm eaches The device
estimates the energy of an incident hadron by measuriang ithe development
of its nuclear - electromagnetic cascade, sampled after each interaction
length by laquid scantillation detectors. The threshold for traggering
corresponded to > 900 equivalent muons (~ 300 GeV hadron)s A Monte-
Carlo simulation for the colarimeter was used to obtain the energy of
primary incadent hadrons from the equivalent muons (E ~ No°9). Muon
bursts accounted for about 3% of all triggers. The measured vertical

spectrum of hadrons in the energy range 350 - 1,000 GeV, gives the result:
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R(E) = (2.6 £ 0.75) x 1077 ('*3/350)"Y n2 sect st™t gev L,

Where Y = 5.3 z 0.9 and I an GeV, for single hadrons unaccompanied over /. m2.
- A - -2 - - -1
R(E) = (2.23 ¥ 0.24) x 10 6 (F/350) ¥ n 2 sec ™t st Gevl.

Where Y = 3.35 ¥ 0.25 and ¥ an GeV, for all single hadrons,

In fagure 2,5 the speclrum of all single hadrons is shom.

2.3.7 Dmitriev et al. (1960)

Dmitriev et al. (1960) studied high energy nuclear actave particles
(NAF) using jonization chambers and the method of detecting those particles
from the bursis they produce in thack absorber by high energy NAP (hadrons)
was used. A single detector layer contained four aoniazation chambers with
total effective area of 1 m2. A total of 720 Geager Counters were used to
register the charged particles accompanying the nuclear actaive particles.
The absorber of thas experament consists of several lsyers, a layer of lezd
5 cm thick (used also as shielding to the experimeni), a layer of graphite
70 cm thick ard a laycr of lead 2 cm thicke. The encrgy of NAP wilh energy

(E = 10%2

eV) can be estimated by medasaring the amount of ionizatior an
the chambers, The layer of lead immediately above the i1onizetion chambers
was chosen svch thoi cascades resulting from interactions in the graphite
vwere near maximum develorment at the ionization chambers, cescades from
anteractions in the lead layer (top) would be well past maximum development,
During ihe operating time 1,300 hours 948 bursts were regisiered each
corresponding to the passage of > 1,000 relativistic particles, The mean
frequency of bursts N = 1,000 was found 0.7 zo0.04 hr-l m-z. The energy
spectrum of the nuclear active particles (hadrons) in the energy range from
51012 eV to 51013 eV 1s shown in figure 2.5.

2.3.8 Babecki et al. (1961)

This work was performed using an arrzy designed for the study of
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interaction processes involving particles of energy 1012 - 1013 oV,

The array consisted of four rows of ionization chambers between which

were lead and graphite filters of different thickness. The arrangement
of the chambers made it possible to determine the cuordinates of the

shower produced by recorded bursts. The pulses from each of the chambers
were indavidually recorded, and events were recorded if the total ioniza-
tion a1s greater than a given threshold value simultaneously in each of

any two of the layers of ionization chambers. The data on the ionizatioa
bursts in the chambers, obtained durang 2,640 hours are shown in figure 2.6

and the integral burst spectrum was given with exponent -l1l.9 . 0.03.

26349 Baruch et al, (1975)

A study of the hadron energy spectrum stall continues an the high

energy region and a recent experament reported by Baruch et al, will be
discussed in this section. They have operated a single interaction
calorameter at site F of the Haverah Park array, 240 meter above sea level,
The calorimeter has a sensitaive area of 4 m2, is surrounded by air shower
detectors, ond is designed to measure the energy of hadrons inleracting in
a 60 g cnrz thaick graphite target: Under a further length of steel are
two crossed layers of proportional counters separated by 3.5 radiation
lengths of lead. There are 112 counters in each layer, and their diametsr
is 3.5 cme The signals from each detactor are recorded indivadually.
The electron-photon cascades, or bursts, produced by hadrons reaching theair
maximum at depths in the lead near the layers of the proportional counters.
are recognized from the relative amounts of ionization in the two layers.
The calorimeter does not measure the total ionization of the cascades

subsequent to hadron interactions in the calorimeter, but the maxinum'Nmax,
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of the cascade. They estimate cascades are at maximum development af

the ratio of the number of electrons (burst size) in the top tray of the
proportional counters is within a factor 2 of those recorded in the bottonm
tray.

The triggerang threshold was taken as more than 1,500 elcctons in
each layer, or by a minimum shower size recorded Ly the shower detecters.
The absolute energy calibration of the apparatus was made by studying its
response to artificially accelerated electrons of known energies, the
response at other energies being calculated from the cascade curves gaiven
by Buja (1963). Howevor, the result given by Baruch et al. (1973) for
the daifferential energy spectrum of all hadrons at sea level snows a step
'kank' between 2,0 - 8,0 TeV in the spectrum. It was suggested that this
result in which the slope changes can be anterpreted as evidonce for a new

2 -
particle called "Mandela" of mass 40 - 70 GeV/c , a mean lafe tame 2 10 7

00

+ 10
700

gsecond and an interactaon length of 1,00C | gcmrg. The fraction of
the energy, KY s given to the electromagnetic cascade by this particle
would be 40 - 95%,

The dafferential energy spectrum of all hadrons measured by Baruch

et al. with the kink appearaing at ~ 2 TeV as shown in figure 2.5.

2.3.10 G.B. Yodh (1974)

A result on high energy hadrons al sea level using the same acnacataion
calorimeter discussed in section 2.3.6 has been given by Yodh (private
commmnaication). The new results were extended to a few TeV, and the differ-
ential energy spectrum measured in a running tame of 447 hours and energies

between 1 TeV to 6 TeV is also shown in figure 2.5.
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2.4 lMeasurements at high altatude

2.4.1 Kaneko et al. (1971)

They have observed at Mt. Chacaltaya, 550 gcm_2, a high energy
nuclear burst produced by hadrons with energy greater than 31012 eV and
without accompanying shower particles. These are most likely to be
produced by survaiving primary protons arriving at Chaceltaya without inter-
action in the atmosphere. The basic experimental arrangement consists of
10 vertical telescopes each consisting of 2 and 3 unshielded counters

placed above one shielded counter under 3865cﬁ72 of &bsorber. The

integral energy spectrum of surviving praimary protons is shown in figure

2070

1

2.4.2 Gragorov et al. (1965)

The measurements were made at Mt. Aragats, ~ 700 g cm_z, using &n
ionization calorameter of 10 m2 operaling area. The calorimeter contained
12 trays of ionization chambers placed under filiers of lead, graphite and
irone The flux of nuclear active particles of energy up to 31012 eV
has been measured. The 633 events were recorded duraing 1,015 hours and
from the measured anguler distrabution, coss-a was founds The integral

energy spectrum of the particles without air accompanying showers is showm

in figure 2.7,
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2.4.3 Jones et al. (1970)

A cosmic ray experiament at Echo lake, 7005ch2, Colorado, has been
used to study the interactions of cosmic ray hadrons with protonse.
Thas experiment, whiach used 2000 - liter liquid hadrogen target, spark
chambers and an 1onization calorimeter was carried out at Echo lLake, and
produced approximately 1,000 interacticns sbove 70 GeVe The caloramoter
was constructed from iron and plastic scintallator wath a total thickness
1,130 g cm-2. The energy of an incident hadron was determined from the
pulse heights of the calorimeter counterse The energy resolution of the
calorameter was estimated to be about I 15%., From the data on hedroms,

2 st-l sec_JS,

the ntegral flux was represented bv N(>E) = (3 x 10-7)3-2(10-
vith E in GeV. The slops of the spectrum is grealer then that usually
found because the anticoincidence counlers reject a larger fraction of

high energy hadrons as they are more probably accompanied by secondaries

from prior collisions an the atmosphers, The result is shown in figure 2.7.

2.Jrey  Siohan €. al. (1973b)

An ionazation calorameter has been operated at an altitude of 2,900
metears (730 g cm-2) at SRCRL in New Mexico, to measure the charged hadron
flux. The calorameter is the same as the one operated al sea level and
is descrabed in section 2,3.6. The triggering threshold of the calora-
rneter varied between 55 and 100 GeV. A large plastic scintillator of
total area 3.3 m2 was placed in anticoincidence to record the shower
accompanied hadronse

The dafferential vertical flux of charge single hadrons unaccompanied

over 5 m2 1s shown in fagure 2.7 walh:
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AN/AE = (7.95 ¥ 0.9) x 107 (E/IOO)—}‘2 -1 partaicles/ 12 sec st GeV

for 100 < E < 1,200 GeV,

2.5 Daiscussion

In this survey, the best estimate momentum spectrum for protons
between 1 - 100 GeV/c has been given. The shape of the spectrum in
this region is consistent with that expected for a primary spectrum with
constant exponent when ionization loss in the atmosphere is taken into
considerataon; i1t 1s assumed that the protons observed al sea level have
traversed half the atmosphere on average, as neutrons. The previous
measurements by Brooke and Wolfendalc are in good agreement with the later
measurements of Daggory et al.

Also the best measurements on the neulron energy spectrum summarisead
by Ashton 1973 )prov1ded the best evidence for the behaviour of the
nucleon spectrum at high energies, ihis measurement gives a slope

Y = = 2.95 ¥ 0.1 an the energy range 50 -~ 1,000 GeV.

The spectrum of negative pions has been measured by Brooke et al. end
Diggory et al., The intensaties obtained in Diggory et al. are system-
atically higher by a factor of two up than those of Brooke et al., part of
this dascrepancy may be due to the different normalizatiomn procedures used
to obtain the fluv but there still remeins a discrepancy of more than 1.5
at ell momeuta. No direct measurements have been made on the high energy

11

( >10™" eV) paon flux, the only method of separation pions from charged

particles producing bursts is the statistical method wnach will be discussed
in chapter 6, The most inleresting thing in thais survey as the result
given by Baruch et al. showing a bump in the hadron spectrum between

12

2107 eV to 81012 eV which ithey suggested is due to a new particle (this
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is dascussed in detail an section 2.3.9). Unfortunately there is no
other experimental result ihat covers this regaion. Dmitraev et al.
measurements siarted after the kank, they found there 1s an ancrease in

the intensaty of their bursts and the slope of their differentiel spectrum
s vy = =2.5. Babecki et 8l. an theair measurements of bursts covered the
region where the bump is, but they did not fand il Go Yodh shows an

his later measurements that there is no change in the slope in his spectrum
( y=-3.6)s However, 1f we start to look to the experimcntal results at
high altitude, one can see that most of them covered the bump region, but
also ithere is no sign of any step. Baruch et al. suggested that the expera-
ments which study high energy hadrons at high a2ltitude might miss at,

because the new particle has a very long interaction length 1000 z '—;ggug cm-zo

Cne can derive intensities at sea level by multaiplying them by a factor e%\
vhere X is the depth in g cm-'2 and A 1is the intersctaon length. However,
the work in this thesis covered a very w.de energy range in the spectrum and

the result obtained will be dascussed an chapter 5,
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THECRY OF THE PRODUCTIQN CF BURSTS IN THICK IRCN

AND LEAD ABSCRBERS

3e1 Introduction

It was noted in chapter 2 that most of the experiments used to
measure hadron energy spectra and study the interaction of high energy
hadrons at different depths in the atmosphere usually employ some type
of ionization calorameter. Such calorimeter consist of a sandwich
arrangement ol lnun absorbers and devectors used TO measure ine uevelop-
nent of the cascade produced in the nuclear interaction. The energy of
the hadron can be estimated from the ionization produced by the particles
in the cascadeo

In this experiment iwo differeni absorbers ware used (iron and lead)
and a single detector under each absorber was used to measure the number
of particles emerging from the absorber due to a nadron interacling strongly
with the target nucleus. The energy of the incident hadrons can be deter-
mined if the physacal processes occurring are understood and cen be predicted.
In this chapter the problem of a hadron (nucleon, pion) initiating a nuclear-
electromagnetic cascade has been studied and a method of obtaining the energy
of the hadron will be discusseds Initially purc electron~-photon cascedes
will be discussed, consideration then being extended to nuclear-electromagnetic

cascades.

3.2 Outline of the cascade process

Assume a hadron incadent on a dense absorber of depth, X, then the
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probability that the hadron undergoes a strong interaction follows the
exponential form &\ where A 1s the interaction lengths When the
hadron interacts, secondaries will be produced (mainly paons). If the
incident particle 1s a nucleon then a fraction of i1.= energy goes to

the socondary pions and the nucleon continues through the absorber, possibly
to interact again. If the incident particle is a charged pion then it
loses all of i1ts energy to the secondary pionse.

It was assumed that the number of charged pions produced an each
interactaion i1s twice the number of neutrals, The charge pions interact
deeper in the absorber producing more pions to contraibute in the cascade
agamn. The neutral pions decay to iwo gamma rays which can then iniliate
an electron-photon cascade either by materialaising into an electron-posatron
pair or by undergoing Compton scatterang. If the olectron (positron) cnerzy
is above the cratical energy of the medaum, then the electron can produce
more photons by radiation loss (bremsstrahlung), and the photon in turn
producing more electrons. Because of this, an electron-photon shower is
built up in the medaum, After a certain depth in the medium the cascade
reaches a point where the mean encrgy of the elescirons in the cascade fxlls
below the critical energy of the medium and the cascade starts to die out
because the collision losses become more important than the radiation loss
and ell the energy 18 losl in excitaetion and ionaization an the medium.

It is important to point out that the secondary pions and the cascade
developmeni{ moves in the absorber almost in the same direction &s the
parent inciadent hadron thas means the cascade has been considered as one-
dimensional process in the medium,

Over a considerable tims many workers have atiempted to explain theoret-
ically the behavaour of an electron-photon cascade in various media. The

approach can be divided into two categories: 1l. The analytical method,
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in which a set of daffusion equations are used 1o represent the dovelop~
ment of the shower at a given depthe 2. The Monte Carlo method, an
which the primary particle and all subsequent particles are followed

through the material,

3.3 One dimensional electron-vhoton shower development

3e3.1 Basic equations

To derave the number of electrons and photons at a gaven depth in
an absorbor produced by a primary electron or photon of energy E is
mathematically verv diffieul t.

The equations of the one-dimensional cascade theory, vhiach include
pair production and compton scatterang by photons and bremsstrahlung
and ionization losses by electrons are deraved an detail by Rossi (1952)
by considering the various production and absorption phenomena taking place
in an infanatesimal leyer of thickness dt. The diffusion equations
relating the number of electrons and pholons e!{ depth, t, to the number

of electrons and photons at depth (t + dt) are:

Ko E:350 " ', E,E ) aE + ; Lt E,E - E) a8
Lz éY(E Do, B o o [ oo, & -9

E
E
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Sz j TL(E, t) @ (% ,E) && ’fE Y (E,t) @ (E,E) &
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Where, T((E,t) dE represents the number of slections of amnergy L to
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E + dE at depth t, Y(E,t) dE 25 ihe number of photons of energy between
E and E + dE at depth t, @ 1% the average ionization loss per radiation
length, \pe(E,EI) is the dafferential probability per radiation length
for the production of =2 photon of energy E' by an electron of energy E
and gpp(E,E') is the dafferential probabaliiy per radiation lemgth for
the production of an electron of energy EI by a photon of energy E.

To solve these equaiions analylically certain simplifying assumptions

can be made. For example, the equations can be solved by numerical

mtegration using exact probabilities for each process.

3e342 The analytic solution using Approxaimations A and B

Rossi (1952) has given an det2il the assumption of Approxamations
A and B to solve the diffusion equations. If we consider energies large
compared with the criatical energy of the medium then the theory of the
showers can be developed by considering only radiation processes and .air
production (Approximation A). Furthermore, if the energies are also large
conpared with 137 Meczz% , radiation processes und pair production can be
described by the asymptotic formula for complete screening, in this Approx-
imation A the collision processes and Compton efiect were neglected.
It is interesting to note that Approximation A shower theory gives identical
results for all materials provided thicknesses are measured in radiation
lengths. Vhen the energies involved become conparable wath the critacal
energy the Compton effect can be neglected but collision processes must be
taken into account with the pair production and radiation process (Approxa-
mation B)e Also, 1t should be noted that Approxaimation B yields adentical
results for all elements provided one measures thicknesses in radiation

lengths and the energies in terms of the craitical energy.
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3e¢3¢3 Method of moments

The method of Approximations A and B which utilise what are knowm
as functional transformations to solve the diffusion equations gives a
complete solution to the problem describing one~dimensional cascades in
light media. The method, however, breaks down in light elements when
the energy of the particle which inatiates the cascade becomes comparable
with the critical energy of the medium in which the shower developes.

Since in heavy media (high 2) this becomes invalid because the total
photon absorption coefficient depends strongly on emnergy and the back
scattering of electrons plays an important rolee.

The approach. the method of moments. ecalerulates the average hahaviaor
of the cascade (1.e., the number of electrons or photons with energy
greater then E which emerge from a layer of thickness t)e These momente
are simpler to compute than the probabilities gaven on the right hand side
of the diffusion equations., The accuracy of this method depends on the
order to which the moments are calculated. This approach has been used
by Ivanenko and Samosudov (1959, 1967a, 1967b) who evaluate the farst four
moments, with an accuracy of 5 - 1C% to chtain the transition (shower)
curves. Ivanenko and Samosudov have produced & series of shower curves
covering a wade range of energies for different absorbers (copper, lead,
iron, aluminium and graphite) and for different cut off energies for the
electrons and photonse. The curves have been calculatad taking into account
the energy dependence of the total photon absorption coefficient and also
include the effect of the increased track length due to multiple scattering
of the electrons.

Fagures 3.1 and 3.2 show the transition curves for photon - inatiated

cascades in iron and lead for an energy cut-off of ~ 1 MeV,
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3e3.4 Monte Carlo method

Several Monte Carlo calculations have been performed on the develop-~
ment of electron-photon showers in different materials. The method is
based on followang the primary electron or photon and its progeny continu-
ously through the absorber. However, this gives accurate results if
one can use the exact interaction probabalities, The results concerning
the average shower behaviour are subject to fluertuztions because the error
depends on the number of simlations performed at each energy. One of
those results 1s given by Messel and Crawford (1970). They studied the
three damensional cascade problem in copper for various primary and second-
ary energies. They vroduced extensive tables of electron and nhoton

number disirabulions, togelher with radial and angular distributions.

3.3:5 A comparison between calculations and experiments

Coats (1967) has made a comparison between some experaimental results
on electron-photon cascade showers in iron wath the results of Ivanenko
and Samosudov end finds a reasonable agreement.

A comparison has also been made between experimental results and
calculations for two different praimary electron energy induced cascades in
lead., TFagures 3.3 and 3.4 shows this comparison. At low energy the
calculalion of Ivanenko and Samsodov and the Monte Carlo sirulation of
Crewford and Messel look in a good agreement (figure 3.3)s Two of the
experimenial results show higher curves above the calculations and the
experaimental curve of Heutch and Prescott. Thas apparent disagreement
between the experimental results i1s likely to be due to experimental
diffaiculties in defaning the cut off energy. The results at high energy

show there is no direct experamenial results or Monte Carlo results, but
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the numeracal calculation of Thielheim and Zollner are shown (figure 3.4)

with the calculation of Ivanenko and Samosudov,

3.4 Saimulation of nuclear anteractions in a thick absorber

3ehel General remarks

Any experament performed to measure the energy spectrum of hadrons
depends on a knowledge of their interacltion cheracteristics. The energy
of the interacting hadron has to be estimated from the burst size, that
is measured by a scintillation counter and in order to do this a model
for lnel: wnieiaciion with vhe largel waucle: Las 10 be adoptede

Several people have done calculations using the Monte Carlo technique
to study the nuclesr-slectromagnetic cascade in thear experament.

Jones (1969a, 1969b) has samlated the lmmgatudinsl nuclear-electromegnetic
cascade development 1n en ionization spcelrometer using a Monte Carlo
calculation. Calculations have been performed i1o correspond to an actual
spectromeler which vas exposed to 1C, 20.5 and 28 GeV/c incident protons

at Brookhaven. The comparisons of the culculated and measured partacle
daistraibutions wndicate that the Monte Carlo method used does indeed provide
a reasonable simmlation of the nuclear electromagnetic cascade development
in the longitudinal direction. Vatcha el al. (1972) have performed Monte
Carlo calculetiona for hadions anteracting in irone. The simulations were
carried out for the same geometry as was used in a multiple cloud chamber.
From the calculation of the hadron electromagnetic cascade the relation
between the primary hadron energy and the track lengths corresponding to
different stages of development and absorption of the cascade were obtained.

135

They found it is possible to determine the energy up to 107” eV wath an
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accuracy better than 50% in the chamber.

Vatcha et al. conclude that the cascades in the energy range
1l -~ 10 TeV show much faster absorption after the cascade maxaimum than
that predicted by any of the models used. They sugsost that a higher
inelasticity combined wailh a higher multiplicaity could explain their
observation. Alternatively, Vatcha et al. suggested thal a possible
anterpretation for this feature i1s the gammanisation process suggestied
by Nikolsky (1967) an which hagh cnergy photons are produced darectly
in nuclear interactions above some threshold.

The total number of electrons has boen calculated by Pankau and
Thompson (1966) for different air, glass and iron al sorbers usang the
model of Cocconi, Koester and Perkins (CKF), the calculation helped in
the design of the ionizetion spectrometers for the measurement of the
total energy of the particless In this experiment the total number of
electrons observed in the bottom of the absorber due to nuclear interaction
was celculated using a model basically samilar to the CKP model. This

will be discussed in the next section.

3ehe2 Model of nuclear interactions

An average treatment calculation was made to calculate the nuclear
cascade in a thack absorber produced by incident protons and pions on
aron and lead absorbere The properties of the model introduced for
nuclear interaction can be summarized as follows:

(2) The hadron is incadent vertically on the absorber.
(b) The hadron energy loss by ionization processes were neglected.
(¢) The inc:ident hadron was allowed to interact at successive depth t

(radiation length) accordang to the probability dastrabutaon:
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_7A
1 'ﬁ?

P(t) at = e dt where, )\ is the intersction

length of the praimary particle in radiation lengths.

(d) The inelasticity, X, for the pions was assumed to be unity,
i.e. all 1ts energy goes to the secondary particles produced
in each interaction. For protons, the mean inelastacity was
assumed to be a function of the absorber meterial.

(e) The mean multiplicaty of ihe secondery particles is of the form:

hJ
A, = 3.0 4% (xg)*
where A 1s the atomic mass of the absorber and E 1s the energy of

the incadent particles Thais equation 1s based on a combination

of' survays (P-g. Greayder 1970, Vidowesyk _1_9?3) an

4 on ‘he hydro-
dynamical model Belenkji and Iandau (1956). All the secondary
particles are assumed to be pzons and the number of charged pions
( ©2) twice the neutral pions ( n.°).

(f) Il was assumed that an the nuclea: interaction all secondary pions
created moved in the forward cone and the mean multipliclty was
used to deturmine the mean energies of the forward paons. Each
pion nas on average equal energy and the probabilaty energy
distribution for these secondaries in the laboratory system is

given by:

P(E) dE = 7

where, P(E)dF is the differential

probability of the secondary pions having energy between E and E + dE,

E' is the mean energy of the forward cone,

Havang all these assumptions knovm, the method adopted to determine
the nucloar cascade in a Jead and iron absorber was as follows:

The absorber (15 cm of iron, 15 cm of lead) was divided into four
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layers (A,B,C and D) of equal thickness. The incadenl praimary particle
with a gaiven energy E GeV was alloved to intersct ain each layer according
to the probabailities calculated from the equation given item Co In

the first interaction secondary pions are produced -nd 1t was assumed

2/3 of the pamns arc charged and 1/3 neulral. A cut-off was applied

for the charged pions with energy < 1 GeV and for neutral pions with
energy < 0.2 GeVe The tolal number of charged pions with energy = 1 GeV
and the totel number of neutral pions of energy> 0.2 GeV was calculsted
using the CKP distribution (atem €)e The mean energy for the charge pions
with energy cut-off >1 GeV is (1 + E ) GeV and for neutral pions with
energy cut-off > 0.2 GeV 15 (0.2 + E ),

This was calculated from:

00 ]
- [Ee/ AE__

B = —E E’

0 [
[ “E/E a®
e e
£ E

where, E is the mean energy of produced pions in GeVeo
The nevtrel pions were assumed to decay immediately into two photons with
equal energy which can then inilaiate an electron-photon cascade. The
charged pions eather anteracted deeper an the absorber or emerged from
it wathout interaction. The average depth of the successive anteractions

vas calcul=ted from:

x = xn - x .
exp( XA\ ) -1

where X is the distance from the bottom of the absorber for the

farst interaction. (The farst intleraction is assumed to happen in the
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middle of the Jayers A, B, C and D)o Ay 1s the interaction length

of the pion. As mentioned before if the incadent primary particle is

a pion then all its energy goes to the secondary pions because the
wnelasticaty was assumed to be unity, Bul if the incadent primary was

a proton, the mean i1nelasticity was assumed to be a function of the absorber
material. Jones ot al. (1969 ) have gaven a summary, faigure 3.5, showing
the relationship between the mean inelasticity and tne atomic mass number
A, The anelasticity of protons was taken to be 0.63 for aron and 0.8
for lead absorber, Dafferent values of K was given by various workers.
Bradt and Reppaport (1967) assumed:va.lue of the inelaslicity of protons
interacting with air nucler to be a flat distribution between K - 0,25

and h + V.25 where K 18 0Us5.

The nuclear cascade terminated when all of ihe hadrons (primary and
produced in the interactions) had either passed out of the absorber or
ihelir energy had fallen below the cut-off,

The energy cut-off of 1 GeV for charged pions i1s based on {the fact
that the inelastic cross-section of pions drops very sharply at this value
(Hayakava 1969). This means ihal the pions would not caatribute to the
cascade, A cut-off was applied also for created neutral pions T if
their energiles were 1less than 0.2 GeV since the photon produced by the
decay of the T almost at rest would not cmtribute significantly to
the electromagnetic cascades A full list of values of constants used in

this calculation 1s given an table 3.1,

3.5 Result of the Calculation -

3.5e1 Energy - burst size relation

Dif‘fer%t pramary energies: 10 GeV, 100 GeV, 1 TeV and 10 TeV were
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Material Density  E_ (MeV), Radiation
(g cm-j) with densaity lengEh Xo
effect. (g cm
Fe 7.6 21 Lol
Pb 11.&'- 706 605
A 2.7 - 25
glass 205 -~ 26.3

Table 3.1(a)

An

11.6 X,
BBl Xy
5437 %,

5.01 X,

A list of constants used in the calculation,

949k X,
33.08 Xo
he25 X

3,95 X,

Material Mean multiplicaty of
tons X
protons P
Fe 0063
pb 0.80

Table 3.1(b)

Mean muliiplaicity of
pions Kp

1.0

1.0

The mean inelasticities used for proton-nucleus
and pion-nucleus collisions in the calculation.

See fugure 3.6.
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taken to calculate the burst size enorgy relation for protons and pions
mcident on a 15 cm lead and 15 cm aron absorber.s The average number
of electrons obtained as a function of incideni particle energy are
shown in figures 3.6 and 3.7. It can be seen that for a given material
the pion and proton curves are almost parallel, the diffeerence in the
burst size (eleciron number) for a given energy being approximately
proportional to the inelasticity. As 1t 1s noted from the iwo figures,
there 1s almost a linear relationshap between burst size and the energy
(E ~N) for protons and pions in lead over all the energy ranges. In
the case of iron at hizh energies the curves show a flattening. One can
anterpret this as due to the fact that the cascade at high energy can not
fully develop in the relatively than iron absorbec thickness 8,19 radiation
lengths. VWhereas in the lead saturation is not reached because of the
relatively greater depth available for the cascade development, thickness
26,17 radiation length.

Also, 100 TeV proton induced cascades in lead were calculated and

thas is shom in figure 3.7,

2¢b02 Burst size distrabution

The average treaiment gaves useful information about the average
properties of the cascade through the absorber. The dastributions of
the produced burst size below the iron and lead as a function of the
depth of the first interaction are shown in figures 3.8 and 3.9 for pions
and protons with dif'ferent energies inciadent om aron, figures 3.10 and
3011 for pimms and protons with different energles incident on lead,

As shown in figurcs 3.8 and 3.9 there is no maxaimum for the burst size

daistrabution at high energies, because as mentioned before ithe cascadse as
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not fully developed through the iron which has a thackness 8.19 radaation
length. For a gaven energy the probability of Observing a bursi size S N
particles could be calculated from the above distribution. The integral
probability of pions iith energy Ey producing a burst size S N below the
iron and lead are showmn in figures 3.12 and 3.13.

The Monte Carlo method has been used to calculate the burst size=-
energy reletionship also for proton and pion incident on leed and iron
absorber (Cooper, 1974, privale communicetion), Simalar nuclear - physical
essumptions were made in both cases. Such that the two approaches should
be directly comparable. Approximately 1,000 cascades were generated at
each of four energies.

Fagure 3.14 shoas & comparison between the results from both calcula-
tions. There is good agreoment between both melhods in calculating the
mean number of electrons as a function of incident primary energye.

Cooper has also simulated cascades incidenl wath a zenith angle of 300

in order to estimate the sensitavaty of the results 1o the zenath angle.
These results are consistent with the conclusions reached above. In the
lead target the cascades incident at 300 produce less electiron below the
ebsorber becsuse of the grsater depth through whach the cascade passes.
In the airon, however, the increased path length allows the cascade to
develop more fully at high energies producing larger burst size.

Figures 3.15 and 3.16 shows the comparison for pions inleracting at
different depth in 15 cm of iron and leade A total of 200 cascades were
simulaled at each energy in the case of iron and 100 cascades an the case
of leads The simulation results are shown as a scatter plot and the full
curves are the result of the numerical methods It can be seen that the
results are quite close, although the small discrepancies at highest energies

are to be expectedo
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3.6 Diuscussion

The methods descraibed in this chapter make 1t possible to predict
the development of nuclesar-electromapgnetic cascades in the iron and
lead absorber of the flash tube chamber. There was a good ogrcement
between the numeracal calculation and the Monte Carlo calculation to
predact 1he size of lhe cascade as a functacn of erergy in le=ad and
iron. The results on burst size cnerzgy relation give a large error if
one tries to megsure the cnergy of individvual particles anteracting in
the absorbery but the method gives reasonable rcsults for the energy
spectrun vhen & large number of everts are dealt with.

The relation between the bursl size emerging from the absorber and
the width of the burst falling on the flash tubes will Le discussed in

detail in chapter 4o



Figure 3.15

A comparison between ihe average tresiment calculation (s0l1d curves
and lonie Carlo calculation (Scaiter pvlois) for the relaticn between
depth of inalial (farst) interaction and the burst size below 15 cms
of iron for piorns at four eneigies,

The results of czlcul~ations by Vatcha et al. are shown for compariso
for 1 TeV pionse
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Figure 3.16

A comparison between the averapre treatment calculation (solid curves
and Monte Carlo calculation (Scatter plots) for the relation betweer
depth of initial (Lfairst) anteraction and the burst size below 15 cms
of lead for pions at four energies.
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CHAPTER 4

THF FLASH TUBS CHAMBLR AND THY VERTICAI BUPST EXPFRINFNT

Lol Iniroduction

The flash tube cheomber as a big vasible detector vas used to study
the characteristics of cosmic ray particles at ses level, The chamber
was constructed oraginally to search for quarks in extensive aar showers
(mAS), using a local electron density to irigcer the chamber. The results
of thas vesearch wall be disca.scé an Chapter 8,

Thronghout the aearech for auarks 1t was noted that there are snme
events showing nuclear active pasrticles interaciing in the abscrber auside
the chamber and producing bursts which show on the flash itubes as a width
defined by a s0l12d nuiber of flashed {tubes, Therefore, the idea was to
measure these events and to estimatz Llhear energies. To estamatc the
energies of these particles one has to know the relation beiween the buret
size produced helow an absorber of lead or iron =4 the width of the burst
as measured in the flash lubes direclly below the absorber,

The results of the cnergy spcctrum of hadrcns in EAS will be dascussed
in Chapter 9. A modafication to the flash tube chamber hes been made which
allowed bursts in either the aron or lead absorber to be selected and their
s1zes measured under each absorber by e scintallation counter. The full

experirenial arrengement will be discussed in deteal in thas chapter.

4e2 The flash tube chamber

L.2.1 Constructaicn of the chamber

A scale diagram of the flash tube chamber i1s shown in fagure 4.l.
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The chamber uses 10,478 flash tubes of mean internal diameter 1.58 cms.
and mean external drareter 1,78 cms. Eoch flash tube 1s 2 metres in
length and made from sode glass filled vith neon gas (98%) and helaum
gas (2%) to a pressuce of 60 cms. Hge The flash tiles are distrabuted
an 12, layers. Altemately, the layers contain &, and 85 tubes stacked
side by side., Every tube 1s covered with polythere sleevang to stop
laght transferring to the neaghbouring {ubcs.

Between every two layers there is a sheet of aluminium of 0,122 cm.
in thackness. The front view of the chamber shows € blocks of tubes,
Fla (8 layers), F1b (6 layers), F2 (52 leyers), F3 (44 layers), Ha (6 laycrs)
b (8 layers)s In the soctions F2 and F3 (figure 4.l) the area of the
electrode 18 2,94 m2, vhile an Fla, Flb, Fie and F4b the elcctrodes are
shorter by 50 cms. and cover an area of 2,48 m2.

A 15 cms. of iron absorber was placed betweon Fla and Flb to study
the interaction of nuclear active particles and to recogniso pencilroting
particles in the chamber. The plastic scintillztors A and B positioned
inside the chamber, (see figure 4.l) each of area 1.05 m2, the phosphor of
each counter was a large slab of 5 cms. thickness NE102:s The five 53 AVD
pholomultivlier tubes and one 56 AVP tube viewed the phosphor by light
guides of solid perspex, see figure L.2a. The constructaion of these
counters has becn described by Ashton et al. (19688), Scintillator A
placed darectly below ihe iron and scintillator B placed between the two
flash tube layers Fhe and Fibe These two scintillators were used in
coincidence to select single penetrating particles (muons) for calibrating
the efficiency of the flash tubes,

The chamber was shielded above waith 15 cms. of lead absorber, This
absorber was designed to cut out the sofi corponents (electrons and photons)
in extensive air shower while &llowing penetrating partacles to pass through

the chamber., The chamber 18 situated in e tunnel of rectangular cross=—
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section waith 30 cms. thick barytes concrete walls. This also acted
as a filter to absorb the soft components. Above the lead three liquad
scintillators were used to select extensive air shower triggers., Each
scantallator of area 1.2 m2 and depth 15 cms emplo; ed two photomultipliers
EM1 9583B vaewing the phosphor through rectangular holes in the light guade
mirrors, see figure L.2b. The construction of these counters has been
descrabed by Ahsion et al. {1965).

The whole chamber 1s an the dark when the experiment is running,
allowing the use of a camera without shutter so il is always sensitive
to an event. The camera wound on eutomatically by one frame after each

event.

4.2,2 The high voltage mulsing sysiem

The high voltage pulsing system consasts of a H.T. pulsing unat and
an air spark gap. A 5 volts trigger pulse is used to trigger a thyrisior
producing an output of +300 voltse Thas output is fed into a high voltage
pulse trensformer and the output produces the trigger pulse spark gap,
figure 4.3« A voltage of 16 kV is applied across the main spark gape
&he irigger spark cause the gap to break down largely by the production
of photoelectrons. The high voltage pulse applied to the electrodes is
approximately rectanguler of height 8 kV. and length 10 pus . Tagure
4oL, shows the circuit diegram for the spark gap and the delay line which
has four elements, each of capacaitence C = 0.1 f and inductance

= 22 WH o+ The capacity of the flash tube chamber which this unit

draves 1s 0,087 ut .

4.2.,3 Cheracleristics of the flash tubes

The operation of the flash tubes depends on the zonazation left by a

charged particle passing ihrough a tube. However, when the trigger occurs
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a high voltage pulse musi be applied to the electrodes creating an

electric field across the flash tubes. Thus the ionization due to the
passage of the charged particle will break down and a vaisible dascharge wall
occur in the tube, ‘he sensitivaily of the tube to the i1onization can be
varied by varying the time delay between ihe passage of the charged particle
and tne application of the high voltage pulsc across the tubes. The most
important characteristic for the present application is the efficiency -
time delay denendence. The problea of the aonization and what causes

the discharge has been discussed an detail by Lloyd (1960), He has
concluded that only free electrons which are produced initially can cause
the daschargec. The positive 1ons and the neon atoms do not contrabute to
the probability of a discharge and similarly the rcsonance or non=-resonsnce
photons which are radiated by excited atoms cen have lattle or no effect.

A solution to the daffusion equations for lhe electrons produced in
the 1onization has been given by Lloyd using the probabialaly of dascharse
occurring 1f a hagh voltage pulse 15 applied to the tube in a time TD cfter
traversal by a charged particle. A universal curve given by ILloyd for the
expected variation of efficiency with tims delay Dt/a2 in terms of tne
parameter alel, where D is the daffusion coeff{icicent of a thermal electron
an neon at the relevant pressure, a 1s the tube radius, fl 1s the probabilaty
that a single electron is capable of producing a flash when a high voltage
pulse 1s aoplied and Qy s the number of inatial eleclrons produced per unit
length in the neon gas.

The relation between the time delay Tp and the intermal eff‘lciency('ql)
has been calculated for different values of alel usiang the lloyd method
for the flash tubes used in this experiment, fagure 4.5.

In order to determine the best value of the parameter af1Q1 to fat
the experamental results, incoherent muons were selected by the two plastic

scmtillators A end B whaich were used in coincadence.
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L.2.4 The effaciency-lime delay measurepeni

As mentioned above single ruons can be selecled by a two-Told
comcidoneas beiween the plastic scinlbillators A and B The block
diagram for this sclection 1s shown in figure 4.6. The rate of single
particles was ¢ 31culated from 1.05 m? scintillators area and 250 cms.
d1istance betvioen 1he cenire of A and B to be 12 sec—l. Due to this huigh
rate, = dead lame of 30 seconds was imposed after each event, This dead
vime being aprlied by means of an ©C - conticllsd delay caircuil vhicn
switched a relay earthiny the coinc.leace pulse line. The pulse from the
coincidence between A and B wes fed farstly to Lhis 30 seconds delay gencr-
ab®I GOd Laeu 8lI0wEd LO LELgEcl e Spaill GEp appeyiung Whe high vollege
pulse to the flash 1iubos and to starl the cyeling syster shach traggers
microswitches controlling fiducial lights on tho chamber, 1lluminatica for
the clock, and also for wanding on the csmera, This cycle takes approxi-
mately 7 seconds ernd durmp this timc the peralysed electronics gave iame
for the high voltage ceracilor to get charged again and mnke the experiment
sensitive tc the next cvent,

For each time delay TD’ a large numbrr of events were pholographed
and studied an detaale The method of anelysing ihose events was by
progecting the falms onto the scanning tobles. The event was not only
accented when the track passed through F2 and }3 but must also appear in
Fl and F4, The second condition proves that muons do not traverse the
front or near edges of the chamber, since 1t has been showm by Ashton el al.
(1971b) that a tube may flash with a low efficiency af the charged varticle
passes lhrough the tube a small distconce beyoad the electrcde edge.

The layer eff:.clency(‘nl_) was measured by couniling the number of tubes

flashed in successave layers along the lenglh of the track in F2 and #3
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and divided by the total number of layers in F2 and T3 (96). To convert

lo internal efficiency (Wg), the layer efficiency was muliiplied by the

ratlo between the mean external diameler to the mean internal diameter.
1,81

T‘I = (1.—55-).7“_ = 1.11157]1_

The resulis of the number of flashes along the track in F2 4+ F3 for
various lime delays are shown in fagure L.7. The dashed distribution
corresponds to the binomial fat, since the varaation of layer efficiency
would be expected to be & binomial distribution for an array of randomly
positioned tubese Figure 4.8 shows the meen of these dastributions ploited
on the efficiency time delayv curves w#ith other experimental resulis. It
was found that the best fat for Lloyd's parameter afiql to the experimen.al
points is 9 i,

However, the [lash tube technique makes 1t possible to search and
study the adea of the exastence of fractional charged particles (quarks)
i cosmic rays because the only parameter depending on the charge of the
particle is Ql and this 15 related to the ionization loss of the particle
in the gas ond 1s a function of the squarc of the electric charge. So
for the quarks of charge 7/3 the expected efficaency-time delay curve

B

o> (Lorentz factor), as the cangle muons

as that given by Lloyd's curve with af&Ql = % x (9 : 1) = 1.0 : 0.1, and

having the same value of Y

thais 1s also showmn in fagure 4.8. The quark research will be discussed

in Chapter 8.

L.3 The arrangement for the vertical burst experiment

43,1 Introduction

The primary aim of the vertical burst experament was to obtain a
calibration for the data obtained on bursts produced by hadrons close to

the core of extensive air showers. In order to obtain this calabration a



(7]
> 8

~
o

-
[52)

(i)

Frequency
=)
¥

TD-GPS
Hg=7622 6

3 r :

0
50 60 70 & SO

No Flashes Mrack (‘=2 'Fa)

T.=30ps

)
O W =10627
b :"".
- »

_I

15
D-
5}
0 1

35, Tp=130ps
N'=3| 9: 9
301

25

100

Figure 4.7

TD =10us

Nf = 76 33
0 [~] 30¢
-
ro3 8 25}
201 201
'
15K ) 5
'
(]
©} 10
5f K 1
0 (X 1 L - _ 0 )
50 60 7 80 90 100 50 60 70 80 90 100
!
ID=50ps
0 W=694s 8
25}
1]

‘Or- —}

astk T1n=200yps
Np=8 02

rold

5

Tne distribution of the number of flasnes along the track in F2 4 F3

for various time delay, T._.
expected binomial dastrabutionm.

The dashed dastrivutions represent the




100

v L] L L L LR ] ] ] ) T 1 1 ' |

30~ y

80 i
°\°
= 70} -
&
% 60| .
5
"g' S0 .
o
kS

LOr .

30F o 8Kv Squaie pulse (present exp) ]

88Ky - - (previous exp)

% o 8 Kv Exponential pulse (previous exp) ]

10+ -

0 1 1 PR N S B I | 1 1 PR S TS S I T i

1 2 10 20 50 100 200
Tp (pS)
Tipgure 4.8

The variation of the anternzl efficiencyv of the flash tubes

as a function of time delay, T.. The full curve revresents

the theoretical predaction w1tR af.Q. = 9 as a best fit to

the experamental p01nts.e The curve with af,Q, = 1.0 corresponds

to a particle of charge /3. The curves——.——andicate the latafude
of uncertainty.




4

slight modifacation to ithe chamber has been made and single hadrons were
selected to irigger the experament by either bursts produced in the iron
or lead absorber.

In addition to the praimary aim, it was hoped that 1lhis experament
could give a good resolution at high energy and provids anformation on
features of the energy spectrum of single hadrons at sea level., The

result will be dascussed in Chapters 5 and 6.

4L .3.2 Ulodification of the flash tube chamber

The flash tube chamber was modified such that bursis in the lead
or iron absorber could be selected and measured.

The plastic scintillation detcctor was used to measure the size of
the burst below the absorber. There was already a plastic scaintallator
in place below the iron absorber and this 1s called scintilletor A (sce
fagure 4.1). So the only addition was to posaition another similar
scintillator (named scintillator C) below the lead absorber and an lino
with scintillator A. Fortunately there was enocugh space between the
lead and the flash tubes Fla (see fagure 4.1). Therefore, there was
no need to raise the lead roof and change the dimensions which i1s an
important factor. The flash tubes in the upper layer Fla (8 layers) were
brought forwerd by 15 cms to make a sensitive area of 2.9 m2 and coverang
completely the iron. This was done in order to recognise neutral partiacles
producing bursts an the iron.

The middle liquad scaintillator M was operated with the experiment in
order to get some information about the hadrons accompanied by EAS.

Figure 4.9 shows this new arrangement for the flash tube chamber,

4.3.3 Calibration of the scintillators

The calibration has been made for tne tnree scintillation counters 5,
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C andl, In case of" ithe plaslic scniailoiore A and C the lwo middle
photomul tinlaers were nol ueed, vecause otle of them was for the fast
timing measwrements. To symmelraize the counter, 1he opvosite photo-
multiplier tube w..s nol used (see t'igure 4.2a)e The coastructiom and
the response of 1he  ocuntall-tlaidr comlers has been described by
Ashion et al. (Ly6fa),

Swgle pariacles were selected by a srall geiger telescope and the
pulse fron “‘h: cdincrdence was used to trusger the scope. The scintallator
pulses weru delayed by means of Celey luie by approxinciely 1 plwe

Before the calibration, a1t was smporiut 1o know the lose in pulse
hcight for a pulse trensmitted from the »hctoruvléipl.cvs to the output
of the delay line, vor lthis reason a square rulse of 100ns wadth was
chosen. The outlput/input charactsyisiic for the scintillator A, ¢ and ¥
1s shown in fagures 4.10 end 4.1l and the circo.t used as also sho.m an
these dicgrams.  Tor sangle particlss, .zeverswmg the zentre of cach
scintallator in the vertlcal darectaior, ithe pulse height distraibuvtaon was
measured for different values of W,T. vollarc zpplied 0 the tube. The
means of earh das*cibutzon are plolled ageinst ithe volleage applied 1o the
photomultioplier tubes and tne re.ult 1: shown in figure 4.12, It can be
seen that all the vhotomultirlicer 1ubes have approxanately the same slope.
A single pover supply unaii was used Lo supply the voliage and potentaometers
were used Lo distribule the voliage across ecch photomultiplaier tubes The
potentioneters were adjusted for each tuhe sciarately to gave identacal
output pulse heights for a chorged particle traversing the centre of the
scintillatore Thus a1t was possible to calibraie the complele scintillator
by adding the oucvnuis from the photomultiplaer tubes. The pulse height
distributions obtaired for scintillateors £ and C are sho.n in faigures L.l13

and l..1h, The means of these dastrahbulions were then covrecied for the
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Tiure 4,12

The variztion of swingle partirle pulse bourht as a
funciion of H.T. appliecd to zach rholo mitzipd ter
tube 1 the ihree scantidlatore, () s~wniallatoce A,
(») scantdlaror ¢ sad (c) sc.at Jlatar v,

The rulse hepyht veasured at the out-ot of the
onlafier (see fipoves 1,210 wnd hell),
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The swnple rariticls pulse height disirsbution fer
scintalletor Ae
Tle pul.,.n beisht weasurzd at the cutpul of the

amvlsfier (see figare 4.10),
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Fagure 4.1k

The sangle pariicle pulse height distribution for
scimlillator C.

The pulse heighl measured at the output of the
amplaifier (see figure 4.11).
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Variation of ouimut pulse height watn the H.T. voltage applied to
the sciarill-tors A and C.

The pulse heirhi 1s grven al the outnut of the photomultiplaers for
8 sinrle nenelrating particle troversing the centre of the counter
at verticol ncidence.
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Variation cf oiatput pulse heightl with the H.T. voliage aprlaed to
the scintillater M  The pulse heaght 1s gaiven at the output of
lthe jholomuliipliers for 2 single penetratinz particle traversing
the centre of the counter at vertical incadencec,
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loss of the pulse height (see figures 4.10 and 4.11) through the
electronics. However, the charazcteristics of the three scintillataon

counters obteined in this way are shown in figures k.15 and L4.16.

Lo3.k  Setting un the experiment

The experiment was set up Lo trigger off bursts greater than a
certain size in eather scintillator A or Co The burst size N was defined
as a burst vhich produced a pulse height of N times the sangle particle
pulse heights The block diagram for the electronics used in the experi-
ment 1s shown in fagure 4.17. Vhen the trigger occurred the oulses from
both scintillators A or C were displayed on an oscilloscope irace after
being delayed by O.3us and 0.9Us recpectively. Subsequently a high
voltiage pulse was applied to ihe flash tubes and a photograph showang the
geonetry of burst was obtained,

The triggering threshold was delermiied by dascraminalors which were
set to a fixed level using a pulse genersior, lhen 2t was possible to
selecl a dafferent triggerang threshold by altering onlv the H.T. applied
to i1he photomultivlier tubes. The liquad scantillstor M was set at an H.T,.
value in vhich 1t could record more than iwo pariicles, the pulses from
this scantallator beang deleayed by l.6Hs .

The chamber was run with two different time delays (20Ms and 330HUS )
between Lhe occurrence of the burst end the epplication of the hagh voltage
pulse to the flash tubes, Hence, the 20{Ls time delay used for this
experimant was the same as that requared for extensive air shower experaiment
to look for the quarkse A list has been given below showang the series of

f1ilms wvath the trigger thresholds used during running this experiment.
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Film number trigrperaing threshold
H1 - H2 > 20 particles]
H3 - H9 2 100 partacles Tp = 20us
H10 - Hl, 2 200 pertaicles
Hi5 - H24 2 400 psrticles
H25 - H28 > 200 particles
H29 - H35 > 400 particles
H36 - H39 > 400 particles |
Tp = 330Hs
BOo - ¥77 2 500 particles |

L The experamental data

Lidrel The procedure of analysins the data

The anformation from both falms were teken after projgecting the

falms onto scanning tables. From the oscilloscope film one can get
mformation about the pulse heights from the scintillstors, the origin of
the burst and the shower accompaniment (af any) vwath the ancident hadronue
From the flash tube chamber film the widih of the burst could be measured
and the projccted angle of the cascade through ithe chamber could also be
measured.

The burst width was measured in cms on the »canniang sheets, figurc L.18,

hence to transform to real space the wadth must be multiplied by a factor of

20, Each event was studied, classified and measured carefully. Plates
4.1 to 4.4 show examples of events obtained from running the experiment on

20 s time delay.
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Figure L.18

The front view of the flash tube chamber as drawn on the
scanning sheet,




Plate L1 Event H23 - 30

A burst produced an the lead which peneirated the
aron, prodacing output pulses 1'rom scwntillators

C &nd A,

There 13 also EAS uccompaaiment, seen an Llhe laiquad
scintillator M.

Fror left to raght of the ovcilloscope trace, the
scantailliator outruts are A, C and V.

his was laken {rom a run using a time dealy Tp

of 2045

[¢]
n

620 particles.
1,600 particles.

o)
(]

=
h

31 partacles.






Mate 4.2 Event H35 -~ 14

A bursl produced in lead which penetrates the
iron, givang pulses from scwntillators C an
Ao

This was taken {rom a run uswmg e time delay

TD of 20 s.

Q
]

880 particles.

>
n

1,300 particles,.






Plate 4.3 Event H29 - 14

A burst produced in the iron by a charged
particle.

The oscilloscope trace shows a pulse from
scintillator A.

This was taken from a run using a time
delay TD of 20 Hs

A = 900 particles.






Plate L.lL Event H31 - 2

A burst vrodvced in the lead which 1s absorbed
m ithe aron.

The oscilloscope trace shows a rulse from
scintiillator C.

This was taken from a run using & iime

delsay TD of 20 LS

C = 8.0 partacles,
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4 e2 Lalersl spread of bursts

Before producing the exacl form of the relation between the barst
size reasured in the scintallator and the burst width me~sured an the
frash luvcs darectly below the absorber, i1t 1s amportant to predict this
relation aro see 3f there 15 eny corcelataon betizen the widtn and the
size of tne Lurst,

(¢) A theoretical expression for the leteral siructure funciion of vure
clecirom>gnriic casceée has been gaven by Nishimuia and Kemeta (1952).
Thrs Ometaon can be avproxamated by ithe fullowing simple expressaion given
by Griesan (1956):
. 5=2
£(z)= G ) (1+ 5
1 1

vhore S is the age parameter, C(S) 1is & normalization cosfficient and r) s
the rodaus an Yolaere unats,

A solutio1 to the above expression has been made by Cocper (pravate

commna cataon), Cooper found that ihe distance et whach the density falls

to A ILQ o]
(=
dependences

S

relalcd approxamalely to the burst size by the power low
N0-22 (under a reasonable assumption S = 1)
However, a calculaiion has been made more accuratelv by Cooper to evaluale
the above expression by integrating Nishimura - Kamata - Greisen (NKG)
formula four three dafferemt age parameters. The densily of electrons vper
tube calculated not by inlegrating radially, bul along strips corresponding
to the flash tube cross-sections. The resnlts of the integration arc shovn
n figare 4.lY. The predicts” relation between the bursi size and the
bursl width on the flasn tube v111 be showvm with the exverimentel meccure-

nents later an thaie scction,
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core 1s NF(X), where M 2s the burst saze,
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(b) Dafferent triggering thresholds were used starting with > 20
particles, the widths of tre burst procduced in the lead or iron were
measured in the top of Fla and ¥lb resnectivcly (sce Figure 4e9)e  The
width was defined as the wadth an which all the flash tubes had flashed.
So a few tubes vhich flashed far avay from the core of the bursi were noi
considered vhen the width of the burst was mcasured, because these maght
be produced by large angle sangle electron scattering. After scaming
the falms in the same procedure dascussed in the previous section, the
relation between the burst size and the burst width on the flash tube was
measured and scatter plots were produced from the data on ithe 20HUs run
for the aron and lead absorbers as shom in fagurcs 4.20 and 4,21, The
pounts in the scatter plol were binned and their means fournd. An event
was accepted 1f the whole width of the burst could be seen an the flash
tubes, whale as the burst width ancresases the probability of observing the
whole burst decreases. 1he loss factor vas D - d , where D 1s the wadth of
the flash tube chamber and d i1s the measured ng.th of the burst on the flash
tubes, The bursl width distribuiion as corrected by diaviding each burst
v1dth cell by the loss faclore The results of the burst size - bursl wndth
relalion are shown in fagure 4.22 for the iron and faigurc 4.23 for lead.
In figure 4.22 a comparison has been made between the present resulils and
the results given by Coats (1967) for bursts produced in 25 cms of iron and
ithe result of predaction using the NKG lateral distrabution function which is
discussed in atem (a)e

From the present results it was found that both results from lead and
iron followed a power law dependence., These relations were used to dsrive
the energy speclra of hadrons an extensive air showers as described in

Chapter 9,
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Burst width on scanning tabi
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Flsure L ,2?

gt v oo T GE—

The verialion of burst width (measurcd on the scanning sheets,
scele 1:20) 1ath bursl size (N) for aron absorber. Data from
run cn 2. Bs time deley, T.. (M1 - H35), A comparison between
tle vresari meosarcmerts (~0imts) and other results.

/

Curve & - precacticn for mvee electron - photon cascade,
furve B ~ measured relcticnship for electromagnetic cascade
(Cozts,1967).

Curve € - pe2ctured relationship for nuclear - electromasnetic cascade
(Coats, 1567).
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The variation of burst widih (measured on scanning sheets,
scale 1°25) wiih burst saze (II) for lead absorber.
Data from run on 20Ms tare delay, Tp. (H1-H325).
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helo3 Extension to higher enerries

An attempt has been made to measure the high energy events, 1.e.

large burst size » 400 pariicles, but with the arrangement descrabed
above ilhe rate of high energy evenls recorded in the flash tubes 1s reduced
over the width observed wath a 20 s time delay. Thas 1s due 1o the smrll
aperture for a wide burst width observed. Plate 4.5 rhous an example of
this type of unmeasurabls event. The operation of the Tlash tube chember
was modilfied so thoet the efficiency of definang the axis of lorge bursis is
mcreased. For this the variation of flash tube efficicncy with the deley
TD vas used. From the internal efficiency = time delay curve shown n

e Q
~

e e ) rmne wmAadad dlad dla
N S P Y ) vaa

y v a5 noteld these gy £211  ofPf oz the tame deloy
increeses, Thas arises from the loss of the initial elccirons by driiusimn
to the walls of the glass tube in 1he time interval betlwecen the passage of
the charge partacle and the applicatlion ~f the high voltage pulse to the
chamber. Lloyd's parameter for a single charge e perticle was found to

be alel = 9, and since the parameter is a linear function of {the amount of
ionisation produced, the valve for traversel, for example, 20 charge e
particles viould ‘beajf‘lo:L = 180, However, lhe relation between the anternal
efficiency 7y and the time delay TD for large values of a.l"lQl vas caleulated
and 1s shown in figure 4.24. From this figure one can say that for a

given time delay the change in the efficiency i1s not big for dafferent aflgl,
figure 4.25. From fagure 4.19 1t can be seen thal ilhe density of eleclrcns
per tube decreases rapidly waith distance from the core of the cascade, then
anstead of allowing a single eleciron to define the edge of the burst a
long time delay of 330 Us was used to daffuse all these single electrons

and observed a solid core for the cascade in the chambere Plates 4.6 = LS

shows examples of the events obtained from rurning this experament on 330{s
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inter nal efficiency (%)
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30 50 100 200 500
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Fagure 4 .25

The predicted variaiion of ihe intern=l efficiency of flash
tubes wvat. al >, for large velutos of aflcl, at dafferent
time delay (cerivea from tagure L.23).
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Burst width on scanning sheets (cm)
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Burst size (N)

Fagure .28

A compaiison between the results on burst size (N) - burst

vidth (reasurcd on scanning sheets, scale 1:20) from run

on 20 4s time deley. Curve (1) and the results on burst

size (N) - number of flash tubes which had flashed in % 0.5 cm
from the miGdle of the core (1 cm full width mezsured on scenning
sheets) from run on 330HS +tame delay. Curve (2).

The burst size weasured under 15 cms of airon.
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on burst size (N) - number of flash tubes vhich had
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full width measured on scannang sheets) from run on 330US
time delay, curve (2).

The bursl size measured under 15 cms of lead.
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time delay. The proccdure for enalysing ihe data from the flash tube
film wvas chamgcde A fixed wadth wes teken in 1hus case corresponding to
1l em on the scenning sheels (scale 1:20). Faving the core of the cascade
defaned, ‘he nunber of flash tubtes which had flashed in thal fixed widih over
8 layes. it Fla (Purst an lead) md 6 layors an Flb (lLurst an iron) was
neasureds The scalter plot of the nurbor of flash tubes vhaich had flashed
Letueen * 0.5 cis Srom tne maddle of Lhe core (1 em full .adth) as a
ficlion of burst size wes plotted in fighras 4.26 and 4.2/ for bursts in
aron and lead mespectively. The poants in each plet were banmned and thexr
meens founds A coapariron between thas result and the resuli oblumed on
20 s tame dolay rul wos shovn un faguves L.20 and L.29. It can be seen
from Loth faigures that the result from the long time deley run has almosi
the same slope as the result from the short tine delzy.

watlh the {lach tube burst widths reduced ihe wnJjormsiron on burst
posilion cen bLe used for defining ihe georetry vhile the enerygy is ro.sired
by the pulse height taken from the scantilletors. with 1las arr ngerent

the charber gave satisfactory resulils aad very high energy events were

recorded,



http://th.it

Plate L.5 Event H30 - 47

An example of an unmeasurable burst produced
in the leed in which the burst width, falling
on the Fla layer, 1s out of the geometry.

This was t aken from a run using a taime delay

s .
TD of 20 4







Plate 4«6 Event HiL - 32

A burst produced in lead which penetrated
the aron producing outlput from scintillators
C and A.

There 15 also EAS accorpaniment, seen in the
laquad scantallator M. S
From left to raght of the oscilloscope trece,

the scintallator outputs are A, C and M.

This was taken from a run using & time delay

TD of 330ULSe.

C = 1,000 particles.
A = 1,625 particles.
M = 35 particles.






Plate 4.7 Event H50 - 24

A burst produced in lead which penetrates

the 1ron, gaving pulses from scintillators
C and A.

Thais wnas taken from a run using a taime

delay TD of 330S.

C = 3,400 partaicles.
A = 1,500 pariicles.






Plate 4.8 Event H66 - 2

A burst produced in the aromn, The

oscilloscope trace shows a pulse from
scanlillator A.

This was taken from a run using a taime
delay T_-of 3301 S.

D

A = 2,750 particles.






Plate 4,9 Event H53 - 22

A burst produced in lead, which 13 absorbed
in 1iron,

The oscilloscope trace shows a pulse from
scintallator Co.

This was teken from a run using a time
delay TD of 3305

C = 5,L50 partacles.
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CHAPTER 5

THE ENERGY SPFECTRUM CF HADRONS AT SEA LEVEL

5.1 Introduction

It was shown in chapter 4 that using the flash tube chamber the
energy spoctrum of hadrons (nucleons and pions) could bs measured by
observing their interaction in iron and lead absorbers. Briefly, charged
and neutral particles were recordcd and their burst size was measured,
the mean energy of each particle interacting in lead or iron could be
estimated using the burst size = energy relalionship which has been dis~
cussed in chapler 3. The measurements on the energy spectrum was made
in the energy range ~ 25 GeV up to lOlF GeVo

The object of measuring the high energy range was to cover the same
energy range in the specirum published by Baruch, Brooxe and Kellermann{1975).
These workers measured the spectrum of hadrons at sea level and presented
evidence for an anomelous behaviour in the energy range 2 = 8 TeV, For
E < 2 TeV they found the differontial vertical intensily to decrease wiih

- &
increasing energy as E 246 % 0.1

, for 2<E< 8 TeV the intensity is almost
constant and for E> 8 TeV the intensity again decreases with increassing
enorzy (see figure 2.5). The step (bump) in the spectrum for 2< E< 8 TeV
is unexpected and Baruch et al. propose that i1t is produced by the inter-
action of 4 new particle (see section 2.3.9).

In the present work the result on the hadron energy spectrum shows a

- &
constant slope with E 207 % 0.1 over the whole energy range from 10 GeV to

10 TeV,

5.2 The basic results

As mentioned in section 4.4, when an event 1s selected the scintillator
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pulse is recorded on film from an oscilloscope, and the flash tubes are
photographed by a camera. The pulses from the scintillators were converted
80 that they corresponded to the values at the output of the photomulti-
plier and then divaided by the mean of the single particle pulse height to
give the sizc of the burst in equivalent particles.

When the film is scanned, events are classified into two categories,
(a) bursts produced in lead, (b) bursts produced in iron.

The chamber was run for a total of 4817.389 hours, in which time the
trigger level was changed to dafferent values, (see section Le3ek)e
Table 5,1 shows the basic experimental resulta. From the table it is seon
thal the charge of the pramary particles initiating bursis could only be
devermined Ior those occurring in the iron iarget wnen a iame deiay of Z0pS
was used between the occurrence of the burst and the application of hiagh
voltage pulse to the flash tubes, because in 330|s tinme delay all the
electrons produced in the tube due to passage of charged particles are
diffused resulting in a low ( ~5%) flashing efficiency and ii becomes
difficult to distinguish between the charged and the neutral particles.

In the present work bursts produced by charged primary particles were
related to contributions from different particles (protons, pions and muons)
and the bursts produced by neutral primary particles was related to neutrons.
In table 5.1, the number of bursts produced in iron and lead within a
projected zenith angle b1 30° and in the acceptance geometry is given,

The limit on the projected zenith angle was lmposed in order to exclude
slde bursts produced in the walls of the chamber by high energy muons,.

Figures 501 and 5.2 show the basic results on the burst size distribu-~
tions in iron and lead absorbers for a trigger level = 500 particles.
All bursts represented in the distributions wers in the angular range

% 30 to the vertical.
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Figure 5.1 The burst size distrabatzen for hadrons anteracting
m 15 cms of ayon abscrber. All the measured bursis

in the disiribution were between : 30° to the vertical.
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Figure 5.2 The burst size disti:butaon for hadrons interacting
m 15 cms of leau absorber, All the measured bursis
an the distribution were between = 30° to the vertical.
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Table 5.2 shows also some informaiion avout the experiment using a
large tragger level. From this {eble ihe maximum nuvmber of particles
one could mecasure from the trigger level of =» 400 particles was 2,600
and 2,700 particles for bursts in lead and iron respecltavely, and for
the trigger level = 500 particles it was 7,000 and 7,500 particlas for
bursts in lead and airon respectively. The encrgy corresponding to these
values of the manimum burst size also is shown assuming the primary narticles

are either protons or pionse.

5:3 Plhotloeraphy rato

The various counling rates ere shown as Integral plots in figure 5.3,
It can be seen that {Ls integral photography rate is greater than the rate
of recordiaz acceplable events,

A fraction of the events are rojected because they ere passing oulside
the acespted geometry of the chamber. L5 mentionod before the events were
accepted when the whole wadth fell in the flash tubes and & pulse height
could be measured, Thus, if the threshold 1s set at 20 particles, 1/2e4
frames would be u.eful but the ratio decreases to 1/1.8 frames at 400
particles.

The non useful events for the > 400 particles trigger was not only
because of the acceptance geometry, but some of the bursts around 400 -
500 particles were not seen in the flash tubes when the chamber was run
on 330Ls o The reason was that these bursts have only a small number

of tubes flashed at this long tame deley.

5.4 The chamber acceptance functions

In order to calculate the acceptance aperture of the chamber it

is first necessary to define some acceptancsc limit for which the svents
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will Le selectedo Tho limits have been chosen so that as large an
acceptance volume as possible is defined wathout introducang too large

& bias for events that may be lost. With this experimental arrengement
two daficreat geometrical acceptances werc taken, ona for bursts produced
in iren end the other for burats produced in lead.

The method gdopted to determine the differcniaal apertures of the
chepber was similar to that used bv Lovati et al. (1954L),

Lovati et al. have introduced a method to convurt the projacted
angolar distribution of particles measured in perpendicular planes, into
the dastribution function of particles given by cos" Y 1in real space.
The procedure of calculation used by lovati et al. was as follows:
tonsider two horizantal rectangular detectors A snd B having dimensions
2Y cm by 2 x cm, and 2V om by 2V em and placed one above the other at
a dislance Z2 cm, figure He4. The directaion of moticn of o particle cross-
ing thoe delerlors 1s und.celid by the angles ) and (!) which are related
to the zenith angle @ by

cos Y = cos J cos
Assums that tho inteusiaty of the ancadent partacles is representcd by the
law: I( ) = 1(0) coan) , Where I(0) is the vertical antensity in
units of c:mg2 sec'=1 5tu1 and I( P ) is the intensity et zenitn angle P -

Then ths total flux of particles through the two rectengular detectors wall

vhere dw is the elementary solid angle and it is represented by:
aw=cosp 4 4
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Thus Fo = I(O)[ff[ ax dy oo™y a ¥ cos™2 Y ay

= 21(0) fﬁzfyz [xz f% cos™ Y 4.9 ay ax cos™? P a
y1

On inve:rting the order of integration with the lamitis

9 =0 , Y, = tan™h (L)
Yy =Y » Yo =¥y =2 tany
X = - )y Xp = X
and Q)1=arctan(%-cos-&) ,Q).?:arcta.n(W':c cos ¥ )

Define Nn ( & ) az the orthogonal projection on the vertical plane yz

of the angular distrabution function, then

F

2= [ % (9) a9

x U
Hence N () = 21(0) cosP*d J(y+veztand ) f dx[p zcosn+2t.';) ay
*x
1

With the lamitation that:

Yy+veztand =0 , 1eee, tan J < (y+v)/2.
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This equation can be integrated for integer values of the exponent n,
and the results of the integration for the different values of n can be

represented as follows:

No () = % K cos {)[(x-w) arc ta.n{ Q‘-_x%__c_tgiﬁ}+(mx) arc tan{ ﬂ”ilz‘)EQE’;ﬁ}]
2 2 2 2 2
Ny (9) = % K COS'&[& "fﬁz ;5;—?) cos*D) _ z- 2z +i\;;;2c) cos %)]
1
N2(8)='§ ~ cos%(A 1)4.1'7: cogz.ﬁ- NO(.&)

N-,(-."}\_!'—Kzl" cos .“r(A ’/2 A_3/2\ b eefa W
J 15 + ’ 5 LY )

<p
N’

Where K = 4 I(C) (y+v=z tan y ) and A:t = z2+ (v 2 x)2 coszﬁ‘

A general expression for n »>1 has becn given by Pattison (1965) as

followss

Nn(% ) = Kzn+1 cosn% ( /2 A-n/'d ) . n+l

n-(n+2) - +

2
n4+2 c0s” ¥ Nn-n(‘& )
S0, by defining the acceptance limits of the experiment, one cen calculate
the predicted angular dastribution in the chamber end by comparison with
the observed angulsr distraibution one csn find the value of n which gives
the minimum Chi-square fite.
(a) Bursts in aron: in running the experiment on 20y Stimedelay, an
acceptable burst in the iron was one in which the incoming particle track

was observed in the flash tube tray Fla and the burst width seen on the

flash tube tray Flb, this layer of flash tube (Flb) was located directly
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below the iron and this meant that all the bursts had passed through the
scintillator A. However, the acceptance geometry which has defined for
bursts produced in iron is shown in figures 5.5 and 5.6. In figure 5.5
it was shown that the maximum angle a measured burst could meke with the
vertical in the back plane was 700.

During the run on 330{s time delay, it wgs impossible to recognize
the track of the incoming particle an Fla, because of the diffusion of the
low flaesh tube efficiency at this long time delay. So, the direction of
the core of the cascade through the chamber was taken to define the direction
of the incoming particles
(b) Bursts 1n leed: figures 5.7 and 5.8 show the acceptance geometry which
defined bursts produced in the lead absorber., In both time delays used,
the burst width was measured in the flash tube tray Fla below the lead and
this meant that the burst had passed also through the scintillstor Ce In
figure 5.7 1t was shown that the meximum angle a megsured burst could auske
with the vertical an the back plane was 81°.

Usaing the above geometrical dimensions given in figures 5.5, 5.6, 5.7
and 5.8 one can calculate the differential aperture (m? st rad-l) for bursts
observed in the flash tube chamber using the method discussed above,

The results of the calculation are showm in figures 5.9, 5.10, 5.11 and 5,12

for the bursts produced in iron and lead respectively.

5.5 Angular distribution

The angular dastribution for bursts of width =< 2,0 cms on the scauning
sheels (scele 1:20) and requirang that the core of each burst fell within
the limits defaned over the flash tube layers Fla and Flb have been
measureds This 1limit was taken to be 1 cm (on the scanning sheet) from

each side of the flash tubes layer (see figures 5.6 end 5.8), this was for
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the case of observing bursts when the chamber was runnang on 20ps time
delay between the pessage of the burst and the application of the high
voltage pulse. In the case of the long time delay (330Us ) the angular
distribution was measured according to the direction of the core of the
cascade through the chamber. For an event to be accepted the core was
required to pass at least a distence of %/2 cm (measured on the scanning
sheets) from the acceptance limits taken an Fla and F1b respectivelys
Figure 5,13 shows the measured projected angular distribution for particles
which produced bursts in iron and lead. A comparison between the measured
projeclod angular disiributions and the predicted angular distrabutions have
been made and the best fit determined by minimum Chi-squarse ( x2) givang
the value of the expcnent, ne The corresponding values of the exponent

ere shown below:

Angular distribution Iron (Fe) Lead (pb)
measured from data o
taken on: Value of n an I(.J) = I(C)cos ¥

20Us time delay and
small trigger ithreshold

+ +

(between = 20 to = 400 ko0 = 2.0 6.0 = 2.5
particle)

330Ls time delay end

large trigger threshold 7.5 t1.5 8.5 £ 1.5

( =400 particles)

Having the values of the exponent n estimated the aperture value m2 st
could be easily found.
General curves were calculated to show how the aperture value could

vary with the width of the flash tube chamber (over Fla or Flb) for daffer-
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ent values of n, fagures 5,14 and 5.15. So, for any value of n given
above, and for the fixed chamber width used over the flash tube layers

Fla or Flb, one can get the exact value of the aperture in cm2 ste

5.6 The attenvation lLcongth

The value of the exponent n could be related to the attenuation length}
of particles initiating the bursts. The attenuation length could be repres-
ented by A = 1,030/n,

For bursts = 400 particles the average value of n for the Jead and iron
targets was 8.0 ¥ .5, So, for this value of n the attenuation length }
is 129 ¥ 16 gm cm-?e This value of A indicates that the observed bursts
of size = 400 psrticles are produced predominantly by hadrunse

For bursts between = 20 to = 400 particles the average valve of n
for the lead and iron targets was found to be 5.0 ¥ 2.0, The corresponding
value of n shows that both distributions coniasin some contamanation from
mion induced bursts, and as the muon spectrum decreases relatively slouly
with increasing ) , & small contrabution from wuons w2ll effect the exponent

considerably.

57 Estimate of the hadron energy soestrum

5.7.1 The measured spectrun

In ithe total running tame of 4817.4 hours hadron induced bursts in
the flash tube chamber absorbers were observed and measured. All these
hadrons have besn classed as protons, pions or neutrons, The integrai
spectrum of all hadrons in b 300 to the vertical inducing dbursts in the
iron and lead target are shown in figures 5.16 and 5.17 respectively.

The conversion of burst saze to emergy has been discussed in chapter 3,
and the curves calculated for ptoton initiated bursts in the iron and lead

target {see fagures 3.6 and 3.7) wers used to evaluete the differential
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energy spectrum of hadrons at sea level, Teble 5.3 shows the probability
of incident protons and pions interacting in different parts of the chamber
used in the calculataion.

A calculation of the muon burst spectrum im the chamber has shown that
the contribution of muons to the measured burst spectrum is small (this
w1ll be discussed in the noxt chapter). At a burst size of 1,000 particles
in iron or lead the conirabution of muons to the messured 211 hadron spectrum
is 1% and 9% respectively, and at 500 particles the contraibation of muons to
ithe measured all hadron spectrum 15 2% and 16% respectively. So, it was
possible to neglect this contribution. Figures 5.18 and 5.19 show the
vertical differential energy spectrun of hadrons at sea level measured from
bursts observed in iron and lead respectively. Only one eveni was obsexrved
in whach the width of the burst was falling within the geometry and the pulse
height from the scintillator was showing a burst size in iron target > 7,500
particles, i.e. :»10E GeV energy (see table 5.2). So, the mean energy

above 10k

GeV was calculated and it was found E = 29,2 TeV and the absolute
rate also was calculated,

However, the final vertical hadron spectrum at sea level has been found
by averaging the two spectra from the iron and lead target (the andividual

spectra were compatible) and the resulting energy spectrum is shown in

figure 5.20.

5.7¢2 Comparison with other results and discussion

A comparison could be made between the results of the present experaiment
and results obtained from other experiments, in particular the result of
Baruch et al. (1973), who have suggested that there may be a step in the
spectrum at an energy of a few TeVs, Figure 5.21 shows Lhe results of these

experiments as well as the result of thias experiment,
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It is scen that ihe present resull shows no evidonce for a siep in
the energy range 2 - 8 TeV and they ere in fact consistent with a spectrum
of' tho form E"‘)°7 * 0.1 over the whole energy range from 10 GeV to 10 TeV.
Recently ihe result given by Siohan et al. (1975) shows the upper limit

of the hadron flux at sea level, The spectrum is of the form:

E GeV )—200
300

N( >E)=3x 107 ( particle/ 2% sec st.

with E in the range 400 < T < 7,000 GeV, The same result also was
reported earlier by G. Yodh in Augusi 1974. (See section 2.3.10) as
private commmzxcation.

The Siohan et al. result also does not support the observation by
Baruch ot al. of tho step. Their result is consastent with the present
result,

The spread in the absolute fluxes of hadrons measured at sea level by
the various groups can bo attribuied to ‘ne verious technjques useds In
the fagure 5.21 1t was shown that the present results are consistent with
low energy data ( = 100 GeV) which represented ihe total nucleon spectrum
found by multipl vang the meesured proton intensities of Brooks and Wolfendale
(1964) and Diggory et al. (1974) by factor of 2, (i.e. assuming equal numbers
of protons and neutrons at sea level), Also in the same fagure is shown
the total nucleon spectrum found by increasing the measured neutron intensi-
ties summarised by Ashton et al. (1970) (see figure 2.4) by a factor of 2,

Finally, apart from the result of Baxuch et al. all the experiments
show that the hadron spectrum 1s smoothly decreasing in antensity with

differential slope Y between 2.7 to 3.0 in the range 10 GeV < E< 10 TeV,

5.8 Fluctuations

It has been suggested that there could be a small irregularity in the
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Fagure 5.21

The vertical dafferential energy spectra of hadrons (and of
nucluons alone) an cosmic rays at sea level measured by
different groups. The low energy data ( = 100 GeV) are
estimales of the total nucleon speclrum found by muliaplying
ithe measured proton intensaties of Brooke and Wolfendale (1964)‘

eand Diggory et al. (1974) by s factor of 2, (1.e. assuming

equal number of protons and neutirons). The dashed line 1s

en ecslimate of the total nucleon spectrum found by increasang
the peasured neutron intensities summarised by Ashton cti al.
(1977) by & factor of 2. \

A so0lad line 18 the best fat to the present measurcment of

the cnergy spectrum of all hadrons (nuclevns and picns).

The dotted line 1s the best line gaven by Baruch el al. (1973)

throughn their measurements for all hadronse.

The double dotted line shows the recent result gaven by
Sicaen et al. (1975) for all hadrons.
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spectrum which can not be seen in this experiment, because of the smoothing
introduced by the fluctuations in the burst size.

However, if the irregularity were big enough to produce the result
seen by Baruch et al, with what is a very similar detection technique
then it 1s believed thet a large irregularity would have been seen in this
result too.

A calculation has been made to overcome this problem and to prove that
if there is any arregularity in the spectrum it would have been sven cleoarly,
For this purpose the Baruch et al. (1973) hadron energy spectrum was assumed
and their best line through their points and other experiment. points were
taken, the slope of the spectrum for energy < 2 TeV was given by Y = 3.37.

The procedure of the calculation was as follows: the differential

5

spectrum in the energy range 30 GeV up to 10” GeV was divided into many small

cells and for each cell the frequency of events an unats cm"2 secul st-l Tas
founde The dastraibution of the number of burst particles N as a funciien

of the depth in the lead absorber was calculated for different proton energies
(the energies of the ancident proton was taken as tho same as the energies
defined in the middle of the cells)

Using the above distributions the probability that a primary proton
produced N burst particles/unit N was found. Thess probabilities were
folded into the frequency of each cell and the expected shape of the burst
spectrum produced in the lead absorber was calculated and is shown in
figure 5.22, The result from the burst spectrum shows that the step (bump)
was clearly present in the spectrum. Therefore, this result shows that if
the bump was a real effect then it would be possible to detect it in this
experiment.

The burst spectrum, figure 5.22, was converted to an energy spectrum

at sea level using the energy - burst siza relationship for proton induced
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bursts in lead.

The compsrison between the calculated energy spectrum from the burst
spectrum and the spectrum gaiven originally by Baruch et al, has been mede
and figure 5.23 shows this comparison. From this comparison it as seen

that both spectra are almost adentical in shape.

509 Accompanied events

The middle liquid scantillator M was operaled with the single hadron
experiment to adentify whether the hadrons interacling in the chamber are
associated wilth extensive air shower particles or not, With this single
detector placed on the top of the chamber (see figure 4.9) an accompanied
event was identified when there was more than 2 particles passing through
the scantillator. The number of particles passing through scintillator Y
could be measured from the pulse height recorded on the oscilloscope film,
the pulses from thas scintillator being delayed by 1.6 S o+ The character-
istacs of this scantillator have been discussed in section 4e.3.3. A scatter
plot given in figure 5.2 shows the relation between the number of particles
recorded in scintallator M,(NM), accompanied wath the hadrons interacted in
the chamber end the burst size measured ar the plastic scintillators under
the lead and iron targets. The poinis in the scalter plot were binned and
the frequency distrabutions for the number of particles in scintillator M
accompanied with the hadron produced burst in iron end lead are showm in
figure 5.25, 1In this fagure, the first column shows the number of the
unaccompanied events (NM-< 3 ). So, by taking the mean of these distri-
butions f'o:'NM > 3 particles, ocne can plot the same relation between the
number of particles in scintillator M as a function of burst size, this is
shown in figure 5.26.

From this faigure it is noted that, as the burst size produced by

hadrons increases (1.e. the energy of the incident hadrons increase) the
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number of accompanying particles increases (1.e. the shower sizo increases).
However, with this detector 1t 1s impossible to locate the position

of the shower core and it 1s not poscible to reasure the size of the shower.

5.10 Conclusion

The sea level specirum of all hadrons as measured in this experaiment
is shown in ihgare 5.2L and compared wath othor experimental measurements,
The resull fou {inis experiwent shows a constant slope wath g2e? ® 01
over the earygy runge 17 GoV to 10 TeVe, The present result gives no
sapvost 1o 1he suggestaon of Baruch et al, (1973) that there 18 a step in
the spectrum of hearons in the region of 2 - 8 TeV and the existence of a
new particle of rest wass in the ranee 40 = 70 Gév/rz, meen 11fe tima
> 2 10"7 second end an 1nleracltaon length of 1,000 b %:880 gm cmuz.

The present spectrum was calculated assuming all the psrticles are
nucleons and the conversion from burst size 1o mean energy was made using
the proton Lurst size = energy relationshipe But in faect not all the
hadrons are nucleons. There 1s contribution of pions for which the conver -
sion will be slightly different. The difference in burst size for ancident
protons and pions 1s not lsrge, the size beang about 30% larger for pions
than protons in iron snd 20% lerger in Jead (sce fagures 3.6 and 3.7).
However one can expect that this difference does not affect the shape of
the spectrum and it sould not be distorted.

The difference between the energy spectrum of all hadrms (solid line)
(see figure 5.21) and the energy spectrum of nucleons (dashed line) is due
to the increase an the cniribution of charged pions to the Lotal hadron
flux for energies > 100 GeV.

The rmuon contrabution was assumed to be small and for large burst sizes

corresponding to 4 or 5 TeV hadron energy, the effect is < 1% for the iron

end ~ 5% for the lead.
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From the measured angular dastrabution for the large burstis = 400
particles the average value of n was found 8 2 1.5 and this corresponds
to particles with attenuation lengih )\ = 129 16 sm cm-zo However,
this supports the canclusaon that the observed large bursts are produced

predominantly by hadroms.
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CHALTER 6

THE IIGH T'ERGY SVECTRUY CF MNEUTRCHS AND

PTONS AT SEA IWVEL

6.1 The neutron srectrum

6.lel Genosal remarks

While the chamber was rmun on the short time delay (204 s )neutral
particic induced bursis in the aron target were recordeds The procedure
to 1deatirfy the noutral bursts from bursts preduced by charged partacles
was Trom the ancoming pentacle treck 2n ihe Aok tubs iray Ma, {(scs liguie
4+9)e TFor neutral particles there should be no track seen the the tray Fla.
A trzck wvas defined a3z = 2 flashed tubes in one line aad near the middle
(core) of the buicce

Al1l the nevtral particles were classilied ;8 neutrons and the energy
spectrum of the neuirons at sea level was determined from the burst spectrum
produccd an a 15 cms airon target,.

Plate 6.1 shows an example of a neutral particle anteracting an thz

iron target.

6.1.2 The reasured srvectrum

In the total zunning time 1229.7 hours, only 28 events showed neutral
particles within 30° to the vertacal anteracting in iron target, (see
table 5.1). All these neutral particles have been classed as neutrons.
With thas ansufficient number of events it was daffiacult to evaluate the
value of the exponent n from the anguler distrabution of these 28 events.

So, the value of n has been taken to be 7.5 and this was the same value
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whach was found for all hadrons interacting in iron in the long time dealy
measurements. This value was used to evaluate the aperture in cm2 st, (see
fagure 5.04).

The integral specirum of neutral bursts an the aron is shown in
fagure 6.1,

The conversion of burst size to energy has been made using a burst
size ~ cnergy rolationship for proton initiated bursts in iron.

Figure 6.2 shows the vertical differential energy spectrum of neutrons
at sea level calculated from ithe burst spectrumse In thas figure the proton
measurements ( < 100 GeV) of Brooke and Volfendale (1964) and Diggory et al.
(1974) also were shown.

The spectrum can be represented in differential form by N(E) = X E-Y

where Yy = 2.9 I 0,1 in the energy range 50 - 1,000 GeV,

6.1 Comparison with previous measurerents

The" present measurement on the energy spectrum of neutrons was found
useful to compare waith other results, but the only results available in
the seme energy iange were the measuremenis summarised by Ahston et al,
(1970).

Fagure 6.3 shows this comparison. Although of limited statistical
weight the neutron spectrum estimated from this experament is found to be
consistent with the previous neutron spectrum summarised by Ashton et al.
In the same fagure. the best line through all the points was drawn and this
shows & slope of Y = 2.97 ¥ 0.1 in the energy range 50 - 1,000 GeV,

Hence, it is possible to compare the measured neutron spectrum with
proton measurements of Brooke and Wolfendale (1964), assuming the neutron

spectrum to be the same as thai of the proton at sea level.
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Plate 6.1 Event H8 - 38

A burst produced in the iron by a neutral
particle.

The oscilloscope trace shows a pulse from
scintillator A.

Thas was taken from a run using a time

delay TD of 204 S

A = 107 partacles.
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6.2 Predicted muon burst spectrum an airon and lead

6.2.1 Introduction

Before going into details of the calculation of the muon burst spectrum,
it 18 wmportant to review the theorstical background first. The known
interaction processes by which the muon can lose cnergy in traversing matter
are: Inock-on electron prcduction, bremsstrahlung, direct pair production
and nuclear interaction.

The first three processes produce comparatively frequent energy transfers
and thersfore are important in the present calculation, Tne contribution of
the nuclear interaction to the prcbability of burst produclion in the present

L X N g Ty 4 . - O [) - a (R —
CaPSliticuy id alidajitlifcaur anl wvwros

6.2.,2 Theoretlical consziderations

The theories of the production of knock=on electrons and breusstranluang
have been given by Bhabha (1938) end Christy and Kusaka (1941) regpectively.
The cross section for electron pair production by muons has been calculated
farstly by Bhabha (1935) and andependently by Nashina et al. (1935) and by
Racah (1937) using classical quantum electrodynamicse. The results of these

calculations are given an convenacnt forms by Rossa (1952):

() Xnock-on electrons:

The differential probability is gaven by:

' 2
' ¢ 2m o’ dE'[ E 1 E
E,E ) dE = £ 1. —( )]
PoafEE ) —-?e—p ; ¥t 2\ Tr e
whera( ¢o11 (®, E ) @B is the probability per gm cm-2 of a charge particle
[ [ [
(mass m and spin %/2) of energy %, transferring an energy between E and E + dE

t0 an electron.
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2

o = 0.15 % gm-l cm2 represents the total area covered

Z
C = TENKI‘

by the electrons contained in one gram, each considered as & sphere of
2

. e
radius re, re = '-—-2 the tlassical radaius of the electron. 2 and A
mec
are the atomic number and the atomic weight of the sbsorber respectavely.

N 1s Avogadro's number
fc is the velocaty of the incident particle

E'm 15 the maximum transfersble energy and is pgiven by

‘ 92 ¢?

Ep=2 mec2
+ o 4 2mg 2 (p° o2 + 2 ) /2

me2 ol

where p is the momenium of the inecident particle.

(v) Bremsstrahlung:

The differe¢niial radiation probabilily is gaven by:

2
' ! 2 2 ,my, 2 I

7" 7 = —

(B8, B) a2 =Q N : re ( — ) gg_

13

U,V )

P rad

¥here O . (8, E ) &E 18 the probability per gm em 2 that a particle
of rest mass mc2 and kanetaic energy E will emat a photon of energy between
E' and E' + d.E' °

U is the total energy of the incident particle.

(A is the fine structure constant,
]

v="F /U 18 the fractional energy transfer.

F(U, v ) is a slowly varying functaon of U and V and it 1s given by:

o) e et fn@ 2 1307 3

where fp = 049 fg A1/3 and bh = Planck's consta.nt/th-
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The dependence of q)rad on the energy transfer, E' s 1s mainly through

(¢) Direct electron pair production

The differential probability is gaven by:

' ' 8 2 N_ _2
\pPP(E,E)dE = = a° 7 27 r2H(U, v, p)

] [ =
where Ppp (E, E )AE is the probability per gm cm 2 that a particle of

mess mc? and kinetaic energy E will produce an electron pair with energy

between E' and E' + dE:
H is a damensionless function of U, v eand | , and the other symbols have

their usual meanings given in items a and b,

6.2.3 Muon burst spectrom

MeDaarmid et al. (1962) have calcul=sted the differential energy
transfer production spectra per gm cm-2 of lead and aron for the three
processes and for energy transfers in the ranges 1 = 100 GeVe Thas was
obtained by taking the theoretical expressions given in seclion 6,2.2 and
folding in the sea level muon spectrum. McDiarmid et al. have used the
mion spectra given by Owen and Wilson (1955) up to 20 GeV and by Fine et al.
(1959) between 20 and 100 GeV; above 100 Gev a dafferential form 528 pas
assumed,

For the present calculation only the muon bremsstrahlung cross section
for energy transfers > 100 GeV was considered, because at high energy the
radiation process is the process which dominates in electromagnetic inter-
actionss So, the bremsstrahlung cross section was calculated for high
transferable energies and for both iron and lead absorberse The resulis of
calculations carried oui by Hansen (1975, private communication) for the

bremsstrahlung cross section in the iron absorber have been used,
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Figuras 6.4 and 6.5 shos the dafferential cross sections for the
bremsstrahlung process in aron end lead respeciivelye

The muon spectrum given by Alkofer el al. {1971) up to 1,000 GeV was
used with that given by Aurele et ol. (1967) from 1,000 GeV = 7,000 GeVe
The latter intensaty was normalised ai 1,000 GV to ithat given by Alkofer

et als TFor higher eaergies the spectrum was assumed to be of the form

A 52067 1
1 + E/91
which has becn used is shown in figure 6.6,

with E in GeVe  The dsfferential muon spectrum

By taking the celculated bremcstrahlung ceross section and folding an
the above muon sea level spectrum lthe differeniial energy transfer spectrum
was obtained. The resalt of this celculalaon srows agreement waith the
calculated dafferentael cnorgy transfer production spectra per gm cmm2 for
bremsstrahlurg in lead and iron givon by McDiarmid cl al. for enexrgies
< 100 GoVe The resulis of the differential energy transfer production
spectra per e cm.-2 gaven by HcDiarmid et al. for the three processes and
the present celculation for bremsstrchlung process is shown an figures 6.7
and 6.8 for lead and airon respeclavely. The rate of muons with energy

> 1.3 CeV, R(~ E,) in om > sec st-l, as a function of E, could be calculatcd

t
after integrating over all the transfersble energies and the absorber thickness
in gm cm-2.

Fanally, the last step, to produce the muon burst spectrum was to
calculate the relationship between the burst size Ne and the energy transfer
in lead and iron. Sance muons heve a large attenuation length, the produced
energy transfer size distraibution will be independent of absorber thickness.
The lumting energy which can produce bursts of a given size by the maximum
energy cascade which can develop to shower maximum in the whole depth of the

absorber, For the iron absorber, 8.19 radiation lengths, it can be seen

from the cascade curves of Ivanenko and Semosudov, see figure 3.1, to be
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suffiolent up to about 1,000 GeV,

However, by dividing each absorbver into a large number of small layers
and assuming equal probabiality for a mon to interact an the middle of ezc
layer and by using Ivanenko and Samosudov iransition curves for electron
anatiating cescades in iron and lead figures 6.9 and 6.10 for the knock-on
and bremsstraidung processes, and photon initiating cascade in iron and lead
(see figure 3.1 and 3,2) for the direct pair preduction by mvons, one can
calculate the relationship belweon the burst size Ne and the energy transfer
in iron and lead target; this relationship ls shown an figure 6.11.

The final results on the muon burst spectrum will be presented in the
next section coumpared with the total burst spectrum measured in thas experi-

ment and the nucleon burst spectrum.

6.3 The pion spcetrum

6.3.1 Introdiction

In thas section the flux of high energy pions was determined by using
a statistical method based on separating the pions fyrom all measured hadrons.
Briefly, bursts produced by charged (P, nt, u? ) and neutral (n) pramary
particles in lesc and aron targets have been measured. If the neutron
spectrum at sea level is known end then assuming equal numbers of neutrons
and protons in cosmac rays at sea level, the contribution of pions and muons
to the totel burst spectrum can be found directly from the experimental data
by subtracting the nucleon burst srectrum from the total burst spectrum,
Also one can calculate accurately the contribution of muon ( s ) produced
bursts in the iron and lead targets (this was discussed in section 6,2),
So, in this way the burst spectrum produced by pions ( W ) can be found and
the pion ( m® ) energy spectrum determined. 1In this section the differ—

ential energy spectrum of charged pions over the energy range 40 GeV< E< 7 TeV
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is given.

€¢3.2 The measured pion spcctrum

In chapter 5 the vertical burst spectra for all hadrons were given
for the ircn and lesd targets (see figures 5.16 and 5.17). Having obtained
this, the vertical burst spsctrvm produced by pions an iron and lead can beo
deraved from the above speclira by subtracting the conlrabution of muon and
nucleon interactions to ihe measured verticel burst spectrume The muon
burst spectrum was calculated itheoretically.

The nucleon bursl spectrum was calculated from the energy spectrum of
neutrons at sea level; the best line through the experamental resuli on
neutrons and the previous measurement by Ashton et al. (1970) was takon 1o
calculate the neutrcn burst spectrum in aron and leed. However, fagurcs
6.12 to 6.15 show the measured integral burst spectra for all incident
pertacles (p, n, © ) and a small contr.ution of |f . In these figures
the calculated burst spectra for the neutrons and muons are showne

The dotied line shows the calculated burst spectrum of pions under 15 cms
of lead and iron. )

A conversion from burst size to mean enorgy was made using the burst
size - energy relationship for a pion interacting in the lead and iron
target (see figures 3.6 and 3.7).

The sea level pion flux was determined from the measured rate of the
pions interacting .n iron as follows:

Rate of incident pions ( m> ) at sea level (cm-2 sec T st-l) = rate of

plons observed in Fe divided by the probabilaity of pions not interacting

in lead X probability that pions anteract an iron.

Rn(at s/L) = R, (measured)/ (ta-x'f’b/hTt ) (1 - e—xFe/)\n )
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Also at sea level pion flux was determined from ihe measured rate of
the pions interacting in lead as follows:
+ - - -
Rate of ancident pions ( T ) at sea level (cm 2 sec™t st 1) = rate of

pions observed in pb davided by the probability of pilons interacting in lead

Ry (at 8/1) = R (measured) // (1~ e-XPb/An )

As mentaioned sbove tlie verticel integral burst spectra produced by‘nF
in the lead and i1ron targets have been used to give two independoni measure-
ments of i1he pion energy spectrum incident on the cheamber {rom the air.

The two spectra were compatible end have the same slope. Averaging

ki
E
[3H
[4(4]
(/)

ull winien 15 shown 1n figure 6.1G.
Thas spectrum shows over the energy range 40 GeV to 7 TeV the differential
( e o ) vertical flux decreases with ancrecsing energy as

g~2e55 £ 0.10,

A comparison between the present charged pion ( n! ) spectrum and
the neutron spectrum has been made, il was found thet the flux of
of energy > 200 CevV 18 greater than that of the neutrons of the same energy.
The neutron spectrum was extrapolated after 2 TeV with the same slope
g2-97 % 0.1 up to 10 TeV, ihas 15 shown with a dotted line.

At low energies ( < 100 GeV) a comparison has also been made with the
previous pions direct measurement given by Brooke et al. (1964) ané Diggory
et al. (1974). They obtained mezsurements of the pion spectrum up to
energies of B0 GeV and 20 GeV respectively using magnetic spectrometers in
conjunction with neutron monitors (see sections 2.32 and 2.33).

The present measurements are consastent in terms of absolute rate

with the measurement of Brooke et al. but not wath those of Diggory et al.

vhich are larger by a factor of about 2.




Figure F_.}é The dafferrntial encrpy spectrum of
chargea proas (T + T ) in cosmic
rays al sez level,. The neulron
measurements are from the best line
through the summary given in faguro
6030
At low energy (< 100 CeV) the present
measurement 1s consistent in terms of
absolute rate with the weasurements
of Brooke et al. (1964) bui not wath
thoce of Dirgory et al. (1974) which
are larger by s factor of about 2,
The paon end neuiron intensities
decrease with ancreasing energy as
E—?°55 i 0.1 and E"2097 -4 0.1

respectively.
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6.4 Charge to neutral ratio

In this experiment the charge to neatral ratio could be estimated
from the meazsured number of bursts observed in the flash tube chamber by
charged and neutiral particles interacting in the iron target. Figure
6,17 shows the measured differential burst spectrum of the charged and
neutral particles, the best line through the charged and neutral points was
drawn and the c/n ratio for two values of energy was given herec/h: Lol at
100 GeV and ?/n = 9.0 at 400 GeVe The excess of charged over neutral particles
is interpreted usually as the presence of pions, since the ratio of the number
of proton to the number of neutrons is close to unity.

Shestoperov (1974) has summarised the experimentsl Adats on the ratao
of the charge and neutral hadrons with energy = 1010 eV at mountsin altatudes,
table 6.1 shows this summary. In the last column he has listed the pariicles
which have been selected to determine the ?/n ratio. Some authors used a
fraction of the hadrons for thear analysis and thais as gaven in the table
es a per cent, Other authors selected indivadual hadrons to obtain the c/n
ratio. A recent measuremeni by Ellsworth et al. (1975) on the charge to
neutral ratic of unaccompanied hadrons over 3.3 m2 and at mountain altitude
730 gm cm—2 are shown in table 6.1 also. More charged hadrons than neuiral
were found as the energy of the particles increases.

So, if the ratio of the number of protons to the number of neutrons at
& given devth 1n the atmosphere is known, then it would be possible to deter—
mine the fraction of ¢ 1an cosmic radiations

The nﬁfp rat10 1s summarised an table 6.2. Since there are no
measurements on the pion spectrum at mountain ajtitudes or sea level at
high energy, the present cgjculation on the pions from the measured all

hadrons shows the followinge As the pion energy increases the percentage of
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interaciea 1n aron target, data were taken
from the 20KS run,

1 - reasured charge burst spectrum,
2 - reasured neutral burst spectrum,

3 ~ calculated muon burst srectrum,
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pionic component increases. Garraffo et al. (1973) have predicted the
pion to proton ratic as a function of energy for three dafferent atmospheric
depths and for a faxed pion attenuctlon length an eaar )\ = 110 gm cﬁz.
Their predaiction for the ratio was found to be considerably haigher than the
lower energy data.

However, fagure €.10 shows the Garraffo et al, prediction together
with the present work on the 1ﬁ§p ratio. A reasonsble agreement between
the prediction and the calculation was found. In the same figure the
ratio was shown for thc low energy pion measurement given by Breoke et al.

(1964) and Diggory et al. (2974).

6.5 Conclusion

The encrgy spectrum of neuirons obtained {rom the measurement of lhe
neutral burst spectium observed in aron was found to be i1n good sgreement
with the prcvious messurements (Ashton et al., 1970). In the present
investigation, 1t was assumed that there are equal number of protons and
neutrons et sea level.

Ths result cbtaiued on the pion {lux al sea level gives a rapid varaation
an the ratio of pions to protons as the energy of the particles increased.
Since no final conclusion has heen reached to explain such behavaiour,further
experimential work is nceded in order to confarm the slope of the pion and
the nucleon spectra at sea level at high energy.

The present c nclusion could be explained as follows: the rapad
increase in the ratio could be explained as due to a change in the character-
istics of nucleon - air nucleus interactions such that above some energy
limit there are more pions produced in the interaction and a larger fraction
of the eavailable energy 1s gaiven to one of the secondary pions.

An alternative explanation is that, the last interaction of the pions
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in the air could be lower on average than that of proitons. This gives
more chance to the secondary pions to reach ground level,

However, in the low energy regions vhere the effect of the pion
decay becomes important, the n%IP ratio decrease= rapidly and this

has been shown by the results given by other experiments.
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CHAFTIR 7

QUARK THECRY AND RLVIEW C1 THE QUARK STARCHES

7.1 Origan of the concept of quark theory

After the discovery of the - mesons by Lattes et al., (1947) in
nuclenr emulsions exposed to cosmic rays at mountain altitudes a large

number of particles have been found, and by 1949 the nunber of particles,

s¢ called 'elementary'! partaicles, had growm rapidlys Atlempts to understend
the known elenentary particles in terms of elementzry sub-units have been

rade, Fermi and Yang (1949) dascussed the possibality that pions were

bound states of nucleon, antinucleon pairse Subsequently, after the discovery
ol strarge pariicles at became clear that some sub-unit carrying strangeness

vwas also neaded, s0 the Fermi-Yang suggestion was abandoned.

Sakata (1955) iniroduced a third symsetry element havaing spin half,
isospin zero, baryon number unaty and, in addition, strangeness of minus onc.
He identafied thas element with the baryon A . Sakata proposed that the
sub-units were the traiplet of proton, neutron, lambda zero together with their
antaparticless The symmetry underlying the Sakata model is that of SU(3)
(su(3) 1s tl.c symmetry group which includes isospin and strangeness). The
model works rather well in giving qualitative features of the octet and singlet

meson multiplets, but it failed to be consistont with the observed octet and
decimet multiplets of baryons.

In the Sakata model mesons are formed by particle = antiparticle pairs,
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and accordiang to group theory the direct product of tiriplets forming
mesons is: 3® 5 =8@1 (where ® means direct product, @ means
darect sum and a bar indicates antiparticle) a.e. singlet and octet states
are formed, as had becn found experimentally. However, in the case of
baryons the theory failed to he consaslent with the observed octet and

decimet multiplets of baryons when ihese multiplets of baryons become firmly

observed experimentally.

In the Sakata model Laryons should be constructed from two particles

and an entiparticle 10 conserve baryon number, and the direct product of
triplets forming baryons is: 3@ 3® 3 =15@ 6 ® 3 @ 3o It was first
noticed by Gell-Mann (1964) and Zweig (1964, 1965) that although the Sakata
model 3® 3@ 3 predicted the wrong multiplel structure for the baryons the
alternative reduction 3® 3 ® 3 =10® 8 ® 8 @ 1 gave the required
results Thas reduction thus indicated that baryons wers composed of 3
sub-units and sach sub-unit should carry baryon number 1/3 so as to be
consistent witn the law of camservataion of baryon number,

Gell-Mann, hovever, gave the traiplet particles the name 'Quarks!, and
from ths Gell~-Nann, Nishijima relation given below the charge carried by

these hypothetical particles (Quarks) is deduced;

Q=T3+ B;S= T5+ %—
Vhere: T3 1s the third component of isospin

B is the baryon number
S 1s the strangeness
Y is the nypercharge

Q is the electric charge.
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The quastum numbers and the basic properties of quarks are
given in tsble 7.1 (To obtain the quantum numbers of antiquarks,
reverse 8ll signs an the table). One way of representing quarks 1s shown
an figure 7.1, in this figure the three kands of quarks p,n, A each with
charge of 1/3 nr ?/3 can build all known mesons and baryons.

Figure 7.2 shows how mesons can be built up from the quark traplet,
and in figure 7.3 the construction of lhe baryon octet and decuplet states
can be seen (all the particles shoun in the figures have been established

experamentally as given by the Particle Data Group, 1972).

7.2 The predacted nroperliies of free quark

Since tho prediction of the auark model and the anrcess which follawed
it, it is still not clear whether quarks have physical existence or are
purely muthematicel entities,.

However some predicted properties of quarks are: (a) the decay schemes
of the quarks (b) the mass of the quark (c) the cross-sectaion for quarks
production in nucleon - nucleon collisions (d) the quark - nucleon Inelastic
cross section and inelasticity.

(a)Ths decey schemes:

The value of the charge of the three quarks p, n and )\ are + 2?/3,
- ®/3 and - /3.  OF these, the +°%/3 is expected to be stable while the
-?/3 components are expected to have lifetimes of the order of seconds and
about 10-10 second respectively again decay into the stable quarke.
Accordang to Adair et el. (1964) the expected decay schemes are shown in
table 7.2,
(b) The mass of the quark:

Morpurgo (1967) has obtained a rough estimate of the querk mass

assuming mesons are quark - antiquark, states, bound in a square potential
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well of radius re. Considaring vector mesons with r - (5 m g )_1 as
providing the bindmng force betweon the quark - antiquavk pmars ( q§ ),
then the lowest bound state has the mass of thse pione

The valne oblained f'or the quark mass depcrds on ins square of the
assumed range of the q @ potential, and due 10 lhe different assumptions
the free quark mass hes 4 value an the range 5 Ge‘f,/cz to several tens of
GeV/g2
(¢) The cross section of quarks an nucleom twweleon ccllision:

If the quarxks do exist as free partrclus, then they can possibly be
produced in hich energy nucleon-nuc’eun corlis:onse The possible production

anteraclions ere shoin below (Ashion, L973):
1l N+N —> N +N +9+9

26 N + N—>N + 3q

3¢ N4+N—=2=3q + 5q

hoe Tem -——> T+ qeq

50 M+ —=>2(q 4 3)

In the Tirst three types of intoraction the total kanetic energy of
bolh incident nucleons in the ccnire of momentum system is available for

M
quark production while in the last two interactions a fraction n -=0,15
My

of the total kinetic encrgv is available for quark production. TFigure 7.4

shows the incident nucleon kinetic energy threshold for the above interactions
as a function of quark mass (Ashton, 1973).

However, sance the quark pair (q q ) are produced an virtaal T . T
collison, similar to that an p P production, see figure 7.5, the energy
threshold of the incident nucleon in the laboratory system for the quark pair

to be produced, is 2 [ ( MQ/M“ )2 - 1] GeV (Ashton, 1973). So, in order
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Table zig

Decay scheme Life taimo
Stable mnfinite
n—>p + -e-+.v- ~ SECe

P+T
A ~10%0 sec,

v N\

o
n+n

Possible decay schemes of quarks.
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Figure 7.i. The relation between the quark mass and
the threshold kinetic energy for quark
production in the nucleon - nucleon collisions.

After Ashton, (1973).
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to obtain the ihreshold energy for quark production by way of thas

mechanism, the mass of ihe free quark should bve estimated,
(d) The quark - nucleon inelastic cross section and inelasticity:

Experamentally it was found that the nucleon - nucleon (NN) inelastic
cross section and the pion - proton (mw p ) inelastic cross section is
equal to 3J mb and 22 mb respectively. Sance the pion contains two quarks
and the nucleon comtains three, then the expected ratio of inelastic gp
to the inelastic NN cross section is %/3. Levin and Frankfurt (1968)
have determaned the magnitudes of the scattering of a pion on any target
and they found 1t should be two-thirds that of a nucleon on the same target.
However. this agrees with the expected ratio end lecads to the conclusion
that the quark-nucleon Inelastic crosc section 13 ~ J1 mb, From the fact
that the measured attenuation length of cosmic rey nucleons in air i1s larger
than their anteraction nocan free paih, it can be shown that on avcrage nucleons
lose approximately 307 = 2 ¥y of their energy in nucleon -~ nucleon collasion.

My

Supposing quarks are surrounded by a mesonic field, the relative energy loss

M
of a quark - nuclcon interaction is -Ag =2 _T

~ 0.3 ™
Wy o

(Ashton, 1973). It follows from this that the larger the quark mass the
more material i1t is likely to penetrate before being reduced to a non-

relativistic velocity.

7.3 Some successes cnd difficulties arising in the quark model

The simple non relativistic quark model has been used successfully to
describe a large variety of phenomena in hadron physics, especially the
structure of meson and baryon multiplets. From the quark model the magnetic
moments of quarks i1s found to be proportional to their charges such that

u'p = 2/3l11 y Hp ="1/3u1 o and Mh = "1/3“'1 ’( |—l, s unhlo‘m)'



81

So, the ratio of the average magnetic moments of neuiron (nnp) to proton
(npp) is given by Wn/Wp =—0.667.  The magnetic moment ratio of nevtron
1o proten measured expcrimentally 15-0.685, a reasonable agreement between
the predict.on and axperiment.

The qua,} model makes a1t possible to derive a large number of relations
arong the cross sections for strong interactions, for example, the ratio
between the inelcstic creuss sections of WP ainteraciion and pp interaction
vag predicted to be 2/3 and this value confirmed by experiments with a
salisfactory accuracye The quark model, however, makes il possible to give
a good explentiion of a large number of exisiing experimental data.  But,
there are si1i1 sevevral guestions or difficulties which are still unsolved
end necd to be answered in the gquark model, such as whether quarks arc roal
particles whacn can exist in the free staite or whether ihey are mercly of
mathematical abslirections The main dafficulty in the quark model as the
quarks themselves have not been seen and there i1s no satisfaclory explcenotion
for their failure to te chserveds Many explanations can be given, the most
popular beang that their mass 1s too high to be wathin range of all experi~
nents performed to date.

If fractionally charged quarks are the fundamental componenis from
whach the hadrons are constructed, then why the fundamental baryons have
fractimal charge, while the leptons (electron etc) have integral charge.

So 1f the unit of cherge is ?/3 then it 1s difficult to explsin how the
electron has unait charge, since the pred.cted value of megnetic moment of

the electron agrees with the experiment under the assumption that the electron
is a point particle. However, it has been suggested by Massam and Zichichi
(1966) that perhaps the leptons are also constructed from 'leptonic quarks!

with fractaonal charge. Thas hypothesis that leptonic quarks exaist as

rather albitrary in character,
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If the quarks are fermaons (porticles heving half antegral spin
engular momentum), thcn the following difficuliy is coming from the AtY
which consists of threc P guarks an the seme states The tolal wave
function of A+*' 18 symmetiic which 1s not cunsisteni wath the Pauli
Exclusion Pranciple stute that the total wnave funelaion must be antasymetric
for systems of fermions.

It 1s very amportent ic find out whelher, in addation to systems
consistng of threce ganzks (baryon) or quark and antiquark (mesons), whether

there as another tyre ol hzdron cxasting having chargesh%/B,Sﬁ/E etc,

7ok Ctrer quarl mofela

Othcer models have been cstablished to explain the drfficuliies which
have been found with tho Gell-Mann-Zweiq quark model,

In the first wodel ihe idea of colourcd quark has been given, in whiach
quarks have d.fferent colours, e.g. red, yellow and blue. In thas model
quarks of differenl colovrs have different properties so e.g. 3 p type quarks
each with a dafferant colour could bind to form a hadron without violating
the Pauli Exclusion Pranciple.

However, although the simplest antsrprelation of' SU3 symmetry as that
the fundamental traplet particles should carry fractional charge it as
possible that the basic triplet particles could have integral charge. The
concept of antegral charged quarks followis the coloured model which was the
same es the earlisr model proposed by Bacry et al. (1964) and Lee (1965).

However, in both models ihe traplet particles are distinguished by a new
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additive quontum number ¢ and the Gell-Mann-Nishijima relaticn is modified

to:

The same modification which has been given above was also required by
Bjorken and Glashows (19C4). In their theory 'charmed' querks with thas
new conserved quantity charr C are different from the basic quark traplet.

Charmed quarks with integral charge are assumed to have a much higher

mess than the three basic quarks,

Another madel hog heen Prgpnenﬂ hrr Fowmman (9

oo\ Toy, +1a$ e wadn
- - o —~ - ,/ e

Feynman concludes that the nucleons and other hadrons are composed of partons.
This model has beon used extensively and met some success in deep lepton-

hadron nelastic scatterang.s All of these models, however, have been

examined experimentally and each model has 1its own dafficuliy.

7.5 Review of quark seerches

7.5.1 Introduction

Since Gell-Mann and Zweig predicted the existence of fractionally
charged particles, 1.e., querks, in 1964 many experiments using high energy
accelerators and cosmic rays have been made to search for these particles
using different methods and techniques. In spite of all the efforts,
however, these particles have not yet been found in the experiments
performed by cosmic rays. Late in 1974, a report from Brookhaven National
Laboratory described the observation of a heavy mass particle M = 3.1 Gev/cz

and decay width approximately zero. The observation was made from the
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reaction P + B —— ot + e 4 X, where X is anythang. 1In this
section the review of the quarks searches at acceleorator, in cosmic rays

and in different physical branches will be dascussed.

7.5.2 Searches at accelerators

In expcraments with modern large accelerators, yuarks and other
fundamental particles could be produced when a targel i1s bombarded by a
pricary high energy proton beam. So, the searches for the new particles
have been carried out in the secondary beams with a given momentum emerging at
a definite angle wilh respect to the direction of motion of {he primary
protonse Tho expcerimental methods have been uscd to identify these particles
ascd o, V& PArLicies OF L€ uaSSe L0 LU@
first type the idea of the energy loss was used in determining the charge
of the particles. So, for this purpose a scantillation counter or a visible
detector like a bubble chamber or steamer chamber have been used to measure
the tolal i1onizetaion lost which is & function of the charge z, The second
type was to determine the mass of the particles independent of their charge
(both antegral cr fractimal charge), the mass was determined by measuring the
velocity (at a fixed momentum) by means oI Cerenkov counters and by the taime
of flight., A large number of counters are needed in order to minimise
fluctuation effects which could make a charge e particle appear 1o be
frectionally chargeds For accelerators using protons as a pramary beam
the upper 1imits on the differential cross sections for quark production
obtained from these experiments are given in table 7.3.

In all cases the quark - antiquerk produced, and the lamit refer to

the reections: -
N+4N — N+N+q+q

As shown in table 7.3 the quarks have not been seen in any of these
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experiments,

Tn the reaction P + Be ——> e + ¢ + X, lubert et al. (1974)
have observed a sharp enhancement at M(e+e_) = Jel GeV/cz. The experiment
used Cerenkov couniers and proportional chambers and was performed at the
Brookhaven 30 GeV alternating gradient synchrotron, Figure 7.6 shows the
mss spectrvm of ihe new particle at mass 3.1 GeV/cz.

At the same time a group at the Sianfuid Linear Accelerator Center (SIAC)
observed & sharp peak around 3.1 GeV/02 in collidang beam processes
e + ¢ — s hadrons or | + | or e* 4+ ¢« The same group have found
another particle in the process et + & ——» hadrons, The second particle
is quoted to have a mass 3.7 GeV/cq.

Viith thas dascovery, a new kind of quark, {the C quark, is postulated
10 have cherge +2e/3, strangeness 0 , charm + 1 vhere the P, n, A quarks

a1l have charm O (Jacob, 1975).

7¢5e3 Sec-cli an (osric rays

At very high energies, cosmic ray particles inleracting in the
etmosphere could rtroduce quarks or fundamental particles with masses greeter
than what is possible with exaisting accolerators. However, a large nuaber
of experiments with diffesenl experamental techniques have been performed
to search for quarks in cosmic rays at sea level, mountain altitude and
underground since the idea of the quark introduced by Gell-Mann (1964).

Quarks searches in cosmic rays have been classified as follows:

(2) Search for relativistic quarks in unaccompanied cosmic rays.
(b) Search for noun-relativistic heavy mass particles.
(c) Search for quarks an EAS.

(d) Deolayed particles in EAS.




L

differential cross sectioms for quark production

with proton acceleratorse.

Reference and method Target | Proton Quark d250 / A4 PdaQ
of detection energy morien-
(GeV) tum %?1 =1/3 |10l = 2/3
GeV/c cr/GeV st em?/GeV st
Hagopian et al.(196L) w 31 2.83 nQ/hﬁfh 1078
'Bubble chamber! -6
5.7 nQ/n 58 10
Blum et al. (196L) cU 27.5 | 607 2,2 10790
'Bubble chamber® 13.4 ~1.110_35
Bingham et al,(1964) cU 21 5.3 107221070
'Bubble chambor' 10.6 (2-—5)10-36
Antipov et al.(1969) Al 70 | 16,7 1. 10797
'scintillation -36
counter! 55.5 7.710
26,7 7.1 1078
-7
5343 4ol 10778
Allaby et al. (1969) -39
'scintillation Be 27 ! 10,9 7.2 10
counter! -38
Uo7 5.2 10
Leipuner et al. (1973) -35 -35
'seantillation Be 300 1.0 10 1.0 10
counter'
Nash et al. (1974) Be 200 | 150 8.0 10797 40 20727
!scintallation
counter! 300 | 270 5.1 10~ 2,5 15N
Table 7.3 The upper limits with 90% confadence level on the
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(a) Search for relativistic quarks in unaccompanied cosmic rayst-

Search for single (wathout shower accompanimeni, = 1 partacle m-2)
fractionally charged particles in cosmic rays have been made in most experi-
ments, which are rather similar in their technique. In all ithese experi-
monils measurements of the ionizalion of tho particles passing through scinti~
llation or proportionel counters were made in order to distinguish quarks.
Since the 1onization loss of particles with charge Ze is proportional to
Z?e?/pz » B =1 for relativistic particless If K represents the amouni
of 1onizalion produced by a charge e particle, then for fractionelly charged
periticle the amount of ionization 1s proportional to 0.11 K and O.44 K for

A awlen o dln AliAavas
Mtk i - Via wlated gy

2 recypmctovely,
6 scntillation counters to search for e/} and 2e/3 in conjunciion with flash
tubes as visual detectors. They demanded a coincidence betwesen all 6 couniers
when the amount of ionazation in range 0.05 K - 0.30 X and in range 0.3 K -
0.85 K for °/3 and 2?/5 respectively,

The lamit obtained on the quark flux as shown an table 74 Most
experiments have used scintillation counters, ryark chambers or proportional
chembers. The lamit gaiven by all these experaiments shows a value less than

=10 =2 -1 .-l

10 cm sec - st 7 and no quark has been founde The lowest lamits for

the quark flux so far are:

Charge Limit Reference
- -? - -

e/3 <0.57 10720 cn?se07 st™T Chin et al. (1971)
- -9 - -

263 <0.5 10710 cnPsecist™t Krisor (1975)

(v) Search for non~relativistic heavy mass particles:-

Searches for heavy mass particle have been made i1n cosmic rays



Flux 1limat an unats of

Reference Depthzln 16]0 cm-z sec—l st-l
gm/cm
?/3 2e/5
Gragorov et al. (1970) Satellate <20 < 200
Cox et al. (1971) 2,750 metres < 0.83 < 0.96
Chan et al. (,971) 2,750 metres < 0.57 -
Buhler-Droglin et al.
(1967) 450 metres < L5 < 1.7
Gomez et 2l. (1967) Sea Level < 1.7 < 3oy
Ashton ot al., (196£b) Rea Tevel < 1,15 ~ 0.8
Kasha ot al. (1968) Sea Level - < 2,7
Garmire et al. (1968) Sea Level < 0,66 < 0,88
Faassner et al. (1970) Sea Level < 1.9 -
Chin et al. (2971) Sca Level < 1.3 -
Crouch et al, (1971) Sea Level - < 2.6
Krasor (1975) Sea Level < 0.7 < 0.5
s () it S IR
Barton et al. (1966) 2,200 m.vie€a - <1
underground

Table 7.4

Surwary of the upper lamits on the flux of unaccompanied

(= 1 partacle m-2) relativistaic ¢/3 and 2¢/3 charge
quarks at diffcrent depths in the atmosphere.
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independent of the charge of the particless The experiments were constructed
to measure the time of flight end range of particles, Franzini et al.(1968)
operaled this type of detector at sea level and at a large zenith angle of
8&0. No events were found and the upper flux limit was = 5 10—8 cm-2sec-lst-1'
A similar experiment at large zenith angle (75°) hes been made by Kasha and
Stefanski (1968). This experiment used a magnet for determination of the
particle momentum, No positive result was found and tne upper limat to the
flux was quoted as< 2.4 1O=8 cm-2 secul st—l. Ashton et al. (19€9) used a
telescope containing six sciniillation counters of 1 m? area and two water
Cerenkov selectors at sea level. They used a velocaty/range technique, and
found an upper lamit to the flux of < 4.9 10710 on? gec™t st7L.

Galper ct al. (1970) experimented under 80 cms concrete al sea level,
and obiained an upper lamit of < 3.4 10-8 cm-2 sec“1 st-l.

More recently a search for heavy long lived particles has been made
by Yock (1971.). The telescope used was designed basically to be sensitive
to slow particles with high mass. The telescope was constructed from
scintillation counters and spark chambers and was situated under 600 gm/cm2
concrate. The result oblained can be summarised as follows: the flux of

L) -o - -
singly charged particles having mass = 6MP is=<610 9 cm ~ sec 1 st 1.

(¢) Search for quark accompanied by FAS:-

A VA

Since praimary cosmic rays with energy ~ 10" eV can produce extensive
air shower (EAS) as a result of their inieraction with air nuclei, then 1t
is possible that quarks exaist in EAS as secondary particles.

Extensive searches have been made in EAS to look for quarks near the
core using dafferent techniques. Most of the experiments searchang for

quarks in EAS used visual detectors, like cloud chambers. A summary of

the flux limat for quarks in EAS obteained by different grouns is shown in



Reference cnd Technique

¥lectron density

Flux an unaits of

threshold ( Ae ) 1610 cm"2sec—lstm:L
2
/3 /3
Cairns et 2l. (1969) -2
'cloud chamber! >15 m - ~5
Hazen (1971) -2
fcloud chamber! =150 m <1l <1l
Clark et al. (1971) >
'clovd chamber!' > 8 m <3 < 0.5
Ashton et al. (1971c) 5
1T1agh 4uhs chamberxt >0 a < 0.5 -
Evans et al. (1971/1972)
'Hagh pressure cloud -2
chamber® >60 m < 40 -
Hazen et al. (1973) -2
'cloud chamber! >80 nm < Q.4 -
Ashton et al. (1973 a,b) > 40 < 0.8
] ] °
Flash tube chamber >160 < 0.55 _
Hazen et al. (1975)
‘cloud chamber! not given < 0.12 -

Table 7.5

extensaive air showers.

Summary of the flux lamits for quarks an

A e 1s the minimum

elecliron density used as a master trigger.
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table 7.5.

Only the Sydney group has reported a positive result, and five evenis
wero classified as quarks. The claim of the Sydney group that the observed
ovents were genuine quarks was craticised by a number of groups (Adair and
Kasha 1969, Rahm and Sternheimer 1969, Wilson 1970, Karaly and Volfendale
1970, Rahm and Iouttit 1970, Wrouenfelder et al. 1970). The main poant of
the craticism was that the Sydney group do not adequately demonstrate that
the fave events (quark candidates) were well separated in ionization densaty
from the dastrabution due to plateau or minaimum 1onizing charge e particles.

However, thers 1s no strong evidence up to now that show that quarks
exist, and all the experiments searching for the fractional charged quarks
give negative results - see table 7.5,

The {lash tube chamber used by Ashton el al. (19?10,19731) was one of
the powerful techniques to search for (?/3) quarks in EAS. The resuli of

this search will be discussed in the next chapter.
(@) Delayed particles in EAS:-

If quarks are massive particles and produced in high energy interactaons
of primary orotoms with air nuclea, then they wall be delayed behind the
shower front. Consider a detector situated at a dastance H from the point
of interaction in which quarks and other secondary particles are produced.

If the quarks are delayed the time At between the arrival of the shower

front and the arraval of the quark produced at & height H is

bt = —— - L = L .
By 2 Y,
vhere Yy = __1
2
1= Bq
If the quarks are produced at rest in the ce.me.s. then their lorentz

7 M,

factor in the laboratory system 1s gaven by Y= Yo where Yy =
Iy
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Taking H = 16,8 Km above sea level, the value of At is

At = 270 nano seconde

2
L

A positlave result from some experiments claimed at least they have

found one event§ in which 1t could be a quark, the lwmits quoted by each
experiment have been summarized an table 7.6.

Cnly Dardo et al. (1972) working at 70 mew.e. underground and Tonwar
et al. (1971) vorking at 2,150 metres above sea level have claimed a definite

signal at flux levels of 10.-8 and .'LO-9 cm-2 sec-l st“1 respectavelye

7054  Other quark searches

The search for quarks has involved not only particle physics but
also some other fields in physics, e.g. cosmolozy, astrophysics, geophysics,
spectroscopy, chemistry and biology.

Astronomical methods have been used an order to study the emassion
line spectiun from the solar chromosphere, where C, N, O are the most
abundani elements next to H and He,

Sinanoglu et al. (1966) have predicted a number of transition wave-
lengths from C, N and 0 in various states of ionization. They claim to have
jdentified three lines in the emission spectrum of C and N due to ->/3 quark
bound to the nucleuss It has been shown later by Bemnett (1966) that the
lines are most lakely due to weak dipole transitaons of normal atoms.

Searches for quarks have been made also in stable matter, and recent
experimentel searches for quarks stopped in terrestrial matter are reviewed
and summarized by Kim (1973). The summary given by Kim is shown in table
TeTe

According to Cook et al. (1969), a quark concentration of the order of

=20

10 -10"2 quark/nucleon in sea water corresponds to an unchanging sea

9 - - - -
level intensity over the last 5.10” yeers of about 10 9 cm 2 sec 1 st 1.

This assumes that a quark mass of the order cf 5 GeV/cz.



Reference

Dopth an

gn/cn’

Flux lamit an unats of

10—10 cm-'Qsec_lat_1

Jones et al. (1967)

Bjornboe el al. (1968)

White et al. (1970)

Dardo et al. (1972)

Tonwar et al. (1971 )

Briatore et al. (1973)

Briatore et al. (1975)

3,230 melres
above sea level

16 to 36 m.¥W.e.

underground

Sea level

2,150 metres

above sea level

14-0 MeWeCeo

underground

LO mewaeo

underground

~ 100

~ 10

~ 20

~ 12,5

Table 7.6

particles in extensive air showers.

Summary of the flux of heavy mass delayed




Concentration
Referonce Teclmaque Sample Tmit
(quarks/nucleon)
-27
Chukpa et al. (1966) Surface Air < 510
evaporation Sea water < 3 10-29
Metoorate < 1 10-16
Stover et al. (1967) Magnetac Iron < h.10-19
levatation
. =18
Rank (1968) 0il drop Sea water < 110
ultraviolet oysters and -7
Spectroscopy plankton < 1 1u~
Braginskii et al. Magnetic =17
(1968) levatation Graphate < 110
Cook et al. (1969) Surface Air <1 10=24
evaporalion Rock <1 10-23
Johnson (19 69) I;Z‘%?::tzon w1obiaum < 1 10-19
Morpurgo et al.(1970) lMagnetac . -18
levatation Graphite <210
Hebard et al. (1970) Magnetic N1obaum < 210720
lavitation
Table 7.7 Summary of the experimental limits on the concentration

of quarks in stable matter.
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CHAPTER 8

SEARCH FCR ©/3 NUARKS TN EXTR'SIVE AIR SHC'.ZRS

8.1 Introduction

A search for quarks in the cosmic radiation has been conducted at
Durham since 1966. The experamenis already completed (Ashton et al. 1968b,
Ashton el al. 196%.and Ashton and King 1971) gave a negative result and the
limits given by these experaments refer to quarks arraiving at sea level with
an accompaniment of =1 par‘i::.cle/mzo

Since 1969 attention was turned to a search for quarks in extensive air
showers (EAS) as a result of the work of McCusker and Caairns (1969) and
Cairns el al. (1969) who presenied evidence for {he existence of quarks with
2e/3 charges

A flash tube chamber wes constructeuw a5 & visual deteclor using a
neon tube, Ashton et al, (1971c) to search for the fractionally charged
partacles un FAS. Later, the chamber wzs reconstructed by increasing the
sensitive volume ond also 2t was found that 1t 1s important to use the
defining layers of flash tubes at the Lop and bottom of the chamber in order
to elimanate the edge effect in which a particle waith a cherge e could simulate
guarkse The detesils about the constiruction of the chamber and the character-
istics of the neon flash tules have bcen given an chapter 4,

From the measurement of the efficiency - time delay (see section 4.2.4)
it was found that the flash tube chamber 1s sensitive to partacles of charge
5/3 but not to charge 29/5, since these can not be resolved from the distri-
bution of charge e particles.

The 20 L' s tame deley Tp (the time between the passage of the particle

through the chamber and the epplication of the high voltage) was chosen to
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operate the chamber, because 1t gave a wide separation botween the
distribution of the number of flashes on a track for e and €/3 particle
respectively, so this time delay i1s considered to be optamum time, see
fagure 4.8,

Briefly, the aim of the prescenl technique was to lock for a track
produced by the passage of a fractionelly charged ©/3 particle an whach it
has significantly fewer flashes along 1ts track than a charge e partacle.

The chamber has been operated to look for inese psrticles in regions
of EAS of local electron density = Ae m~2, the electron density being
selected by three liaquad scintillators.

The first search for ®/3 quarks was mede an EAS using a local electron
density = 40 mm2 (Ashton et al. 1975a). The result shows that with a running
tame of 2,750 hours, 20 tracks were observed whaich reserbled ©/3 quarks.

All but 2 of them were explicable in terms of background muons traversing

the chamber in the 103 -~ 14, M S period before the application of the h-gh
voltage pulse to the chamber. The details and the scale diagrams of these

20 tracks (quark candidates) have been given by Saleh (1973). To eliminate
the background effect 1t was suggested that the sensitaive area of the chamoer
must be covered with plastic scintillators, but as the chamber was new and 1t
was apparent from the photographs obtained thal many other aspect of EAS could
be studied with at, for example, the energy spectra of charged end neutral
hadrons an EAS (this wall be dascussed in the next chapter), muon groups etce
it was decided that rather than to dasmantle the chamber and redesign it to
overcome the efflect of the background muons, the chamber should be carraed

on running to obtain more data using higher local electron densities. It

was hoped that higher shower energies (i.e. higher electron densities selected)

may increase the number of genuine events to the number of background events

-2
sinulating quarks, Subsequent work using local electron densaty Ae = 160m
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has been made, no posilive events having been observed, Ashton et al. (1973b).
The preseni measuremenis are a continuation of this work and the scarch
for ©/3 querks has been made near the core of TAS using a local electron

density Ae = 500 m-z.

8.2 Disirabutaon of the core distance and shower s1ze of EAS
paven by a locel eleciron density trigger

Parvaresh (1975) has performed a calculatlion to determine the mean
shower size and the mean core dastence of showve>s selected by the detector.
The calculalions were carried out nunerically tukaing the sea level number
spectrum given by Hillas (1970) and the lateral structure function for
electrons and muons at sea level given by Greiscn (1960), Namely, for

electrons:

Oe' ‘T o. r 02 "2
eiwe, r) = =fe (L)0T5 (L )3B (gL Sh o)
r{ 1 1 1

where r; is the cascade length in air (= 79 metres), and for muons:

)—2.5 “'2

2 -
glie, 1) = 18 (=) x0T (1 .

-
10 520

Vhere Ne is the electron shower size and r is the radial distance from the
core in metrese.
The rate of triggers with local electron densaity = Ae m-2 and considerang

the muon density AH = O m-2 is given by:

r
max
R(>r, zp )= /2ﬂir R[?.'Ne: Ae] dr sect
r £(r)
r
max
R( >Ne, =Ae )=f 2nr R[ZNe: e ar seot
T in f(r)
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vhere R( >r, = A, ) 15 the rate of traggers produced by showers falling
at the distance > r from the core and R{ > Ne, = Ae ) 18 the rate of
triggers produced by showers of size > Ne.
where Ne = %%;) , f(r) as the lateral structure function for electrons
given by Greisen,

The above i1ntegral was evaluated numeracally for different values of Ae,
and for each value of Ae the muon densaty was considered to be AP = C m_z.

However, for the present informstion the calculation on the rate of the
JAS as o function of shower size and core distance producing a local electron
density Ae m-? have been shown in figures 8.1 and 8.2,

From thesc faigures it can be seen that the shower size selected by the
trigger = 500 e 18 ~ 1.3 105 and the core distance is ~ 5.5 metres.

Table 8.1 shows the characteristics of EAS selected by a local density

detector (see figures 8,1 and 8.2).

8.3 The EAS experiment

8.3.1 Calibration of the chamber

The response of the flash tube chamber to single particles (muons) has
been measured using the coincidence between the two plastic scintallators A
and B. (see figures 4.1 and 4.6).

The 20k s time delay was used to measure the efficiency distribution
of the number of tubes along the track using the same method whach has been
described in section 4.2e4e

1,046 single tracks were obtained end their photographs were scanned.
The distrabution of the number of flashes in F2 + F3 was shown in faigure 8.3,
no low efficiency track was found (af any) an the region of €/3 quarks. The
mean number of flashed tubes along ithe track of a single particle (muon)

passing through {he chamber is 7 x 14 with standard devietion of distribu-
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Teble 8.1 Characteristics of extensive air showers

selected by a local electron densily

detector (Parvaresh, 1975).
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tion of o = 4.ebe

8,362 Setting up the trigger

Fagure 8.4 shows the block diagram of the extensive air shower (FAS)
trigger systems Three liquid scintallation countors North, liddle and
South (each of area 1.2, m2) placed close to each other on top of the
chamber (see figure L.1) wmere used to select the FBAS trigger by a coincidence
between the scintillators. The single particle pulse height for each scint-
illator was measured using a smell geiger telescope, and for all ithe running
time the discrimination level on each scintillator was set so as to accept
a minimum of about 620 particles through it (1.e. about 500 partlclea/mz in

each scintillator) and the average rate of coincidences was L per davy.

8.3.3 Running the experiment

Wath thas master tragger = 500 m-2, the chamber was operated in thas
mode from March 1973 to January 1974 for a total running time of 7,009 hours,
The whole of the run was recorded on a series of films called 'G- series'!
and the nupber of films taken in this series are 21.

The procedure of scanning the falms and the basic data will be dascussed

in the next seclion.

8.4 Analysis of the data

8.4.1 The procedure of the analysis

In 7,009 hours, only 1,217 air shower triggers were recorded with the
electron density threshold set at Ae = 500 m-?. The events were rscorded
on films taken by a front camers. The analysis procedure for indivadual
events was achieved by projection of the negative obtained onto a scanning

table, vhere each svent could be examined in detail, The events were

projected on a scale diagram showing the front view of the chamber,scale
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1 ¢ L5 to real space.

In the analysis the definition of a measurable track was one which
passed througa ™2 + F3 layers and produce at least one flash in the defaining
layers ¥l snd 4. Since the defining layers are shorter than the measuring
layers F2 and T3 then thas ensures lhat the irack has passed ihe sensitave
volume of the chamwber (the sensilive volume could be defined as the volune
coverad by 1le eleciroles, 2nd this could claminate the background muons due
1o tke edge effect (Ashion ot al, 197le).

A measarable track with 2 4+ 13 > 60 flashed tubes also must be accomp-
onied by at leaol one shower track in the chamber of length greater than
60 cms parallel 1o it or wathimn 2 5% an the projected plaae.

All the iracks with F2 4+ F3 in range 20 - 60 were measured irrespective
of the angle they made ito showsr tracks in a pacture. However, all the

events observed in the chamber were drawn and studied carefully,

8402 Basic quark data

The basic data from the quark searches are summarized and shown in table
8.2 All tho data were obtained using a local electron density = 500 m-z
a5 a master trigger,

The frequency dastribution of the number of measurable tracks per photo-
graph 1s shomn in table 8,3, and the frequency distribution of the sum (¥F2 +
F3) of the number of flashecs on each track in the 96 measuring layers for
the 452 measured tracks is shown in faigure 8.5. The mean number of flashes
along the track in F2 + T3 layers for shower particles passing through the
chamber is 77.88 % 0.22 and the standard deviation of the distribution is
4.67.

In figure 8.5 the arrows represented the expected number of flashes for

minimim end plateau 10nising charge e particles and quarks of charge /3 and
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Figure 8,

Basac experimental data. The frequency distribution
of the sum of the number of flashes in the measuring
leyer F2 + F3, The arrows indicate the expected
number of flashes for minimum and plateau ionising
charge e, °/3 and 28/5, (see table 8.5).
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29/39 The posation of the arrows are calculated as follows:

(&) Assune the median momentum of muons at the centre of F2 +Fj producing
coincadences belween the plastic scintillators A and B 1s 2.1 GeV/ce

This was calculated from the spectrum given by Hayman and Violfendale (1962),
and (b) using the curve of most probabljiionlsatlon loss in neon as a
function of muon momenium given by Crispin and Fowler (1970). According to
thls curve the ratio between I/IM and I?/IM for muons with Pu = 2.1 GeV/e

15 1l.14 and 1.43 respectively, where I is the most probeble 1onisation loss,
I, and Ip is the mainaimum end Plateau ionisalion losses, From the efficiency
-~ time deley measurements the overall best fit to the experimental points
using Lloyd parameters alel wag 9 21 (see faigure 4.8)s Now, since the
ratio of amount of 1onisation produced by these muons to that of plateau

and minimum 1onising muons was known (Craspin and Fowler), the Lloyd paranstler
(alel) suitable Lo thesc cases could be calculated. The expected value of

+
the ef,Q; for charge e particles in I, and Ip cases are (2.;41) = 7.9 % 0.9

and (7.9 % 0.9) x 1.43 = 11.3 I 1.3 respectavely. The expected position
for ©/3 and 2%/3 quarks are obtained by divading the Lloyd parameter calcul-
ated for charge ¢ rarticles by ;/9th and 4/9ths réspectively, since the value
of alel 1s proportional to the charge squared of the lraversing particle.
Table 8.4 shows the expected number of flashes produced by charge e particles
and the ©/3 and 29/3 quarks in the mainimvm and plateau ionisation regions.
The values of the internal efficiency shown in table 8.4 were calculated from
the afigl values, using the relation beiween the intermal efficiency and
afin for a fixed time delay of 20H S which has been calculated from Lloyd
theory (see section 4.2.3 and fagure 4.5).

In figure 8.5, the small bars shown on the arrows indicate the uncert-
ainty in the position of the arrow and the large bars are the expected stand=

ard deviation of the distribution. At one slandard deviation level, the ©/3
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quark track efficiency was considered {0 be between 28 to 50 flashes 1n
F2 + F3, since 1t was estimated tho lowest number of flashes along track
in F2 + FJ was 20 flashes,

It can be seen from figure 8.5 that the chamber could not resolve 29/}
quarks, because 1t cannot bLe distinguished from charge e particle, but it
could rcsolve ®/3 quarks (1f any). Cnly two events (G15 = 59) and (G17 -~ 42)
wers observed showing low efficiency tracks with number of flashes in F2 + F3
falling in the ©/3 quark region. The 2 quark candidates were examined in
detall 1n order to prove rhether they are background produced by a muon or

they are genuine quarks.

B.s403 Details of the two quark candidales

As mentioned an the previous section cnly two candidales werc observed
in this run and according to their effierencies the two candideles could be
classified as ®/3 quarks.

Table 8.5 shows the full details of the two quark candidate tracks
vwhich appeared in the tail of the observed F2 4 F3 disirabution (see fagure
8:5) .

Plate 8.1 shows the event G15 - 59 w.th a possable ©/3 quark track
andicated.

To prove whether these two tracks are genuine quarks or a background,
an examination has been made on these two tracks end this will be discussed

in the next section.

8.5 The background effects

8.5.1 The expected number of background muon tracks

Incoherent muons could sirmlate /3 quarks af they traverse the
sensitive volume of the chamber immediately before the chamber trigger by

EAS. TFrom the efficiency time delay measurements (see figure 4.8) the
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Plate 8,1 Event Gl5 - 59

A possible quark track is indicated
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track wath F2 + F3 an the range 28 = 50 (as expected for ©/3 quarks)
could be produced by incoherent muons which traversed the chamber in the
taime domain 103 - 144 M s preceding the ErS trigger,

However, at 1s aimportant to calculale the expected number of background
muon tracks traversing the chamber in this periode.

From the sc2 level vertical muon momenium spectrum given by Hayman and
Wolfendale (1962), the rate of muons with momentum > 0.78 GeV/c (this
momentun corresponds to the minamum energy of muons traversing the flash
tube chamber) 1s equsl to 6.3 1072 om2 "Lt

The rate of mons traversang the chamber within the acceptence geomeiry
was calculated to beJImaZsec-l. This was calculated taking the rate of
muons at sea level with momentum 0,78 GeV/c multiplied by the sensative
aperture of the chamber.

The rate of the incoherent muons simulating €/3 quarhs in the sample
of 207 mea:u,ed photographs could be calculated as follows: 207 x l..1.10-6 sec
x 104..2 sec-'1 = 0.9, where hl.lO6 sec is the time domain an whach the nuon
could simulate quarkse. This result is sufficiently close to the observed
number 2 to suggest that both the observed events {G15 - 59) and (G17 - 42)

are background muons.

8.5,2 The exnected number of knock-on electrons

A further experimental test could be applied to examine the number
of knock-on electrons ( 6§ rays) observed on each quark candidate tracke.
From knock-on electron (X.C's) theory one can conclude that the probability
of production of K.0's 1s proportional to the square of the charge (22) of
the particle, so 1t was expected to find lower number of flashes on ?/3
quark tracks than the tracks of particles with charge e.

A knock-on electron was defined as two adjacent flashes (side by side)
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occurring in one layer cf flash tubes, The number of K.O's on the two
observed candidates has been given in table 8.5.

There 1s the possibility that thesc K.C's are not genuine, but it
could be presented by chance as K.,O's due to the finaite number of single
random backg:ound flashes that appear in each picture. These spurious
flashes are mainiy due to radio aclaivity produced in the glass,
Ashton et al. (1973c¢) have measured the relation between the average numher
of knock-on eleuctrons on a track as a function of time delay Tp. They
found for the {iime delay of 20 s between the passage of a relativastac
charge e particle (muon) and the applicalion of the high voltage pulse Lo
the chember the measured auuber of side by side flashes in 96 layers (F3 + T'3)
uf wubes correcied ror the spurious background flashcs to be l.6. Therefore

the exjected number of K.C's/track for a quark of charge €/3 is 1§6 = 0,18

Thas result 1s sufficiently close Lo zero to suggost that there should
be no knock-on eclectrons expected on the yuark track.

Cn the other hand oie can calculale the siade by side flashes expected
due to the background on each quark track, For event Gl1l5 -~ 19 (see table
8.5) the number of side by side flashes expecled due to background =
2/8,05 x 35/96 x 162 = 1.4, where alternate layers of the 96 layers of
measuring tubes contain 8, and 85 flash tubes respectively. The number
162 represents the number of single random background flashes in F2 + F3
and the number 35 represents the number of flashes on the quark track in the
F2 4+ F3 measurang leyers. Comparing the expected number of side by saide
flashes due to background (1l.4) with the observed number of 4 a1t is concluded
that this event 1s not a genuine ©/3 guark as there is evidence for
L - 14 = 2.6 knock-on flashes,

Similarly for event Gl7 - 42 the expected and observed numbers of side

by side flashes are 0.8 and 3 respectively. Therefore, again there 1is



100

evidence here for genuine kmock-on electrons, and this shows that the

track observed in this event 1s also nol a genuine gquark track.
g

8.6 Quark flux laimii

No genuine /3 quark tracks have been found in the running time of
-2
7,009 hours, when a local electron density greater then 500 m =~ wused as

a master trigger. The flux obtained at 90% confidence level is

< 4o} 10'“31 cm_2 sec".L st e

This limt refers to ©/3 quarks incident on the top of the chamber

from the atmosphere, In obtaining the above limit,account was taken of

-0.18

(a) the 16% = (1 - e )%x100 loss of genuine quark tracks which would

produce side by side flashes on their tracks alter correction for random

background, and (b) due to their interaction with chamber material, assumning

1
(O—CIN )melastlc = "3‘ (U_PP)

The correction factor for the interaction effecl was calculated to be 6.1,

inelastic = 11 m b,

8.7 Summary of Lhe flash tube chamber results

Since the new arrangerent of the {lash tubes was compleied in 1971

three exper'mental runs E, F and this experiment G scries with different
triggerang threshold have been made to look for ©/3 quarks. Each run has
quoted an upper limit for €/3 quarks at sea level, However, the compariscn
of the basic experimental data for the three runs are given in table 8.6.

As can be seen from the table the percentage of traggers that gave ati
leas! one measurable track decreases as *he minimum density tragger requirement
increases, This 1s becsuse the probabilaty of observing clean measurable
tracks in the events decreases. Thas effect can be seen through figure 8.6
which shows the frequency distribution of the observed tracks in the chamber

for the three runs,
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Table 8.7 shows the Jimils given by each run, It can be noted from
this table that when the selection ilriggers was set on Ae Z 40 m-2 only
2 events satisfy all the conditions as ©/3 gquarks and the limat given in
the table 15 besed on these two evenise TFor Ae =160 m'-2 and Ae

= 500 m_2 the 1imit as calculated at the 907 confidence level (1.e. no
events chserved).

It can be seen also from table 8.7, that two values for the secantillator
trigger threshold are gaven. 1Initially the three laquid scintillators used
to select BAS were calibrated using a two fold coincidence geiger telescope
using muons, Theair trigger thresholds A (scint,) were set according to
thig calibratlion,

Farvaresn {1975) in nis work using a proportional counter in connection
with the ithree scintillators has revealed that the density measured by
scintallator 1s too large by a factor of 2 (see toble 8.7). The reason
for this 1n belaeved to be due to electron-photon cascade development in
the comparatively thick liquid scintillations (phosphor thickness 17.5 cms).
The same effect has also been observed by Katsumata (1964). A (true) shown
in {able 8.7 1s believed to refer to particle densily as measured by a
proportional counter or a scintillation counter with a phosphor thickness

< 5 cmse
8.8 Conclusion

Using the neon flash tube technique the flash tube chamber shows the
capability of detecting fractional charged particles and %/3 charge particle
was most likely to be delected rather than 29/3 charge particle.

In a running tame of 7,009 hours two tracks were observed in the
expected quark region and both were explained as due to background incoherent

MIONSe

The upper limat for ©/3 quarks in EAS of a median shower size 6.5 105
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(assuming Ae (irue) = 250 m-2) 1s found to be < L3 1071 on? sect st7t

at the 90% confidence level.

In future work to search for quaiks, the chamber needs 10 be modified
such that the effect of the background will be elaminated (or manimised).
The plen i1s Lo iancrease the number of plastic scintillators (an posataions
A end B, ste fagure 4.l) s0 as to cover the whole sensilive area of the

flash tube. The coincidence fiom A and B indacates the passage of single

pariicles (muons) through the chamber in the tame pcraod 0 - 200l s preceding

the EAS tragger.

The background muon will be indicated through a system called a
'previous particle indacator! and with thas system the background problem
5n0uld Le elipunateds

However, ihe results shown an table 8,7 suggest also that with the
above modification the sezrch for ©/3 quark an EAS should be undertaken

using a local electron density Ae (iruc) of = 20 w2
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CHAPTER

THE ENSRGY SFECTRA €™ HADRCNS

TN WXTONSIVE AIR SHOWTRS

9.1 Introduction

Whaile ihe chamber was running to search for quarks in regions of EaS
of local electron densaty = 250 m-z, many examples of hagh energy hadrons
anteracting 1n a 15 om lead absorbed above the chamber and a 15 cm iron
target situatled in the chamber were observed. This could be explained as
due to the exastence of high energy hadrons in the core of EAS.
Experimentally only the width of the bursi emerging from the target
can be measured. Later, the chamber has been wmodificd and a calaibralion
of the relationship between the average burst width and burst size was
obtained experimentally for both lead and iron %argets (ses section Lea)e
However, in this chapter the measuremenis of the hadron energy spectrum
from the iron and lead targets will be dascussed. The reason for studying
hadrons in TAS was to relate the measurement tc general shower characteristics

which is still not fully understandable.

9.2 Analysis of the data

9.2.1 Scanning technique

The technique used in scanning the films was based on projecting the
negative onto & scanning table. The reduction in scale being 20 : 1 to
the real space. The same methods discussed in chapter 4 were used to
measure the width of the burst in the flash tube layers directly below the
iron and lead absorbers. An event was accepted when the whole width of the

burst fell on the flash tube chamber and it has a defanable widthe
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For bursts ococurring in iron charge identification was possible in the
flash tubes Fla (8 layers) situated directly above the iron. The defanataon
adopted for & burst produced by a charged particle was that 1t must have an
observable track an Fla parallel to the burst direction inside the chamber
and be coincident with the middle of the bursts A neutral particle burst
was defined as one for whach the above defunition of a charged particlec was
not satisfied.

The bursts observed in the lead could be explained due to charge and
neutral particles together, since there 1s no flash tube located above the
lead to 1dentify the incoming partiacle,

In this run it was dafficult to identify the neutral particles produc-
g bursts in aron, because with the high electron density trigger ( Ae= 250m=?)
the probabilaty to get more tracks in Fla within the width of the burst is
high, so only ) events were classafied as neutral evenls an this nw.

Since the defaning layer Fla does not cover all the area of the 1-0a
absorber, some observed bursts produced in iron an whi~h the track showing
the incoming particle has missed the top flash tube layer Fla and simulaies
a neutral particle burst by entering the ironeitherat the back or the froni
of the chamber where the iron was not covered completely by the flash tubes
(see figure 4.1). This type of event could be recognised by the strange
shape they made on the layer F2, Plate 9.1 shows an example for this effecti.
However, this type of event (edge effect) does not count for neutral or

charged particles.
9.2.2 Basic data

In 7,009 hours 407 bursts in lead and iron have been observed from
1,217 total traggers. The run was an regaons of EAS of a local electron
density = 250 m_2 (G- seraes). Plates 9.2 to 9.4 show some typical inter—

action events observed in the chamber,



Flate 9.1 Event G18 - 39

An edge effect event simulating a neuiral

particle burst. The width of the burst
mcreases 1mmedietely on passing
from Flb to F2,







Plate 9.2 Event G19 = 52

A charge particle bursi produced in the iron,

N = 215 partacles

ETt = 143 GeV.







Plate 9.3 Event G21 - 8

A burst produccd in the lead and penetrating

the aron.

N = 1,350 partacles

Eq = 1,000 GeV.






flate Sy Event G1l9 - 49

A burst produced in the chamber as a result
of the interaction of a charged particle
with the glass of a flash tube.
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The results of the measured burst width distrabutions obtained from
the bursts observed in the lead and iron absorbers are shown in figure 9.1,
Table 9,1 shows also i1he number of the bursts observed in the lead and iron

absorber,

9.3 The energy spectra

The measured burst widths belov the lead and airon target were converted
inio number of particles (burst size) using the measured relationship between
the burst width and the burst size measured in the vertical burst experiment
for a single unaccompanied hadron (see figures 4.22 and 4.23)s For the

energy conversion it was assumed that the bursts observed in the lead target

+
L ~n A
foroged

> e 2 ) Al naapam A
J e ?

e TV venmd o
A VWAL WYY " A Vil AV L P S 6\4\‘.

ot
(0]

c bsen prodaced b for ths
pramary particle are essumed to be produced by rg and those with a neutral
pramary by neutrons or antineutrons, although i1t is possible that some of
these evonts could be produced by Ko, X~° mesons.

The mcasured energy spectra of hadrons observed to anteract in the lead
end iron targets were calculated using the burst size - energy relationship
for pion induced bursts in the lead and airon (see fagures 3.6 and 3.7).
Figures 9.2 and 9.3 show respectively the dafferential and the integral
energy spectra obtained from the present experiment,

In both faigures the energy spectrum measured from bursts observed in
lead refer to the all particles and the energy spectrum measured from bursts
observed in aron refer to charged particles only. Both spectra have been
corrected for the aperture effect in whach the probability will be reduced
for an event being accented as the burst width increases. The spectra -
represented the total number of hadrons falling on the chamber, and the

integral exponent from both the iron end lead spectra shows Y = 1,07 ¥ 0.09

for energy E = 200 GeV,
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9«4 Study of the muon contaminaiion

9e4el  Generzl remarks

In section 9.2 1t was assumed that all the bursts observed in lead
and the chargad bursts in aron are produced by pions and according to
this assumption the energy spectra were evalusted (see figures 9.2 and 9.3).
But as in every problem vwhich deals with nuclear ianteraciion studies the
mions coniraibution to the measured burst spectrum must be knom. In this
sectaon a prediction for the muon burst spectrum in iron and lead 1s made

and compared with the measured burst spectrume

9¢4e2 Ratio of rate of bursts nroduced an lcad and iron absorber

The ratic of measured bursts in lead and i1ron absorbers could lead lc
wnformation about the contribution of muons to the measured speclra.
The ratio of the number of bursts in iron to the number of bursi in
lead was taken to be 0.45. This has been. calculated using the consiant
values for ithe interaction length of pions in the lead and iron (sze table 3.1a).
However, Figure 9.4 shows this ratio as a function of energy. The
points represent the measured ratio, and 1%t cen be seen that there is good
agreemeni between the measured and the predicted ratio (dash line). Thas
suggests that there i1s no evidence for a significant muon contrabution to

the measured spectra.

9e4¢3 Bursts produced an the flash tubes

A total of 34 events observed dvring this run show interactions inside
the chamber with the glass of the flash tubes and the aluminium electrodes.

The interaction length of these particles interacting in the chamber
could be estimated in order to produce evidence that the observed bursts are

due to pions interacting rether than muons. For thas purpose all tnae measured
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charged particles producuuig bursts in F2 and F3 should have & track
appearng an Fla and Tlb, 1.e. that the particle had passed through the
Jead and iron absorber, Tach event was drawn on a small scale diggran
(scale 20 : 1) and the dastancs from the top of W2 to the point of inter-
action was measureds A correction has been made to the observed freguency
for the aperture of the chamber, based on the measured angular dastributlion
of charged particle nroduced bursts n 1ron (G - series) and vsing the method
of Lovati et al., (1954). From the engular disiribution the value of n found
was 8 % 2, where n 1s the exponent in the cosn-ﬁ angular distrabution assumed,
Faigure 9.5 shows this result. The besti line through the corrected points
has been dravm and the interaction length of pariicles producing bursts in the
chamber was found to be A = 110 - L5 g cm—2. This 1s consistent with the
value of 130 g cm"'2 found using Alexander end Yekutnelil (1961). The above
value of A shows that bursts an glass are produced by hadrons end the contri-
bution of muons to the bursts is not significent. Since the muon prorabalaty
to produce bursts depends on the materaal (Z and A), s> one can expect greater
relative contribution in the lead and iron absorber, more then an the glass
(91.5 ¢ o i F2 4 F3). But since the probabality of hadrons traversiay
the lead and iron and mteracting in the chamber is only 25% (see table 5.3)
then one could expect thal the measurement of the interaction length in the
flash tubes 1s relevant to the consideration of the muon burst contribution

in both absorbers. Plate 9.4 shows an example of a burst in the glass

9oy  Predicted muon burst spectrum

A calculation has been made to predict the rate of muons producing
bursts in the lead and iron absorbers as another test to show the contribution
of muons to the total observed burstse.

In this case the integral ruon energy spectrum in extensive air showers
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above ithe flash tube chamber with local electron density of Ae = 250 m-'2

was calculateds The calculation was carried out by Parvaresh (1975, pravate.
communication)s In thas calculation the number spectrum given by Hillas
(197C), the latersl elcctron density end the laleral muon density of energy
= ©y glven by Grelsen (1960) were 1aken. Then the anlegral rate of
muons of energy = E}L could be wratten as follows:
r N

max max

R( ?:Eu , =250) = [ [ 21W r Ap (aEu ,,N) R(N) aN dr
r=0,1 Nnan

vhere R(N) dV 3s the differential number spectrum, A n( =z Ey ,r,N) 1s the
lateral densiaty of muons of energy = E‘l at core dastance r and 1n a
shower of size N, Nmax vas taken to be 5109, len the mainimum size capable
of producing a density of 250 m-2 at the core distence r, calculated from
ihe electron structure function. and e 1S Lhe maximum core distance for
a shower of size 5109.

However, to calculate the muon burst spectum one has to take the
calculated muon cross sections given in scction 6.2 and fold in the above
calculated muon energy spectrume The result for the predicted muon bursti
spectrum in the iron and lead absorbers 1s shown in figures 9.6 and 9.7
respectively. Fagure 9.6 shows the comparison between the predicted differ-
ential burst and energy spectra for muons and trhe meazsured hadron burst and
energy spectra in airon. Similarly figure 9.7 shows this comparison in
lead.

The dotted curve on the measured hadron burst spectrum shows the
shape of the spectrum after substracting the muon contraibution, the contri-

bution st larger burst sizes was very small.

From the comparison between both figures one can see that more muons
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could be expected in lead absorber than aron. With this predictlon one
could give the percentage of the contribution of muons to the measured

burst st 100 GeV in iron and lead as 2% and 7% respectavely.

9.5 Characteristics of hadrons in “AS

To relete the present measurement to the characteraistic of hadrons an
a shower of a given size, an eXpression 1s required for the densaly of
hadrons of energy & per unit % at core distance r in a shower size N,
For this purpose the results of Kameda et al. (1965) were used. They
studied the density of the hadrons of energy > 100 GeV in EAS of size
L.IOL - h.los, usmg a muliiplate cloud chamher satuated an the EAS array.

The expregsion thev giwve for the latersl dengity of hadrone of energy
(8, E + dB) at a core distance (r,r + dr) from the axis of shower size

c
N/10) particles, and they expressed {iheir results as:

n(E,1.N) T dr = 0,35 NO*2 g~1e2 exp (~—'1§5'-—) 47 dr

o

where r, = 2.4 n0¢92 5=0.25

5 E 15 in unats of 100 GeV, and r an metres.
By mntegrating ilhe albove expression over all core distance, one obtauus
the number of hadrons of energy =100 GeV in a shower of size N not consis-

tent wilth a following expression given in their paper. They found the

number of hadrons of energy = 100 GeV in a shower of size N particles is:

+
n(N, > 100 GeV) = c(H...._)l.O - 0.15
107

where C = 7.2 = 1.5

It 1s, however, necessary to modafy the lateral density of hadrons
given by Kameda et ale. in which a1t gives 7.2 hadrons of energy = 100 GeV
5

in 10° shower size.

The modified expression for the above lateral density has been calculated
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and the result 1s shown below:

0935 ?-102 -1

Id‘ -
n(D,r,M) d5 dr = 6.23 1C “ N exp(gﬁ ) dT dr m 2 Gev

(o

where ry = 0,19 NO*92 #70+?2

The energy spectrum of hadrons in showers could be obtained by inlegrating
the above expression over all core distances. Kameda et al. found that the
slope of their energy spectrum to be -0.75, while other workers (for example,
Bradt and Rappsrot, 1967 and Grieder, 1972 from their Monte Csrlo simulMJ_ons)
found dafferent slopes varying between =(1.0 to 1.2).

Since wilh the present experimeni the N = dependence and the value of

A ANFe A A RS A en e —
av Rerpdvuoads v Ual

the varameter r, oM not he checlked, 1+ was 2om
by Kaneda et al. for r, and ihe size depeandence are correct and a new leteral
density of hadrons wes assumed for the present experiment to fat the data.

Thas was as follows:

° - - et
n(2,r,N) at dr = A 102 B exp(- ;3—) 8 dr w2 Gev

o

where ry = 0419 y0¢32 5=0.25

, With r inmetres, N in unat of sangle partarles
end E in GeV.
To derave the dafferentiial energy spectrum of hadrons associated with a

minimun local electron densaty Ae, 1t is necessary to evaluate numeracally

the followang integral i‘

N
max max

R(E, > Ae) = f [ 2t r n(E,r,N) R(N) éE aN dr
r=0 Nmin ’
vhere Npin 1s the minimum shower size that falls at core distance r which
can produce & local electron density > Ae, R(N) @&l is the differential
number spectrum, r is taken to be 100 metres end Npax was assumed to be

max
5107,
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The procedure of calculation was o find the besl value of A and
which fit the present messurewents. To do this o was allowed to vary
between 1.5 and 2.2 and for each velue of & the constant A was normalised
such that 1t giaves 7.2 hadrons of energy > 100 GeV in showers of size N = 105.
The result of the calculation which shows the predicted rates of hadrons
R( > B,>Ae) for daffercnt values of local electron density trigger and
@ = l.75 are presented in figure 9.8, (Parveresh, 1975 pravate commmuiration).
It was found that @ = 1,75 gives the hest fat to the measured slope
(Y = 1,07 £ 0.05) of the integral spectrum of hadrons for E > 200 GeV.
It should be noted that the calculations shown in fagure 9.8 have been
performed using the number spectrum given by Ashton and Parvaresh(1975).
The predicted spectra tor 100 >E > 1,000 GeV have been shownn as
dashed lines in fagure 9.8 because the functiocn whach is given by Kameda st al.
35 valid for the energy range 100< E < 1,000 GeV,
The integral rates of extensive air showers producing hadrons of energy
Z £ GeV, when ilhe local electron density Ae = 250 m-2 have been calculetied
as a function of shower sizes and core distancess The results are shown ain

figure 9.9 and 9.1C respectively,

9.6 Comparison between the measured and predicted hsdron number

Using faigure 9.3 the total number of hadrons of energy > 200 GeV
incident from the atmosphere on the sensitive area of the chamber 1,51 x 1,70 m2
in a running time of 7,009 hours is found to be 180, This fagure is calculated
by adding the number of observed hadrong interacting in lead and iron end
correcting this number due to the probability of interaction (see table 5.3).
Measurements on the angular distribution of hadrons about the zenith
using the G ~ series data shows that their spatial angular distribution can

be represented by I( §) = I(C) cos°F , wheren = 8 % 2,
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The total inten~ity I(T) of hadrons per unit area 15 therefore related

to their vertical intensity I(C) by:

2
I(0) . , where
n+ 2 na+ 2

1(T)

(S0lid angle facto1) =

0.57 = 0.11 st.
Taking the above fagures the rate of measured hadrons of energy
E = 200 GeV 15 4.8 1070 sec™d st7t w77,
Thio can be compared with the predicled rate of hadrons of energy = z00 GeV

and associaled with vertacal showers giving a local eleclron densaty = 250 m-z

of 3.5 10-6 secml st-l m-z. There 1s reasonatle agreement between the
predicled and measured rate of hadronse.
However, ihe present measurements saggest that for hadrons of encrgy E

in the renge 200 < E < 1,000 GeV the lateral density of hadrons could be

represcnted as follows:

n(2,r,N) 4T dr = 0,26 80°92 g 170 o0 %3—) aF dr w2 gev
(o]
where r, = 0.19 N0°52 E-0.25 vwitn E an GeV and N an units of sangle

particles.
Integrating the above expression over core distance and hadron energy

gives the total number of hadrons of energy = I GeV an shower of size N.

0o -]
N( = EN) = f f 2nr n(o,r,N) dr 4

99 ‘-1025

0.
= 0,045 N 3 where N 1s in units of single particles

and E in GeV,
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The present calculation shows that 807 of the hadrons of energy
Z 200 GeV measured in this oxperimenl are produced by shovers in the sice
range 1.3 10° - 8,0 10°, 'This was calculated using figure 9.9 which shows
thal 1n regaons of EAS of local densaty = 250 mﬂz, hadrons of 1his energy
accompanied the shower in 80% of the triggers.

Table 9.2 shows a summary of the two previous experiments and the
present experimeri which have been made with the flash tube chember to study
the number of hadrons in EAG. In this table the shower size range for esach
run 15 gaven with ilhe expressions showing the number of hadrons of energy

2 T in showers of size No It should be noted that an both prevaous measure~
menis the same technigue was used to evaluate the number of hadrons = T GeVe

Figure 9.l1 shows the number spectrum of hadrans of energy = 200 GeV
per shower zs a function of shower size for the three results. Good agree-
meni between the three results is obtained,

Fagure 9.12 shows also the comparison of the number of hadrons per
shover obtained from different experiments at sea level and different
theoretacal predaictionss In this figure the experimental results of
Komeda et al., (1965) and Tanahashi (1965) were compared with the present
rcsults and it wes found that the Kameda et al. results are in good agreo-
ment with the present resulls but there i1s some inconsistency for shower

5

sizes less than 10~ pariicles between the present results and those of
Tanahashies This discrepancy could be due to the lateral density expression
of hadrons given by Kameda et al., which 1s not corrected for the smaller
shover size.

The theoretical calculations (Monte Carlo) also were shown with two
different models. Greider (1970) has produced two models so called TovB"

* -
end SFB + In both models the assumption has been made that NN are produced

in high energy interactions. Both models have a different multiplicity
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Number of hadrons per shower {E=2>200 GeV)

- T R oo T ]
F A-Ashton et al. (1975) A :
t B - Parvaresh (1975)
| C-Present result .
B
10 |- =
10° / 4_
\ N e e c ]
10 -
10° 10° 10° 108

Fipure 9.11

Shower size (N)

Variation of the total number of hadrons
of energy = 200 GeV with shower size,
(see table 9.2 for more details).
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Figure 9,12 Comparison between the measured and predicted

number of hadrons of energy E = 200 GeV at
sea level as a function of shower size,

The flash tube chamber results are shown as
curves A, B and C-
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% 3 @
form, so for IDFB the multipliciiy was nBO( A /8 and for SFB was

n, & E /2 » No agreement was found with the experimental data.

9.7 Conclusion

The energy spectra of hadrons in extensive air showers at sea level
has been obtained from measuring the burst width in the flash tubes.

In converting from burst wadth, to burst size, {10 energy all the
bursts observed in lead have been assumed to be produced by TT.! , and for
iron the charged bursls are assuned also to be produced by Tt! o

The energy spectra have heen measured in the encrgy range 10< T < 1,000
GeV, and a slope of Y = 1,07 hd 0,9 has been found for the integral spectre
of energv > 200 GeV.

Tnvestaigations have been made to study the rumon coniribution to the
measured burst spectrume The rate of muon incduced bursis an ihe 1ron and
lead absorbers was calculated and it was found thel only 25 and 7% of the
mions contribute to the measured bursts al energy 100 GeV an iron and lead
respectively, So it was suggested that the contribution of muon bursts
to the total mesasured bursts was small and neglzcted, The cnergy srectrua
was related to shower characteraistics by adopting a parameterisation of the
form obtained by Kamede et el. (1965)s The results of ihe number of hadrons
of energy = 200 GeV in showers of size 1.3 105 - 8.0 105 was determined and
compared with different results. Good agreement was found with other
experivental results but not with the prediction.

From the charge to neutral ratio one could explein the behaviour of
high energy collasion, but since only 4 events were observed as bursts -
produced by neutral particles (the loss of neutral particle bursts could
be due to the effects explained in the text) the ratio can not be given

accurately.
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CHAPTIR 10

The study of ihe strongly interacling particles in cosmic rays has
been carried out using a flash tube chamter in en atlempt to understand
the nature of these particles.

A verticel burst experarent has been performed with the flash tube
chember and a measurement of the hadron cnergy spectrum has been made n
the energy range 10 GeV = 10 TeV. Accurding to the Baruch et al. (1973)

measurements the spectrum hes a step in the region of 2 = 8 TeVe  They

exnlained snrh an effert 1e dne 4o the oun
a

AT? wmrinado 4T A A N L
A s vavar Vi LTLV

mass 1n the range 40 - 70 GeV/cz, mean lifee time > 2 107 second and wnter—

action length of 1,000 . 15000 g cm_zo The prescnt result on the energy
’ 700 P

-?07 i 001
spectrum shows a constant slcope of E

over the energy range 10 GeV
to 10 TeV and coes not support the observation made by Baruch et al. However,
it is concluded that af such a step exists as a real effect and has been
observed by Baruch et al. then 1t must be neen in the present experiment,
¥ore recently, a paper by Baruch et «l. (1575) states:
"The argument for the exisience of the lisndelw, gaven by Baruch et al. (1973)
vwas based mainly on the observation 'step! in the sea level hadron spectrume
Ve now know that this step was due to a fault in the initiel storage of the
signals from the rroportional counter.®
However, accordang to thas paper the electronic fault now has been
corrected and the apparalus modified by sdding neon flash tubes to measure
the zenith angle distribuiion and 1o adentify the incoming particlese The

hadron spectrum measured in 26 days with the nev arrangement is shown in

figure 10.1. Thear new measurements are in good agreement with the present
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be represented by the form R(3) = AE=2e7,



116

work and s slope of ¥ = 2.7 for the differential spectrum is found.

A measurement of the sea level neutron energy speclrum has heen made
with the present experaiment in the energy range 30 - 1,000 GeVe "The
spectrum was found to be i1n good agreement with the neutron measurenents
summarised by Ahston et al. (1970). At lower encrgy the spectrum 1s also
found to be in good agreement with proton measurements of Brooke and
Wolfendale (1964) and Diggory et al. (1974). The measured spectrum has
been represented by a power law of the form 3-2'9 * 0.1 an the energy range
50 = 1,000 GeV.

The pion energy spectrum has been derived from the total burst spectrum
measured in the chambsr after substracting the nucleon burst spectrum and
the muon contemanation. The results obtained on the paon spectrum gave
a rapid variation an the ratio of pions to proton as the energy increases.
In ihe lower energy region the resulis of Brooke et al. (1964) and Diggory
et al. (1974) have been found to be in good agreement with the present
results.

An extensive aair shower experiment has been set up to search for quarks
near the core of EAS using the flash tube chamber as a visual deteclor.

Although the quark model hes provided useful information to understand
the obscrved multiplet structure of elementary particles, there is as yet
no strong evidence of the existence of the quarks. In thais experament the
chamber was run for 7,009 hours using a master trigger EAS producing a
local electron density = 250 m-?. Two events observed were explained
later as due to background incoherent muons traversing the chamber in the
time peraod 103 - 144 U S Dbefore the EAS triggers An upper limit was
given on the flux of ?/5 quarks at sea level of < [.3 10-'11 cm_z sec—1 st-l.
Possible modifaications to the flash tube chamber to improve the technique

were suggested in section 8.8,
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It hes been shown that the technique of measuring cascade widths
below thick absorbers 1s & velid method of measuring the energy spectra of
hadrons. The integral spectra which have been measured in lead and aron
absorber show a slope of 1,07 : 0.09 for energy > 200 GeVe The number of
hadrons wath energy > 200 GeV have been evaluated and compared wath other
oxperimental rosults end theoretical predictions,

At present, a small ailr shower array has been consiructed around the
flash tube chamber in order to give information on the shower size and the
core distance or each event accompanied by & shower, Wath this arrangement,
hadrons an air shovers vill be studied in more detail,

Finally, one of the resulis provided by this experiment i< the detectaon
of' highly i1onising perticies as magnetic monopoles. Briefly a high ionising
track should be observed st these long time delays, whercas normal tracks
due to charge e particles will not bo seen, This will be discussed in

Appendix B,
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APFENDIYX A

DERIVAIICN C7 A HADRCY BURST SPICTRUM TN 15 CI CF LEAD

A hadron burst svectrum was deraved an a 15 cm of lead absorber using
the results of the calculations introduced 1n Chapter 3 and the assumed
sea level differential] hadron cnergy spectrum,

The procedure in the calculations to derive this spectrum was the same
as the one discussed in sectaon 5.8. The aim of these calculations wss
made in order to re-examine the effect of fluctustions on the mecasured burst
size specirum.

In section 5.8 this was discussed using the ses level hadrons eneryy
spectrum given ty Baruch et al. (1973) with a step in the spectrum in the
repion of 2 = 8 TeV. (see seclaon 5.8 for more details).

In this appendix «ncother csse was taken where the spectrum hras a
consient slope, Yy = 2.8, However, one can braefly discuss the procedure
of this calculation again as follows:

The dafferential spectium was divided intov many cells and for each
cell the number of events in units of cm_2 sec st-l #as calculated.

The burst size distrabutions (Ne) as a function of the dc;th of anteraction
an the leed absorber was used. Tﬁese distributions have besmn calculated
for different primary particles (protens), (see figure 3.11).

From the above distributions the probabllaty that a primary proto.
incident on the lead absorber produces a burst size N per unit N was calculated.

Now the above probabilities were folded anto the frequency of each cell
and the expected shape of the burst spectrum observed in the lead is shown
in fagure A.l. The predicted dburst spectrum shows a slope of Y = 2.8 also,
To derave the energy spectrum from the above predicted burst spectrum the
burst size - energy relationship was used assuming the ancident primary

particles Lo be protons (see figure 3.7). The spectrum was corrected for
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the probabilily of protoms which dad not interact in leads The dcraved

energy vpeclrum is also shown in the seme faigure A.,l. The energy spectrum

shows a slope of Y = 2.8 also,
Although there is & factor of aboul 1.5 differcuce in the intensaly

betrcen ihe twao erergy spectra the slopes of the two spectra are the same.
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APPI'DIX B

SEARCH TCR T™H® VAGKTTIC I'CNCPCLR

B.] Introdu~tion

In 1921 Darac intrcduced a mathematicel prediction for the existence
of magnetic monopoles, These monopoles are inlerestine as they eppear
to be ithe only way of oxnlaining the quantiatazataion cf elecirac charge.

However, according to Dirac (1931, 1948), if the fundemental electric

he

charts 1s e then the monopoles of fundamental strenglh g = n P ’

n=1, 2, 3... shovld exisi, where -b-;- 1s the reciprocal of the fine

structure constant = 137.

Schwinger (1966) predicts that the monopole's charge Is iwice that

Dirac deduced, i.e¢s g =n ?‘: sy N =1y 2, 3¢ses « S0, if the quarks
with /3 charge exasl then the values of g becomes ;:ic ang 2 2 °

: 5 he Jils
respectivelye. Thus, the detection of monoroles with g = %e” °T 5T

would indacite that the quarks wath fractiaonal charge do not exaist. The
main cheracteristic of mcnopoles i1s their very large rate of ioniazstion

loss in matter (Bauer 1951, Cole 1951). So, for relatavistic monopoles

the track they produce in any visual detector shows a similar structure

to those produced by high Z nucleas Table B.1l shows a summary of some
expected properties of monopoles. The production of monopoles i1s expected
to be similar to those producing elecliron =~ positron pairs and the following

process shows this: Ashton (1973).
Y+P —> P+g+g

P+P —> P+P+g+8
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B.2 Prevaious monopolc searches

Cosmaic ray searches for monopoles have been performed by many groups:
Ashton et &al. (1969b) searched at sea level for monopoles using scinlillation
counters and flash tubes. They demznded a pulse produced by monopoles of
greater than 4,000 times the rulse height produced by single particle muons.
No events were observed and & flux limit of less than 1.3 1610 cm-? sec":L st-l
was given. Erlykin and Yakovlev (19G9) have used ionisation calorimeter tc

hiec

1o seerch for monopoles with g = 7= and thc flux limit they produced is

2e
< 2.5 10%%er 2 sec™t st™? for energy B >10%? &V and less than 7 16°°

cmm2 secs'-1 st-l for L >3 1013 eVe

2
Fleaschor et 21..(1971) have produced a negative result using an 18 m
area lexan polycarbonate array exposed at sez Jevel and the flux at sea level

13 cm_z -1 =1

they found to be < 1,5 10~ sec =~ st T,

Yock (1975) searched for the heavy mass highly charged particles ia
cosmic rays, no candidates were detected and an upper limt of 7 10-1C
cm sec 1 st_l at sea level under 600 gm/cm2 concrete was obtained wich 9QZ
confidence level,
In sccelerator work searches &l1s0 have bewn made for monopoles and a
30 GeV proton accelerator experiment of Ameldi et ale. (1963) and Purcell st al.
(1963) show thst the monopoles mass is greater than 2.8 GeV/02 1f they existe
Gurevich et al. (1972) used a 70 GeV proton accelerator and they have

43 on? for Mg < 49 GeV/cz.

given the production cross section o<l 10
A search for moncpoles in p-p collision was performed at CEIRN =~ 1SR by
Giracomella (1975). The experiment was sensative for monopoles of mass

¥g < 30 GeVe The search yielded an upper limat on the production cross=-

section ofo < 2 10.36 cm2 at 90% confidence level,
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Bs3 Present search

The advantapge of the technique performed in the vertical burst
experimenl as described an chapter 4 has been used to search for monopoles
in cosmic rays. This search was made while the chamber was run on a long
time delay of 330Us . In this time delay,if a burst occurred in the aron
absorter the irack which indicated the incoming particle can not be seen in
Fla. Therefore, 1t was suggested that 1f monopoles exist then they could
be seen in ihe chamber and their detection will be by pulses recorded from
scaniillators ¢ and A due 1o bursts produced an lead and iron (see figure
4.,9) end the eppearance of an efficient track in the chamber associated
with bursts. However, in scanning & defanition was assumed to look for
these high efficiency tracks.

Two types of events were observed from the dala {eken from the H -~ series,
(a) events showing only 2 sangle track in the chamber wath no burst width
observed on the flash tubes and a pulse hcight corresponding to a burst size
Ne either an scintillator A or sciniallator B, (b) events showing a single
track appearing in the flash tube layer Fla end a burst observed in the
chamber under a 15 cm iron absorber,

9 events were observed and classafied as type (&) events. Table B.2
shows more details about these events. According to this table no event
shows a burst size in both scintillators due to the passage of a single
particle. Plate B.l shows an exsmple of this type of event., TFagure B.l
and B.2 show the relationship which has been measured in chapter 4 for the
number of flash tubes flashed between ¥ 0.5 cm on the scanning sheets
(scale 1 : 20) from the core of the cascade over the flash tube layer Fla
or F1b (¥la and Flb are the flash tube layers under the lead and the iron
respectively) and the burst size recorded either in scintillator C or A.

The results of those 9 events (see table B.2) are plotted in the figures

Be.l and B,2 as crosses.



Event Burst occurred No. of flashes Burst size (N) in

n z.along the track scintallator

= F1b A ¢
H 2~-34 Fe L 3 950 -
H51~13 Fe 5 3 1,500 -
H53-62 Fe 7 6 1,025 -
H55-10 pb 7 5 - 2,600
H55-11 Fe 5 3 675 -
H56-15 Fe 4 5 1,225 -
H56-35 Fe 6 5 675 -
H63~13 pb 4 3 - 1,400
H77-36 Fe 7 ) 825 -
Table B, 20 Experaimental details about the 9 events observed in the

flash tube chamber {type (2) event), these events show
only a single track traversing the chamber and a pulse
height corresponding to a burst size (N) either in
scintilletor A or C with no burst width seen an the
flash tubes.

(Fla and F1b are the flash tube layers under the lead

and airon respectively).
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These type of evenis can be explained as background muons traversing
the chamber withan the 350 4s time delay. They are probably caused by
large angular bursts whiach tirigger the chamber but the corc of the cascade
missed the flash tubese.

(ne event was observed of type (b) eand this 1, shown in plate B.2.

This type of eveni is explained by the calculations made by Vard (1975),
praveie communication as being due to a young burst produced in the last

few radiation lengths in lead absorber and the secondary pions emerged fronm
the absorber close ilogether fall on the flash lube layer Fla within one tube.
So a track could be seen in Fla and a burst in the chamber could be observed
due to these pions anteracted an iron absorber.

walli 0LV geuudle eVenls naving been Getscted theé upper lamit could be

set at 90% confidence level for these monopoles as < 2.5 10-ll cm-2 sec-1 st-l

Bs4. Discussion

It 1s amportant to discuss the receni result gaven by Price et al. (1975)
on the detection of a moncpole. Price et al. in a balloon flight found a
very heavily ionasing particle passing through their experaimeni. The
experarent contaired a stack of Cherenkov films, cmulsion and Lexan sheets.
The lexan shects indicale that the observed track was produced by either a
nucleus with 125= 2 = 137 and @ = 0.92 or a monopole with g = 137 e.
The result from the emulsion shows that the particle was moving downward
with B = 0.5 and was eather e nucleus with Z ~ 80 or a monogpole waith
g = 137 e« They cuncluded that thas track was due to a monopole of
strength g = 137 e and mass > 200 mp.

However, one can poani out here that the search for monopoles at
sea level has an important advantage over high altitude searches because

at high allatude one can find many hign Z particles which could in any
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experiment simulale monopoles wherces at sea level the probabilily is
very small to detect hagh Z.

The origin of the monopole 1s slall uanknown but 1t could be produced
an the cosumic rays elther in high encrgy cosmic ray interactions an the
atmosphere or in the pramiry cosmic radiation.

Vaith the present experiment Lhe search for monopoles 1s not very
reliable and & nev experimental arrangement is needed to Le set up for

this purpose.



Plate B.l Everit H53 ~ 62

An example of a possible monopole
traversing the chamber. The
oscilloscope trace shows a pulse
from scintillator A only. The
event was observed on & run using

a time delay Tls of 530Ms.

A = 1,025 particles







Plate_B.2 Event H4 9 - 1

An example of an event in which thres
separated bursts can be seen,

The middle shows a burst produced by
a possible monopole,
The—event—was—observed—on a run using

& time delay TD of 330us ,
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