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STATEMENT

The subject of the time variations of the secondary components of
cosmic rays has been extensively studied by a number of workers over the
1ést several years. The nucleonic component is measured by neutron monitors,
wﬁile the mesonic component at different zenith angles is measured by means.

of G.M. counter or gecintillaetion . counter ﬁelescopes.

The coupling constants introduced by Dorman (1957) play a vital role
in relating the secondary particles to the primary cosmic rays. Since most
of the cosmic rays recorded deep in the atmosphere are secondaries, the
precise knowledge of coupling constants is essential to relate any variation
'in.thése secondary intengity observations to the corresponding chénges in

the primary cosmic radiation intensity.

Uncertainties connected with atmospheric nuclear interactions make
theoretical estimation of coupling constants rather difficult., However,
coupling consténts can be derived with the help of geomagnetic (1atitude)
effects, which are well obtained experimentally. Vertical cut-off rigidity
of about 15 GV at equator puts an upper limit for such experimental deter-
mination of coupling constants. Beyond 15 GV coupling constants are estimated
by extrépolation formulae. The differential response of a neubron monitor
falls off quite rapidly beyond 8 GV (Webber and Quenby, 1959; Lockwood and
Webber, 1967); consequently the errors due to extrapolation beyond 15 GV are
likely to be.small. However, the maximum of the response curve of a meson
monitor as obtained from the laﬁitude effect data may lie in the region of

15-20 GV. Therefore, the extrapolation beyond 15GV may lead to serious

errors (Kane, 1962).
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The azimuth effect data recorded by meson telescopes at different
azimubh angles corresponding to a fixed genith angle assumes greater sig-
nificance because of its ability to provide coupling constants in the range
10-25 GV. However, it mist be kept in mind that for the same location coupling
consbants for verbical and inclined directions are not directly comparable,
as the latter correspond to muons having traversed more alr material and
consequently will have a flatter coupling constant-rigidity plot. Neverthe-
less, such measurements can provide a direct clue to the shape of the |
response curve for the 10-25 GV range. Kane (1962) sghowed that the azimuth
gffect data available till then were not sufficiently accurate for this

purpose and there was a need for more accurabe azimuth effect measurement.

A experiment to study azimuthal variation of cosmic ray muon intensity
has been conducted at Ahmedabad. The apparatus consisted of two independent
<trigle coincidence G.M, counter telescopes. The telescopes were inclined
at 45° to the zenith and were 180° apart in azimuths. The whole apparabus
was mounted on a burn-table, capable of rotating about a vertical axis.

Thus, the telescopes could be kept at any desired azimuth angle.

The author took the complete responsibility of running the azimuth

effect experiment in 1968, The observations were taken on a continuous

bagis during the period 1967-69 for fourteen different directions well

spread over all azimuthe. The daba have been analysed by the author on

an 1BM 1620 computer at the Physical Regearch Laboratory, Ahmedabad. The

results obtained are presented in the theglis and thelr implications

discussed.
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A theorebical attempt based on a model of secondary meson production
in the atmosphere by high energy primaries has been made by the author to
get a best fit for all thevexperimental data on latitude and azimuth effect
available so far for several zenith and agimuths (part of these obbained by
the author as mentioned above) and atmo spheric depths. It must be noted
that at any latitude nearly 26% of the primary nucleons are alpha particles
(or heavies) and have a cut-off only at Ey/2, where Eg is the cub-off (in
terms of momentum per nucleon) for protons; hence, an appropriate correction
for thig effect is also incorporated in our calculations. Theoretical
calculations have been carried out and coupling constants thus obtained for
several zenith angles and abtmospheric depths are also presented in the
thesis.

Experimental determination of ﬁhe charge ratio of cosmic ray ruons
at different energies is also of considerable interest; because such rea.su~
rements reflect the nature and rultiplicities of the parent particles
produced in the primary interactions. Such measurenents at high energies
are of greater significance because the infornation gained by these measure-
nents cannot be obtained with the present day accelerators. However, the
intensity falls quite fast with the energy and the statistically significant
observations become rather difficult. At low energies (E;xf;i GeV), the
usual method of magnebic momentum spectrograph for the debermination of the
spectrum and the charge patio of cosmic ray muonsg cannot be applied because .
of the large percentage of electrons present in the observed radiation.
However, the method of delayed coincidence can be used to disbinguish muons

from other ionizing radiation and to separate positive muonsg from negative

ones,
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An expériment to determine the charge ratio of muons based on
the method of delayed coincidences has been conducted by the author at
Ahmédabad. The apparatus consists of three scintillation counters. Muons
ip-a certain momentum range are brought to rest in an absorber and theinr
decay products electrons are registered in different time channels. The
disgtribution of electrons registered in:different time channels serves as
o chock on the operation of the equipment, since the mean life of muon is
known to be about 2.2 microsecond. Tvo diffefent absorbers, one of high
atom%c mumber (lead) and another of low atomic number (graphite), were
used as stopping materials. Both positiVe and negative muons decay
freely in the latber absorber while only positive muons decay in the.
former absorber. The observations were taken during the period 1971—72.
The author was responsible for the fabrication, setting-up and maintenance
of the mugn telescope for the determination of the charge ratio. The
author was mainly responsible for the development of {the entire electronics

circuitry associlated with the experimental set-up.

The daba reduction was done by the author on IBM 1620 and System/SGO
computers at the Physical Research Laboratory, Ahmedabad. The results of

charge ratio, differential spectrum and integral spectrum of cosmic ray

muons in the momentum range (0.2-0.8 GeV/c) obtained by the author are

also included in the thesis. Muon momentum has been calculated by the

author using the energy loss expression of St ernheimer (1956) .

The thegis is divided into six chapters as followsi-
The firgt chapter contains a brief review of the present knowledge

about the primary and the secondary cosmic rays. The concept of coupling
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constants and estimation of coupling consbtants from latitude effect
and azimuth effect data are also dealt briefly. The significance of

the charge ratio measurements is also shown.

The second chapter gives the experimental details for (a) the
_azimuth effect experiment, and (b) the charge ratio experiment carried
out at Ahmedabad. Various electronic circuité uged are described
briefly; The operational procedure has also been described for both

the experiments.

The third chapter describes the methods used in processing the
data and the results obtained from the experimenté. The results are
mainly the azimuth effect recorded with inclined telegcopes and ooupiihg
congtants derived from it. The muon telescope for the charge ratio
measurement was useful in providing new results on differential and
integral momentum spectra, charge ratio and mean life of muons. Also
included in this chapter is a brief description of the models of charge

ratio of muons.

The method of estimating coupling constants theoretically is
described in debail in the fourth chapter. Integration limits and

implications of some of the parameters are also discussed.

Coupling constents theoretically derived are presented in the
fifth chapﬁer for different zenith angles and different atmospheric
‘depths, Our‘theoretical results are compared with the latitude effect

and azimuth effect data available so far.



The sixth chapter summarises the resuits obtained and the

conclusions drawn from the present investigation.

The thesis, presents new results on the coupling consgtants for

mospheric depths, gives a theoretical

geveral zenith angles and at
h would

method to obtain coupling constants (for all energies) whic
prove useful for a proper intefpretation and undersbanding of the

phenomenon of time variation of cosmic ray intengitye

Q™ S
(K.p. SINGHAL)

(Rs+P. KANE)
2/,-2-1973
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CHAPTER - I

INTRODUGCTIOQON

1.1  Composition of the primary cosmic rays

Cosmic rays, since their discovery in 1913, have been studied
primarily as a natural beam of high energy particles. Cosmic rays are
fdund to be highly igotropic and contain fluxes oflenergetic nuclei with

20

energies ranging from 1086V to 1006V, -

A number of experiments have been carried out to determine the
gharge spectrﬁm of the primaries i.e. the relative numbef of protons,
alpha-particles, Li-nuclei etc. Nuclear emilsions, cloud chambers,
scintillation and proportional'counters have been extensively used for
such experiments. The detector determines the ionization of the primary,.
from which the charge of the nucleus is found. Since most of these
particles are relativistic, the ionization is simply proportional to

22 i.e. the square of the atomic number.

These measurements have shown that these particles are atomic
nuclel belonging to various chemical elements (Bradt 'and Peters, 1948;
1950 a, b). Thesé miclei are completely ionized much before they enter
the earth's atmosphere. The primary cosmic radiation is mainly composed
of about 90 per cent protons, 9 per cent helium nuclei and about 1 per cent

heavier nuclei. FElectrons of energies greater than 1 GeV constitute about

1 per cent of the primary cosmic rays.

Chemical composition of the nuclear part of the cosmic radiabion

has been measured at several eriergies. The relative abundance of different



- 2 -

elements appears to be independent of energy upto at least a few
hundred GeV per nucleon. Recent obgervations are included in the

reviews by Webber (1967), Shapiro and Silberberg (1970).

1.2 The secondary cysmic ravs

The earth's atmosphere is being continuously bombarded by an
almost isotropic flux of highly energetic primary cosmic ray‘particles.
The earth's atmosphere cunsists mainly of the gases nitrogen and oxygen
which exert a pressure at sea level of about 1000 gm/cmz. The primary

cosmic radiation undergoes both electromagnetic and nuclear interactiuns

in the atmosphere.

When a nucleun strikes a nucleus, many possibilities arise, the

actual process depending on the energy of the nucleon, the size uf the

nucleus etc. The various possible prucesses are divided into two categories.

(a) Absorptiun, and

(b) Scattering.

The latter éan be subdivided into elastic and inelastic scattering.
In elastic scattering, momentum and kinetic energy afe conserved, while
in the case of inelastic scatbering some of the kinetic energy of the
incident nuclevn is absorbed by thé nucleus thereby railsing the nucleus
to an excited state, which, when reverbting back to the ground state,

emits this energy in the form of \/—rays,kj;'—particles gtc. by the

SO*called evaporation prucess. If the energy of the incident nucleon /

is sufficiently high, new particles (mesong) may be generated in a

collison with an individual nucleon in the nucleus. Mesons are



- 3.

charged as well as neutral and consist predominantly ~f Y -mesons

with a small percentage of K-megons.

The T -mescns are unstable and rapidly decay into other
particles. Neutral 1] -mesons decay, within a very short life time
~-16 : ’
(~2 x 10 sec), predominantly into two photons which by ecreation

of electrun-positron pairs initiate an electromagnetic cascade.

T 9y
V> e v

The charged T} -mesons decay mostly into a muen and a neutrino

with a life time of about 2.55 ¥ 10 % sec.

T +’-> M A Y

W o> MY
Myong are produced in several of K-meson decays too. In the rarefied
material of the atmesphere the decay of ~~Ye;--me&ms is much mowre likely
than a nuclear interaction. Only if the 1ife time is greatly dilated
by relativistic effects will nuclear interactiuns occur with appreciable
probability. For a given energy this probability is largerin the dense

lower vregions of the atmesphere than in the rare upper regions.

Munns have no specific nuclear interaction with matter. At low

energies (Ei*%l.loo GeV) ionization energy luss predominates. A muon

decays with a mean life uf about 2.2 microseconds intu an electrun (or

positron) and two neutrions.

+
M o 4 e W
M e A AU
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However, the life time is greatly dilated by relativistic effects for
muons of a few GeV energy‘resulting in é very small probability of muon
decay before reaching the earth's surface. The decay probability increases
at larger angles to the zenith (vertical) because of the increased path
length available.

The main component of cosmic rays in the atmosphefe ére (see
Figure 1.1):
(a) AJ&ﬁc ear compggggg CUntaining particles capable of producing
nuclear collisions. This compunent cuntains mostl& nucleons; the fraction
of pions in it increases with increasing depth in the atmosphere. Nucleonic
component is detected with a neutron-monitor.

(b) In B ectron-phutun (or soft) component which arises mainly from

the decay of neutral piuns which are produced in nuclear collisions. It
atbtains a maximum at about 13 km altitude; most of it dies out, huwever,
before reaching earth's surface. This component is detected by extensive

air shower arrays.

(c) A Maun (or penetrating) cumponent which owes its origin mainly to

E .
the production »f T -mesuns in nuclear collisiuns. Muons do not
multiply like electrons. At sea level muons account for about 80 per cent

and electruns abuut 20 per cent of charged particles. This component is

detected by mesun telescopes.

(d) A Neutrino component which arises from the decay of unstable
particles in the atmosphere, mostly pions and muons. Neutrinus have

only weak interaction with matter and are capable of passing through //

the earth without any appreciable attenuation.
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1.3 The influence of thgngarth’s magnetic field

Charged cosmic ray particles are éffected by the earth's magnetic
field long before they enter the atmosphere. To a first approximation
earth's magnetic field can be represented by a dipole of magnetic mument
M =g.1x 1025 gauss—cms, ‘situated at the centre of the earth and tilted
such that the magnetic aﬁis intersects the earth's surface af a geographical
latitude of 78m2dN and a geographic longitude of 69.0°W. A better appro-
ximation is that of a shifted dipole. In 1955, the eccentric dipole was
situated 433 km from the centre of the earth at 15.3°N latitude and 151.1"E
longitude (Webber, 1958).

The magnetic rigidity of a particle is the ratio of its mumentum
to charge i.e. pe/ze and has the dimensions of voltage. It is usually
written in units of GV, equal to 109 volts. It is numérically equal to
p/z if p is expressed in GeV/e.

1.5.1 The threshold rigidity

- Stormer (1955) has made an extensive study of the motiun of charged
particles in a dipole field in connection with his work on auroral particles,
and bis approach has been applied to the motion of charged cosmic ray
particles in the geomagnetic field. DNegatively charged particles having
different rigidities are shot fromvthe earth and their motion in the
earth's magnetic field is followed analytically. Particles which succeed
in escaping to "infinity" correspend to positive particles approaching
the earth from great distances. At a given point on the earth, for a

given direction, the minimn rigidity for which the orbits connect with

infinity is the threshold rigidity.
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Stormer found the follawing analytical integral of the equation
of motion which describes particle trajectories in the meridian plane
containing the moving particle and the dipole axis:

2y = R Cos sing + cogag% A
- R

where isva consﬁant proporticnal to the pafticle impacf parameter
about the dipole axis at large distarce, » is the geomagnetic.latitude
and g is the angle between the velocity vector and the meridian plane
and is teken positive if thig plane is crossed from east to west. R is

the radial distance measured in Stormer units where one Stormer unit is

.1)

de fined as\//Mi (M =the dipole moment). Thus, the scale of distance is
vV D '

rigidity dependent.
For a given >\and,€j , the minirum value of R is obtained by

putting Y = 1 and this is

cost >~

R =
m

JJ-JL&M%%?A

The cutoff rigidity P, is obtained by putting Rm equal to the radius of

the earth (measured in Stérmer units), which gives

M 2 cosA‘)\
P = e R = 59,8 GV .....
c iy ™

| Y_l'+\¢/l—sin9 cos¢‘005525§

In equation (1.3), a is the radius of the earth and sin.g has
been replaced by sin® cosf), where 8 and @ are the conventional zenith
and azimuthal angles of incidence.

The vertical threshold rigidity is obtained from (1.3) as,

Pc = 14.9 cosA)\GV ......



According to Stormer theory, all particles above the threshuld
rigidity cen reach from infinity to the given point from the given
direction. If the cosmic ray intensity is isotrepic at infinity, then
firom Licuville's theorem all these particles will arrive with their full
intensity.

The simple theory outlined so far takes no account of the effect of
the inpenetrable earth. Vallérta and his colleagues have shown after
detailed integration of trajectories of particles just above the threshold,
that some trajectories intersect the earth elsewhere before arriving in
a directiun allowed by St&rmer theory (Vallarta, 1961). These penumbral
trajectories contain loops representing a turning away from and a turning
towards the dipole. 4n apprupriate correction to the thresghold can be
applied knowing the penumbral width.

An additional effect of the solid earth is that even unooﬁplicated
trajectories, arriving at zenith angles close to the horizon, may be
interceoted. This effect gives rise to the_simple shadow correction
and hag been investigated for'sea level and satellite altitudes by
Kasper (1960). Kodama et al. (1957) have calculated the Stormer thresholds

aporopriate to the eccentric dipole.

1.3.2 UHigher order terms cor:cection to the threshold rigidities

In a neutron monitor latitude survey, Roce et al. (1956) noted
that at a longiﬁude of 30°W the minimum in cosmic ray intensity was 9°
north of its expected position on the geomagnetic equator. Other experi-

ments furbther confirmed the discrepancy between the observed cosmic ray

intensity and that expected from the dipole representation of the
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geomagnetic field. It was originally suggested by Simpson et ale(1956)
that the interaction between the geomagnetic field and the interplanetary
plasma results in the.distortion of the field wkich may account for the
discrepancy. Howéver, thhWGll and Quenby (1958) showed that these
'disérepancies are due to the non~inclusion of the non-~dipole part of
the geomagnetic field.

‘The geomagnetic potential V may be represented by é series of

spherical harmonics.

V(r,0,8) = a %0 i. (a/ 1 )nﬂ(g;n" cos mf + n” sin mﬁ)Pﬂ (cosQ‘) ..... (1.5)
n=1 m=0 n o
where a is the rvadius of the earth, r is the distance from the centre
of the earth, 9 is the geographic cu-latitude, @ is the geographic
longitude, gﬁ and hg are Gauss coefficients and Pg (cos 8) are associated
Legendre functions. The tefm n = 1 in this series corrésponds to the
centered dipoie, tilted relative to the geographic axis. Quenby & Webber (1959)
corrected the Stﬁrﬁer threshold rigidities by including non-dipole terms
upto sixth harmonic. Using these revised thresholds a better fit was
iobtaiﬁed to the measured cosmicvray\equator° Quenby & Wenk (1962)
further improved the rigidity oalculation‘by ineluding a penumbral
correction. McCracken (1962) has developed a widely used programme for
trajectory integration. Using this programme, Kondg.et al. (1963) haye,
obtained a still bebber fit between the mucleonic intensity and the

thresholds. Shea et al. (1965) calculated the cutoff rigidities for .

different stations using MeCracken's programme.
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1.4 Belationship between prinary cosmic.rays.and.thelr secondary
‘ corponents

Time variations in the‘ihtenSity of cosmic radiation arriving at
the earth's surface have been extensively studied over the last several
years. Most of the cosmic rays observed deep in the atmosphere are of
. secondary origin. Therefore,it becémes necessary:

(a) to understand how to relate . these secondary particles_to the
primary cosmic rays, and
(b) to be able to follow the primary particles along their trajectories

through the geomagnetic field out into interplanetary space.

Various attempts have been made for relating the secondary particles
to the primary cosmic rays. Neher (1952) introduced the concept of
"overall multiplicity" M(E,h) that giveé the number of secondary particles
produced at a depth h due to a primary particle of energy E. Treiman (1952)
and Simpson et al. (1953) extended the jdea to calculate the specific yield
function for the nucleconic component. These were used by Fonger (1953) to
conncet the variations in the secondary components with variations in

primary intensity.

1.4.1 Coupnling congtants

The idea of coupling constants was introduced by Dorman (1957).
Dorman exvressed the intensity Ni‘(h) of a secondary component of type i
(nucleons, mesons) at a 1atitudef>\and at an atrnospheric depth h as

(& : \
. \ N
Ny (B) = D(E)M" (E,h)dE . (1.6)
a /EC
PN
where D(E) is the primary spectrum and M (E,h) is the multiplicity

function that gives the number of secondary particles of type i produced

at an atmoepheric depth h due to a primary particle of energy E. EER is
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the minimum energy necessary for the arrival of primaries at a latitude -
It is a function of Zenith and ‘azimth angles also.
Varying Ni‘(h) with respect to the paremeters appearing on the

right band side of (1.8) we get

S (n) = - SES, D(ES.) MM (S ,n) +(TSD(E)M (E,n) aB
ES
. ("’“ D(E) M (8h) aE | e (1.7)
MJEC
BN

dividing by N:}L\ (n), we got

vl (n) Coo £D(E)
e O L (T | Gas
¥ (n) JES  Db(E) g
o SM(En) .
Nt _..gl_? ________ Wx (B,h) 4B ......(1.8)
)Ec M (E,h) |
_ D(E) M (E,h)
where . @(E,h) = r ceraos (1.9)
Ny (h)
is called the "coupling constant",
oo, :
so that \ h%\(E,h) dE = 100 per cent evee.. (1.10)
. C )
J R ‘
>

- The "coupling congtant" gives the percentage contribution of
primaries of energy E to the secondary component of type 1 at an atmdspheric
depth h at a latitude S+ Hence, the precise knowledge of thg coupling
constants is essential ip predicting the response of a detector deep in
the atmosphére to any variation in the primary energy spectfum.

The first term on the right hand side of equation (1.7) represents
secondary variations due to variations in the cut-off encrgy ES\. The

second tern gives the variation of secondary:intensity due to variations Vo
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in the primary spectrum D(E). The third term gives‘changes due to
variations in the multiplicity function which may be due to meteorological
factors.

The role, which coupling constant W of equation (1.9) plays in
connecting variations of a secondary component with those of primary
intensity; ig thus obvious. W ig a functicn of the primary spectrum D(E)
and the multiplicit§ function M(E,h). Hence, to estimate W theoretically
these functions shculd be known. Multiplicity function M(E,h) is difficult
to calculate because of uncertainties connected with secondary processes.

Hence a theoretical calculation of W is rather difficult.

1.4.2> Estimation of coupling congtants fron latitude effect

Coupling constants can be estimated from geomagnetic effects that
. : _
relate N%\ with E%\. Thus, revriting (1.6) for a latitude N and diffe-

rentiating partially with respect to the lower limit of integration, we get

SN (n) .
RS =-p(8 ) M (8% ,h) ceveenn(1.11)
¢ mC e
SEx
combining (1.9) and (1.11)
Ol
, 1 ON"y  (h)
W (EC< yh) = e 2 N & =)
AN/ 1 * e . F
N:)\(h) QB

The right hand side of (1.12) represents geomagnetic effects that
are approximately known for secondary components (mesons, nucleons) for
vertical intensity at sea level as well as at high altitudes. However,
W can be calculated upto about 15 GeV energy only, which is the maxirum
cut-nff energy for vertical intensity at the equator. For energies more

than 15 GeV, Dorman suggests an extrapolation by the formula



’ E -a +b E .
AT R (R— E ‘ vees (1.13)
B

where the constants K, a, and b are determined by normalization conditions

and tying in at the point E = 15 GeV.

Secondary cosmic rays recorded by various detectors located’deep
in the atmosphere are mainly the products of‘primary radiation incident
near the vertical at the top. Thus, although the cut-off rigidity at
any given point is a funcfion of zenith and azimuth angle, the vertical
cut-off rigidity is a reasonably good approxinmation to the lower limit
of the vrimary rigidity spectrum contributing to a detector at that point.
‘This approximation improves as the devth of the detector in the atmosphere
increases (Wobber and Guenby, 1959)

Coupling constants for meson and neutron components can be calculated
using latitude effect data upto 15 GV and by formula (1.13) for higher
rigiditieé. In the case of neutron component thie method work s quite‘wéll.
Because the differentiﬁl response of a neutron monitor falls off quite
rapidly beyond 8 GV rigidity (Webber & Quenby, 1959; Lockwood & Webber, 1967)
and thus extrapolation of the response curve beyond 15 GV is unlikely to
produce significant errors. In the case of mu-meson detectors the extra-
polation by formula (1.13) to obtain the coupling constante beyond 15 GV

may cause gerious ervors (Kane, 1962) bdecause the maximum of the response
curve of a meson detector may lie in the region of 15-20 GV as discussed
below.

Figs 1.2 shows the coupling constants for meson intensity calculated
by Dorwan using latitude effect data upto 15 GeV and formula (1.13) for
higher energies. The top curve in Fig, 1.2 represents the differentiél

primary energy spectrum cstimated by Neher (1951).

[} :
. ;
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It can be seen from this Figure that for larger atmospheric depths,
the downward slopes of the log W versus log E curves steadily decrease.
At sea level, the W values for mesons actually increase with energy for
low energies, attain a maximum at about 25-30 GeV, and then decrease
for higher energies. This implies a mean energy Yesgponse toward higher
primary energies for increasing atmospheric depths.

Webber & Quenby (1959) have revised the vertical cut-off energies
'E%*by taking into consideration quadruple: and higher order terms. Using
these reviged values of E%kand data on latitude effects (Rose et al., 1956;
Meyer & Simpson, 1955) they have calculated the coupling constants W,
mﬁdlmestnh1ﬁg.L5.

It is to be noted from Fig. 1.2 and Fig.1.3 that there is considerable
difference between Dorman'e and Quenby & Webber's coupling congtants. Thus,
for sea level mesons, Quenby & Webber's W curves attain a maximum at much

lower energies, about 15 GeV, in contrast to Dorman's maxima at 20-30 GeV.

Dorman's and Quenby & Webber's coupling constants are based on

experimental data only for energies upto 15 GeV. For higher energies,

both have used extrapolation formulas like (1.13). Thus substantial
portion of the (log W) versus (log E) curves are obtained by extrapolation

methods that need independent justification.

1.4.3 Estimation of coupling constants from azimuth_effect

Now, the experimental limit of 15 GV is applicable to latitude effects
of vertical intensities only. Thig limit can be pusked to about 60 GV,
at least in principle, by naking use of the variation of threshold rigidity
with zenith angle in the east—wost plane at the geomagnetic equator.

However, such measurements cannot yield the coupling constants necesggary
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for a sea level vertical detector, because the variation in counting
rate with zenith angle depends notvonly on the differences in threshold
rigidities, but also on the absorption of mesons in the varying émount
of air mass in the direction of the telescope axis and the varying proba-
bilities for the decay of pi«and~mu—mésons in this varying mass (Mathews
and Sivjee, 1967). These atmospheric effects can be kept constant by
taking the counting rates of telescopes at different azimuth angles but
at a fixed zenith angle. Kane (1962) calculated coupling constants from
the data of various azimithal surveys carried out near the equator in the
past and showed that the experimental data available till then were not
sufficiently accurate for this purpose and there was a need for nore
accurate data.

It is to be noted thaf for the same location, coupling constants
for vertical and inclined directions are not directly comparabie,‘as the
‘latter refer to a greater atmospheric .depth and hencé will have a flatter
W-E plot, the maxirum of W values occurring at higher energies. However,
such calculations will give a direct clue to the shape of the W~E. curves
for the region 10-30 GeV. WMathews and Sivjee (1967) have measured the
counting rates at three locations at three different zenith angles such
that effective overlying air masces as well as the threshold rigidities
are equal. Comparison of these rates ghowed thqt values are not signi-
ficantly different implying thereby that effects of any changes in
pi-and-rm-meson decay rates are not noticeable within the accuracy of
their experiment. Coupling constants for inclined directions at high
altitudes could therefore be compared with those of vertical intensity

at sea level, as both would involve roughly similar atmospheric paths.



- 17 -

1.5 The spectrum and the charge ratio of cosmic._rav muons

Precise measurenents df the sea level spectrum and charge ratio
of cosmic ray muons are important because fhese neasurements are the main
sources of information on the interactions of primary cosmic rays with
air nuclei. Such measurements, at high energies, where muon decay ard
energy loss factors arerminjmmreflect the nature and rultiplicities of
the parent pavticles produced in the primary interactions which are not

‘accessible by the present day accelerators.

The presence of an excess of positive particles over negative
particles in the hard compongyh of the cosmic radiation at sea level was
noticed as soon as magnetic deflection methods were used for measuring
particle momenta (Blackett, 1937; Jones, 1939). The excess still remains
even after correcting for the contribution due to protons (~1 per cent
of the hard component is composed of protons) and it is concluded that

there arc more positive than negative rmons in the sea level flux,

Since the major target nuclel in the atrosphere (oxygen and nitrogen)
contain protons and neutrons in equal numbers, this positive excess among
rmong should be attributed to the excess of protong over ﬁeutrons in the
primary cosmic radiation. At a given energy per nucleon, the primary

nucleons consist of 87% protons and 13% neutrons (Waddingbton, 1960).

This extreme positive excess in primary cosmic radiation is trans-
mitted to the WT‘Qmesons produced in the nuclear interactions and hence
to their decay products,the mu~-mesons. Since the primary nucleons are
absorbed in the upper atmosprere in several collisions, the sea level
mu-megons arise from the pions prodﬁced in several generations. However,
the positive excess is reduced considérably after the firét generation

collision.
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Most of the low energy muons are produced by the decay of pions,
whereas, in the case of high energy muons, contribution due to Kaons
becomes quite apprceiable. This happens bocausce the mean 1ifc of  charged
Kaons is shortor thanthat of ‘charged pions and thelr mass is greater.
Thercfore, at a given cnergy, the probability of decay before interacting
in the atmosphere is larger for a Kaon than for a pion. Thus in the high
energy region Where pion interaction becomcs more probable than decay,
an increasing fraction of muons arises from the decay of charged Kaons.
Kaon contribution does not become significant until a primary cnergy of
several hundred GeV is reached. This has been indicated both by accelerator

~ experiments and on theoretical grounds(Hagedorn and Ranft, 1968; Maeda, 1964).

The experimental results of positive ewxcess are sometimes presented
as the positive excesg and sometimes as the positive-nagative ratio.

These quantities arc defined as follows:

+ —
If N (W) and N (AL) are the respective numbers of positively

charged and negatively charged mesons, the pogitive excess,wl , is given by

¥y o(uh) - § (10) )

v o= B .
{, N (A + W (1)

and the positive~negative ratio, or the charge-ratio as

The eﬁergy dependence of the charge-ratio is governed by the

following considerations.

(a) Some muons are produced in the lower atmosphere where the charge

composgition of interacting nucleons is more symmetric.
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(b) In the low regions of the atmosphere pion production by pions

becomes impoftant and coﬁtribﬁtes symmetrically to the positive and

negative muons. The charge ratio thus decréases.

(e) In the case of high energies the relative contribution of charged
Kaons becomes appreciable and, because of the large K+/K- ratio at production,

tends to increase the charge ratio of ruons.

As noted in the beginning the measurements of the charge ratio of
cosmic ray muons is nuch more significant at high energies where it can
provide valuable informations. But the intensity fallsltoo rapidly in
bigh energy region and statigtically significant observations become
rather difficult. However, many measurements have been performed in
high energy range starting from a few GeV to 1 TeV or possibily much
more (Ashton et al., 1963; Aurela et al., 1966; Flint and Nash, 1970;
Appleton et al., 1971; Allkofer et al., 1971b; Kamiya et al., 1971;

Ayre et al., 1971b).

The variation of ultra high energy muon intensities with zenith
angles is closely related to the production mechanism of muons. In the
conventional picture of high energy interactions these muongs are meinly
produced in the decay of pions and Kaons (Mackeown et al., 1965). An
enhancement of the tmon intensity at large zenith angles is a direct
consequence of the competition between decay and capture of the parent
particles.

Utah group has, however, .given the evidence that an appreciable
fraction of the rmuons above 1 TeV does not show this enhancement.
Bergeson et al. (1967) attributed this to a new possible mechanism for muon

production. Keuffel et al. (1970) indicated that their data could be
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interpreted in terms of a production process involving 2 per cent of
F-production; observations of Krishnaswamy et al. (1968), Stockel (1969),
and Sheldon et al. (1970), favour mon production processes involving long
lived parent particles piong and Keons and there is little direct support

from intensity measurements for the X-process.

1.6 Statenent of the problem

The purpose of the invesgtigation described in this thesis is
two-fold. Firstly, as mentioned earlier, the coupling constants can be
derived from experihental data of latitude effect as well as azinuth
effect. Whereas data for latitude effect are well obtained, those for
azimith effect were rather in a poor shape (Kane, 1962)5 Similarly,
data on charee ratio of muons also were not well known for all energy
ranges. Hence from the experinmental point of view, an attempt has been

made to derive the azimuth effect and charge ratio of muons accurately.

Having obtained thecee, an analytical attempt has been made to see
whether by choosing an appfopriate model of secondary meson produption in
the atmosphere (K. Kstram, 1966), and fixing some parameters in the same,
one could derive é theoretical formulation which would give the best fit
for all the experimental data on latitude and azirmuth effect, available
so far, for various zenith and arziruths (part of which is obtained by us)
and atmospheric depths. With this best fitting formuiation, which essen-
tially gives the coupling constant W as a function of energy B, one could
obtain W veréus E for all higher energies too. Thig has been achieved
and W versus E curves for several zenith angles and atmospheric depths

are presented.



CHAPTER - 1II

EYPERIMENTAL, SET-UP

2.1.1 Apparatus.
The study of azimuthal variation of the cosmic ray mesons at
Ahmedabad (250N, 72.60E) was sbarted in 1967 to obtain the coupling
constants. The observations were taken during the period 1967-1969.
The apparatus coniisted of two independent triple coincidence
G.M, counter telescopeiigf sermi-angles 18° x 22°. The zenith angle
was fived at A5  and the two telescopes pointed to directions 180°
apart in azirmth. The arrangenent was capable of rotating about a
vertical axis. Thus the telescopes could be kept at any desired azimuth
angle.

Each telescope consisted of three trays of counters. Each tray
had six G.IM. countegzig} diameter 4 cm and length 30 cm. An absorber
of 15 cm of iron plates was interposed between the middle'and bottom
trays to cut-off the soft component. The vertical distance between
successive trays was 37 cm. The trays subtended a semi-angle of 18°

in the east-west plane and 29°% 1 the north-south plane. Figure 2.1 shows

the arrangement of the apparatus..
The counter trays were enclosed in a plywood box. The obser-
vations were recorded in a svecially built air conditioned room with

thin walls and roof.
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2.1.2 The Geiger Muller Counter

Geiger Muller counter is essentially a diode, consgisting of a
cylindrical cathode and a thin wire paseing along the axig as the anode.
A pas like argon fills the entire space between the anode and the caﬁhode.
Passage of an ionizing particle through the counter results in the ioni-~
zation of some gas atoms. Electrons thus produced are accelerated
towards the central wire, while the positive ions drift towards the
cylindrical cathode. As.the electrons approach the central wire the
field strength increases and.the electrons gain sufficient energy to
ionize sorme more gas atoms. The secondary eleotrons.thus produced also
gain energy and further lonization takes place until an "avalanche" is
formed. During this process, the positive ions being heavier drift
very slowly towards the cathode.

The electrons interact with gas atoms and also with the surface
of the anode. In this process photons are emitted. Some photons have
sufficient energy to eject electrons from the gas or from the cathode
surface. The behaviour of an ejectedlelectron ig similar to that of a
single electron froﬁ a primary ion-pair. Now, since even a single free
electron is capable of triggering the discharge mechanism, it becomes
necessary to quench the di scharsge.

The following two methods are generally used to quench the discharge.

(a) External quenching

In this method the quenching is achieved by reducing the electric
field during the period immediately following an avalanche to such an
extent that a further discharge cannot take place. This is achieved

by erploying a suitable electronic circuit.
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-(b) Internal guenching

In this method the spurious discharge is avoided by adding a
polyatomic vapour to the counter gas to absorb the photons. A vapour
such as ethyl-acetate, whose molecules dissociate on excitation, is
generally used for this purpose. Photons present in the gas are thus
absorbed by the quenching vapour and further discharge is avoided to
a large extent.

Generally both internal and external gquenching are used to minimise
the spurious discharge. G.M. counter has an important property of providing
a uniform magnitude of discharge independent of the specific ionization
of the incident particle. Counters generally have a threshold voltage

in the region of ~r 1000 V and a plateau width of -~ 200 V.

2.1.3 Electronic circuits

The block diagram of the electronic circuits used for each tele-
scope is shown in Figure 2,2.
(a) Buenching Unit

The quenching unit (Figure 2.3) consists essentially of a mono-
stable ﬁultivibrator which feeds a negative rectangular voltage pulse
of (“JSOO V) and duration (\440 msec) to the central wire after every
discharge due to the traversal of a charged particle through the counter.
A1l the six counters in each tray are connected in parallel and their

outpute are fed to one quenching unit.

(b) Coincidence circuit

The circéuit in this experiment for recording triple coincidences
(Figure 2.4) is originally due to Rossi. In this circuit, plates of

all the pentodes are connected together and fed through a common-load
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resistance. D.C. conditions are such that when all the grids get a
negative pulse simultaneously, the current through the cormon plate-
load resistance R ig cut-off and a positive pulse appears. If input
signal does not appear on any one of the grids, the purrent through the

load resistance does not change significantly from the normal condition

of conduction.
(e) Disgeriminator circuit

Vhenever all the grids of coincidence circuit receive signals
simultaheously, a sufficiently high voltage positive pulse appears at
the output. However, there may appear some small pulses due to partial

coincidences. These small pulses are eliminated by discriminator circuit

(Pigure 2.5) the bias of the pentode being so adjusted as to make it

insensitive for the small pulses generated by partial coincidences.

(a) Scaler

| For'hiéh counting rate neasurements, it becomes essential to scale
it down to such an extent that a mechanical recorder can work effectively.
The circuit used in the present experiment is based on the Fecles-Jordan
trigger cigcuit, It is a bi-gbtable multivibrator and is a basi¢ scale
of two circuit. 4Any scaling factor 2? can be obtained by connecting
n such scale.of two circuits in cascade.

'The scale of two circuit is shown in Figuré 2.6. In this bi-

stable multivibrator the two sections V, and Vs of the twin-triode

6SN7 are used.v Circuit has two stable states of operation. One state
has V, conducting and V, non-conducting while the other state has
reverse configuration i.e. ¥y non-conducting and Vo conducting. Let

us assume that the multivibrator is in the first state so that the grid
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of V; is at a higher potential than that-of Vo. This makes the diode Dy
only conducting. If a negative pulse appears at the input, it is fed
to the grid of Vi which becomes noﬁ—conducting. Now plate-to-grid
coupling makes Vs conducting. Similarly, it can be shown that another
negative pulse arriving at the input will bring the circuit back to its
First state and the tube Vo will give a positive pulse which can be used
to ﬁrigger mechanical vecorder circuit. Thus a scaling factor of two
is obbtained. Resetting of the scaler is achieved by applying =75 V to
‘one of the grids through a microswitch as shown in Figure 2.6.
(e) Recorder

Electromechanical recorders are used for final recording of the
data. Electro-mechanical recorder is connected to the plate of a power
amplifier. Amplifier tube 6F6 is normally much below cut-off. Positive
pulses from the scaler to the grid of the tube causes it to conduct and

actuate the recorder.

2.1.4 Operational considerations

Two independent triple~coincidence-telescopes with the same
geomebtry were used in the present investigation. Satisfactory operation
of the apparatus can be judged by comparing the results obtained with
these identical telescopes in the same direction.

All the couﬁters were tested for their plateau characteristics
and operated for a peridd of nearly 24 hours in the middle of their
plateau region. Couﬁters which exhibited good plateau after thig process
of ageing were selected for use in the instrument.

Since, different counters have different threShold voltages, the
voltage divider has been designed in such a way as to apply the most

appropriate voltage to each counter. The plateau characteristics of a
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‘counter may change after some use. Counters used in the ingtrument
should be operated in the middle of their plateau for reliable counting
rate. Therefore, rates for différent trays were checked everyday for
constancy. Each counter of the tray giving improper tray rate were
tested and bad counters were replaced.

Self-quenched counters have very limited useful life. Therefore,
electronic circuits are used for external quenching. This lengthens
the 1ife of the counter and also makes it more stable.

Stabilisation of voltage against line voltage fluctuations and
load variations becomes necegsary for the satisfactory operation of
various electronic circuits. All the power supplies used in the present
investigation were thus designedlproperly. The A.C. voltage supplied to

these power supplies was also regulated by a constant voltage transformer.

2{1;5 Yode of opersation

The azimuth experiment was performed firet for four azimuths,
viz., East, West, North and South. The rotation of the telescope was
arranged in such a way that each telescope scanned West, North, Fast and
South directions in sequence over a period of four days. About 5 minute
dead time was allowed in the counting while the telescopes changéd position.
The two telescopes pointed to directions 180° apart in azimuth. Therefore,
when one of the telescopes was pointing Bast another was pointing West
and so on. This procedure was continued for thege four azimuths (N,S,E,W)
till an accuracy of about 0.4% for each azirmuth was obtained. Generally
obéervations extending over a period of two to three months were found “

to be sufficient to achieve this accuracy.

Having obtained the counting rates for East, West, North and South

azimuths, the last two azimuthe namely, North. and South were replaced by
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several pairs of diametrically opposite azimuths keeping East and West
as reference directions. Observations were continued for a sufficiently

long period to get accuracies of about 0.4% for each aziruth. Azimuth

angles were measured with respect to the North. In all 7 pairs of azimuths

l¢) 0 o]
(10°, 190°), (35, 215 ), (60°, 240°), (83°, 263°), (130°, 310°), (153°, %33°)

and (173°, 353°) were scanned during the period 1967-69.

Scale of 4 was used to record the triple coincidence counts. Readings

of the electromechanical recorders were recorded manually every day.

2.2 Experimental debermination of the spectrum and the charge ratio
of cogmic_ray muons

2.2.1 Methodology of the Fxperinent

There are only few charge ratio measurements at low energies i.e.,
muon energy less than 1 GeV (Conversi, 195035 Fukui et al,1955; Allkefor
et.aL,Jﬂw;AMhﬁmrmM(nmmm,1w0amammmfw;mdmm,1W2L'
One of the main difficulties in the experimental determination of the
spectrun and the charge ratio of cosmic ray muons is that of distin-
guishing ruong from other cosmig ray particles such as protons and
electrons.

The gpectrum and the charge ratio of cosmic ray muons are usually
determined by the magnetic momentum spectrograph. The charged particle
trajectory before and after traversing the magnetic field is determined
either by neon flash tubes and G.M. counters or by spark chambers.

The deflection of charged particles by a magnetic field helps'to decide
the charge of the particle and the momentum. In this method a part of

the positive excess may be due to protons. It is not easy to extend

this method to low energies because of the large percentage of electrons
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present in the observed radiation when observations are made under little
or no shielding material.

Advantage may bg taken of the following two properﬁies of muons to
distinguish threm from other ionizing radiation:

_(a) ruons are unstable and when free, decay with a characteristic

nean life of about 2.2 microseconds;

(b) their interaction with matter is weak. Positive muons always *
decay while negative muoﬁs also have a finite probability of being
captured by the nucleus of the absorber material in which they are
brought to vest. Nuclear capture has but a small probability in absorbers
of low atomic number but predominates in high z absorbers.

Rossi et al. (1947) and Sands (1948), utilizing above mentioned
properties and the method of delayed coincidence, separated muons fron
other lonizing particles. Shamgg et a1.1(1948) used this method for
the first time for separating positive muons from negat;ve mions. Later,
Conversi (1950) and Fukui et al. (1955) utilized the delayed coincidence

method for determining the charge ratio of low energy cosmic ray rmuons.

As stressed earlier precise measurement of charge ratio is
important because of its direct connection with the understanding of the
nature énd miltiplicity of the parent particles produced in the inter-
actions of the primary radiation with the air nuclei. However, the
results obtained from earlier experiments were statistically ﬁoor and
different measurements did not show any positive indication towards the
variation of the charge ratio with momentum. Hence, the present inve-

stigation was carried out.



2.2.,2 Apparatus -

In the present investigation the method of delayed coincidence
has been used to distinguish ruons from other ionizing cosmic ray
particles.

As shown in Figure 2.7 the scintillation telescope AB (semi-
angle 19°) is formed by the scintillation counters A and B each having
dimensions 23.2 cm x 25.2_cm x 1.3 cm and separated by a vertical distance
of 67.7 cm. Scintillator C is 46.4 x 46.4 cw* and 5 om thick. Counter
C is placed about 32.7 cm below scintillation counter B, so that it

completely covers the solid angle defined by counters A and B.

Particles incident in a emall cone of directions about the vertical
are chogen by'this telescone. The absorber S! placed,betﬁeen.counﬁers
A and B sets a lower 1imit to the energy of the mions which can actuate
the telescope. Mions which traverse the telescope AB meet the absorber
" 8 placed between the counters B and C. C is placed in prompt anti-
coincidence with the telescope AB. Hence, for the event ABC no count
is recorded. However, some muons which have traversed the AB telescope
but do not have sufficient energy to emerge from the absorber S will
be broqght to rest in the absorber S. Thus an event ABC would be recorded.
These stbpped muons decay and since, the mean 1life of muons is about
2.2 microseconds, nearly 97.4% ruons will be able tovdecay within 8 micro-
seconds. The ABa.pulse‘triggers different monostable circuits of'different
pulse durations, the longest being 8 microsecondso Some of the decay
electrons will pass through C and will be detected by the coincidence
between C and‘the ronostable pulse. Thug, the counter C is in prompt

anti-coincidence and at the same time in delayed coincidence with respect

to the coincidences AB.
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By performine this emperiment with two different absorbers S, one
of hisb atomic number, i.e. lead, (in which only positive‘muons decay,
nezative ones being captured), and the other of low atomic number, i.e.
graphite, (in which both types of muons decay), the charge ratio can be
determined. By chancing the thickness of the absorber S' the energy of
the ﬁuons incident on & can be changed and the spectrum over the required

band of energies cen be scanned as shown later in the methods of analysis.

R.2.3 Detectors and associated electronics

The block-diagram of the _electronic circuits used is shown in
Figure 2.8, Photomultiplier pulses are first amplified by prearnlifier
and then by main amplifier. Amplified pulses thus obtained are discrimi-
nated against the noise by discriminator circuit and a rectangular
pulse is obbained at the output of each discriminator corresponding to
each scintillation counter. ABC circuit then provides a pulse correspon-
ding to a rmuon which is beiné brought to rest in the absorber S. These
ABa'pulses are shaped and then used to trigrser various univibrators
(of different pulse durations). The positive pulse froum the monostable
cirCuit provides one innut to the delayed coincidence circuit while
the other input comes from the C pulse. Delayed coincidence outnut is

then fed to the electromechanical recorder through emitter follower for

final recording.

(a) Scintillators._and photomultiplier tubes
Plastic scinbillation counters arc now accepted internationally as
standard equipment. The plastic scintillator can be given any desired

chape. Murthermre, the practically unlimited 1ife-time favours the
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choice of scintillators for the studiesvwherein'the observations are to

be taken for a very long time. Also, plagtic scintillators have short

decay times of the order of 4 x lO'_9 second and therefore, are most useful
for the fast coincidence work with charged particles. Plastic scinti-
llators used in the present investigation were supplied by the Department

of Atomic Energy, Covernment of India. Photomultiplier tubes are mounted

at the centre of the scintillators A and B such that phototube ig in direct
contact with the scintillator, while in-the case of scintillation counter G,
the phototube is placed at a distance below the scintillator. ILight-pipe
has been uéed in this case to have the ontical coupling of the phototube

to the scintillator.

RCA 66554 photomultipliers have been used in the present investigation.
The photocathode size is°1.69 inch and there are 10 dynodes. The spectral-
response of the Sb-CS cathode lies in the range of AOOO%.— 50004 which ig

well matched to the fluorescent emission of the plastic-scintillator.

(b) Bigh=voltare connection. to the photomultiplier

Bigh-voltage connections to the nhototube are shown in Figure 2.9.
The dynodes are connected to a common voltage divider from a bhigh-voltage
regulated nower-~supply. . The voltage divider for the dynodes and the gathode
is mounted inside the nhotormltiplier case. To minimise the ripple cgmponent,
a filter network-is used and the phototubes are decoupled.. Voltage difference ,
between the first dynode and the photocathode is larger compared to the
otherslso‘tbat the electrons emitted from the photocathode undergo larger
acceleration. = The last three dynodes carry high elmmal current which con

cause fluctuations in the anode potential and so these have been bypaséed

with capacitors. L
| B S
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(c) Preemplifier and Jinear amﬁlifier

Preamplifier is mounted near the photomultiplier to reduce noise
and cable lengths, The circuit is shown in Fig., 2,10 and has a gain of 5.
Amplified pulses are fed to main amplifier. The linear amplifier (Fig. 2511)
consists of a single ended differential amplifier driving a common-emitter |
amplifier. Gain is stabilized by giving negative feed~back.
(a)  Discriminator

The discriminator is‘used to cut~off the background noise and the
dark current noise from the photomultiplier. The circuit is shown in
Figure 2,12. It consists of a differential amplifier, common~emitter
amplifier énd a monoshot. Base voltage of one differential amplifier
trangi stor éan be adjusted by a potentiometer and the pulses from the main
amplifier are fed to the other base. The discriminator level is adjusted
experimentally by plotting the counﬁing rate versus tﬂe discriminator level
and then finally adjusting the discriminator level corresponding to the

flat portion. The discriminated pulses are amplified and then shaped by

a monoshot.

(e)  ABC girouit
The circuit is shown in Figure 2.13. The A and B pulses from

discriminators are fed to the AND gate comprising of Dy, I% and RZ' The

AB pulse thus obtained is fed to the linear gate transi stor T,. The C
pulge ig applied to the base of Tl go that whenever C pulse is present,

T, shorts the 4B pulse appearing at T4 collector to the ground. Sa a

. pulse at T2 collector is obtained only when A and B are present simulta-

neéusly but C is absent.
(£) Coincidence cireuit for counting decay_electron

The ABC pulse is used to trigeer four monoshots (shown in Fig.2.14)

of 2, 4, 6 and 8 microsecond durations. The output pulse from each mono shot

is fed to a coincidence circuit, the other input to the coincidence oircult/
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being the C pulee (shown in Figure 2,15). This C pulse now corvesponds
to the elecfrons which are pfoduced in the decay of the muons following
thelir stpppage in the absorber S. Thus we get decay events corresponding
to times of 2, 4; 6 agd 8 microséconds. These pulses are then fed to the
electromechanical recorders for final recording. The recorder circuit is
éhown in Flgure 2.16.

R.24 Tests and checks

Charged particles'lose energy in traversing the scintillation
media and this energy is converted into photons. These @hotons in turn
produce photoelectrons at the Dhotocathbde. Electrons are then multiplied .
nearly a million times by tEe photomultinlier. Actual gain of the photo-
multiplier‘depends uncn the applied vcltage.

The output pulse height\is proportional to the energy lost by the
_ charged particles. Phototube pulses show a gpectrum. Small voltaze pulses
are mainly due to noise and can be eliminated by the discriminator.

The photormltiplier volta~e and the discriminator level are the main
parameters which control the performance of the scintiliationgoounter
télescope. The characteristic dependence of the counting rate cn these
parametefs mist be investigated. ‘The following behaviour were studied

exnerimentally for this purpose.

(a) Counting rate of each detector vs photormltiplier voltage
(b) Coincidence counting rate ve photorultiplier voltage

(c) Differential pulse helght spectruwns, and
(a) Integral pulse height distribution.

Thus, the photomultinlier voltage and the discriminator level
were adjusted so as to separate the cosulc ray peak from the background

~noise.
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Scintillétion counfers of the télescopes are periodically tested
for the plateau characteristics, Changes in the photomultiplier voltage
and the discriminator 1ével are nmade whene?er found necessary.

R.2.5 Mode of opgration of charee ratio exberimenL

-

Charge ratio measurements have been performed under different

thicknesses of absorber St, The thickness of absorber &' and thicknesses
of scintillators A and B set a lower limit to the energy of the mion which
can actuate the telescope. Thus, charge ratio measurements for different

mion energy ranges have been made possible.

A part of the absorber S' ig placed between the éounters A and B
and the renaining material (irf any) is placed above the apparatus in the
solid angle of the counter telescope. A meson traversing the counter
telescope 4B and stopning in the absorber had a maximum permitted zenith
angle of about 26°,

Measurenents have been taken alternately with and without the
absorber &, Thus observations were taken in the sequence (a) without
absorber (b) with graphite absorber (c) without absorber and (dj with
lead absorber to elininate systematic errors. Thus, while cﬁanqing the .
absorber an observation was always taken without absorber. Many such
-sets of observations were taken for a particular ruon momentum range to
ret. a better statistical accuracy.

Measurements without an absorber were usually taken for a comna-
Patively short veriod. vThe anticoincidences and delayed coincidences
were recorded'simultaneously in all‘tbese neasuremnents as is evident from

the block diagram of the avparatus (Figure 2.8).
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Observations with any one of the absorber & or without absorber
were generally taken for a day or two. Delayed coincidence counts and
anticoincidence counts were recorded menually by reading various electro-

mechanical vecorders quite frequently during the period of observation.

/ Measurenents were carried cut in an air-conditioned roon with
thin wailsﬂand roof. Observations.for each momentum range were.generally
taken for a period of two.to three months. Pulse durations for delayed.
coincidence measurements were checked regularly. £11 the electronic
circuifs and ‘regulated power supplies were aléo checked for realiable

operation.



CHAPTER - IIT

METHOD QF ANALYSTS AND RESULTS OF EXPERIMENTS

3.1 Method of analyeis and results of the azimuth effectlexneriment

5.1.1 Processing of Data

Hourly counting rate for each observation ig obtained by dividing
the total triple coincidence  ccunts by the number of hours. 'Fbﬁr azimithg
were gelected at a tiﬁe as explained earlier. Hourly counting fates
obtained for various days and fbr each azimuth are checked for reliable
counting rate. If by inspection any individual obsefvation is found to
be far from the approximate averaée hourly rate, i.e. if any observation
is found to be out by more than twice the standard deviation, that, obser-
vation is rejgcted for further analysis. The data thus obtained form the
basis of further analysis. |

Data for these four azimuths isg then arfanged in different sets,
each set containing at least one observation for each azimuth. If a set
contains more than one observation for an azimuth, all these observations

are combined to get an hourly counting rate for that particular azimuth.

Hourly counting rates are normalized such that the rate becomes
100 for West direction. Normaliszed rates, standard errors and normalized

standard errors are determined as follows?

Let 94, 99, Oz and 94 be the four azimuths under consideration, West
is aiways chosen as 1. Let Ny, No, g and nA be the hourly rates (in scale
oflA)rand let ﬁl, oy t5 and tA be the corresponding durations in hogrs.
Normalization factor f ig determined such that '

f= lOO/nl
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Then Ny, Np, Ny and n, are miltiplied by f (normalization factor) to get
normelized hourly counting rates as
N; =ny xf eea(3.1)

The standard error of the hourly rate is obtained as

and the normalized standard error corresponding to the normalized rate

(egn. 3.1) as
. a ., ::izﬁ x f
1 i

A1l the sets are now thoroughly checked. If a set is found to
contain more than one observation which are unreliable under the statis-
tical limits, that set is completely rejected. However, if.there is only
one unreliable observation then that observation is rejected and other
obsérvations of that set are combined wifh the next gat.

Finally, weighted mean is obtained from all the normalized rates as

follows:

Let Ny, Ny, Ngowounoop N, be the normalized rates for a particular

azimath where r is the number of sets and let <, GE; crg:.....,cYﬁ;

be the corresponding standard errors. Then weighted mean is given by

e > AN
S (1 /53%)

Thus, each observation Nj is given a weight proportional to the reci-

procal of the square of its standard error, and the standard error of

the mean is given by

Ty = (L1 /2
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This procedure is repeated for all the azimuths and for both the
telescopes. Thus we have obtained normalized rates for all the azimuths
with their standard errors for both the telescopes.

The observations were recorded in the sequence mentioned earlier to
minimize meteorological effects; Frequent observations were taken for
each of the fourteen direqtions studied and thus averaging out as far
as possible intensity variations due to pressure or temperature changes.
Mostly observations for complete days were utilised for final analysis
to avoid any effect of daily variétion inherent in the meson flux.

8.1.2 Determination of threshold ripidities for various azimuthg at
Ahmedabad :

Since the cosmic ray intensity decreases with zenith angle, the
effective direction of the telescope will not be the same as the geometrical
axis of the telescope. This difference depends on the opening angle of

the telescope as well as on the variation of intensity with the zenith angle.

Kane and Rao (1960) have shown that for a telescope, inclined to
the vertical at 45° and having a semi~angle 200, the mean inclination of
all radiation recorded is at 42.5° and 50% of the recorded radiation is

incident within a range of _ﬂ:5.5O of thisg mean value.

Daniel and Stephens (1966) have calculated the threshold rigidities
by a sixth degree simulation of the geomagnetic field (Finch and Leaton, 1957 }e
They have kindly provided us threshold rigidities at Ahmedabad at every
10° interval in zenith and every 15O interval in azimuths.

From these values we obtained cut-off rigidities at every 150

0
interval in azimuths corresponding to a fixed zenith of 42.5°. Rigidity
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values thus obtained are shown in Figure 3.1. Threshold rigidities
corresponding to all the azimuthsg, experimentally studied by us,'were

then obtained from Figure 3.1,

3.1.3 Azimuthal effect recorded by the counber telescopes at Ahmedabad

As mentioned earlier two independent triple coincidence G.M,
counter telescopes, inclined at an angle of 45° to the vertical and pointing
to directions 180° apart in azimuths, werc in operation at Ahmedabad during
the period 1967-1969, Fourteen directiéns were studied experimentally and
normalized rates for all the azimuths and for both the telescopes were
obtained by analysing the data as explained in sectipn 3.1.1,

Azimiths versus normalized rates thus obtained are shown in Fig.3.2.
Two points for each aziﬁuth refer to measurements taken with two independent
telescopes. The error flags show one.standard deviation.

Tt can be seen from this figure that the rates recorded by the two
telescopes corresponding to each azimuth are similar within statistical
1imits for most of the aszimuths studied, indidating thereby that both the
telescopes worked éatisfactorily during the whole period of operation.
Statistical accuracies of East and West directions as seen from Pig. 3.2

are good as expected because these, being reference directions, were monitored
for most of the time.
Threshold rigidities (as obtained from Figure 3.1) versus normalized

rates are shown in Figure 3.3, where rates of both the telescopes are

showh with théir standard deviations.

3.1.4 Determination of coupling congtants from azimuthal experiment
Rates of both the telescopes for each azimuth are combined by

the method of weighted means to obtainthe normalized intensity as a
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function of rigidity.

It was felt that for some points thé rigidities were very close
to eacﬁ other and therefore weighted means of rigidities and intensities
. were taken for these points. Mean normalized intensities thus obtained
are shown in Fig. 3.4 as a function of mean rigidity.

Coupling constants are then derived in the usual mannerlfrom the
increment in meson flux with geomagnetic cut-off. Coupling constants thus
obtained are shown in Figure 3.5 for the 12-26 GV rigidity range. The
experimental observations indicate a maximum at about 21 GV. However, the
variation in ¥ is not large in the 12-26 GV range.. Some poSsible‘sources
of inaccuracy must be kept in miﬁd as followss-

(a) Opening_angle of the telegcdoe

Coupling constants have been derived by us ﬁsing cut-off rigidities
corresponding to a fixed genith 42.5° and appropriate azimuths, but in
fact orimary particles do arrive in a cone of directions (allowed by the
ovening angle of the telescope) centered around the mean direction. This
might have introduced errors. A very narrow angle telescope is therefore
necessary for such investigationg tn obtain coupling constants very accu-
rately. However, the counting rates would then be smaller unless very large
areas and a very long period of operation are used.

(p) Contributions from heavier muclel
In deriving the coupling constants we have used the cut-off rigidity

values pertaining to protons incident on the top of the atmosphere in the

respective directions. However, nearly 26% of the primary nucleons are

alphas and heavies and hence, do not have the cut-off at a value
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corvesponding to that of'primary proton but only at half of that value
(in terms of momentum per nucleon). This also needs to be taken into
account for an accurate esbimaticn of the coupling constants. In our
theoretical calculation we have taken this into account.

Comparison with results obtained by other authérs is shown in

" Chapter V.

3.2 Method of analysis and results uf the charge ratio_experiment

3.2.1 Method of determination of the charge ratio from the experimentallyv
measured quantities

Conversi (1950) has given the details of relating the experimentally
obtained quantities to get the charge ratio of cosmic ray muuns.

Let us suppuse that we choose muons having an energy in the range
E and E +‘ll E and stop them in the absorber S. For a moment, let us
neglect the posgibility of the capture of negatiVe muons, the muons will
decay with their characteristic mean life and some of the decay electrons
ﬁill triggef the counter C. Let p be the probability that a muon brought
tu rest in the absurber S decays into an electron which triggers the
counter C.

For all time measurements, we choose, as the origin, the instant
at which the muun is brought to rest in the absorber S. Suppose we record
the delayed cuincidence events in n time channels as follrws:

The first channel records those decay events which take place

before _ :

after a certain minimum delay tm and[é time bt + 1 (t' being the time
width of tHe channel). We keep the channels qually spaced in time so
that the (r + 1) th channel records those decay events which take place

between times ty + rt¥ and t + rt¥* + t', t* being the time difference

between the adjacent channels.
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If M muons are brought to rest in the absorber at t = 0, then

the rate of decay at any subsequent time + is given by

where J is the mean 1ife of the muon.
The rumber of muons decaying between times t and t + %' is given by
t o+t t o+ !
a = -]

t ‘ t
-t A
therefore, N(t) -N(t+t!) = Me /5 (1-e “Lj) ,,,,, . (3.3)

As noted previously p is the probability that a muon decay in the
absorber S results in a decay electron which triggers the counter C.
Fence, if'Ntc is the number of counts recorded in the channel starting at

time t, the actual number of decay events occurring in the time width ¢!

of the channel would be

..t # 1 .
Ntc/p = Mg '{) (1~e DR

. i '
therefore, In Ntc = - (t/j ) o+ ln.(iiwb(lne %j ) ceaoes (3.4)

The laét term in the above logarithmic relation is constant for'given.M,
t' and p.

A sgmiélogarithmic plot of Ntc versus t is a sbtraight line of slope
—lﬁj . The intercept on the ordinate gives the number of muons that would

have been recorded had there been a channel for recording the number of

electrons passing through C in the time interval between t = 0 and t = t!,
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Let us denote this number by Nc' Then,

N
¢

It

Mp (16547 )

(v /p) (1670 )™

veosen(3.5)

I

i.e., M

Thus, if we know p and‘y , we can estimate M, the number of ruons
brought to rest in the absorber at time t = 0. We have estimated p in
the foliowing way, since it is not possible to calculate p for anbitray
geometrical arrangement of the absorber and counters. |

If we measure the number of events I, in which a muon is known to
have come to rest in S, but which does not result in a decay electron which
triggers the counter C between times b, and tm'+ nt¥* + 1,

Then,

Nas
Il

(l-p@ L (3.6)

or

il

M I,/(1-p) ' ceenes (3.7)

combining (3.5) and (3.7), we get ,
. ——
I/ (1mp) = (Wo/p) (178 )

o 1 —tt.
- = 14 (TN ) (1me /7)) vee.. (3.8)

b

Thus, p can be determined by eqn. (3.8) and use of this value of
p in egn. (3.5) enables us to estimate M. Note that if I, ir measured as
a rate, then M is the réte at which the muons are being brought to rest
in S. Now, if the energy of the muons incident on the absorber S is varied
by changing the thickness of the absorber S!', the number of muons in the
incident beam having energies between E and E + /\E is obtained as a

function of E. In other words, we get the ruon spectrum.



‘T‘ 55".

To determine the charge vatid, the experiment must be performed
with two different absorbers, one of higﬁ atomic number and the other of
low atomic nuﬁber. e agsume fbr thg time being that both positive and
negative muons decay freely in the latter aBéorber while only positive
muonsg undergo decay in the former. |

Let p, and p, be the probabilities that a decay electron triggers
¢ when the low z and high z absorbers are placed above C and let N, and
Nb be the cerrespunding exﬁrapolated counting rates (the difference
between pavand Py, may arise only due to possible differences in the geometry
of the two settings). Also, let Ma and Nb be the rates of muons stupped
in the low z and high z absorbers respectively. Knbwing that both pesitive
and negabive muons decay freely in the low z absorber aﬁ@ only ptsitive

rmions decay in the high z absorber, it can be ghown that

My + M (N, /p, )/, N, pp M

= = .,1...,.(5.9)
M, '(Nb/pb) /Mb Ny b, M,
or
_Eff__ = ! i vernes (3.10)
M_ (f-Na / Nb—l) -
where § = (p, M)/ (o, M) (3.11)

3.2.,2 Paranmgbers of the muon telescope

fbur channel s were used fbr registering the delayed -coincidence
events, so that four points of the decay curve corresponding to the muons
stopped in the absorber were obtained.

Experimental dependence f the capture probability of negative
muong upon the abomic number is such that only 3 to 4% of the negative
muons stopped in lead decay with a mean life of about 0,075 microsecond
while the rest get caétured (Feinberg and Lederman, 1963). The minimum

delay for which a coincidence was recorded in the first channel in the
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present experiment was chosen to be 0.2 microsecond._ Thﬁs the assumption
that all negative muons are captsfe@’in lead seems to be reasonable. On
the other hand,:for graphiﬁe, the main process willvbe decay rather than
capturey for both positive and negative muons.
| Decay even#s were recordéd simultaneoﬁlsy in_fbpr time channels

viz., 0.2 to 2.2Amicroseconds, 0.2 to 4.2 microseconds;.0.2 to 6.2 microseconds
‘and 0.2 to 8.2 micrusecsnds,_in the iﬁtegral manner. The differences between
the successive chsnneisvwefe obtained to gétthc to be used in equation
(3.4). Thus, for the présent experiment

n, nu. of ohanﬁels | = 4

t minimum delay for = 0.2 microsecond

registering a delayed
cuincidence event

t!', time width of the 2 microsecond

. channel

11

t%*, +time difference bet- 2 microsecond

ween the adjacent
channels

A comparison uf the number of evenfsn?qﬁstghmiin‘these four time
channels also served as a check cn the operatisn of the equipment since
the mean life of the muon is known to be about 2.2 microsecond.

The geometrioal'factor of the experimental arrangement has been
caleulated By the method described by Kane and Rao (1958) using the
dimensions of the counters and their separation. The geometrical fdctor
tﬁus calculated comes out to be 56.65 cmzsr;

Random events may give a contribution to the delayed coincidences
registered in each channel. Therefore, an accurate estimate of spurious
event s oBcurring in each channel becomes essential for correcting the

corresponding delayed coincidences recorded experimentally. Only then
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the decay curve of the stopped muons can be obtained accurately.

Eventg, in which a particle producing a double coincidence AB
but failing to trigger the counter C'(let n,pg be the counting rate of
these events) was fullowed after a short time by a triggering of counter
C,. coula cause the random delayed coincidences. If ng is tﬁe back ground

counting rate of the counter C, then we have

N 2 n

T ABC

)

n, t' ceeel(3.12)

time width of the channel

1

where -t
Nr’ the rate of randonm delayed coincidences is small at sea level.

However, the correction can be applied with sufficient accuracy because all
of

the quantities needed for the estimation/N, cen be measured with great

accuracy.

3.2.3 The method uf obtaining the extrapolated delayed crinecidence rate
and the mean 1ife of mu-mesons .

Equation (3.4) relates Ny, the number of decay events occurring in
a particular channel to t, the start of the channel. A seml-logarithmic

plot of N, againgt t is a straight line with a slope of ~1AS , where iy

te
is the mean life of muons at rest.
Replacing 1n Ny, by ¥, eqn. (3.4) can be re-written as

y=at +b _ conee(3413)

If we ﬁow substitute di fferent values gf t  in the above relation,
‘values of y #hus obbained will not be in general equal to g (ubbained
experimentally) as thFre will be an "error" of magnitude
atg +b - ¥g
We now, try to obbain the linear relation which best fits thé

experimental data using the usual statistical'”1eastsquare” method i.e.
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by choosing a and b in such a way that the sum of the squares of the

errurs is least, that is,

2
(ab + b-y,) is least.
Differentiating the above relation partially with respect to a and b

we obtain the conditions

H
O

Z_ts(ats t*b- ys)
and

1

0

T
?L_(ats thb- Ys>

These conditions yleld a and b after simplification as

n{ty] - 1]

T el - e
b - Tl
o [ee] - [edle ]
where, n = number of data points i.e, number of time channels, and

{yt:]denotes the summation E:n_ v .

e

s = 1

5]

Next étep is to estimate the accuracy of the coefficiénts a and b
derived by the above method.

We can calculate the residuals dS, given by ats +b -7y, using
the values ¥y, Joeeeeoes, ¥y, and te5 tzﬂ....,.,tn; and the most probable
values of a and b. 1Then the mean sqﬁare error (y’z'in the expression
ats +b - Y ig given by

sz = i:@d;J / (n2)

If standard ervors in the values of a and b are denoted by o, and S by

then we have

R AR S/

b5
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where /\ 1is the determinant
bt 't]-' R T
S._‘ ] \ _ n['b'bj —\tj
L) B
' . o
Having thus obtained a, Cr;; b and <TE; we can derive 1 , the

mean life of muons, and NC (the extrapolated delayed coihcidencg events)

as Tollows:

since, Y= -1/a
therefore, -<§3'= (3’; a2
and b = 1n N,

_ b
therefors, N, = e
and STy = NI

Thus, we obtain 5, cri% » N, andAG’gg.

ot

3.2.4 The determination of the probability p

We have mentioned earlier that eqn. (3.8) can be used for the
experimental determination of p, where I, is the true anticoincidence rate.
The events are vregistered as anticoincidences when no pulse appears from
the counter O within 8.2 microseconds after the £ime of occﬁrrence of a
coincidence AB.

An assumption was ﬁade in writing eqn. (5.6) that only muons contribute
to the anticoincidence rate Ia' However, any ionozing pgrticle traversing
the telescope AB and stopping in the absorber S will give an additional
centribution, x, to the anticoincidence rate Ia, so that we shall write,
in general

T, = (p) ¥+ x | veven. (3.14)
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The intengities of muons and of X~particles can be determined from
equations (3.5) and (5.14) if the value of p is knownh The hard component
of cosmic rays is known to be comﬁosed mainly of muons at large abtmospheric
depths, protons accounting only for a small percentage of the hard component.,
The momentum specﬁrum of the sea level protons is now well studiéd (Brboke
and Wolfendale, 196/ )~ Therefbre, we can perform measurements in such
experimental cunditions in which the contribution of x in eqn. (3.14) is
negligible in comparison with (1-p)M¥. In such cases only eqn. (3.8) is
valid and p can be determined from eqn. (3.8).

Two series of measurements were performed and the results obtained
are shown in Tablés 5.1 and %.2. The measurements being referred to as
series No. 1 and 2 and the amount of material being also specifiedithere.

A graphite absorber of thickness 22.95 gm em™® was used in these measurements.

The delayed coincidencesregisuzeiin4al; channels have been corrected
fqr the random coincidences and corrected events ére ghown in Table 3.1.

The exbtrapolated delayed coincidences shown in Table 3.1 have been obtained
by the method described in the previous section (3.2.3). Anticoincidence

rates, obtained without any aEsorber between counters B and G and.reported

in Table 3.2, are attributed to those low energy muons which lose almost

all their kinetic energy in scintillator B and fail to emerge out of iﬁ

with any appreciable energy. Anticoincidences reported in Table 3.2 have

been obtained simultaneously with the delayed coincidences reported in

Table 3.L1.

It is to be noted that ratio 'Ia/Nc between "true anticoincidences"
and "extrapolated delayed coincidences" for both geries of measurements

is the same within sbatistical limits. If particles other than muons
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(¥-particles) were present in significant percentage in the case of series
No.1l, we should expect in passing from the first to the second series a
decreasge of the ratio Ia/l\Tc due to their absorption in the additional amount

of material available in series No.Z2.

TABLE 3,1

Results of meagurements of delayed coincidences
for the determination of p

Series No. ' 1 2

Material above the 313 495
absorber S (g/cmz)

Duration of

observations 20940 24030
(minutes)
Corrected delayed coin- 1 293 340
cidences registered in 2 119 138
charmel : 3. A3 5%

, 4 20 23
Total extrapolated
delayed coincidence 316 + 21 369 + 12
events
Extrapolated delayed 0.91 + 0.06 0.92 + 0.03
coincidences per hour
Mean life of muong 2.205 + 0,082 2.213 + 0,040

Y in microsecond

On the basis of our results, therefore, contribution of x secems
to be negligible. Then eqn. (3.6) is valid and we obtain the values for p

given in Table 3.2. <5’;, the sbandard error in the probability p, has been
calculated by the relation o )
T C o o _I” _on1 2

2 =gt e 0] CEP o (CEP g Y|

P D k I LN Ny J—
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where, ‘ I = True anticoincidence rate’
N = Extrapolated delayed coincidence rate
tt = Time width of the channel

i

(\"‘ T -
B) Vean 1life of muons at rest

and ¢, G’ﬁ and.c?% are the corresponding standard errors.

TABLE 3,2

Results of measurements of anticoincidences for the determination of p

Series No. ‘ 1 2

Material above the 313 . 495
absorber S

(g/cm?)

Absorber S ‘ | On off on
(Graphite) :

off

Duration of ' :
observations 20940 25800 24030 21330

(minutes)

Anticoincidences 5,27 + 0,015 2.8210.011 5.,02:0.011 2.5610.011
per minute

t+

True anticoincidence . 0.45

0.016 0.46 + 0.016
per minute, I/ :

Ia/Nc 29.9 + 2.3 29.8 + LA

p 0.0531+0.0040 0.0534 + 0.0024

L py

Veighted mean 0.0533 + 0,0021

et o g

Weighted mean of these two values of p is taken and mean p thus

obbained is shown in thelasgt line of Table 3.2. We obtain, then, from

eqn. (3.5) |
. MBSl N, veess(3.15)

since, t! = 2.0 microsecond
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Value of p experimentally derived is very low indeed as was
expected because a large percentage of electrons producedbby the decay
of muons either get reabsorbed in the absorber S or scatter out. A
better value of p could have been achieved by'putting a number of scinti-
1lation counters around the absorber 8 and thereby reducing the effect

of scattering.

3.2.5 Ihg_ingggrai intengity of vertical muons

The integfal intensity is usually defined as the intensity of all
particles with momentum greater than a certain minimum momentum.‘ Better
statistical accuracy can be achieved in determining the integral intensity
than the differential intensity. A relatively simple arrangement, congi-
sting mainly of?éounter telescope with an abgorber (to define the minimum
momentum), is needed for the measurement of the integral intensity.

In the present experimenﬁjrates of double coincidences 4B have been
taken with different thicknesses of lead absorber to obtain the-integral
intensity corresponding to different minimum momentum. The energy loss
expression of Sternheimer (1956) has been used for the computation of
the minimum mumentum required for muons to traverse the telescope AB,
formed by the counters A and B and the absorber S' placed between them
and thus, to give a double coincidence AB,

The results‘obtained are shown in Table 3.3. Also shown are the
amount of material in each case. The double coincidence rates have been
corrected f@r the random coincidences. The integral inbtensity obtained
by us of nmuons of momentum greater than 320 MeV/c is presented in Table 3.4

together with the results of other workers. The integral intensity
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measured by us at 320 MeV/c is found to be about 3.3% lower than the
value given by Allkofer et al. (1968). This reduction of iﬁtensity
can be explained on the bagis of different geomagnetic cut-offs at two
different places.

| TABLE 3.3

The measured integral intensities of
muons at Ahmedabad

Lead Minimum Duration of Integral intensity
Absorber momentum observations 5 -2 .1 -1
(g/cm?) (MeV/c) (minutes) (107%em “g™sr )
167 320 : 2880 7.01 + 0.027
313 495 3990 8,64 *+ 0.022
404 603 2510 6.32 + 0.027
495 715 2880 6.06 + 0.025
TABLE 3.4
The integral intensity. of muons (DL ?,520 MeV/c)
T&C
Geomagnetic Cut—o £1 Integral intensity
Author Latitude (GV) 5 9 1 1
(°n) (107%em s er™)
Present experiment 13.7 16.0 7.01 &+ 0,027
Milkofer et al. (1968) 9 14.1 7.25 + 0.1
Bhattacharyya (1970) 12 13,7 7.30 + 0.15
Pokui &t al. (1957) 24 12.6 7.55 + 0.2
Kitamra and 25 12,6 7.2 +0.1

Minakawa (1953)
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In Figure 3.6 we have shown results obtained by us together with
the results obfained by other wérkers in the same momentum range. The
measured intensities by us are in good agreemént with the results of

“other workers. However, the integral intensities obtained by us are
significantly lower than those df Hayman and Wolfendale (1962) and
Mlkofer et al. (1971 a). Thié ig in conformity with the existence of
the latitude effect of low energy muuns because the latter experiments
were performed at geomagnetic latitudes 55.0"N and 57.5ON respectively aﬁd

hence refer to measgurements at low cut-uff rigidity.

%3.2.6 The differential intensity of the vertical muong:

As mentioned earlier both types of muons brought to rest in the
absorber of low atomic number decay with a mean life of about 2.2 micro-
seconds because the capture probability for the negative muons inAgraphifé
is very low indeed. This fact enables ug to determine the differential

intensity of muons from the delayed coincidence events registered experi-

mentally.

Four series of measurements were performed with different thicknesses
of lead absorber S'. Thus four péints of the muon momentum spectrum were

obtained corresponding to four momentum ranges. The thickness of the

graphite absorber (8) was 22,95 g/cmz.

Extrapulated delayed coincidence rates were obtained from the decay

events registered in four time channels as explained in section B3.R.5.

Delayed coincidence events roslatoradin all channels were corrected for

random coincidences. M, the rate at which the muons are being brought

to rest in absbrber g, is then obtained by eqn. (3.15). The muon

“momentum has been computed in each case uging the energy loss expression
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of Sternheimer (1956). Knowing the moméntum difference, the geornetrical
factor of the telescope and the rate of muons stopped in the graphite

absorber the differential intensity can be.obtained.

Results of our measurements are shown in Table 3.5. The amount of

lead absorber in g/cm2 has also been given in column 1 of the Table 345,

TABLE 3.5

The measured differential intensities
of vertical cosmic rav mions

Lead Momentum Mean The differential
Absorber %rou momentumn intensgity . .
-2 - -1 -
N cm®) GeV/c) (GeV/e) (10~4em2 s Lo (Gev/d) ™)
78 0.21~0.26 0.235 . 33.2 + 1.1
143 0.29-0.34 0.315 31.0 + 0.6
313 0.49-0.54 0.517 29.8 + 2.0
495 0.71-0,76 0.740 9.4 + 0.9
of

The measured differential intensities/mions in the momentum range
(0.2-0.8) GeV/c are shown in Figure 3.7 together with those measured by

Mlkofer et al. (1968) and Bhattacharyya (1970) near the geémagnetic

equator. Also shown are the results obtained by Hayman and Wolfendale (1962)

at 55°N and Allkofer et al. (1971 a) at 57.5°N.

Tn most cosmic ray experiments at sea level the muon speitra are

not measured absolutely but adapted at a normalization point og{GeV/c to

the intensity of .45 x 10~50m-28"1sr"l (GeV/c)— . This value was obtained

by Rossi (1948). Rossi spectrum itself is being normalized at 0.3 GeV/c

to the spectrum obtained by Greisen (1942).
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vertliceal coemlc ray muons at various

latitudes.
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Recently Allkofer et al. (1970) remeasured the intensity at the
momentum of 1 GeV/c and found it to be about 26% higher than the Rossi
value at the same latitude. Also recent measurements of De et al. (1972),
Ayre et al. (1971 a), Bateman et al. (1971) and Crookes and Rastin (1971) |
showed the evidence of higher vertical muon intensities near and above
1 GeV/c muon momentum. Consequently doubt has been cast on the Validity
of those spec%ra which were normalized to the Rossi value.

It can be seen from Figure (3.7) that Hayman and Wolfendale values
(which are normalized to Rossi value) seem to be too low despite the fact |
that these values wefe obtained at 55°N. However, the muon intensities
obtained bj us at different momentum are significantly lower than the
corresponding values of Allkofer et al. (1971 a) which is to be expected
on the basis of the latitude effect of the low energy muons. But the
differential intensities obtained by us are higher than those obtained

by Allkofer et al. (1968) and Bhattacharyya(1970) at low latitude stations.

%3.2.7 Measurements for the determination of the charge ratio of cogmic
ray muons ab_gea level:

()  The thickness of the ghopping material:

The measurements of the change ratio of cosmic ray muons were
performéd by the method of delayed coincidences. It has already been
noted that some of the low energy muons are sbtopped in the middle scinti-
llator (B) and the energy lost by these muons in scintillator B is suffi-
cient to give a detectable pulse B. These stopped muong will also decay
and some of the decay electrons have a reasonable probability of traversing
the counter C and thereby registering themselves in different time

channels for recording delayed coincidence events. This would make the
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charge ratio measurements uﬁcertain upto a great extent because the

decay events fegistered by the delayed coincidence circuit should allow
electrons‘corresponding to muons which were brought to rest in the absorber

S. However, this ungertainﬁy can be removed by choosging the thicknéss |
of the absorbers according to the range of decay electrons in them. Elec-
tfons from the muon decay can have a maximum energy of about 52 MeV (Barlow”.
et al:31964) and the range of 52 MeV electron in graphite is neafly R3 g/cmza'
Therefore, a graphite block of this thickness was chosen tg stop a1l the

electrons produced in the counter B lest they might trigger the counter C.

The probability of registering a decay event p, can be determined
experimentally from eqn. (3.8). However, tpis expression can be used when
graphite is used as a stopping material. In lead absorber, negative muons
are captured and therefore eqn. (53.8) cannot be used as it ig, However, if
gizes of the two stopping material are chosen in the ratio of the ranges
of the deday electrons in them, then equal probability for detection can
be agsured (Shémos et al.,1948). The thicknéss of the lead ahsorber was
thus chosen appropriately as 1l4.4 g/cm2.

(b)  Zmevents

The true anticoincidence rate, Ia, ig obbtained by subtracting the
anticoincidence rate without absorber (spurious anticoincidence rate) from
the anticoincidence rate recorded with the absorber S.

;The geometry éf the apparatus and the small amount of material
used. as the stopping absorber make it very unlikely that a lateral shower,
which in the absence of the absorber S would strike the scintiliétion
counter C, produces an anticoincidence when the absorber S ig on. Other

causes of spurious anticoincidence events such as random events etec. are
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not appreciably affected by the presence'of the absorber S. These
considerationé suggest that the method of obtaining true anticoincidences
outlined above is the appropriate one.

We have mentioned earlier in section 3.2.4 that the two sgeries of
mgasurements were performed in which the contribution of x was negligible
as compared to (1-p)M of eqn. (3.14). However, if the thickness of the
absorber 8' is reduced then this may not be so. Nevertheless, We‘can
estimate the rate of ¥-events in such cases as Iam(l~p)M.

So far we have not sald anything specificaliy about the nature of

thegse ¥-particleg. There are some posgibilities about the nature of

particles contributing to these ¥-events. The various possibilities are: .

(1) ¥—particles must be lonizing barticles arriving from the atmosphere
and either stopping in the absorber 8 after traversing counters A and B,
.or producing other ionizing particles (in the lead between counters A and B),
of which at least one traverses counter B, stopping in the absorber S, and
none of which strikes the counter C;
(x.) After they or their secondary particles have been stopped in the
absorber S, no emission of secondary jonizing rays striking the counter C
has to take place within 8.2 microseconds.

Anticoincidence observationsg with about 7 cm and about 13 em of
lead material between counters A and B are shown in Table 3.6, Also shown

0

are the rates of X-events estimated by the above considerations.

It is very unlikely that any appreciable percentage of such events

could be due to electrons. A large olectron shower capable of traversing

13 cm of lead can hardly end in the absorber S without triggering the

counter C. Contribution due to locally produced 1 ~mesons also seens

to be insignificant.
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IABLE 3,6

The results of measurements of anticoin~
gldences and the X-cvents

Series No, 1 2

Material above | 78 143
the absorber S

(g/cem?)

Absorber S On Off On off
(Graphite)

Duration of

observation 22190 16180 14380 14060
(minutes)

Mnticoincidences 3.787+0,013 3,120+0.014 3.242+0.015 2.68810.014
per minute ' '

True anticoincide- 0.667+0.019 0.554 + 0,020
nces per minute, I,

X-particles per 0.14+0.026 , 0.09 + 0.019
minute (Ig-(1-p)M)

This led us to believe that the majority of ionizing particles
contributing to the X-events must be protons. Protons, capable of pene-
trating 13 cm of lead placed between counters A and B and stopped in the
graphite absorber, must have momentum in the range of 0,914 to 1,006 GeV/c
if they lose energy only by ionization. The intengity of protons
derived fromtho rates of ¥-particles is at least twice of that given
by Brooke and Wolfendale (1964) even after taking into consideration the
statistical limits.

However, with 7 cm of lead interposed between counters A and B,
protons contributing to the X-events must have momentum in the rangé

0.75 to 0.86 GeV/c. The intensity of protons derived in this case comes
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out to be at least 607 higher than those obtained by Brooke and

Wolfendale (1964).

/
3.2.7.1 Resgults of the charge ratio measurements

We have mentioned earlier that p can be determined exmperimen—
tally in the case of the graphite absorber and also that the sizes of
the two absorbers were.chosen in the ratio of the pranges of the decay
electrons in them to ensure equal probability. However, in addition to
this the geometry must also remain the same in both the settings. The
thickness of the lead and graphite absorbers were quiﬁé different. The
lead absorber was kept,therefore,on 3 plywood strips each of thickness
~6 g/cm2 between counters B and C in such a way that the geometry
remains roughly the same in both the gettings.

A11 the 3 plywood strips together covered nearly 11% of the area
of the counter C. Sbme of the muons will decay in this material and this,
being nearer’to the counter C and also having smaller capture probability

for negative muons, would give spurious delayed coincidence events.

Unfortunately, there seems to be no way to correct for this effect.

Assuming for the moment pb/pa = 1 and toking appropriate "true
anticoincidence rates" for lead and graphite absorbersthe charge ratio
has been estimated using the expression (5.1@). The results obtained are
shown in Table 3.7. However, pb/pa can be determined 1f we know the charge
ratio accurately. We have, therefore, normaliged our results to those of
Alikofer et al. (1968) at a muon momentum 0.71 GeV/c; pb/pa thus derived
comes out to be 1.153, i.e., the probability of detecting a delayed
coincidence from lead absorber is nearly 15% more than the anaiogous

probability for the graphite abgorber for the present experimental set-up
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which seems to be quite reasonable in.view of the above discussion.

The results of vertical muon charge ratio measurements thus obtained
by us at Ahmedabad in the momentum range 0.2-0.8 GeV/c are shown in
Figﬁre 3.8. Also shown in this figure are the results obtained by
Aldkofer et al. (1968) and AlTkofer and Dau (1972) near the geomagnetic
equator at sea level.

It can be seen fron Figure 3.8 that the present results are in
good agreement with those of Allkofer et al. (1968) and Allkofer and
Dau (1972). The charge ratio below 0.7 Ge¥/c muon momentum comes oub
to be nearly unity from the present experiment which ig to be expected
on the basie of following theoretical considerationé?

(a) In low energy range, because of the diminished survival proba-
bility of muons from first collision, a greater fréction of the muons
recorded at gsea level.arrive from lower atmosphere where the interacting
nuleons are likely to be charge symmetric.

(p) The median primary energj for such low energy muons is likely to
be around 15 GeV per nucleon, in which case the primaries will be
heavies at our latitude, fsince the vertical cut—off (in energy per

nucleon) for heavies is dbout half that for protons { Pal, 1971).
(e) Kaon contribution, which tends to enhance the charge ratio, is
negligible in the low energy range.

3.2.8 The mean 1ife of the mui-mesons

Some of the results of the measurements of delayed coincidences
for different momentum ranges reported in Table 3.7 have been graphically
represented in Figure 3.9. It may be noted from this figure that all
the decay curves dre consistent with a mean life YV of approximately

2.2 microsecond. The delayed coincidence measurements were analysed
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separately for each of the momentum ranges and each of the absorbers.

The values of 'V obbtained were found to be not much different
from individual measurements, therefore, all the observations pertaining'
to different momentum ranges were combined together to get a value of

iy'for each absorber. The values obtained are $

9 = 2.2167 # 0,0102 S with lead absorber

i

Both these values,being similar within the statistical limits,

2,2197 + 0.,0205 }&E)with graphite absorber

were combined to get ‘
Y = 2.2185 £ 0.0135 JUS

Mean life irthus obtained is in agréement with the values obtained by

other workers. This shows that the equipment worked ~satisfactorily during

entire -
the/period of its operation.

3.2.9 The iptetpretaticﬁ of the charge ratio of gosmic ray muons

Several attempts bave been made to explain theoretically the
variation of the charge ratio with momentum.

Earlier attempts were mainly by Caldiroli and Loinger (1950),
Cini and Wataghin (1950) and Yeivin (1955). Since then further data on
the charge ratio have been accumilated and also more information on high-
energy interactions has become available. Both these factors made it
poséible to make refinements in the theoretical calculations.

Mackeown and Wolfendale (1966) have given an excellent review of
the theoretical work done to explain the charge ratio data prior to 1966.
Hence, we would simply attempt to describe; (a) the isobar model of meson

production by Pal and Peters (1964), and (b) a recent model proposed by
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fragmentation or scaling hypothegis and the knowledge of primary cosmic ray
spectra. They have then used the accelerator data to explain the observed

charge ratio of cosmic ray mions.

3.2.9.1 The isobar model

A model based on the strong coupling of the T\ ~meson. -nucleon
system has been given by Pal and Peters (1964). The pion-nucleon Qoupling
results in a series of nucleon isobaric levels. In the nucleon-nucleon
collision one or both of the nucleons 1g excited from nucleon ground gbtate
to one of such isobaric levels. Subseqﬁent de-excitation of nucleon iso-
bars result in the emission of low energy>TT -mesons. Pal and Peters used
the observed charge ratio of muons to determiﬁe some of the characteristics
of a general isobar models

However, besides the contribution of pions by their decay to muon
flux, certain non-strange isobars can also decay by various modes into
kaons and these kaons by their decay also Contribﬁte to the observed flux
of muons.

The kaon contribution becomes significant in the high energy range

becanse the mean life of charged kaons is significantly shorter than that

- of charged piong and their masg is greater. Therefore, in the energy range
where pion interactionlbecomes more probable than decay, a large fraction
of muons arises from the decay of charged kaons, because at a given energy
the decay probability pefore interacting in the atmogphere is larger for
2 kaon than for a plon.

The various decay modes conbributing to kaons are:?

N*—>K + ¥ (v ) 1610 MeV)

N*——}(KK) + N (M~ 1960 MeV)

and -
N*-3>K + ¥*, ¥ K+ N (> 2010 MeV)
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where the syﬁbols K, Y and N represent kaons, hyperons and nucleons
respectively, and N* represents a nucleon in an excited isobaric state.
The first decay mode dominates in the production of kaons because
it has the 1owesf threshold energy for the productioé}iaons, Purther,
this mode can produce‘positive but not negative kaons. Also, the large
pdsitive excess among kaons (Lal et al., 1953) follows directly from the
assumption that most of the excited isobars.have gbrangeness number zero.
Pal and Peters, therefore, expressed the ratio of positive to
negative muons at sea level as
N () 1 +%Lb 2 F ik
= DRI W
N (D) -l—g}h}b 1~§Mbk i
is the muon flux arising from the decay of pions, Eb“k ig the

where T
A _

muon fluk delivered from the decay of kaons, Eiugis the positive excess

of muong at sea level produced purely by pion decay and bk is the branching
ratio for the decay mode N*~?~K + Y.

Various curves were drawn to show the variation of the charge ratio
with momentum (given by the above cxpression) corresponding to various
values of'bk. A comparison of these curves with the experimental data
allows-bk to lie between 0.05 and 0.2 for a satisfactory agreement. Each
value of_bk corresponds to a definite value of the kaon to pion production
ratio, KAT . A value of b, = 10% corresponds to a KAy ratio of 20%.

Ashton and Wolfendale (1963) obtained an upper limit of 40% for
fhe K/4¢ ratio at about 70 GeV production energy from the variation of
theAsea level muon flux with zenith angle. Judge and Nash (1963) by a
gimilar study concluded that the kaon contribution is less than 30%. Thus

the upper 1imit of 20% for the K/TV ratio derived by Pal and Peters is

not inconsistent with the experimental results.
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It can be ooncluded, therefore, that accordiﬁg to Pal and Peters
modgl the observed charge ratio of high energy'cosmic ray muons at sea
level oannot be explained on the assumption of production by TV -mesons
‘only. |

35.2.9.2  Scaling hypothesis and the charee ratio of cosmic ray muons

In the understanding of high energy multiparticle reactions the
property of limiting fragmentation (Benecké et al., 1969) or scaling
(Feynman, 1969) has played an important role.

Frazer et al. (1972), in order to obtain the charge ratio of cosmic
ray muons theoretically, illustrated how to correlate the cosmic ray data
with accelerator data by combining the .scaling hypothesis with the steep
decline of the primary cosmic ray flux with increaSing energy. By this
method one can check (i) whether gecaling hypothegis and accelerator data
can explain the observed charge ratio of muons, and (ii) whether the
dbserved constancy of the charge ratio favours any particular model of
hi gh energy reéctions.

Muoﬁs are produced by two mechanisme, fragmentation and pionization.
In pionization mechanism, copious production of low energy particles takes
place from a cloud which is at rest in the centre of mass gystem of the
colliding nucleons, whereas in the fragmentation process particles are
produced at low energy in the rest frane.

In gome models, such as the multiperipheral model, only the frag-
mentation products reflect the charge of the incident particle; the
pioﬁiéation products are indepedent of the nature of the incident particles.
As the energy of the incident particle increases the ratio of the rnumber
of pionization to fragmentation products increases logarithmically in

+ - 0
such models, hence A&/lb- ratio is expected to decrease asymptotically



S~ 82 -

to 1. However, és a consequence of the.steeply falling primary spectrum,
the contribution from high energy particles gets suppressed, whereas the
contribution from particles near the threshqld for producing a given
energy plon gets enhanced. Since piong produced in the latter case are
fragmentation products, it can be concluded in view of above discussion
that fragmentation is the dominant process in the production of cosmic
ray pions (and consequently of muons) of any given energj, despite the
existence of pionization.l It should be mentioned herehowever, that the
same result was obtained by Pal and Peters (1984).
Frazer et al. first started with an oversimplified model based on
the -following assumptions: |
(1) The primary spectrum consists entirely of protons which interact
once with the atmospheric nuclei.
Gi) M1 pions, produced in these interactions, decay into MIONS.
(1ii) Kaon production is ignored for simplicity.
Following the general approach described by Bjorken et al. (1969)
. and making use of the hypothesis of limiting fragmentation, they arrived
at the following conclusions:
(1) PJ)ZC ratio is independent of the muon energy.
(3ir) The charge ratio (}&fﬁu:) is greater than unity because the pro-
bability of fragmentating proton into TX+ ig more than thg analogous
probability for WWT'. |
(1ii) ﬂA:éu: depends on the exponent Y of the primary cosmic ray spectrum
and consequently any variation in the exponent would result in the corres-
ponding cﬂange in the ratio ){Daj: .
(3v) The nature of the target nuclei in the atmosphere is unimportant.

(V) Pionization products have very little effect on the charge ratio.
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After this simplified picture, they proceeded to calculate the charge
ratio in a more realistic way by incorporating in it the neubron component
of the‘primaries, and also the production of kaons and their contribution
to muons. They followed the method described by Barrett ot al. (1952) and
used the property of scaling. They treated the pion, kaon, and muon
fluxés by diffusion equations and obtained the resulting muon spectrum.
To draw some quantitative conclusions they ignored the contributions from
kaons and the pion chargé—exchange fragmentation and arrived at the
following conclusions:
(1) The dependence of the nature of the atmospheric nuclei for the
Ai)%;;ratio ig fairly mild and is only through >G?C%“N.
(ii) ;xj‘};,> 1 (always) e |
(ii1) TUsing presently available accelerator data }AT/L:,ratio comes
out to be 1,56«

This secems to be somewhat higher than the observed charge ratio

(which is known to be approximately 1.2-1.3 in the energy range of a few

GeV to 1 TeV).

They attributed this discrepancy to tﬁe non-scaling be%fviour of
present accelerator data at % =2 0 (where x-is the usual Fejnman
scaled variable and in the case of very high energy interaction it becones-
approximately the ratio of pion energy to the primary energy) and to the
possible inaccuracy of their factorization assumption.

Finally, they showed that contributions from kaons and from the

_}_ —
pion charge-exchange fragrentation tend to cancel each other, and AAU/}A,

ratio is oﬁly glightly modified.



CHAPTER — IV

THEQRETICAL ESTIMATES OF THE COUPLIﬁG
CONSTANTS OF THE CQEMIG_RAY MUONS

41 Introduction

' The network of ground based neutron monitors and muon telescopes
provides a powerful tool in probing the solar modulation of primary cosmic
rays by the interplanetary medium, However, this can be effectively
accomplished if the coupling constants for a particular detector are
accurately known.

Coupling constants for the sea level meson detectors have been derived
from the observed latitude effect and using extrapolation methodg (Dorman,
19575 Viebber and Quonby 1959; Dorman et al., 1970; Cooksand;anton:'l97l).
However, the validity of these estimates were doubted (Kane, 1962) because
the maximun of the response curve of a meson detector lies near the upper
linmit of the latitude effect.

Dorman (1957) suggested that the coupling constant of the sea level
ruon telescopes after suitable scaling and- renormalization could be used
to obtain ﬁhe coupling constants applicable to the underground.muon
detectors., Mathews (1965)’ uging this method’derived the coupling constants
for theﬂundergroﬁnd detectors,

The atmosphefic temperature effect for the muon monitor is quite
serious and, therefbre, the data obbtained from the latitude surveys need
to be corrected for this effect before deriving the coupling constants.

This effect arises because the air temperature is lOWer at hlgh latitudes

than at the equatorjconsequently the atmosphere become more compressed

resulting in an enhancement of the survival probability of the muons
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because the muon s will havé to travérse a shorter path from the production
layer to the level of observation.

The correction factors for the muon monigor on account of atmospheric
temperature effect have been evaluated by Carmichael et al. (1969 a,b) for
varioué sites of the latitude surveys carried out by them. It is evident
‘from these correction factors that the atmospheric temperature effect
itself may contribute several percent to the observed latitude &ariation
of the muon component. This seems to be the reason that the earlier
workers reported about 13.5% latitude effect at sea level (without
applying temperature cofrections because of the non-availability of the
upper atmospheric temperature data) whereas Carmichael and Bercovitch (1969)
and Dorman et al. (1970) obtained.abouf 8.5% latitude effect after applying
tenperature corrections, the difference (~5%) being accounted entirely
due to temperature effect.

There have been various atfempts in the past to obtain the coupling
constants for muon monitors theoretically (Krimsky et al., 1965; Peacock,

1970; fhluwalia and Bricksen, 1971; Bedewi and Goned, 1971 and Simpson

and Mathews, 1972).

Le? Method of Calculation
K. Estron (1966) has given a model to calculate the mion energy
spectrum in the zenith direction based on the various processes in the
atmosphere. In the low energy range which accounts for the bulk of the
A at the sea level
recorded intensitx/good agreenent with the measured spectra is obtained
by fitting some parameters.

We have used this model to calculabte the coupling constants

for the muon component for several zenith angles and several atmospheric
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- 86 ~.

We have also incorporated in our calculations the necessary

correction for the contribution of heavies. . Coupling constants thus

obtained are in good agfeement with all the experimental data on

latitude and azimuth effect available so far, as will be shown in

Chapter V.

Notationg, Indices and Symbols

In what follows, we would use the following symbols, notations

‘and indices:-

m -

rest mass of a particle (always accompanied by an index as

mp, Mgy ete. )
the velocity of a particle in terms of the velocity of light

the Iorentz factor

yexpresseg the total energy of a particle in units of its rest

energy (always accompanied by an indgx as \Jp, \Y;L ‘j}@v ete.)

momentum in units of the rest mass

total energy

mean 1life of a particle in its rest system

mean 1ife of a particle in the laboratory systen

the
the
the
the

the

zenith angle of the primary beam
azimith angle of the primary beam
zenith angle of the secondary particle
azimuth angle of the secondary particle

angle between the momenta of a primary and a secondary particle
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dw solid angle element

z  linear height above sea'lével

X atmospheric depth in gcm~2

X, sea level pressure in gcmf

L effective interaction mean free path of a primary particle

in the atmosgphere

A attenuation length of primary nucleons in the atmosphere
1 scale height of the atmosphere
n number of particles

Indices:
P proton or primary
W T7 - meson

Mo M ~ meson

! the center of mass system in a nucleon-nucleon collision

* the rest system of a particle

Notations of functions

N(O,Eb) the differential primary spectrum at the top of the atmosphere

-2 =1 - -1
in units of cm ? g sr 1 (GeV)

dZNAL Al the differential muon spectrum in units
----------- e o -1 -1 ' _
dw,, A, dNu of e s “sr (muon mass equivalent)
2
M or M‘(\Jp) or M (‘4PI ) the mean multiplicity
I the mean value of the inelasticity in the center of mass gystenm

P or P (EA¥,°{S, x) the probability that a muon produced at the

b

level x will survive and reach sea level
with an energy E}k_in a direction making

an anglecﬁﬁto the vertical.
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TT;A’ or Wj;k(E}A,; 9, Ep)’ the normalized muon production spectrum,
thus,’TELSE;& y B, Ep)dwkkdEA{iS the probability that a ruon is produced
in the energy interval (E, , Eu+ d@u_) and within the solid angle dw,, .
dka nakes the angle @ to the momentun of the primary particle having
the energy Ep' The Wi-indecay is implicit.

4.2.1  Bagig a§§umptign§ for the muon. spectra calculabtions

The muon spectra have been caleulated on the basis of the following
assumptions:
(a) The primary cosmic rays arrive isotropically at the top of the

atmosphere and have a differential energy spectrum of the form

N(O,Eé)dEp = A(Ep_+ B')-\Y/C?Ep cerens (421)

where Ep is the total energy of the primary particle in GeV.

(b) * Primaries are aasumed to interact once with the atmospheric
nuclei. A number of picns are assumed to be produced in such interactions.
() The number of primary nucleons is assumed to decrease exponen-
tially with an attenuation mean free path,}\in the atmosphere. The value
of X is agsuned to be independent of the primary energy.

§d> The inelasticity, which expresses the fraction of the incident
energy available in the CMS (center of mass system) of the nucleon—
nucleon collision for the production of mesons (Camerini et al., 1952),
ig also assumed to be independent of the primary energy.

(e) The average'multiplicity.(one of the most important energy

dependent parameters), which gives the number of mesons produced, ig

given by

m(Y ) = Cl.(vp %)% vereen4a?)

where Cl and 02 are consbants and the numerical values of these constants

are given by Bradt et al. (1950).
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(£) Camerini et al. (1951; 1952) have studied the production spectrum
of pions experimentally by nuclear emuleion technigue. The pions are

found to be produced isotropically in the CMS system and their differential

energy spectrum can be represented by e
{
v 2
N \r’ -
d'TT ( \{17 ) -1

| “Gg;{:—. = Ay (B) CT cenees (423)
(g) The maximum energy with which a pion can be produced in. the
CMS ig given by Bradt et al. (1950)
\«‘ ‘ 2mp 4 o
Tmax = —Po CVde MY T7) + 1 cevena(4ad)
. mTT
(h) The number of charged pions produced 1s taken to be 2/3 of the

total number of pions produced in accordance with the property of charge

independence (Sitte,_196l).

(1) The interaction of pions in the atmosphere is neglected i.e.,

they are assumed to decay almost instantaneously after their production
8

(Rossi, 1952), with a mean 1life of about 2.5 x 10~ sec, at rest into a

muon and a neutrino.

"VYi :/Ugi N 2%& ( SJ)A )
Neutrino produced in this process takes away a part of the energy
(Rossi, 1952; Ascoli, 1950). This has been taken into account.
(i) The muons are produced isotropically in the rest system of the
pions. However, the decay of the pions introduces a small spreading
'effect, go that the muon beam is slightly more divergent than the original
pion beam (Ascoli, 1950; Puppi, 1956; Brunberg, 1958). This spreading
is, therefore, neglected for the energy range of our interest i.e., the
direction of propagation of the decay muon is assumed to be the same

as that of its parent particle.
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(x) The ioniéation logses of the muons in their passage through
the atmosphere are assumed to be energy independent.

(1) The atmosphere is assumed to be static and isothermal with an
effective temperature of ~50°C (KstrSm, 1966,'Figure 1 of this paper

the assumed
gives a comparison between[atmosPhere and the NACA atmosphere).

L.2.2 Deduction of the enerev spectrum of muons:

We calculate the number of charged pions produced in an atmo s-
pheric layer of thickness dx at a depth x by the primaries in the energy
interval B_ and Ep + dEp. Here, the primaries entering the atmosphere
within the solid angle dw, make the angle M;p to the vertical.

p
The total number of such primaries at the depth x is given by

X
N(x,E ) dE dw_ = N(0,E ) exp( = mmmmm—— —~) AE dw_  eeao{(4e5)
p PP P cosA PP
)“ 0 \p ‘
The number of charged picns produced by a primary in the layer = 2/% MCYIJ
and the number of pion producing collisions in this layer = dx/ (L COSan).
. : 734
The curvature of the atmosphere is neglected. We get the number dlon,TT

(where the number assigns the order of differential) of charged pions

produced by combining the above quantities, as

3 2 \/ ax
dn = N(o,Ep) AE aw, exp (- S RN Y {0 VR [ — o (4a8)

The pions thus produced will decay into muons and let the number
of muons thus generated with energies between (E}*,E;ﬁ dEk£) and moving

in a direction making an angle x%\S to the vertical within the solid

angle dw,, be denoted by dS@u/. We obtain the production spectrum of
. / .

muong from the definition of “T;A ass

5 3 ) - -
d N/LL = d n‘\\“WEp’ 9, EM) d"}qu/&/\, ....,..(4.7)
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Some of the muons generated here will decay before reaching sea level.

dsl\T}L, which denotes the number of muons surviving at sea level, is given by

P

d5I\TA'L = (_"‘,'E"I\']‘,(JL PS(E/LL, 0<S ,X) | esseca (4.8)

Barlier an assumpbion wag made that the energy loss per unit
path lengbh of the muons is independent of the muon energy. Therefore,

we obtain for EM’at sea level

B o ¢ e (x. - x) vesees (449)
M M cosk_ dx °

E = df

d I d fo
Now, cmmelZo ) the differential muon spectra at sea level in

a direction making an angle ’(S to the vertical can be obtained by inte-

grating over the primary energies, the upper hemisphere 2T, and the

atmospheric levels. Thus,

R - gy :
an co o We (x 2
_____ Mo :-% © - N(O,Ep)dEpdwp
B/ W) pmin - -+ 0 8
) UV ) e T (558,52 (B )
o 6Xp (= MY ) e . 6, By 5 Fegy X/ e
)\cos/\ P' L cosXk MEP AT BTN
) P P cor (ho12)
E By = oo (dat
where jSﬂ/;(Ep, 8, D./Q,) aw, dBiy 2 1 \ (4.13)

from the definition of Tgc
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£.2.3 The derivation of the muon production spectrum

dznT‘, the number of pions produced in the energy interval
(Yop , Vo + d¥7) within the solid angle dwyymaking the angle 9 to the
primary direction, is given by
| g = G0V, Vi, 8) iy d¥ ceenes (4014)

where G(\/p, \/n3 0) denotes the differential energy spectrum of the
pions produced by a primary of energy VY D

Tt has been mentioned earlier that the angular spread of the
muons produced in the decay of pions is very small. Therefore, we may

write
Qug, = Qe covees (4015)
However, the energy spread is not negligible. The muons will be produced
with energies ranging from a minimum 1;&1\ to a maximum valueﬁiaxij Also
any energy in the interval between tiak\and igikawis equally probable
(Ascoli, 1950).
Thus, the number of muons produced in the energy interval d:gikr

and moving within - the solid angle dwﬂx, making the angle © to the primary

direction is

, 9) .
dSn}Av = G(\(p’\Y%Y d‘\Q‘dYAkd‘Y;& vevoo (4a16)

(Mo~

The total energy of the muons produced by the decay of pionsl

%.\ )

is readily obtained by applying the laws of conservation of energy and

momentum and is given by

- AT -
Nu= kY kl\\ iy -1 < cos 0¥ veeeas (4017)

where 8% is the angle between the direction of the moving pion and the
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direction of the muon in the rest sysbem of the pion and k and ki are

constants given by

m m}b\, m ... m
k = % (“_"_':F}-_" F m————— ) 9 kl = %‘ (“‘"‘""T!"" - "‘"‘éi\':") R (Zl—n 18)
RS ™y mu. By

From (4.17) we obtain

T g -
\%ﬁ%\" k\y%x°" k;ﬁ“%%r -1 veen (4a19)

?;:gj Kt klﬁ$-1 cvven (4eRO)

Denoting by /%, bthe difference \Xébkﬁv\xﬁ*\ , we get
=
& - 21{1“&\(.“- "'1 " , RN (Zl—b 21)

From this expression it is evident that the energy interval of the muons
produced in the decay of plons increases with the pilon energy.
The angle between the momenta of a primary and a secondary

particle © is related to the direction of the primary beam (dkp, ¢p)

and the measuring direction of the telescope (OKS, ﬁs). Thus, from Fig.d.l

cos @ = sinaép sin°<§ cos (ﬁp - ¢S) + cosakp coscLS cevees(4o22)

According to the Lorentz transormation, the energybﬁyé .of

the incoming nucleon in the LS and its energy \g‘p in the CMS are related

by
/
= z(Yp)2_1 : covnne (4028)

um is same in both the gystems,

Y%

As the transverse component of moment

P

we geb
voennalhoRd)

p! _sin @' = P sin 6

Trom the relativistic transformation of coordinates we obtain two
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? . -/ PRIMARY
| 4 , i PARTICLE

F< MESONS
7/
/«_fd Wu -’;'
P
P
- N

X

Mgs 4ol A telescope ab sea laovel with the infinitely small solid
A angle dw, records mesons arriving in the direction o, ”a'
The mesons are produced at the height 2 by primary -

particles coming from the direction w’\p, ﬂfp-
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relations between energy and .angles of eﬁission

F = \/ .‘ban@ T e m—— ..--.(4.25)

veer. (4.28)

1

/
\Jp tan 9!

H

where m

/3"/[5' . | ceens (4227)

The energy of the pions in both the systems is obtained with the help of

the above relations as,

. i ?:' .
\/ﬂ—: \/p/ \/{T + ](Y’p)z -1 \’)( Yrr ¥ <l-cos 8! .ur..(4.28)

/ 7 .
\/U: \({p VT - \] (Y;)z -1 j( \‘/IT )° —1-cos & verss(4.29)

Expressing \/Trexplicitly as a function of the distribution angle in the

LS, we get ) L N
1 \_2// C s / 12 )§ 7

_ jia N . 2 RoPNES
YE o o c\wp> # b a o) 1} Y84 1P P
P : vvvei (4a30)

where the positive sign applies if @ éWZ
and the negative sign applies if & >’§2
The maximum energy\(“ﬂmax that a pion can acquire for a given

energy of the primary proton and angle of emission is, therefore, given} by

| \&U ma ! ¢ '
\(/Hmax = ngl \( "f'::/ . (v;)2 + Fz;z[' + (Yé)z_l {(\/é—m‘?iz—lsﬂ'
P ’ ‘J'"i"f“(fﬂéil)ﬁz?.ly.(4.51)

s '
where V-ﬂ/max is given by (4.4)
S far, we have considered a pion of given energy \’/Trand found
the muon energy spectra arising from the decay of this monoenergetic pion.

However, the limits of the pion energies ( yﬁl)\{f}ﬂ capable of contribu-~

ting to the muon flux at a given muon energy can also be calculated. From



kinematic considerations we obltain

U,

\{ﬁt: ki%u:kl \{ub“l | | vonens(4.322)

and

T TR |
1f’ k}*//ﬁ’\' kl@‘l %\{Tmax cevene (432 D)
1, % Y {12 Yo |

Having obtained (Yﬂ\,\d/‘\‘rz) the limits of the pion energy

BN
- T max ¢

k%k

relevant for a given muon energy \4}\: we can now get an expression for V\/‘—L

We have estimated earlier that in the /\\—n-/(&decay pr‘oc.ess

3 G(¥, Yy s ©) —

a°n, = RS LI a aw,. a4, eeenne(4.33)
ol T A4 AN, .

S \%

gives the number of muons in the energy interval yd“'é'/b@ue to 'parent plons

in the energy interval d\(r\—and moving within the solid angle dwTr

N
Tn order to obbtain the total number of muons produced in the

/

(gince de =  dw. by eqn. (4.15)).

energy interval d-‘{/;end within the solid angle dw,, we must integrate

the above expression over the pion energy range d“éﬁ Thus,

¢(Y,, Yyp »8) a ¥y

e _ T 4
dnﬂb— d\ﬁb\’dw/b\; = ceones (4aB4)
BRGT
However, by definition of‘ﬂ‘uxje have
| 1 dh |
mz T ‘ _mv{.(:{.\:-’ Ceeveen.(4.B58)
oy 4 M dign_ :
o 1 g a(Y, Wy, 0)d Y
R S pr_ W W e (i.35D)
Yy VAN

"o

Now, since the pion production by pions is negligible in the low energy

range of our interest, the number of muons become equal to the number
of piong. Thus,

= N «
T W
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and } o

N_n = ---—---.c-—’—-w d [} s e e (Z!-Q 3784)
1 a\y
therefore, \{f A
T max dll ¢ /
n = i d ~r eov e (4437D)
S e
~ 1
deT v
where ""“?;JV“ is given by (4.3). This integral can be solved analytically
a -
and hence’? n can be evaluated as a function Of\(ff

The pions between the angles 8 and @ + d9 in the LS5 and in the

energy interval (\%%(, \X%Y'+ deﬂTﬁ come from a solid angle dw;r! in the

CMS. Thus, we can also putb

veeees (4438)

Since we assume that the pions are produced with isotropic angular disgtri-

bution in the CNS,

We have earlier nobted that the angles of emission in the LS and

OMS are related by the eqn. (4:25)

/ gin '
F= Y _ tano = ‘

P cos @' +m

This can conveniently be written as

e r\} 1 (1) T

cos @' =
1 + F2

voree{4e39)

r 4 .
@' is a function of 8 and \{%r~only gince 1¥/p ig a constant for a given

primary energy muicleon-nucleon collisions
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From the eqns. (4.25) and (4.26) it ig seen that the transformation

{ /'
d\jﬂ. e R —— d\{W SUA eeeees (4a40)

can be written in the form

. / ‘
/ Y(cos 8")
d Yoy dwl = ERAs . - d\/-wdwﬂ. P VAVAY
Al éY‘T d(cos 8) . |
Splitting this expression into the two factors we geb
I
! ™ Y ;o
= oo cont 0 22t Eomg 2m crm d NN 1] 2
4 59 Yir (4.42)
Al
and
S (cos 61) ( )
dw] : = | e e e s dw_..r vevosae Z]m ZLS
Al B(oos Q) b
For the solid angle element we put
d { = - PdW -c'vo-l(A'A—A-)
therefore, ( )
1 cos @'
P: B . 51-6000(4045)

ATV Alcos @ )

The value of P depends upon the value of m, However, Brunberg (1958)
has shown that a small change in the value of m from unity results in a
very small change in the value of P. Therefore, we will be using the

values of P corresponding to m él.

From (4.59) we obtain

no e
Ycos o) jIF\/Ip [m s \Ilﬂ(mz _0f | .
_B(COS o) ) sin 0 cos® 0 (1 + Fz)i“%b(mz.-l)f«z}//i T

here the (+) sign applies if, @ 8 ’*‘/2

and the (-) sigy applies if, @ }‘”’(‘/2 '



‘Thus, we obtain

N VALY

Afﬂ' sin © cos® O (.‘LA+F2)Z s\ l—(mz-l)Pe:S//i«

if @é«‘/g : . FY; Em ) \jl_ (mz_l;;j 2 ( |
P = - voeve (4ol
47\ sin © cos® 9 (1+F2)‘2 i/l-‘(mg—l)Fz\g//i/
if @)4‘/2 '
an— / . :
" _ W N Y :
writing diqp= d\/_ﬁ—-: YA . d\(,w. eoses(4248)
the. equations (4.14), (4.38), (4,44) and (4.48) yield
/
e S 4 ceneen (4029)
also Y’Y/T: \/’p\/_“_ _\{ (\(’p)2 -l\) \‘{; -1 - -cos 8 veeoes {4.50)
. / .
S Yar 7/ /2 N2
=N - (Y . 5 Yo cO8 O ... {4.51)
ST e - N A

From (4.3), (447 a), (4. 47 b),(449), (4.50) and (4.51) we arrive at
an expression which gives G as a function of \yév,\{p and 8.
Thus, we have described the method for solving _WM« By putting

in the limits (% Y.-o) according to (4. 32 a) and (4. 32 b) we get
Ty ST

y?
as a function of 9 and . . The final expression being quite
\)A, b’ M

complicated has not been ghown here.

L3 The survival probability. of the muong
Let us consider an atmospheric layer bounded by (z", 2" + dz") z being

the linear height above sea level and let Pg denotes the probability that

a muon produced at z above z" survives to reach z". The probability
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dPy that the muon will decay inA(z”, 2" +dz") is given by

Py (~dz") .
de = ._E-.—;.;;_.S__.—-;— ’ e (40 52>
L.Cle Y

The sign (") denotes the values at the actual level. Also,

M= N veveii e 5B)
S \ég)u T,L\,o )

where i;;ﬁgs the mean 1ife of a muon at rest. Since

P, = I-P_ vervnn (4a54)
. | az" |

we get ' ’ AP = P e veeoss(4eBB)
s ﬁyc'j;u
e

If 1 is the scale height of the atmosphere then according to

the assumption made about the atmosphere

dZH dxn
______ = — ———-;-— '..ll.(4'56)
1 x
Integrating (4,55) we got o
X n
o] -1 dx .
1nP = \ T —— na-ol.’(A.‘S?)
8 c f)\ fﬁ" N, noon .
Aol A
therefore,
" 1 ) ax"
P E 8 x - - - [PUT—— e Sl P S ey St TSI e et O LU (ZL. 58
S( M. S" ) exp e % ’“\'Tnz "13‘/ )
where
e aE y, /dx
~¥¢n = + “__;fflm_m__*;~ (;x.O - x") coees(4eB59)

AL M cosa(s- mg "
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bed Integration limits for the evaluabion of the coupling consgbants

Eqn. (4.12) can be evaluated numerically to obtain the
differential intensity of muons at a parbticular depth in a given direction,

where TTLLis evaluated from eqn. (4.35b) and n, is given by egn (4.37b).

AL
To obtain the integral intensity of muons at a particular place
we must integrate the differential spectrum over all muon energies. Thus,

if we put the solid angle element,

aw = sinq(g_,p dp(p d;ép | eoees (4.60)

then we get the integral intensity of muons as,

o B Lo <Yz e (% | Y
N, = d aE aL ag dx
Mo Epl Ep %“l A 0 d% J o P 0 Yiri
\\) (B, B p/\p, Bos x,\’Tr)d e vevnn(4aB1)

where 1imits\/TTl and Yo, are chosen by (4.32 a) and (4.32 b). By
putting different values of x| the muon flux ab different- atmospheric
depths can be evaluated. Here E;q is the minimum energ& required by
a muon to traverse the telescope absorber.

Muon differential energy spectrum at higher energies cannot be
evaluated witﬁ great accuracy by the method deseribed above becauge sone
of the assumpbions made earlier do not hold in the high energy range.
However, high energy mﬁon conbribution is less for sea level muon tele-
scopes and also for measurements at moderate depths. Eﬂzwas chosen
as 50 GeV. Therefore, the error caused by inaccuracies in high energy

muon range is likely to be less.
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Epl ghould be chosen from the cﬁt~off rigidity corresponding to
incident (primary) direction a£ a given place. However, it was found

that the major contribution to the secéndary.flux comes from primary
directions very close to the secondary direction, i.e. the secondary
particles retain the direction of the parent primaries in most of the

cases. Also; we found by putting Epl appropriate to the secondary direction
Qiys, ﬁs) the error incurred is insignificant. Ep2 was chosen aé 1000 GeV.
Though for higher primary energies the accuracy cannot be claimed to be
high, nevertheless, the contribution from higher energies declines quite
fast. Furthermore, it muét be kept in mind that the purpose of the

present calculation was to get the estimates of the coupling constants

and hence, we are interested only in the relative contribution at different

energies. Thus, the errors caused by high energy part is likely to be less.

Before deriving coupling constants, we must also remember (as first
pointed out by Pal and Tandon, 1964) that at any latitude nearly R6%
of the prlmary nucleons are alphas (or equivalents) and have a cubt-off
(in terms of momentum per nucleon).
of only at EE/Z, where B, is the cut-off for protonsl Therefore, dNL[dEp

are evaluated first for different values of Ep. Then, the effective

contribution from a given energy is obtained by

dn
M’ nooo.([}.62)

P By

Effective contribubions thus obtained are then integrated from Epl to

Ep2 (where Epl and Ep2 are chosen ag explained earlier) to get the total
muon flux for a narrow angle telescope located at a given place and
looking in a particular direction. Coupling constants, corrected for the

contribution of heavies are then obtained by expressing the effective
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contributions obtained from (4.62) ag a percentage of the total muon flux.

Correction for the contribution of heavies is essential in (a)
calculating the latitude effect as obteined by latitude surveys (b) obtai~
ning the azimuth effect (the east-west effect) and (c) compéring the
éoupling constants obtained theoretically with those derived from experi-

mental data,

4.5 Discussion of the theoretical model
4.5.1 The interaction mean free path

The attenuation length of primary nucleons in the atmosphere,

N was taken as 180 g em™® which ig in agreement with the values
obteined by many workers from the experimental data. |

We have assumed earlier that the primaries interact oncé with
the target nuclei in the atmosphere which is equivalent of replacing the
nucleonic cascade with a single interaction process. Thus, it becomes

. essential to introduce the concept of the effective interaction mean free
path to account for the contributions from those primaries which interact
more than once in the atmosphere.

Kstrgm calculated the muon flux at sea level for different
values of L and compared the results thus obtained with the measured
muén spectra. The best fit gave L = 120 g cm_z. Incidentally,' this
value is in good agreement with the attennation mean free path of prima= -
ries in the abtmospherec as mentioned earlier. '

Furthermore, L can be changed if so desired without affecting

the coupling constants because the of fect of changing L ig merely to

change the intensity of muons.
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4.5.2  The multiplicity and the inelasbicity
The power law dependence for the multiplicity has widely been

used

M(Yp),g@ \szo-zs ) vroons(4aB3)

However, we have chosen the mean value of the multiplicity according

to Bradt et al. (1950) which is given by eqn (4.2)

2 2,09
M = C Y I .
(Y) = 6 (¥, 1)
In this relation the mean value of the inelasticity is given explicitly.

< A .

Astrom has shown that the disagreement between the multiplicities

according to (4o2) for I =0.8 and I = 0.6 and those according to‘(4.65)

is not very important over the energy range of our interest.

Di fferent values of the inelasticity I, and the constants Gy and
Co in the multiplicity relation (4.2) were used by Kstrdm to calculate
the gea level muon spectra. A comparison of the results thus obtained

with the measured spectra gave the following best fit values for the above

quantities.
I = 0.6 eoas(4a6L)

and

‘ = SR */ (4.65 a)

MY ) = 8.55 (}(p T) | if, Y, I 4. 114 veeea (4,65 a

o 0.42 | '

M(y,) = 2.61 (a/p 1°) if,\/p N 11,4 veues (4,85 1)

L5543 The pion production spectrwn and the angular disbribution
in the GMS

The secondary pion spectrum was chogen according to the cut

Camerini formula
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N ;o

i | (\(Tﬂ)z -1 if, \gwg\/ﬂmax
0 T . / Y/

: -ﬂﬁ&T> 1 hax

eviil4.08)

It is evident fro? the relation defining'jTLthat the quantity AT4EP)
need not be known because it gets cancelled in the equation (4,35 a).
‘Y%pmuv the maximum possible energy with which pions could emerge, was
calculated according to egn. (4.4),

We assumed that the pions produced in the CMS are isotropic which
agrees very well with many measurements for moderate primary energies
( 'L\lOO GeV). Algo, it can be shown that the sea level muon spectrum
4s not very sensitive to an anisotropic distribution. Thus, the simpli-

fying assumption of isotropy is justified.

LeBel Atmospheric and geomagnebic effects

The pions after their production decay almost immediately and
their corresponding mean free paths are~é;} km for the energies with
which we are concerned. We have neglected the pion interactions with
abtmospheric nuclel because most of the TV - mesons are produced in a
layer wheve the atmospherié density is low. The pion energy losses due
to ionization have also been neglected for the same reasons.

On the other hand, the energy losses of the muons recorded deep
in the atmosphere are quite appreciable. For muon energies upto few GeV
the ionization losses are most important. The ionizabion losses vary
glowly with the muon energy if the kinetic energy is greater than 0.1 GeV.

Since, the maximum variation of the energy losses is not very important

for a muon reaching sea level with a kinstic energy of 0.1 GeV, the energy
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dependence of the ionization losses is neglected and the mean value of
-1 7 .

2.2 MeV g - em for the energy loss per unit atmospheric depth is used
in the calculations. |

| The atmosphere was assumed to be static and isothermal.
However, the effective temperature of the lower atmosphere does vary
during seasons producing slight variation in the cosmic ray intensity.
In our calculations we have used the value of the scale height 176.53 km
in accordance with Tgopp = ~ 50°C.

Brunberg has estimated the geomagnetic deflection of the
secondaries and the angular deflection for mesons reaching sea level
with a kinetic energy of 0.1 GeV estimated by him comes out to be about
llo, and if the energy of the mesons reaching sea level is 1 GeV, the

corregponding deflection would be about 6°.

The maximum effect of scattering of the muons is about 10° if
the muons lose about 2 GeV energy from the production level to sea level.

This has rather a small effect on the angular distribution of the muons.

Further, meson telescopes have opening angles of the order of
10-20°. Thus, the scattering and geomagnetic deflection should produce
a second order effect in the measured spectra. We have, therefore

neglected these effects without introducing any significant error.



CHAPTER-TV

COMPARISON WITH EZPERIMENTAL DATA

5.1 Latitude and azimuth effect

In chapter IV we have described in detall the method of
calculating the coupling functions appliéable to muon monitors. A
number of paramebters are used in these calculations which could suitably
be adjusted to give good results in agreement with the experimental data.
Some of these parameters, such as (L, N\, I), were adjusted by Astriom
after a detailed study. Implications of changing some of these parameters
have also been disecussed earlier.

We can check our method of calculation upbo 15 GV with the latifude
effect data and upto 25 GV with the azimuth effect data at the equator. The
experimental data available so far for such comparisons are (a) the latitude
effect data at sea level by Carmichael and Bercovitch (1969), (b) the lati-
tude effect daﬁa at 312 g om“z‘by Webber and Quenby (1959), (¢) the azimuth
effect data at sea level (ihmedabad) at 42.5° zenith (present invesiigation),
() the azimuth effect data at Makerere (1200 meters above sea level) at
30° zenith angle by Nafhews and Sivjee (1967), (e) the azimuth effect data
at Timboroa (2700 meters abo?e sea level) at 45.5O zenith angle by Mathews
and Sivjee (1967).

The locations (Makerere and Timboroa), where the azimutb effect
studies (d), (e) were carried out, were at such altitudes that the muons
travelling at angles of 30° and 43.5° to the verticai respectively will

traverse the same amount of air as vertically travelling muons at sea level.

We have tried out different values of B and Y in the primary

cosmic ray spectrum N = A(B + E)"¥ and obtained the counting rates. In

all, nine combinations were tried with B =0, -1, ~2 and Y = 2.5
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2.6 and 2.7. The counting rates thus obtained for each combinatién of
B and \/ for each of the five cases mentiéned above are then compared
with the experimental results.

In the case of latitude effect of vertical muons at sea level and
at 312 g cm_-2 good agreement with the experimental data is obtained
for () B=-1, Y = 2.6 and (ii) B =0, Y =2.7. These results are
ghown in Fig. 5.1, On ﬁhe other hand in the case of azimuth effect
data at-42.50, 30° and 45,50 zenith angles the good agreement is possible
only for B = O,'\/ = 2,5, The comparigon of the calculated and the
experimental data is shown in Figs. 5.2 and 5.3.

There seems to be some source of error for this peculiar behaviour
i.e. vertical muon latitude effect at sea level and at 312 g on showing
good agreement for B = -1, )/ =2,6 and B = 0, Y= 2.7 values and
azimith effect data showing good agreement with B = O,AX/ = 2,5. However,
it must be noted that whereas the vertical muon latitude effect data at
sea level is taken from Carmichael and Bercovitch (1969), which is
corrected for atmospheric temperature effect, the latitude effect data
at 312 g e~ taken from Webber and Quenby (1959) could not be corrected
for atmospheric temperature effect. Therefore; in the latter case a
part of the latitude effect at 312 g em? may be due to abmospheric
températufe effect itself. _

We then compared fhe labitude effect data at sea level and at

312 g cm“2 with the calculated effect for B =0, \Q = 2,5 and the

results are shown graphically in Fig. 5.4. It is to be noted that the

caleculated latitude effect at 312 g cm"2 comes out to be less than the

experimentally obtained value, waich is to be expected in View of the above

discussion about temperature correction., Therefore, it may be concluded
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Fig, 5.2 Comparison of predicted
and obgerved azimuthal effect at
Ahmedabad. Open oircles represent
experimental values obtained with
mezon telescopes inclined at 45°
to the zenith. Contimwus curve
gives saloulated rates for B = 0.0
and Y = 2,50. ’

Figure 5.3 Comparison of predicted
and obperved azimuth effecte. Con~
tinuous curves give calonlated rates.
Experimental points are those given
by Mathews and Sivjee {1967),

® at 1200 meters above sea level
at 33° zenith angle and curve
pumbered (1) calculated.

0 &t 2700 meters above sea level

at 47° zenith angle and surve
numbered (2) caloulated.
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that for B =0, “\/.= 2.5 the caleulated results compare very well

with the experimental data.

5,2 Coupling constants

Coupling constants for muon monitors are evaluated using eqn.4.62
for the case B = 0, \y’= 2.5. In Fig. 5.5 coupling constants are shown
for muon monitors pointing to zenith at 312 g om? (curve 1) aﬁd at sea
level (curve 2), Both these curves are normalized such that at 5 GV
rigidity the counting raté is 100.

In Fig. 5.6 theoretically calculated coupling constants are shown
fdr mion monitor at sea level {fhmedabad) at a zenith angle qf 45° (curve 1)
and at 1200 meters above sea level at a zenith angle of 55‘ (curve 2).

Both these curves are normalised such that at 12 GV rigidity the counting
rate is 100. In the samc Figure the coupling constants derived from the
azimuth effect study at Ahmedabad are also shown for comparison.

The coupling constants at a zenith angle of 43.5° and at 2700 meter
above sea level were also calculated and wefe found to be alwost similar

to thoge shown by curve 2 in Fig. 5.6 and hence are not shown here.



CHAPTER.. VI
CONCIUDING REMARKS

An experiment to sﬁudy the azimuthal variation of cosmic ray
muon intensity has been conducted at Ahmedabad with the help of two
independent triple coincidence G.M. counter telescopes. Coupling
constants, which play a vital role in connecting the variations in the
secondary intensity observations to the corresponding variations in the
primary intensity, cen be obbained experimentally upto 15 GV froﬁ latitude
effect data. However, arzimuth effect data can be used to obtain coupling
constants beyond 15 GV,

The azimith effect recorded with telescopes inclined at the same
zenith angle but in different azimuths also make the correction due to
atmospheric temperature effect (which even otherwise may not be applied
adequately) unnecessary. The shape of the response curve fér sea level
mion debectors in the range 10-25 GV is of vital importance. Hence, the
azimith effect data assume greater significance. Unfortunately, the
azimuith effect data available before this investigation started lacked
the congistency and were found to be inadequate for the derivation of
coupling constants.

Two identical independent telescopes were used to compare the
results obbtained with thesg telescopes in the same direction. An
accuracy of better than 0.4% was obtained for intensity recorded in
each of the fourteen directions gbudied experimentaliy. Compari son of
the . results showed that both the telescopes worked satisfactorily during
the whole period of operation. These observations were utilized to
derive coupling constants. Cmmﬁﬁgmm%mwsﬂmsdmimdfmmenmﬁy.

mental observations are presented and their implications discussed.
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Having‘obtained‘azimuthbeffect accurately an attempt was made to
derive latitude and azimuth effects theoretiéally uging an appropriate
model. The model proposed by Astrdm (1966) for the calculation of the
sea level muon spectrum in zenith direction was used with appropriaﬁe 
changes for muon flux calculations in inclined directions. The correctim
for the fact that 26% of tﬁe primary nucleons (in the form of alﬁhas and
heavies) have a cut-off only at half the value of that for protons (in
terms of momentum per nucleon), has also been incorporated in our
calculations.

The experimental data available so far to check the validity of
our method of calculations are (a) the latitude offect data at sea level
by Carmichael and Bercovitch (1969), (b) the latitude effect data at
312 g cm™~ given by Webber and Quenby (1959), (c) the azimuth effect data
at sea level (Ahmedabad) at 42.5° zenith (present work), (@) the azimuth’
effect data at Makerere (1200 meter above sea 1evel) at 500 zenith by
Mathews and Sivjes (1967) and (e) the azimuth effect data at Timboroa
(2700 meter above sea level) at 43.5° zenith by Mathews and Sivjee <l967).

We tried to fit all the above menbioned experimental data by taking
=Y

different combinations of B and Y in the primary spectrum N = A(B + E)
In all, nine combinations with B =0, -1, -2 and Y = 2.5, 2.6, 2.7
were triéd. Tor inclined directions (i.e. the azimuth effect) 0, 2.5
combination for B, fitted the experimental data most sabisfactorily
whilé for latitude effect (at sea level and at higher altitude) 0, R.7
None of the

and -1, 2.6 combinations fitted the experimental data well.

combinations fitted all the experimental data very well.
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We suspéct that this may be due to the latitude effect data at
312 g c:m"2 being uncorrected for atmospheric temperature variafion. It
is ghown that 0, 2.5 combination gave the best fit for all the available
data., Coupling constants are calculated for different zeniths and atmos-
pheric depths and the theoretical curves obbained are presented.

It ig hoped that the method deVeloped in the present investigation
would be useful for many investigators in thig field to calculate the
cbupling constants at various zenith angles and ab various atmospheric
depths within the limits imposed by the various assumptions.

The debermination of the charge ratio of cosmic ray muons has also
been of considerable imporbance because of its ubility in the understandlng
of the parent particle producing nuclear interactions. The informétion
on miltiplicities and nature of particles created in these collisions can
be obtained from the knowledge of charge ratio. This becomes specially
more sienificant at very high energies which are nod accessiblé by the
accelerators available presently. However, the rapidly falling primary
cosmic ray spectrum makes the cbatistically significant observations
pather difficult. Unfortunately, charge ratio data is not available for
all energy ranges with appreciable accuracy.

| A experiment employing the method of delayed coincidences was
conducted at Ahmedabad to obbain the charge ratio in the low energy range
(i.e.llwl GeV)., Plastic scinbillators were used as detectors. The same

apparatus could prov1de information about the integral intensity of vertical

muons, the differential momentun spectrum and the mean 1ife of muons besides

the charge ratio. The resulte obtained from this experiment are listed

beloWe
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(1) The integral intensity of vertical muons of momentum greater than

320 MeV/c as obtained is’(7.01 + 0,03) x lO—Dcm—zsﬂls

r~1 winich is 3.5%
less than the value obbtained by Allkofer et al. (1968). The highe% cut-
off rigidity at Ahmedabad adequately explains this reduction of intensity.
Infegral intensities at other momenta are also in agreement with other
measurenents.

(=) The differential intensity of vertical muong ohtained for the
momentum range (0.2 ~ 0.8 CGeV/e) is presented together with other measure-
ment g,

(3) The mean 1ife of muons which is also obtained from this exﬁériment
served as a check on the satisfactory operation of the instrument. The
mean 1ife thus obtained comes outb to.be 2.2185 + 0,0135 ‘prs which is in
good agreement with the values obtained by other workers.

(4) The results of charge ratio experiment in the momentum range

(0.2 - 0.8 GeV/c) are shown. The charge ratio thus obtained is nearly
unity in the momentum range studied which is expeoted'on the basis of

theoretical considerations. It ig shown that the results are in good

agreement with similar measurements performed near geomagnetic equator.
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