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PREFACE

This volume constitutes the proceedings of an Asian regional
symposium on the Secondary Cosmic Radiation held in Hong Kong from
December the 20th to 23rd 1976. The symposium was sponsored by
the departments of physics in the University of Hong Kong, the Chinese
University of Hong Kong and the Department of Applied Sciences of
Hong Kong Polytechnic, and had as its aims to discuss, on the one
hand new results and future developments in the field of secondary
cosmic ray research, and on the other the role that secondary cosmic
rays could play in the teaching of high energy physics in institutes
and universities which lack the sophisticated equipment generally

necessary in this field.

“

About 30 scientists took part in the four day event. Scientific
sessions were held at the University of Hong Kong, except on December
the 23rd when the venue moved to the Chinese University campus at

Shatin, and a total of 36 papers were presented.

The organising committee wishes to express its thanks to the
authorities in the two universities and the polytechnic for their
support, and to the following companies for their generous financial
support which contributed in no small measure to the success of the

symposium:

Cable and Wireless Ltd.
Hand Seng Bank Ltd.

Schmidt and Co. (H.K.) Ltd.
Dow Chemical Pacific Ltd.
Stephen S.F. Hui.

Nissei Sangyo Co., Ltd.
Patrick Trading Corporation.
Semi conductor Devices Ltd.
Harvey Main and Co., Ltd.

Thanks are also due to the secretarial and technical staff of
the department of physics, University of Hong Kong, for their valuable
efforts in support of the symposium, and especially to Miss T. Villa Carl¢

and Mrs. L. Liu for their assistance in the compilation of the proceeding

.
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Finally a grant from the Committee for Scientific Coordination,
Hong Kong, towards the production of these proceedings is gratefully
acknowledged.

Organising Committee

Professor A.J. Lyon (H.XK.U.), Chairman,
Dr. L.S. Chuang (C.U.H.K.)

Dr. K.S. Lau (H.K. Polytechnic)

Dr. P.X, MacKeown (H.K.U.), Secretaxy.
Dr. L.K. Ng (H.K.U.)
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OPENING ADDRESS

Gordon J. Bell, OBE, AE, JP,

Chairman, Committee for Scientific Coordination, Hong Kong-

Ladies and Gentlemen,

I am most grateful to the organizing committee of this symposium
for asking me to say a few words at the opening of your discussions on

Secondary Cosmic Rays.

I have been asked to do so in my capacity as Chairman of the
Hong Kong Committee for Scientific Co-ordination. This committee is the
focal point for science in Hong Kong and is composed of scientists from
Government, both local universities and the Polytechnic. I like to think

of it as a nucleus from which one day will grow an Academy of Science.

In addition to giving this meeting its best wishes and every
encouragement the Committee hopes to be able to assist in publishing

your proceedings.

There is another reason why I am pleased to be here to~day. As
a physicist myéelf I am delighted to be present at the opening of what I
think is the first international gathering of physicists in Hong Kong. When
I first became associated with the Physics Department of this University some
27 years ago, the number of active physicists in the Territory did not
amount to two figures. In the last thirteen years we have not only seen
the growth of this department and of Government science but we have also
seen the birth of the Chinese University and the Polytechnic. I am
therefore delighted to see that workers in the field of cosmic rays from

all three academic institutions have joined together to organise this meeting.

We seem now to have attained a critical mass of physicists by which,
I do not mean that they are about to be dispersed in an uncontrolled explosion
but, rather, that they are now adequate in numbers to achieve this first step
in what I hope will be a controlled growth of meetings and symposia in the

years to come.



It is not often that we in Hong Kong are hosts to an
international meeting which discusses esoteric problems far removed
from the practicalities of everyday life. The pressures here are
such that more mundane matters must take priority if we are to make
fast headway to improve the standard of life of the over 4 million
souls in this small territory. However, as part of the process of
raising the quality of 1life of the people, we have in recent years
seen considerable progress made by Government, institutions and
dedicated individuals in providing facilities and entertainment in the
arts. We now have a regular and successful Arts Festival, a professional
symphony orchestra and much greater activity in the arts generally. Pure
science as an educational and cultural activity is also growing but, by
its very nature, rather less noticeably. Apart from the steady increase
in the number of scientific symposia held here, there is an increasing number
of science based exhibitions and increasing activity amongst the specialist
scientific societies. However, some central meeting hall and lecture
facilities are still greatly needed. The Urban Council is currently
building a planetarium in the Cultural Complex and their plans for a
science museum are well advanced. It is to be hoped that the momentum
gained in providing these cultural facilities will be increased in the next

few years.

I have always urged that the main thrust of research in physics
in Hong Kong should be in the field of geophysics. So many other
specialisations in physics require enormous sums of momey to be spent on
equipment if work on the frontiers of knowledge is to be undertaken.
However, in geophysics we can make considerable contributions to science
by making relatively inexpensive measurements here at Hong Kong at
Latitude 22 N Longitude 114 E. I am very pleased that much of the
ionospheric, magnetic, meteorological and cosmic ray activities are making
progress in this direction.



It is about 75 years ago that the first hints of the existence
of a non-terrestial penetrating radiation were first revealed and the hunt
for cosmic rays initiated. The study of cosmic rays is unique in ranging
over the greatest possible scale from the astronomical to the sub-nuclear.
Practitioners of nuclear physics are usually thought of as consuming a
disproportionate share of science funds to build ever larger accelerators.
Their colleagues who approach the subject through cosmic rays, using nature's
own accelerators are often forgotten. Yet it is they who can be saild to
have started the study of elementary particles through their discovery

of the positron in cosmic radiation.

I notice that you intend also to discuss the role of cosmic rays
in the teaching of physics. As in so many scientific fields today our
knowledge changes so rapidly that it is constantly necessary to examine

what should be taught and how.

It only remains for me to wish you every success in your deliberat-
ions and to hope that our visitors enjoy their stay in Hong Kong and,

finally, to declare this symposium open.



Measurements of the Energy Spectrum of Vertical Cosmic Ray Muons

at Sea Level with Emulsion Chamber.

M. Akashi and Z.Watanabe ( Hirosaki University, Hirosaki, Japan ),
1. Ohta ( Utsunomiya University, Utsunomiya, Japan ), A.Misaki and
K. Mizutani { Saitama University, Urawa, Japan ), K.Kasahara and
T. Yuda ( Cosmic Ray Laboratory, University of Tokyo, Tokyo,
Japan ), I.Mito ( Shibaura Institute of Technology, Tokyo, Japan ),
T.Shirai, T.Taira and N. Tateyama ( Kanagawa Univer sity,
Yokohama, Japan ), M. Shibata ( Yokohama National University,
Yokohama, Japan ), K. Taira ( Sagami Institute of Technology,
Fujisawa, Japan ), S.Torii ( Kyoto University, Kyoto, Japan ) and
Y. Takahashi ( Osaka University, Osaka, Japan ).

The energy spectrum of vertical cosmic ray muons has been measured
with the emulsion chamber exposed at shallow depth underground. The
emulsion chamber of the present observations is constituted by nuclear
emulsion plates, X-ray films and lead plates.

The energy spectrum of oblique muons was measured with the
emulsion chamber arranged horizontally of the total amount of exposure
of 61.6 ton years. The results gave indirectly the energy spectrum of
vertical muons at sea level in the energy range 1 TeV to 10 TeV. The
present results have been performed with the emulsion chamber arranged
vertically of the amount of exposure of 12. 7 ton years. The results of the
vertical intensities of cosmic ray muons at sea level are not inconsistent
with the results given indirectly from oblique muons, of the energies

around 1 TeV.
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ANALYSIS OF DATA FROM A COSMIC RAY MUON

MAGNETIC SPECTROGRAPH

S.K. Chan,
Department of Physics, University of liong Kong, Hong Kong,
K.S5. Lau,
Department of Applied Sciences, llong Kong Polytechnic,
Hong Kong, and
E.C.M. Young,

Department of Physics, University of Hong Kong, long Xong.

Abstract

Analysis of data obtained with the cosmic ray solid
iron magnetic spectrograph at long Kong has been carried out.
The method of fitting the muon trajectories, determination of
the muon momentum and the various corrections to the basic
data are described. The corrected intensities are used to
fit a phenomenological expression gf the form A"En"x
for the differential pion production spectrum, based on the
appropriate diffusion equation. The resulting best Ffit

yields: Ap= 0.21 + 0.01 and = 2.68 4 0.01 when the

kaons to pions ratio KAT is set at 0.15.



In this paper the procedures of converting the basic
data from a solid iron magnetic spectrograph into absolute
muon intensities are reported. The resulting vertical muon

differential and integral spectra are discussed.

The spectrograph

The solid iron magnetic spectrograph at lHong Kong
(Lau et al, 1971) has been modified by improving its
timing and spatial resolutions in an aim to measure
absolute intensities. Four plastic scintillation
counters are used as the triggering elements, and five
trays of high pressure neon flash tubes (ext. dia.
7.5 mm and wall thickness 1.05 mm) are used as the track
location devices. The muon trajectories are recorded
on film, and by subsequently scanning the film the

events are reconstructed.

Over-all height 560 cum

Zenith angle 0-4.5 degrees
Acceptance for infinite momentum 11.48 cmz-sr

Magnetic flux density 16.58%0.15 kilogauss
Field line integral, fbdl 2.5x10° gauss-cm
Maximum detectable momentum 497 GeV/c

Momentum cut—off 2.40 GeV/e

Dimension of magnet 150x120x75 cm3

Power dissipation of magnet 0.7 KW

Counting rate of specirograph 70 particles per hour

Parameters of the gpectrograph.
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Fig. 1 Schematic diagram of the spectrograph.




The least squares fit of the muon trajectories and the

angular resolution of the spectrograph

Muon trajectories above and below the magnet are
found by the method of least squares fit to the excited
flash tubes. The uncertainty in the position of traversal
of a particle through an excited tube is taken into
account by introducing into the theory of fitting a

probability

P(A)da = Probability that the particle crosses the
horizontal diameter of an excited tube at

position A to A—l—dA as shown below,

particle

g cs;cn(é JA
flash tube

Fig.2 Traversal of a particle through a tube

at A to A+dA from the centre

Thus to fit a straight line of the form v = a + bX

through k excited flash tubes, we reguire that

k Y
D = Z jrm) [(wa)]zda (1)

L=t -



is a minimum, S%L(A) is the deviation from the best
line of a point measured 4 horizontally from the centre
of the ith excited tube. To allow for some ambiguous
knock-on electrons, r will be greater than the flash tube

radius.

Assuming P(4) is a symmetrical function, the

calculation gives
R = DX Y Y=Y Xy L
A - ()

b — kY L4 — ) ) Y
k) = () %)

(2)

(3)

where the summation is from 1 to k.
Thus the uncertainty in the position of traversal of
a tube by the particle does not affect the fitting of the
incident and emergent trajectories, However, the error
of the gradient (b) does depend on this uncertainty.
Since the angle of deflection by the magnet depends on
the gradients of the incident and emergent trajectories,
the traversal uncertainty thus has an effect on the angular

resolution of the spectrograph. It can be proved that



the standard error of the gradient (b) is

(&)

Sb premen ImL . k 7z
k2 k- (%)

and the standard error of the angular deflection (@) is

2 2 2
S= J (2 + 27) (5)

where b1, b2 are the gradients of the incident and emergent
trajectories respectively, and sbl’ sz are their standard
errors,

The value of D depends only on the integral

Y
j.sznﬁ)dA which can be interpreted as the

-t variance of the distribution of

the y ~ coordinates of the centres of the excited tubes
about the muon track. This integral has been evaluated
experimentally by selecting some 1020 single events which
correspond to muon momentum greater than 15GeV/c, the
effect of multiple scattering is thus negligible for these

events, We fit the best straight lines through the excited
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tubes in each event; the deviations of the y-coordinates
of the centres of the flash tubes about the fitted lines
are found for each excited tube and for each event
selected. The standard deviation of the distribution
of the y-coordinates of the centres of some 21,220
excited tubes about their best lines is evaluated to be
0.196 % 0,001 cm. Thus

rAz pea)da == 0.0384 £ 0.0004 on°

-

Taking this integral into account, the m.d.m. of the
spectrograph is 500 GeV/c.

Determination of the muon momentum

The trajectory of the muon inside the magnetic
vol&me is a spiral of decreasing radius of curvature.
However, by fitting the incident and emergent trajectories,
the deflection (P) due to the magnetic field can be
computed directly irrespective of the trajectory inside

the magnet.

-1 -1

To ensure that the spiral trajectory is within
the magnetic edges, an effective width of the magnet is

defined, Tor small zenith angles of the incident muons,

- 11 =~



the effective width is greater than the physical width

by 2W,

W= R (fawg —fent) (7)

where h is the half-height of the magnet, The fitted
trajectories should therefore intersect near the middle
of the magnet and within this effective width.

After testing for the validity of the fitied
tracks, the momentum (P) of the muon can be evaluated
by numerically iterating on the computer the equation

x<(P) £

| —#p (a5 ®)

P

*(P) is the momentum loss per unii length at the
momentum P,,[ is the total path length inside the magnet
and B is the flux density.

Methodological corrections to_the basic data to obtain

the absolute differentiul spectrum

The basic data consist of the running time of the
spectrograph, the total number of particles incident on
the spectrograph during its running time and the

photographic records of a mu jor portion of these particles.

- 12 -



The correction applied to the basic data can be
classified into two categories - the corrections to
thie running time and the corrections to the total
number of particles.
The corrections to the running time include:-
(1) The resolving-times of the scintillation counters
and the coincidence circuit.
(ii) Dead-time of the electromagnetic register used to
record the counts, and
(iii) Paralysis-time on the coincidence-gate due to the
anti-shower scintillation counter (E)
The corrections to the toial number of particles
include:~
(1) Correction due to the efficiencies of the counters.
The efficiency for single muon events is
0.9618 I 0,0054.
(i1) Correction due to the contamination of shower
events.
The shower-reducing device has already removed
the wajority of the showers or multiple-muons incident on
the spectrograph; however, due to the inefficlency
of the device there i1s still a small number of shower
or multiple-muons which have triggered the spectrograph.

(1ii) Correction due to impurities in the muon beam.

- 13 -



The possible major contaminations in the muon
beam after traversing through the magnet are protons
and pions. The differential spectra of proton and
pion at sca-level due to Brooke et al (1964, 1973)
have been used to predict the total number of these
particles incident on the spectrograph during its
total running time.

When the width of the pulses at the coincidence
gate is equal to 150 ns the variation of the arrival time
of the pulses at the gate is found to produce no loss
of counts, and chance coincidence is insignificant.
(iv) Correction due to sampling of analysed events.

After applying the above corrections to the basic
data, the effective running time (T) of the spcctrograph
and the total number (N ) of single-muons that have
entered into the solid angle of the spectrograph are
found. Now of theseN single~muon events we will only
be able to analyse a major portion and obtain a
momentum distribution from it. If this portion is
assumed to be a random sample of the grand total, then
it is necessary to normalize the momentum distribution
of the sample to a total number of N .

The nomalized distribution of muons are then
subjected to the momentum dependent corrections which

include:~

- 14 -



(v) The correction due to particles scattered out or
into the solid angle of the spectrograph by the
magnetic field.

When a muon of momentum P enters into the solid angle
of the spectrograph, the probability f](P) that it is
accepted by the instrument can be found by simulating
particles through it on a computer. l/fl(P) is the
correction factor for this effect.

(vi) The correction due to particles scattered out or
into the solid angle of the spectrograph by
multiple scatterings in the magnet.

The acceptance probability f2(P) at the momentum
P due to multiple scatterings in the magnet can also be
found by simulation on the computer as for magnetic
scatterings. llowever multiple scatterings differ from
magnetic scatterings in that the latter occur only in
the plane perpendicular to the magnetic field while the
former occur in all directions. 1/f5(P) is the correction
factor for this effect.

(vii)The correction due to momentum uncertainty.

Owing to the steepness of the muon spectrum, the
momentum uncertainty has the effect of flattening it.
The error of the momentum arises from two sources -

the error due to multiple scatterings in the wagnet and

- 15 -



the error due to the track location by the flash tubes.
To facilitate computation, Allkofer's differential
spectrum (1971) is converted into the deflection
spectrum. Particles in a deflection interval are
considered to be distributed in a Gaussian manner with
mean equal to the mean deflection of the interval, and
standard deviation equal to the r.m.s. value of the
standard deviations due to multiple scatterings in the
magnet and spatial resolution by the flash tubes. By
comparing the number of particles originally in an
interval with the sum of particles scattered into
this interval from all the intervals, we thus obtain
a correction factor f3(P) for this effect.

The correction factors l/fl(P).fz(P) and f3(P)

are shown in Table 1.

-~ 16 -



MOMENTUM INTERVAL | MEAN MOMENTUM !
GeV/c P GeV/e fer L 3 (7)
L - 5 b.47 5.556 1.1688
5 - 6 5,47 2.481 1.0287
6 - 7 6.48 1.795 1.,0053
7 - 8 7.48 1.493 0.9970
8§ - 9 8.48 1,370 0.9913
9 - 10 9.48 1.289 0.9838
10 - 20 13.59 1.190 0.9697
20 - 30 24,11 1.072 0,9302
30 - Lo 34.34 1,049 0.9343
Lo - 50 Ly 4y 1,035 0.9126
50 - 60 54 .56 1.020 0.9090
60 -~ 70 64,62 1.017 0.9122
70 - 80 74,67 1.013 0.9152
80 - 90 84,70 1,010 0.9091
90 - 100 94.73 1.005 0.8939
100 - 150 119,51 1.000 0.8698
150 - 200 171.04 1.000 0.8578
200 - 300 238.33 1,000 0.8391
300 - 400 341,68 1.000 0.7715
Loo - 500 443,51 1.000 0.6937

Table 1 The Momentum dependent correction factors
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Since there are three trays of flash tubes below
the magnet, most burst-preduction events in the magnet
are included for analysis by using the two lower trays
of flash tubes to fit the emergent trajectories. For
this reason, the correction due to interactions in the
magnet is neglected.

The data

The results of this paper are based on two sets of
data., Set (I) was collected in 1972 by Lau et al and the
other, set (II) was collected in 1975 by Chan et al. The
latter set (II) of basic data is corrected for all the
necessary corrections discussed above to obtain the
absolute vertical differential muon spectrum in the
range 4 - 500 GeV/c. The former Set(I) of data is
corrected for the loss of particles due to magnetic
and multiple scatterings, and for the effect of
momentum uncertainty; it is then converted to intensities
by normalizing at the point 13.59 GeV/c to the measured
absolute spectrum. The two differential spectra are
combined by weighing factor according to the numbers
of collected particles in the respective momentum

intervals where the spectra are normalized.
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Mean mo- w2 4 Po error
Momentum In- |mentum |Differential intensities ¢m -3r:s (&%) of

terval GeV/c | GeV/c welghed average

(1) (x1) average

5 - 5 by 6.2 x 1070 6.90 x 107F| 6.37 x 107Y 2.4
5 - 6 5.47 (4.30 x 10-& .28 x 10‘“ h,29 x 10"LL 2.1
6 - 7 6.48 (2,99 x 10"h 3.15 x 10““ 3.05 x 10'“ 2.0
7 - 8 7.48 [2.59 x 1074 2.50 x 107" 2.56 x 10‘“ 2.1
8 - 9 8,48 |1.92 x 107" 1.83 x 10”“ 1,89 x 1074 2.3
9 - 10 9.48 |1.50 x 10‘“ 149 x 107" 1.50 x 10““ 2.5
10 -~ 20 13.59 6.43 x 1077 6.43 x 1072 | 6.43 x 1077 1.2
20 - 30 24,11 .72 x 1077 | 1.50 x 1072 | 1.64 x 1077 2.1
30 - 40 34.34  |7.30 x 1070 6.31 x 10™8 6.92 x 1070 3.3
Lo ~ 50 Ly, 47 3.24 x 10”6 2.97 x 1076 3. 14 x 10™8 L.8
50 - 60 54.56 {1.83 x 1076 1.55 x 1070 1.72 x 1079 6.4
60 - 170 64,62 1.11 x 1076 1.13 x 10’6 1.12 x 1076 8.0
70 - 80 74,67 [.hb x 1077 | 7.59 x 1077 | 7.49 x 1077 9.7
80 - 90 84,70 k.69 x 1077 | 4.20 x 10 7 | k.50 x 1077 12.5
90 - 100 94.73 B.23 x 1077 | 3.59 x 1077 | 3.37 x 1077 14.3
100 ~ 150 119.51  1.30 x 1077 [ 1.82 x 1077 | 1.50 x 1077 9.k
150 - 200 171,04 5.32 x 10’8 2.61 x 1078 4,28 x 10~8 17.7
200 ~ 300 238.33 [1.63 x 1078 | 2.08 x 1078 | 1.80 x 1078 18.9
300 - 400 B41.68 B.99 x 1072 | 1.03 x 1078 | 6.42 x 1079 30.2
400 - 500 Wi3.51  N1.79 x 1072 | 2.64 x 1072 | 2.12 x 1077] 50,0

Table 2 The measured vertical muon differential intensitie
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Results

In a theoretical analysis based on an expression
AﬂE“-Y for the differential pion production spectrum
in the appropriate diffusion equation, we have shown
that the muon intensity at sea-level 1s given by the

phenomenological form

-7 ¥~ b1
B
I(Ey ) =W, Ay (B +aE) - Tn L Kry By
E}f» AB + B, EP+ AE + By
where I(Ep) = muon intensity at sea-level at the

energy E 3 W., = survival probability of muons from

[ P

production to sea-level, and is given by Rossi (1952);

AE = energy loss from production to sea-level;
By = 89.07 GeV/c ;Bk= 458.20 GeV/c; Typ= 0.76 ;
rk = 0.52 ; and K = charged kaons to pions ratio.

The weighed average intensities in Table 2 are

(10)

used to fit the above expression by the maximum likelihood

technique. On the basis of recent accelerator measurements,

K is set equal to 0.15 while A, and 3/ are unknown

parameters to be adjusted. The resulting best fit

vields:
A 0.21 %
r = 0.21 X o.01
Y = 2.68 % 0,01

From these best fit parameters, the differential
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and integral intensities at sea-~level are caleulated

at standard momenta.

fit

data and some previous results.

In Figure 3, both Dbest

spectra are presented together with the experimental

We see that within

statistical limits, good agreement is obtained with the

previous results of Allkofer et al (1971) and Ayre et al

(1973).

Discussion

In Table 3,

the best it intensities are compared

with the results of two independent absolute measurements

in liong Kong; the results of Ayre et al (1973) and

Rossi's point are also shown.

Differential intensity|Relative
M t
Authors og:s/gm -2 =1 -1 -1 difference
em “sr —s (GeV/c) with pre-
sent results
Rossi et al -3
1-00 2-1"' 1 "806
(1948) > x 19 *
Lau et al (1973} 1.20 | (2.82 £ 0.21) x 1072 14.6% _
Hong Kong .
Momentum | Integral intensity Relative
Authors GeV/c cm’zsr"l -1 difference
8 with pre~
sent results
Lau et al (1973) | 1.10 | (6.73 % 0.025) x 1072 | - 2.5%
ilong Kong
yre et al(1973) 3.5 2.8% x 1073 -11,8%
urham 7.1 1.34 x 10-3 - B.2%
ong et al (1975) 4.81 %2.59 * 0,10) x 1073 11.2%
fong Kong 5.485 | (1.95 £ 0,07) x 1073 3.0%

Table 3 Comparison

of intensities
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It is evident from the table that the present
results do indicate that Rossi's point has been
under—-estimated, but not to such an extent as some 20%
as reported by Allkofer et al (1970,1971). Disagree—
ment with the results of Lau et al (1973), Kong et al
(1975) and Ayre et al (1973) may be inherent to the
different methods used, and the different solar activity
periods of measurements. In fact, we are now comparing
their absolute intensities with the best fit values
which are results of some averaging procedures in
assuming.An,afandK be constant over the whole momentum
range. This may also be a cause of the discrepancy.

FMinally we conclude that in view of the paucity
of data in the high momentum region, the present results
may be considered to be consistent with the previous
spectrum measurements of Allkofer et al (1971) and
Ayre et al (1973). 1In this respect, the present work
can be regarded as a support for the validity of these
previous measurements.
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A MUON TELESCOPE FOR THE MEASUREMENT OF THE SPECTRA AND
ZENITH ANGLE DEPENDENCE OF SLOW MUONS

L. S. CHUANG

Department of Physics, The Chinese University of Hong Kong,
Hong Kong

M. WADA

Cosmic Ray Laboratory, The Institute of Physical and Chemical

Research, Tokyo, Japan

An attempt is made to construct a simple muon telescope, using
plastic scintillators, for the measurement of the spectrum and
zenith angle dependence of slow muons at sea level., Studies
for the proper use of the muon telescope for this purpose, and
determination of the correction factors for an absolute
determination of the intensity of the muons stopped in the
lower scintillator and then decayed, are presented. Confirma-

tion for the correct measurement of the event is also discussed.

1. Introduction

Measured spectrum and zenith angle dependence of slow
muons at sea level and undergréund has been of great interest
for comparison with the results of theoretical calculations.
Disagreement between the results of different workers using
different experimental methodaﬂ however, urges further

investigation with better statistics.
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Taking into consideration the better statistics
attainable from a large sensitive area, the thickness effect,
and ease of adjustment for obtaining the open angles, an
attempt is made to construct a simple muon telescope, using
plastic scintillators, for the measurement of the spectrum

and zenith angle dependence of slow muons at sea level.

2. Construction of the detector

The detector consists of two units, each of them
comprising a plastic scintillator of dimensions 1lm x lm x 0.05m
and a 5" photomultiplier tube, of type RCA-8055 with the
maximum spectral response at 4400 £, fixed in a light~-tight
iron case as shown in fig. 1. The whole system is installed
in a room where the air temperature is kept within 20 1 %%.
The detectors are aligned vertically with the faces of the
scintillators set horizontally. Separation of the detectors
can be made easily by 1lifting the upper unit while the lower
one remains, seated permanently, on a support; for instance,
with the separations of 0.09-, 0.53-, 0,98-. and 1.42-m the
equivalent open angles are 85°8', 62°5', 45°34% ana 35%9°
respectively. At each open angle, iron plates of desired
thickness can be placed successively in between the detectors
to achieve the muon-energy range of interest; for instance,
in addition to the roof thickness of 13 cm of concrete plus
a 5 cm thick plastic scintillator, an iron plate of 0.084m
thickness will bring the maximum muon-energy to 80 g/cm2 of

air equivalent,
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The counting system is shown diagrammatically, together
with the detector system, in fig. 1. Signals from the photo-
cathodes are amplified and separately fed to the single
channel pulse height analyzers which can be operated either
as a discriminator or as a pulse height analyzer. The shaped
pulses, of 12 nsec in rise time, from the single channel
analyzer outputs are then fed to the separate inputs of a
logic circuit in which double coincidence/triple coincidence/
coinc~-anti-coinc logic can be manipulated with variable delay
time and coincidence time duration. The minimum time delay
acceptable to the logic circuit, however, is 0.7 Usec due to
the inherent characteristics of the amplifier and the pulse

height analyzer systems used.
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Fig. 1. The detector and the counting system.
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Calibration for the timing of the logic circuit is
made using a double pulse generator and an oscilloscope.
An accuracy of better than 0.1% is attainable in setting the
delay time. Calibration for the timing is repeated from time

to time throughout the period of measurement.

3. Methods of measurement

Measurements for the triple coincidence events will
then be made for each setting of the open angles and the
various iron absorber thicknesses.

With the high voltages and the threshold energies set
at the optimum values, the signals produced simultanequsly
in the upper and the lower detectors are delayed for 1.0 usec
and then given a coincidence pulse duration of 0.9 HUsec.
The second pulse which succeeds the first one, from the lower
scintillator, in reaching the logic circuit will be shaped
to a pulse of duration 0.1 Wsec. If this second pulse is
generated within the time duration of 1.0 usec from the
reception of the first signal by the logic circuit (i.e.
the coincidence pulse duration plus the second pulse width),
& triple coincidence count, which is an event of the present
interest, will result. In order to avoid the errors which
might arise from the day~and-night variation of the cosmic-

ray intensity, measurements will have to be made at regular

intervals,

-~ 28 -



Gap betw' Scintiliators 53 cm
Absorber thickness 46 cm(Fe)

L1 I1te

1o lio 10

10t
~ -:-'?' (curve a,) —L* o
R e =
5} da ~5
Folw o 3
~ - 2 &~

ae
L ga
2. e a5
Tx-y \T (curve ¢) L
2. 13 iz
e o 5,
g o h.i -
o ~—

1ot 10"

: (curve b,)
K}hl! b‘)
-
1o i 1 | i 1 t 10

(4] 1 2
Discrimina tor Threshold (Diat nol

Fig. 2. Pulse heilght distributions:
Curves a8y and a, are for the lower
and the upper detector, respectively;
Curve bi is for double coincidence
counting and operated in "integral"
mode; Curve bd is differentiated
from curve bi; Curve ¢ is for

triple counting.
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Before the measure~
ment for the tiple co-
incidence events, which
are of primary importance,
the following measurements
have to be made to make
sure that a proper use
of the telescope is made:
(a) Counting rate as a
function of the threshold
energy as shown by the
curves a, and 85 for the
lower and the upper
detector, respectively,
in fig. 2. (b) Double
coincidence counting rate,
resulting from the simu-
ltaneous events in the
upper and the lower
detectors, as a function
of the threshold energy
which is the same in
both detectorsj as the
curve bi which is

plotted for an Yintegral"

mode of measurement, and

the histogram bd’ which



is differentiated from the curve b,, in fig. 2, and (¢) Triple
coincidence counting rate as a function of the threshold energy,
which is the same in both detectors, as the curve ¢ in fig. 2.
It is seen from the curves &, and a, that the high
voltages applied to the two detectors were adjusted for an
optimum value so that the pulse height distributions in the
two detectors are almost identical. The peak in the histogram
bd corresponds to an energy loss of 11 MeV in the scintillator,
The similarity between the curves bi and ¢ is interpreted as

meaning that almost all of the decay electrons have been

detected.

L, Correction factors

For the determination of an absolute intensity of the
muons stopped in the lower scintillator and then decayed, from
the measured delayed triple coincidence counts, the following
correction factors are necessary: (a) A correction factor fd
to account for the events of interest which are not measured
due to a limited coincidence time interval setting. In the
present experiment, from the fraction of time covered in &

single measurement, f, is expressed by:

o]
tz = 2.0 Usec
1
fa=%1 exp(~t/T) +dt (1)
tl = 1,0 WUsec

where T = 2.15 usec is the accepted mean life time of a muon,
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and t, = 1.0 usec and t, = 2.0 usec are the starting and the
ending time, respectively, of the coincidence time duration.
Accordingly, fd = 0.239 in the present experiment. It should
be noted, however, that the coincidence time duration used
presently is an optimum one with regard to the comparativity
of the increase of the counting rate of interest and the
accompanying accidental coincidence rate as a result of the
increase in the coincidence time duration; (b) A correction
factor fT to account for the events of interest which are not
measured due to unnecessary discrimination of the real pulses
as a result of too high setting of the threshold energy. To
cover the whole range of pulses produced by the events of
interest, the threshold energy must be set at a level at which
the real pulses are all acceptable to the counting circuit.
Prom the curve bi of fig. 2 it is seen, in this special case,
that an 100% counting of the double coincidence events is
possible if the threshold level is set below 0.2 of the dial
reading. The correction factor fT‘ O.4 in the present
measurements, for a given geometry of the measurement, can
therefore be determined by taking the ratio of the double
coincidence counting rates for the threshold level with which
the triple coincidence events are mecasured and that with
which 100% counting of the events is possible. It is noted
from the curve a of fig. 2 that too low setting of the
threshold level will introduce unduly high noise pulse into

the counting circuit and result in an abnormally high
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accidental coincidence counting. To overcome this difficulty
without sacrificeing the counting statistics, an optimum
threshold level is chosen in such a way that the standard
deviation for a single delayed triple coincidence count is a

minimum.

5., Confirmation of the method
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Fig. 3. The number of triple coincidence counting

vs delay time.

To confirm that the muons detected are those of the
present interest, i.e. muons stopped in the lower scintillator
and decayed, analysis of the number of triple coincidence

counting versus the delay-times was attempted. In this, the
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events were analyzed in 0.5 Usec bins. A straight line with
a slope equivalent to the mean life time of muons, 2.15 Msec,
is drawn. The excellent agreement, within the experimental
error, between the accepted decay curve and that of the
presently measured one, shown in fig. 3, is a sure indication
that the measured events are those of muons stopped in the

lower scintillator and then decayed.
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Calculation of Muon Momentum Spectra at Sea Level
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Muon momentum spectra at sea level were calculated
for the incident zenith angles of 0° and 75° by numerical
integration of the equations of hadron cascades in the
atmosphere. In the calculation on nuclear interactions,
the recent data of accelerator experiments are introduced
and Feynman's scaling is assumed to hold over the whole
energy region. The calculations were carried out up to
primary energy of 107 GeV and the results were extrapolated
for the higher energy region. Concerning inelastic cross
sections of nucleon, pion and kaon, the calculations were
made not only for the constant cross sections but also for
the energy-dependent ones. The absolute muon fluxes thus
calculated are in good agreement with the momentum spectra
measured at sea level over the momentum region except of
high momenta. In high momentum region above 100 GeV/c,
the calculated spectra are a little steeper than the
observed spectra.

One-dimensional development of air shower also was
computed. As several authors already discussed about air
showers expected from scaling hypothesis, the discrepancy
from observed properties of air shower is very distinct
also in the present calculation. Possibilities to dissolve
this discrepancy are discussed.

Introduction

During last four years several authors have tried to
explain muon momentum spectra observed at sea level or
underground by the assumption that Feynman's scaling is valid
in nuclear interactions over energy range concerned. Some of
them have successfully confirmed that the outline of muon
spectrum is in agreement with the expectation from the
scaling hypothesis. For modulation study also, response
functions of muon observed in a certain condition have been
calculated with the same assumption. Although our main
purpose is to calculate the response functions applicable for
yarious conditions such as altitude, underground depth,
incident direction and so on, the comparison of the calculated
results with muon momentum spectra measured at sea level is
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really desired in order to see whether the procedure of cal-
culation is suitable to actual particle transport in the
atmosphere or not. In the previous papers ( Murakami et al,
1976 ), we were concerned in muon spectra at zenith angle of
0° and 75° , and then the numerical integrations of hadronic
cascade equations were made with the assumption of constant
inelastic cross sections. The comparison with measurements

( Allkofer et al, 1971 and Carstensen et al, 1975 )} showed
that the absolute muon fluxes thus calculated are in good
agreement with the momentum spectra measured at sea level
over the momentum region except of high momenta. In high
momentum region above 100 GeV/c, the calculated spectra are
a little steeper than the observed spectra. As accelerator
experiments of proton-proton and hadron-nucleus revealed
that the hadronic interaction cross sections are increasing
with incident enerqgy, so we here adopted more rigorous cross
sections of nucleon, pion and kaon increasing with logarithm
of incident laboratory energy for the present calculation.
Contrary to our anticipation, the difference in muon fluxes
at sea level between constant and energy-dependent cross
sections is very slight and insignificant. In high altitude,
the difference is recognizable.

The calculations were carried out up to primary energy
of 107 GeV. 1In addition to the calculation of muon flux,
one-dimensional development of air shower also was computed
for the discussion on the relation of muon spectrum to air
shower. As several authors already discussed about air
showers expected from scaling hypothesis, the discrepancy
from the observed characters of air shower is very distinct
also in the present calculation. Gaisser et al (1973),
Fishbane et al (1974), Gaisser (1974), Wdowczyk and Wolfendale
(1973) and Mason et al (1975) have suggested a possibility
of predominance of Fe or heavier nuclei in primaries above
10% GeV to dissolve the discrepancy. There is, however,

a fear that this predominance may contradict muon spectrum
around 1 TeV/c. Another possibility will be discussed to
dissolve the problem.

Calculations

The calculations are made for muons arriving at concerned
atmospheric depths through nucleon and pion cascades and decay
processes from primary protons of given energies. For muons
from primaries of Z 2z 2, the calculated results from proton
primary were superposed for the simplicity, although recent
accelerator experiments show the effect of two-nucleons ball
in collision of He incidence. ’

The cascade equations of nucleons and charged pions are
as follows, where the production of energetic nucleon by
incident pion is neglected.



Ee

INIEY wa:;_gj
(,)3 AN(E) =

Path from the top of the atmosphere, g-cm™?,

§(E,y) : Nucleon number defined in N(E,y)dE.
TW(E,y) : Charged pion number.
An : Nuclear interaction m.f.p. of nucleon in air.
: Nuclear interaction m.f.p. of pion in air.
¢q(y)/(E-y) : Decay probability of charged pion in US
standard atmosphere.

Ee '
iﬂéiﬁz_{wi_*?—ﬂfi)fme,gnji@iiﬁlw Eq)-dE'

dy MI(E) E-} g A (E)-E

Es )
N j Faa(E.E) -‘ﬁ(E’,g)’dE’
E )\-"(E')'E
E + Particle total energy in laboratory system.

E, : Primary proton energy.

F,2(E;,E()/E; in the equations gives particle number per unit
energy of particles at the final stage of the interaction by
an incident particle (E,). According to the recent data in
accelerator experiments , the followings are provided.

l) Fyy(E,E')/E : Nucleon to nucleons. From the ISR experi-
ments of p-p collision ( Erne, 1973 ), the differential cross
section, dﬂ%/dx“dp;, can be represented approximately to be
proportional to exp(-4.3 p.) and to be almost constant in
Feynman's variable x, for both forward and backward directions
in c.m.s.

2) Fyg(E,E')/E : Pion production by nucleon. The invariant
cross section was quoted from the distribution of T°in proton-
carbon collision ( Einhorn, 1974 ).

- ] 2 2 {
E*WDC (l"Xg)4'(Pf¥ 0.86) 4'5) XR:Q{(B?‘TPJ_)/S}/L

Asterisks mean qu%&ities in c.m.s. and s is Feynman's scaling
parameter. The cross section is normalized to the multipli-
city of charged pions cited from the experiments of P-p
collision ( Giacomelli 1973 ).

NAE>==43+1T1 dn S + 3.7.47 %

3) Fry(E,E')/E : Pion to pions. This term includes pion
production as well as a leading pion. The differential cross
section of a leading pion is assumed to be of the same
functional form as Fyy(E,E')/E for forward direction. For
pion production, the same function as Fun(E,E')/E was adopted.
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Although the above expressions of F,, /E are derived from the
experiments in energy region from 50 GeV to 250 GeV or to 2
TeV, the numerical integrations of the equations were carried
out consistently over the range of E, from a few GeV to 107
GeV by assuming that the expressions still hold at both low
and high energies. The reason why the calculations are
extended to low energy primary is that the empirical response
functign of ground meson detector has possibility to include
an ambiguity due to the derivation from small latitude effect
of 15 %. To see the fitness of the above expressions, the
energy conservation in laboratory system between incident and
outcoming particles was examined. It seems that the energy
is well conserved over the wide range of incident particle
enexrgy.

From pion decay to survival muon, the following equations

are solved.
Mmr 2
(%)
dM(E,4)

i ! -1
Muon production : - _j “r.jﬁL,H]Eig)dfiﬂ h_(fﬁiY}
dy c Y 2

Muon's survival probability : AE%L: ~1§%;-T¥ (E,?)

Muon's ionization loss : E==E}T @ (3;“?)

M(E,y) : Produced muon number.
my and m : Rest masses of pion and muon, respectively.
Pu(E,y) : Survival probability of muon.
Ef/(E y) : Muon decay probability in US standard atmosphere.
g : Ionization loss rate.

uffix £ means observation level.

The effect of kaons on muon number was taken into account
only for the first generation of kaons by nucleons and pions.
The effect by kaons is supposed to become important at TeV or
more, compared with muons produced by pions. In the present
calculations, the assumptions on kaons are as follows.

Branching ratio of k-=H: 63.5 %.
Invariant cross section of kaon production ( presumed from
the paper by Badhwar et al, 1975 ) :

3
e D e 1- %) exp (= 4 py)

A?*3
Multiplicity of kaons ( Giacomelli, 1973 ) :
-
N> ==162 + 0.24 WS + 1.45.52

The energy transfer to kaons in nuclear interaction is as

much as 5% of incident nucleon energy. This surplus energy

transferred to kaon gives little error into the results.
Speaking of interaction m.f.p., A (i= N, T ,k), we carried
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out the calculations for four sets of X;, as shown in the
following. a R

. -2 -2 -
i) Nye= 80 g.cm S, A= 120 g-cm , Age= 150 g-om ™.
ii) ! normalized to};,at 1OQGeV.
iii) p: normalized to ){cat 107 GeV.
iv) ; normalized to Aj,at 103 Gev.
(140,044 yn £ ncfh\a\g‘zﬂm)

(1| +0.044% In E )

Normalization : 'Aie'lgo-

The calculations are made for the combinations of
various parameters.

Primary energy : 3 GeV to 107 Gev.

Zenith angle : 0° and 75°. 2
Atmospheric depth : 320, 550, 720, 940, 1030 g-cm .

Primary spectra were given as follows, according to Ryan et
al (1972).

275 -1

Proton : jF(Eo)dEo= 2'104a(E0+ 1.034) (m?. sr-sec-GeV)
-2.77
Z 22 {He eguivalent) : jZ(Eo)dEo= l.45~8.6-102(E0+ 0.244)

E, : Total energy per nucleon.

Muon momentum spectra

The calculated spectra
are compared with the
spectra observed at zenith
angles of 0°and 75° ( All-
kofer et al, 1971 and
Carstensen et al, 1975).
Fig.1l shows the spectrum
of vertically incident
muons calculated for A (E)
normalized at 10* GeV.
Because the calculated
result for each set of
m.f.p. actually coincides
with others and the
difference of muon flux
among four sets of m.f.p.
is insignificant (less
than 5 %). The effects
of difference in assumed
m.£.p. are recognized in F TN
altitude variation of 1 10 10’ 10 10*
hadrons and accordingly MUON MOMENTUM R, Gev/e
in muons at high altitude.

It seems that the values
Ar and Ay relative to A Fig., 1

——r ¥ T T Y
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DIFFERENTIAL MUON INTENSITY x B}, misi!s'GeV/c
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is more important for sea level muons.

As shown in Fig.l, the absolute flux calculated here
is in fairly good agreement with experimental points deter-
mined by Allkofer et al (1971), except of high momentum
region. In high momentum region above 100 GeV/c, the
difference of flux corresponds to that in the index of
spectrum as much as about 0.1. Recently one of nice
explanations has been done by Badhwar et al (1975). 1In
Fig.l, one can see good agreements between measured points
and their calculation over high momentum region. They have
solved the pion and kaon cascade equations with the assump-
tion of constant cross sections, presuming nucleon cascade
and taking account of rising cross section in the incidence
of nucleon.

Kiel group (Carstensen
et al, 1975) have carried
out the measurement of
momentum spectra of muons - et -
arriving in large zenith 75° S.L. .
angles. Our present
calculation for 75° is
compared with their
measurenment, as shown in
Fig.,2. The calculated
spectrum is the result
for m.f.p. hormalized at
100 Gev, because of the
same reason as the case
of vertical muons. In the
present calculation the
roundness of isobar level
at high altitude was taken
into account. The effect
of this roundness appears [
obviously in high momentum s
region { about 10 % at 1 ¥

3
.

S

"~ PROTON ™o
=+ PION e N

10°k

=3
%
T

o PROTON)
S HEAVY
A —~KAON 4 5

63.5°% <

3

* CARSTENSEN ET AL |
—- DURS

DIFFERENTIAL MUON INTENSITYx R}, m*sfi§'\(GeV/cy

TeV/c ). Around 20 GeV/c il m——— TP
the excess of calculated MUON MOMENTUM P, , GeV/c

flux is largest and it is

as much as 40 %. The Fig.2

excess is of large amount

and is beyond the precise~

ness of experiment. Although the outline of the spectrum

is explainable by the present calculation, there is an
obvious difference in the slope of the spectrum between the
calculation and observation , as Allkofer et al (1976) point-
ed out.

Air shower

In the previous work ( Sagisaka et al, 1976 ), we
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calculated air shower frequency of small size, which has
been observed in Nagoya and Mt. Norikura, assuming constant
m.f.p. In the present calculation, one~dimensional develop-
ment of shower is calculated with the assumption of energy-
dependent m.£.p. normalized to those at 100 GeV. Assuming
that neutral pions are of half an amount of produced charged
pions and that the energy of neutral pion is shared equally
between two photons, the development in the Approximation B
given by Snyder (1949) (Greisen, 1956) was used for the
shower initiated by photons above 50 GeV. For showers
initiated by photons from 500 MeV to 50 GeV, the results of
simulated showers computed by Messel and Crawford (1969)
were used. Regarding electron size, ionization loss is
assumed to be 10 MeV in detector for single particle
incidence. Fig.3 and Fig.4 show the development of shower
size and the dependences of particle size on primary energy,
respectively.

The tendencies of long attenuation length of electron
size and small ratio of muon size to electron size for
primary proton above 10°GeV are similar as those pointed out
by Gaisser (1974) and Fishbane et al (1974) .

107 — T
VERTICAL AIR SHOWER
PROTON PRIMARY /]
107 ey e 108 /
VERTICAL SHOWER {SINGLE 10MeV) L
Eo GeV b
10"
1065 E 105-

ELECTRON SIZE
.)
PARTICLE SIZE
5&)
AN

: % . A ]
10*k 10° - oo |
5 VR
- ] st DIXON E’,{,‘AL ]
102 2 . i L N L 1 n i Z S.L‘ E ]
200 300 400 500 600 700 800 800 1000 10 e Aok
ATMOSPHERIC DEPTH, g cmi? 10° 10¢ 10° 10t 107

PRIMARY ENERGY, GeV

Fig. 3 Fig. 4
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Discussion

Concerning the limit of Feynman's scaling hypothesis,
many authors have, so far, discussed on muon momentum
spectrum, muon charge ratio and underground intensity, or
on air shower development, the ratio of muon size to electron
size and the fluctuation of muon number. In this section,
the discussion is concentrated in relation to muon meomentum
spectra and air shower particle size.

From the observed vertical muon flux, Allkofer et al
(1971) and Ayre et al (1973) have estimated the index of
parent pion production spectrum, and Dau et al (1975) and
Allkofer et al (1976) have shown the index for 75° estimated
in the similar method. They all showed that the indices of
pion production spectraare the values very close to 2.6,
that is different from the indices of primary spectra obtained
by Ryan et al (1972). The present calculations by assuming
scaling also show almost the same results at high muon
momentum for vertical muons as well as largely inclined muons.
In a word, it seems certain that the flux of high momentum
muons at sea level expected from scaling is insufficient.

On the other hand, when we assume the scaling holds up
to very high energy region, it can be seen clearly that the
ratio of muon size to electron size at sea level as well as
mountain is conclusively of small value and shower particles
are attenuating very slowly in showers initiated by primary
protons above about 10° GeV. If the primary composition
does not so much change still in primaries above 106 Gev,
the above tendencies mean that the abundance of neutral
pions produced by scaling hypothesis is too much and low
energy muons in shower are very few. In other words, it
seems that the average energy of pions in shower is too high
in the case of scaling hypothesis. As seen in Fig.4, the
assumption of high multiplicity of secondaries, Ew-law (
Dixon et al, 1973 ), may dissolve the above problem about air
shower. But, by this assumption, the wmuon momentum spectrum
at sea level is expected to become alittle steeper than the
case of scaling, and then, the discrepancy from the observa-
tion becomes larger. As described in Introduction, predomi-
nance of heavier nuclei in primaries also can give complements
for insufficient muon size and slow attenuation of electron
size in air shower of large size. It, however, must be
expected that this kind of predominsnce brings too big amount
of high momentum muons into muon momentum spectrum. Because,
if the index of energy spectrum of iron primary is of 2.2 or
2.4 and if more than 80 % of primaries at 3-10°GeV is made up
by Fe group, as Mason et al (1975) suggested, the amount of
these heavier primaries must be comparable or more even at
10%~5GevV, compared with proton or helium flux.

Now it will be tried to speculate another possibility
in order to bring more amount of high momentum muons into
muon spectrum and simultaneously to reduce the number of high
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energy neutral pions in air shower development. If we could
assume that average charged-to-neutral ratio of prodgced
pions increases rapidly with incident energy above 10%GeV or
more, high energy neutral pions will be reduced apd the
average energy of pions also will be reduced in air shower
development. Moreover, there is a possibility to increase
high energy muon in muon momentum spectrum. In this case,
it will be necessary that the charged-to-neutral ratio depends
on incident energy in order to approximately keep the
distribution function of secondaries in laboratory system
derived from scaling hypothesis.

Conclusion

Absolute muon momentum spectra at sea level calculated
by the scaling hypothesis are in good agreement with measure-
ments in zenith angles of 0%°and 75°. 1It, however, is a little
obscure why high momentum muons are insufficient in the
calculation , compared with the measured fluxes.

In relation to air shower region in which there seems
to be a limit of scaling, an idea that charged-to-neutral
ratio of produced pions increases with incident energy may
be one of the possibilities to dissolve the problems in muon
momentum spectrum as well as the properties of air shower
development which arise in the case of scaling hypothesis.
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PREDICTED AND RECINTLY OBSLRVED MUON SPECTRA AT SEA LEVEL

C.R. Paul, N.L. Karmarkar and N. Chaudhuri

Department of Physics, North Bengal University, Darjeeling, India.

Mbstract

An evaluation of recently measured muon spectra at sea level has
been made using an exactly calculated muon spectrum as reference. It
1s concluded that the significant differences that can be distinguished
among existing sea level muon spectrum measurements are not expected
to arise between the expected spectra from the conventional fireball
type model for hadron interactions and those from the scaling model

based on the Feynman scaling hypothesis.
1.  Introduction

A reassessment of new measurements of muon spectra at ground level
has been made in the light of the theoretically expected spectra on the
basis of a rigorous tf?zatment in a model, to be referred to as MC model,
by Maeda and Cantrell . This model for the generation of muon spectra
based on a fireball type model of high energy hadron interactions takes
anto account many effects in the process of generatior of muons in the
atmosphere which are neglected in the older CKP® and CE* models. Some
of the more recent calculations of muon spectra using the Feynman pre-
dictions referred to as the Feynman scaling hypothesis® have been
examined against the calculated MC model spectra taking into account
the inherent uncertainty in some of the parameters adopted in such
calculations.

2. Calculation of muon spectra

The muon spectra have been calculated from both the differential
spectra of pions and kaons produced in hadron-nucleus collisions. In
the formalism of Maeda' the differential intensity of produced pions at

an atmospheric depth, x, with zenith angle between & and 8 + df is given,
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in the usual notation, by

o

X
n“(Ew,x,e) = '{0 _EZL e P secB(x')dx’

X b

i

W se CS(X") dx"

1

X' secf(x"
D(E,,x',0) = fo ——-—1—»—-~l-dx' + f

LR
a L

X
The differential energy spectrum of muons at the production depth x is
given by

2
EuY~ b secH

E = S
n, (B, x, 0 = f P(E) n (E , x, 8) B _

H E, E; 0(x)

A muon thus produced at depth x at zenith angle 6 with energy EU has
a probability W(EO, X X, 8) to survive down to a depth X where its
zenith angle is 60 and energy Eo, given by

2 X
m c )
- . sech(x!) dx'
W(EO, X,s X, 8) = expl - fx E ST
T,C u

The differential muon spectyum at this observation level, Xg» is given by

X

0o
LB %o, 80 = [ m (B, x, 8) WE, x,, x, 0)dx

Maeda used generalised Chapman functions to express the above expression
for the intensity. The corresponding expression for muon differential
spectra from kaon-decay may be obtained by replacing all the pion parametexzs.
In the numerical calculations the production spectrum of pions is taken
to be of the form
-Y
Jﬂr\-; ATT (3.2 + Ew)

ki

The pion spectrum constant A and Yo obtained in the previous investigations

as summarised recently® are in the ranges

P

0.20 - 0.25
2.6 - 2.7

R
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We have chosen A.7T = 0.25 and Yy ® 2.7

The parameters used in the computation of the spectrum are the
same as those adopted in the previous calculations!??, The energy
dependence of the nucleon interaction mean free path of hadrons as

calculated by Wayland et al® has also been taken into account.

3. Evaluation of the recent muon spectral data

The recently published experimental muon spectra at sea level have
been included in the analysis for an evaluation with reference to the
calculated MC model spectrum, The calculated spectral intensities are
the weighted sums of the pion decay and kaon decay muon intensities assuming
a ratio of 0.15. Some representative values of the differential spectra
for 0° and 85° are shown in table 1, to indicate the status of the
available data, The statistical errors are in the range of 3 - 15%, the
lowest being in the vertical measurements up to a muon momentum of 520 GeV/c,
Ayre et all The error range in the large angle measurements extends up

to a maximum of 12% at 2000 GeV/c in the investigation of Leipuner et al®

For measurements at zero degrees zenith angle®’7’® the measured
spectra show broad agreement with the MC model muon spectra. The
difference is about 30% around 20 GeV/c and 20% around 200 GeV/c. At
larger zenith angles most of the measured data are somewhat lower than
the MC model spectrum up to about 100 GeV/c. Above asbout 400 GeV/c the
fit of the measured spectrum with expectations appears to be satisfactory,
although the data points at different zenith angles appear to overlap.
The above evaluation of data is somewhat different from that obtained in
previous works, (see for example Abdel - Monem et all®), where simplifications
were introduced in the calculation involving production spectra and
interaction characterisitc of muon parents, and the propagation characteristics
of muon parents and muons in the atmosphere,

The use of the scaling hypothesis of Feynman gives a pion production
spectrum, (see for example Ramana Murthy and Subramanian®?, somewhat
similar to the pion production spectrum used in the CKP, CE and MC model
calculations. The pion production spectrum in the MC model differs from
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Table 1
Zenith Momentum Author Experilpent al Theoretical Difference
Angle (GeV/c) Intensity (MC model) From MC
(degrees) (cmnzs'ISr_1§§¥:jJ %2;§§§%E§r‘193%:19M0?§§ Value
1.2 Ailkiﬁer 2.90 x 1073 2.90 x 1073 0
et all
2. 1.75 x 107° °1.55 x 1073 -13
3. 7.80 x 107* +18
5 Nendi § 3.8 x 107% 3.60 x 107® -6
10 sinha 1.40 x 107* 1.60 x 107" +14
0° 19 2.80 x 1078 4,10 x 107% +30
47 3 x 107 4,20 x 107° +30
120 2 x 1077 2.65 x 1077 +25
165 Ayre et all 6.50 x 1078 9 x 1078 +28
565 1.50 x 107° 1.65 x 107° +9
1130 g;ﬁfiea 1.10 x 107*?° 1.20 x 10710 ~18
12 4 x10°°¢ 3 x10°° -33
15 3.60 x 107° 2.8 x 107° -29
21 2,50 x 107° 2.28 x 10°° -10
32 1.55 x 1078 1.64 x 107° +6
85° 52 7 x 1077 9 x1077 +22
931) Allkgfﬁr 2,35 x 1077 3.50 x 1077 +33
1 5.20 x 1077 1.00 x 1077 +48
360 1.01 x 1078 1.80 x 1078 +44
660 1.80 x 1072 2.40 x 107° +25
1200 4 10710 5 x 10710 +20



that based on the scaling model by about 10%, the scaling based result
being higher in the lower energy range around 10 GeV and the spectrum in
the MC model being higher near 100 GeV. Some inconsistencies are noticed
in the predicted muon spectra obtained recently in scaling based
calculations. For example Volkova et all? obtained muon spectra which
show a lack of agreement with those obtained by Abdul-Monem et all?

when compared with recent measurements included in the present analysis.
This and similar inconsistencies!® do not point to any improvement of
the situation of interpretation of the observed sea level muon spectra
using the scaling hypothesis. The theoretical error arising only from
uncertainties in high energy scaling collision parameters may be #20%

in the computed muon spectra.

There are a number of uncertainties in the muon spectral calculations
with any chosen model arising both from the systematic errors in meson
parent interaction and absorxption mean free paths (Li’ La) , and the meson
interaction mean free path (L), and in measurements over a spread of
1 - 4 orders of magnitude in muon momentum. For example, the effect of
the generation of pions by pions may increase the pion interaction mean
free path by about 50% of the adopted value of 120 gms/cm?, and the
wcertainty of normalization of magnetic spectrograph data over the whole

range of momentum implies some systematic error in the measurements.
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DAO SCALING MODLCL AND SEA LEVEL COSMIC MUON SPLCTRUM FROM
GODDARD SPACE FLIGHT GROUP MEASURED PRIMARY COSMIC RAY PROTON SPECTRUM

D.P. Bhattacharyya, R.K. Roychoudhury and D. Basu

Indian Association for the Cultivation of Science,

Jadavpur, Calcutta-32, India.

A new type of scaling model for p + p > m + X inclusive reactions,
proposed by Dao et al. (1974), has been applied to derive the sea
level muon spectrum. The primary nucleon spectrum data of the Goddard
Space Flight Group were taken as input. It is found that the sea level
muon spectrum depends explicitly on the average value of the Feynman

variable <x>, whose most probable value is estimated to be 0.18.
1. Introduction

Some time ago Dao et al. (1974) studied the single particle distributions
in proton-proton collisions at 300 GeV/c and proposed a new type of scaling,
which 1s different from the usual Feynman (1969) scaling, for inclusive
reactions p + p > ™ + X. The fundamental difference between the conventional
scaling hypothesis and new type of scaling proposed by Dao et al. is the

following :

According to the Feynman scaling hypothesis the structure function
f = E(d%0/d°p) is explicitly independent of s, the square of center of
mass energy, for large values of s, In the scaling model of Dao et al.
f depends on s through the parameters <x> and <pp>, the average value of
the Feynman varisble x and transverse momentum Pr of the secondary particle,
respectively,

In the present paper we have derived the pion production spectrum
from the primary cosmic ray nucleon spectrum of the Goddard Space Flight
Cosmic Ray Group (Ryan et al. 1972). The sea level muon spectrum has
been calculated with the conventional pion-atmospheric diffusion model
described in our previous paper (Bhattacharyya et al. 1976). The

calculated result has been compared with the magnetic spectrograph data
of the Durham Group (Ayre et al. 1975).



2. Thecretical aspects

Ryan et al. (1972) have measured the energy spectrum of primary
cosmic ray protons at Goddard Space Flight Centre, Maryland, and found
that the datafollowa power law of the form

N(E) dE_ = 2.0 E2°754E_ .......... N |
(p) P o (1)

where Ep is the proton energy expressed in GeV and the intensity

N(bp) dEp is in (cm® sec St GeV)™! ypits, Assuming the nucleon to proton
flux ratio at the top of the atmosphere to be 1.33, the calculated primary
nucleon spectrum has been plotted in Fig. 1. Recently the Durham Group
(Ayre et al, 1975) obtained the precise sea level cosmic ray muon spectrum
in the momentum range 20 - 500 GeV/c. Their result is also presented in

Figure 1.
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3. Method of Calculation

The Feynman scaling hypothesis (Feynman 1969) suggests that in
high energy p-p collisions the differential cross section for the

production of a charged particle in Lorentz invariant form tends to a
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limit given by

lim E(d%/d%) = f(x, 2 L TR (2)

S0
where s is the square of the center of mass energy; E, p, pp are the
energy, momentum and transverse momentum, respectively of the secondary
pions in the center of mass system, x = ZpL//é, where p; is the longitudinal

component of p parallel to the momentum Pinc of the incident particle.
At high energy Pr << Pps hence the equation can be written as
o = 1, p) = A2 o (3)
X
The probability of producing a secondary pion of energy E in the

interaction of a primary nucleon of energy Ep with a target nucleon is

given by

a. q.

m(E,E) d& = 39 _T ) E(d%/d%)%’-‘-dp?r... (4)
P in. in, Pr

where %in is the total inelastic interaction cross section leading to

pion production.

Dao et al. (1974) proposed the following formula for the experimental
data at momenta 13, 21, 28.5 and 300 GeV/c for p + p » 7 + X reactions

do %n. c .

&, p P (pq/<p)© exp(-b pr/pr>) ..virsn. (5)
do Yin. 2

By T < EPC Tl /D - alp /2l L (6)

where a = 6.23, b = 2,37, ¢ = 1,37, k = 0.91, r = 0.8 and q = 0,03,
The X* fits to the data per degree of freedom are 104/109 and 134/100
respectively. Taking x = ZpL//s we have calculated from (5) and (6)
the following formula for the Lorentz invariant cross section

Ang,
in.
E(d’0/d%) = <y 2%; (pT/<pT>)cexp(~b Pp/ Pp>)exp(-r x/<x>)

ceenne {7
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where A = a k/m = 1.81.‘

Expression (7) is an approximate formula and is valid for Py, << P

It is to be noted that this result is different from that obtained from
the usual scaling hypothesis because <x> and <pp> are, in general,
dependent on the variable s. In the present case we assume that Py
does not change significantly in the integration region over x. Using

the relation (7) and integrating over pp we get

AT (c+1)

m(E, E ) dE
(. E) 5

exp(-r x/<) S L (8)

Taking the nucleon spectrum of the following form
N(E)E = BE VA ...oocevvren...
( p) b p % e (9

we get the production spectrum of charged pions at the top of the

atmosphere
f°° y Arl'(c+l) x
m(E YdE_ = BE ! —=—l 2 exp(-r x/<x>)dE_dE
™o EL P bl g p
ATBE_ T (c+1) B, i
= = /! x| "Yexp(-rx/<x>) dx
bt <x> 0

N(En) AT (e+1) I'(y) _
= > <x>7 ldE“ ..... R (10)

ct
b=t T

where A = 1.81. It is assumed that at high incident energies Ep’

X = En/Ep’ for pp << py in the laboratory system.

The usual diffusion equation (Bhattacharyya et al. 1976) for
the propagation of charged pions in the atmosphere allowing fox loss
of pions by interaction and decay, and gain by production in nucleon-

nucleon collisions can be written as

Bnﬂ(E ,t)
It

B .
= -nW(E ,£) (7]\'- + E-g- + “§E) exp(~tA) ...... (11)
T n
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where nw(E,t) dE is the number of charged pions having energies between

E and E + dE at an atmospheric depth t(/gem °), A, and A, are the
interaction mean free path of pions (120 g/cm®) and nucleons (90 g/em?),
B is the critical energy of pion decay (118GeV), A is the absorxption free
path of nucleons in air (120 g/cm®*). The muon spectrum can be calculated

from the pion production spectrum by the following relation

B_r
_ 11033 LRI G R P
pEYE = ft n (E,t) gg T
=0

T(EN rY‘IBTrr h(E)y(E)
A, B 1 +E)

where 1 is the energy degradation factor in a m>u decay, y is the
exponent of the differential energy spectrum of primary cosmic ray
nucleons expressed as a power law, and is taken to be 2.75; h(E) is

a function depending on u-e decay and energy losses of muons in the
atmosphere and y(E) is the correction factor depending on the kaon

to pion ratio (K/m) at production. The derived sea level muon spectrum
has been plotted in the Fig. 1 along with the pion spectrum for the
best fit value of <x> = 0.18. The derived muon spectrum agrees with
the spectral shape of the experimental spectrum. The calculated spectrum
contains a statistical fluctuation of approximately 12% which comes
from the primary nucleon spectrum of Ryan et al. (1972) and errors in

the different input parameters,

Using the primary cosmic ray spectrum of Grigorov et al. (1971),
(cited by Hook and Turver 1974), and the sea level muon spectrum of
Allkofer et al. (1971) as input the variation of <x> with secondary
pion energy has been studied by us in our earlier work (Bhattacharyya
et al. 1975) in which we suggested that <x> follows an asympotic
relation of the following form

<x> = 0.08015 + 0.0922 E;r°'25 - 0.008 E;r"'s ..... (13)

At high energies <x> % 0.1, but the GSFC nucleon spectrum gives a
good fit to the muon spectrograph data of Durham Group (Ayre et al.1975)
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for <x> % 0.18. This value is also supported by the most probable value
of the machine data presented by Bertin et al. (1972) and Albrow et al.
(1973), forp + p >~ + X inclusive reactions. There is no significant
intranuclear cascading for the value of x (% 0.16). Recently Wilson
(private communication) has pointed out that data of Grigorov et al.
(1971) at 1000 GeV has a discrepancy. In the measurement of Grigorov
et al. (1971) there were some instrumental difficulties. The asymptotic
values of <x> estimated after the data of Grigorov et al. are not
supported by the machine measurements of Bertin et al. (1972) and Albrow
et al. (1973).

Conclusion

Using the scaling model proposed by Dao et al. the primary cosmic
proton spectrum was obtained in teyms of the average value of the Feynman
scaling variable x. A comparison with the data obtained by Ryan et al.
yields the value <x> = 0.18 and this is consistent with the sea level

muon spectrum data of Allkofer et al. and previous machine experiments.
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SEA LEVEL MUON SPECTRUM DERIVED FROM THE GSFC MEASURED

NUCLEON SPECTRUM USING CKP MODEL

Kalpana Sarkar (Miss), D.P. Bhattacharyya and D. Basu
Indian Association for the Cultivation of Science,
Jadavpur, Calcutta-700032,

India.

The sea level muon spectrum is estimated from the Goddard Space
Flight Centre Group measured nucleocn spectrum by using the model of
Cocconi, Koester and Perkins (CKP). The derived muon spectrum agrees
well with the magnetic spectrograph data of Ayre et al. (1975) when
the energy dependence of pion inelasticity (Kw) in the CKP model is

assumed in the pion energy range 10 - 500 GeV.
1. Intxoduction

Knowledge of the pion production spectrum at the top of the
atmosphere and ground level muon spectra is of interest to cosmic ray

phenomenology and particle astronomy.

It is assumed that the primary cosmic ray particles are directly
accelerated in the cosmic ray sources, and the secondary nuclei are
predominantly produced by spallation reaction of the primaries in the
atmosphere. Moreover, the cosmic ray primaries comprising mainly charged
particles (mainly protons) penetrate into the earth's atmosphere, collide
with air nuclei and produce secondary components within a mean depth of
100 g/cm® of air. The majority of these produets reaching ground level
are mainly pions which decay into longer lived muons. The measured
spectra of primary cosmic ray nucleons and ground level muons through the
process of cosmic ray propagation in the atmosphere can be used to test
the nature of the interaction models. The muon spectrum can also indicate
the portion of energy transferred by nucleons to muons. Hook and Turver
(1874yhave reviewed the primary cosmic ray spectrum from the theoretical
and experimental aspects. Erlykin et al. (1974) have calculated the
flux of primary cosmic ray nucleons by using the CERN Intersecting
Storage Ring data and have found that the calculated primary nucleon
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spectrum is rather accurate below 1000 GeV energy. In general the
galactic cosmic radiation is composed of mainly protons and some other
nuclei have been fairly reviewed by Daniel et al. (1974). Ryan et al.
(1972) have measured at Goddard Space Flight Centre the fluxes of
different primary cosmic ray particles by means of balloon flight

ionization calorimeter experiments.

In the present paper we shall study the agreement of the pion
production spectrum derived from the primary nucleon spectrum of
Ryan et al., (1972), using the model of Cocconi, Koester and Perkins,
(1961, to be referred to as CKP), with the experimental sea level muon
spectrum. Attention has been paid to the energy dependence of the pion
inelasticity (Kw)‘ The conventional procedure of the pion atmospheric
diffusion equation has been used in this work. The calculated sea level
muon spectrum has been compared with the magnetic spectrograph data of
Ayre et al. (1975).

2, Theoretical aspects

(i) Pion production spectrum derived from the measured nucleon spectrum
at the top of the atmosphere :

The empirical relation formulated by Cocconi, Koester and Perkins
(1961) from the data of pions emitted in p-low Z element interactions shows
that the number of pions emitted (one sign) in the forward direction in
the C system, N(Eﬂ), follows the relation

_ A
N(Ew) dEW = T—p exp(-—EW/Tp) dE-;r ...... e oo (1D

whe re E_" is the pion energy in the L system, A is the mean multiplicity
of pions of one sign emitted in the forward direction in the C system,
and Tp is the mean pion energy, and they obey the Fermi law of the form

<nc> = 1.8 E

which shows that A

]
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where the nucleon energy Ep is expressed in GeV units.
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From the CKP model the differential pion production spectrum P(E, )dE

can be calculated from the primary nucelon spectrum of the form

NED &, = BET & .. D
by the following relation
P(E )JdE_ = “En e fm E-V70"5 exp( S ) dE
T [1_(1_KT)Y—1] Kﬂ SETr P P KﬂEQ"s P

where KT = nucleon inelasticity; K1T = pion inelasticity;
a=0.45; vy = exponent of the primary nucleon spectrum with scaling
factor B.

The primary cosmic ray nucleon spectrum of Ryan et al. (1972) gives

values of B and vy equal to 2.66 and 2,75, respectively.

(ii) Sea level muon spectrum U(E)dE derived from the pion spectrum
P(E)dE at the top of the atmosphere :

The usual diffusion equation for the propagation of charged pions
in the atmosphere gives the pion intensity nw(E, t) at energy E and E+dE
at an atmospheric depth t g-cm® from the following relation (Bhattacharyya
et al. 1976).
P(E)

n (B, ©) = 5= exp (-t/h) ‘1’+§""7‘§ .............. (6)
n kit

where A = interaction free path of pions in the atmosphere
" 120 g/cn’;
A, = interaction free path of nucleons in air = 90 g/cn?;
A = absorption free path of nucleons in air = 120 g/cm?;
B?T = critical energy foxr pion decay = 118 GeV.
The above expression is valid for the pions arising from nucleon collisions
alone. The muon contribution from the pions originating in pion collisions

is very small and this contribution is neglected. The sea level muon

spectrum u(E)dE can be estimated from the pion production spectrum at the



top of the atmosphere by the following expression

1033 BWr Y-1

- 3 . -

u(E)dE = /t=o n (E, t) g r | dt

P(EM T’ 1B _th(B)y(E)
2 e dE i iieaees (7N
An(Bﬂr+E)
where r = the energy degradation factor in a m-U decay;
y = the exponent of the differential energy spectrum of primary

cosmic ray nucleons expressed as a power law, = 2.75;
h(E) is a function depending on u-e decay and energy losses of

muons in the atmosphere;
y(E) is a correction factor for the kaon-pion ratio (K/m) at

production.

3. Results and discussion

The primary cosmic ray nucleon spectrum at the top of the atmosphere
is estimated by Ryan et al. (1972) at the Goddard Space Flight Center,
Maryland (on assuming the nucleon to proton flux ratio at the top of the
atmosphere to be 1.33) and is plotted in Fig. 1. This nucleon spectrum
has been used to derive the pion production spectrum at the top of the

atmosphere.

0'Brien (1969) has interpolated the values of nucleon inelasticity
for the nucelon production KT = 0.422, The energy dependence of pion
inelasticity (Kw) is assumed in such a manner (Fig. 2Z) so that the
derived sea level muon spectrum is in agreement with the experimental
results. The values of the functions h(E) and y(E) have been taken
from the work of Ramana Murthy and Subramanian (1972). The best fit
pion spectrum is shown in the Fig. 1 (broken curve) along with the
calculated sea level muon spectrum (chain curve) and magnetic spectrograph
data of the Durham Cosmic Ray Group (Ayre et al, 1975),
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Figure 1. The spectra of primary nucleons (n) measured by Ryan et al.
(1972); derived pion spectrum - broken curve; calculated
sea level muon spectrum - chain curve; Magnetic spectrograph

data - 0 Ayre et al. (1975.)

From the CKP model the primary energy Ep can be expressed as a function

of secondary pion energy E7T and pion inelasticity KTr by the relation

E, - (3;11577/1(“)1/(1‘“‘) where & = 0.25 .vvee.. (8)

From this relation we get the value of BTr for Ep = 1500 GeV and KTT = 0.35
is about 62GeV. So the machine data cannot provide any information about

KTT above pion enexgy range 62 GeV,
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Figure 2. The pion inelasticity K“ estimated from the cosmic
ray data has been plotted as a function of pion

energy.
5. Conclusion

The CKP model can be used to derive the sea level muon spectrum
from the measured primary nucleon spectrum of Ryan et al. (1972) when
the energy dependence of pion inelasticity is assumed in the pion energy
range 10 - 500 GeV. This fact is supported by CE model of Brooke et al.
(1964) . The increase of pion inelasticity with pion energy suggests that the

secondary pions share more energy from the primary nucleons at high

energies.
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Measurements of Deep Underground Intensities of High Energy Muons.

K. Mizutani
Department of Physics, Saitama University, Urawa, Japan
and
I. Ohta
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The exposure of the emulsion chamber deep underground has been
started in order to measure the energy spectrum of muons deep
underground.

With the emulsion chamber exposed dcep underground, it is possible
to observe the showers induced by muons of high energies and to measure
the energy spectrum of muons deep underground. This spectrum would
be certainly important cues for examining the attenuation of high energy
muons in the ground by comparing with other data; muon spectra at sca
level and intensities of muons more deep underground.

Preliminary results based on the emulsion chamber of about 2 ton of
lead are presented. This exposure has been performed at vertical depth

of 850 hg/cm2 underground in QOkutadami Road Tunnel.
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An Analysis of Momentum Spectrum of Muon

H. Komori

Physics Laboratory, Tokyo University of Fisheries,
4-5-7 Konan, Minato-ku, Tokyo 108, Japan

A lot of muon momentum spectra at sea level have been

measured, A typical vertical spectruml) at the present
stage is, for instance, an observation of MARS spectrograph
at Durham. They have shown that the differential spectrum

is well represented by the logarithmic polynomial

p3N(p) = -0.524+0.366 (1np)-0.0445(1np)2+0.0008(1np)> (1)

1 7"&‘,1~"1(Gc=>\/'/c:)—1 for

p=7--500GcV/c. However, the expression may seem not to be
obtained under considerations of the observation error of

where p is in GeV/c and N(p) is in s ~cm

individual momentum and of the momentum width for each cate-
gory.

We have applied a method of " Statistical Adjustment of
Data”z)to an analysis of their experimental data. It is
assumed that the differential momentum spectrum has a form of

a((p+b)c/mﬂ£2)"dp. Under considerations of 0.586cm as the
RMS valuc of the category-zero acceptance which corresponds
to the MDM of 670GeV/c, the distribution, £(4A;), of true dis-

placement B, will be given by the followings),
2

2
£04) = K[ exp(- Gefyvenn (-GN 1,
(4) = K[ exp(- Gard) vexp(-"55) ]

and A represent standard deviation, which is tgken

.

where 0,
as 0.586cm, and apparent displacement, respectively.
A result of the analysis is as follows,
a = §51.37%0.27 ( particles/cmzs st (GeV/c) )
b = 5.32%0.12 { GeV/c )
= 3.09%0.09, for 67.9%px21.3 GeV/c,
and
a = 5705.56%0.51 ( particles/cm2 s st (GeV/c) )

b = 15.04+0.58 ( GeV/c )
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7 = 3,39%0.14, for 442ZpZ76.6 GeV/c
where the above standard error for each parameter does not
contain any cffects from propagation of errors of another
terms,

The upper and lower values of muon spectrum shown in the
Figures 1 and 2 have heen obtained from 95% confidence level
estimated the effect of propagation of all errors which appear-
ed in three parameters a, b and . Fig.l represents a confi-
dence region of the calculated muon spectrum and does the ex-
perimental data. Fig.2 shows a comparison between the present
estimated spectrum multiplied by p3 and a result of the equation
(1) given by MARS group. There should be ninety-five percent
of number of true values in the confidence region of Figures
1 and 2.

Using the upper and the lower limits of the present muon
spectrum, we can obtain a width of the exponent of power law
spectrum of pion energy Ex employing the procedure of Bull
et a14), as the following;

N(Eq) dEg o B, (2:46--2.47) | £or 202E %70 Gev/c,

and

N(Bp)dEg o< By~ (2+35772:56) o0 028 2500 Gev/c.

Thompson and Whalleys) very recently, have obtained that
the best representation of the data given by the equation (1)
will be expressed by

N(Eg)dEg o< En-(2.637f0.014), for 302E=100GeV

and .
N(Eg)dL, o< B’ (2-540-858§8} » for 100SE£700GeV,

where the effect of the Kﬁzdecay are also considered,. They
have concluded that & of the exponent of power law spectrum
of pion energy decreases over the range of Egx, 30--700 GeV.
However, if we take into account the uncertainty of & of the
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pion spectrum, we may not be able to say such a conclusion.
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ANALYSIS OF PREDICTED AND OBSFRVED ENERGY LOSS RATE OF

COSMIC RAY MUONS PENETRATING GREAT DEPTIS IN ROCK AND WATER

C.R. Paul, N.L. Kamakar and N. Ch audhuri

Department of Physics, North Bengal University, Darjeeling, India.

Abstract

The cosmic ray muon high energy interaction behaviour is examined
1n a comparison of the observed absolute intensities in great underground
and underwater depths with those expected from the recently measurcd sea-
level energy spectra of muons and the refined theorctical energy loss
rate data. It is concluded that the cnergy loss rates as predicted by
the recent calculations of different interaction mechanisms can adequately
account for the high energy muon interaction behaviour. For the muon-
nuclear inelastic interaction process, it is not necessary to assume a
value of photo-nuclear absorption cross section higher than the value of

125ub/nucleon adopted in the present work.

1. Introduction

The very high cnergy interaction behaviour of muons has been studied
using the absolutely measurcd sea-level vertical muon spectrum and the
decp underwater and underground muon intensities. The theoretically
predicted energy loss rate formulae adopted in previous investigations
have been computed accurately with a view to showing that the Jdifferent
adopted cnergy loss rates in the earlier malyses of wunderground muons
lead partly to disagreeing conclusions (sce for example Bazer-Bachi et all in
such analyses. Starting from the very carefully measured muon spectra at
sea-level, and new theoretical results for some of the energy loss rate
processes, the integral muon intensities at various underwater and under-
ground depths have been derived and a comparison made with the available
muon absolute intensity data at depths down to v10% hg/em® (standard rock}.
The present analysis may be considered us a useful adjunct to previous
25

such works® °, where the adopted sea level muon vertical spectra and their

wnderground intensities are subject to large uncertainties.
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2. Lvaluation of Energy Loss Rate

The most recent underground and underwater absolute muon intensity
data have been taken in the analysis. For each of the depths of observation
the depth of penetration by muons has been converted to equivalent depth
of standard rock. The minimum initial energy at sea-level of a muon in
the vertical beam which just reaches a particular depth of underground
and underwater has been computed by using the theoretically expected total
energy loss rate with a constant photo-nucleon absorption cross section
of 125ub/nucleon for the muon-nuclear interaction process. The expected
integral muon intensity for this lower limit of muon energy for the
particular depth in question was taken from the measured vertical sea-level
spectrum (Ayre et al%). Above 1 TeV the measured spectrum extrapolated
to higher energies using an 7Y type variation with y = 2.7 has been used.
The recent spectrograph measurements® are consistent with y = 2.6 up to
1 TeV. Above 500 GeV energy loss through bremsstrszhlung and muon-nuclear
interactions with characteristic fluctuations are important. The
corrections for such fluctuations®’® have been taken into account in the
analysis. A comparison of the expected intensities with the observed
values, as a function of minimum mean muon energies corresponding to the
various depths of observation, indicates that the present state of the
theory of interaction processes can adequately account for the propagation
of the sea-level muon fluxes deep underground and underwater, It is not
necessary to assume any increase in the photo-nucleon total absoxption
cross section with muon energy as suggested by some previous workers (see

for example Chowdhuri and Saxena'®.)

3. Discussion and Conclusion

The present analysis is consistent with the theoretically expected
total fractional energy loss rate (due to bremsstrshlung direct electron
pair production, muon-nuclear interaction process) values of 3.26 at 100 GeV
4.1 at 1000 GeV and 4.55 at 30,000 GeV as against a constant value of
5.10 over the whole energy range in the analysis of Meyer et al’l and
O'Brien!?. Within the uncertainties of measurements, a change in the

value of this quantity at muon energies above 100 GeV by about 5% gives

rise to much larger discrepancies than obexved between the expected and
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observed underground muon intensities. The value of the collision loss
rate, which is important for muon energies up to 500 GeV, has also been
taken higher by Meyer et al. and O'Brien than the exactly calculated
values. It is therefore concluded that sea-level and underground muon
intensity measurements in the vertical direction cannot provide evidence

in favour of anything new in the interaction behaviour of super high

energy muons.
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Average Energles and Differential Energy

Spectrum of Muon at various Depths

Akeo Misaki and Jun Nishimura#
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Urawa, Japan.
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Abstract

Average Lnergies and Different!al energy spectrum of muon
are calculated at both various exponents of incident muons and

various depth according to Nishimura's theory.
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ELECIROMAGNETIC TM i ErACTTON OF COSWIIC RAY MTOTS
AT TOW TRANSFER ENERGLES

S.Y. Lau* and L.K. Ng
Physics Department
University of Hong Kong

Abstraot
An experiment was perform=ad to investigate the electromagnetic
interactions of cosmic ray muons concentrating on the knock-on process.
A total of 1408 interaction events with transfer energies between 0.1l3eV
and 2 GeV were coirlected and anlysed. Good agreement in the interaciion
cross-sections mzasured with tae theorisy was founi apart fruom She
higher value around Et = 1GeV. The overall ratio of the detected %o the
expected resnlls was found %0 be 1.07 * 0.03. The charge asymnetry as

a function of transfer energy and that of muon energy wore alco checked.

The asymmetry was found to be insignificant.

Introduction

In a number ol cosmic ray experments dealing with the viveiro-

magnetlc interactions of muons in matier (e.g. Allcoler o1 a ’

PR
et
P

Ayre et al (1971) and Osborne et al (1974)), a dieerepancy tetweon
theories and experimsnts was found in the range of tranalvr enoryivg
around 1 GeV where the knock-on process was prodominan:t ., he t.atropancy
was that the cross-section for positive muons meanire . wun Wrger Lhuan
exprcted. This difference was reflected in a larger Lotal snberaction
eross-section and in the existence of a POsitive excerss of bne muon eross-

sections.

The purpose of this experiment was o sbtuuy the knouk-on pecenc

. hs el

in the interactions with transfer cnergies from 0.iGeV %o /.00307 Lo o

Qe

o3

whe ther 1 1. 84 & i i1 i i i
evher the discrepancy mentioned could be suvntintioyed, s ivid ol muon

charges and energies were also measured {or more relined angly.sis.

The experiment involved a burst calorimr ter cons.sbing of & iron
plates (2.1Y radiation lengths) and 6 plastic scintillators interp-

av o 5 i LE i
leaved together Above the calorimeter wes & vertical mapnetic

*Now in the Applied Sclence Depariment, dong Kong Polytechnic.



spectrometer which measured individual muon charges and energies up
to 500GeV. Detailed description of the set-up was given elsewhere
(S.Y. Lau et al (1975)).

Analysis on the interaction probability distributions

In this experiment, the energy spectra of the positive and negative
muons were obtained, together with the burst events in the calorimeter.
The energy transfer in each interaction in the calorimeter was determined
by the burst size development. A total of 1408 inter;ction events,
each with transfer energy greater than 0.1 GeV, were collected and
analysed. The experimental values for the interaction probability as
a function of the transfer energy is shown in figure 1. They are compared
with the expected values caleculated from the measured incident muon
spectrum. The calculation was similar to Bhabha (1938), Petrukhin et al
(1968) and Kohonliu et al (1970). The agreement is fairly satisfactory.
There are only two intervals, 0.4 -~ 0.5GeV and 0.8 ~ 1.0GeV, which have
values about uvne standard deviation away from the expscted curve. It is
also interesting to compare the experimental points with the expected
curves calculated from muons of energy 8GeV and from muons of energy
15GeV, which are respectively the median energy and the mean energy of
the incident muons. These curves are alsn shown in the same figure.

The agrecmant is even Dbetber, showing that the deviation may be due to
the small error in the muon spectrum itself, since corrections for the
multiple scattering in the magnet and for the MDM uncertainty of the

spectrometer have not been applied to individual muons.

For the purpose of a finer analysis, the interaction probability
was plotted as a function of muon energy for each of four given values
of the energy transfer as shown in figure 2. These four values are
the median points of the energy transfer in the ranges of 0.1 - 0.2GeV,
0.2 -~ 0.50eV, 0 5 - 0.6GeV and 0.6 - 2.0GeV respectively. The muon
energies glven in brackets on ths horizontal axis are the median energics
of the bins cslculated from the detected muon spectrum. Since large
bursis with transfer energies around 1GeV and above are seldomly produced
by low-energy muons, the first data point on the 1GeV curve was chosen
at 4.5 GeV instead of 3.8GeV. [t can be seen that the agreement for

<10GeV is excellent. Above this energy, the points fluctuate.

l; particular, the point with B, = 1GeV and Eu = 27GeV has a higher
interaction probability when it is compared with the equivalent points

in the same muon-energy bin.
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It should be noted that, among the events with Et below 2GeV and
QJ between 5GeV and 90GeV, more than 95% belong to the knock~on events.

Therefore, mixing of other events due to bremsstrahlung and direct

pair production is very small.

Analysis on the charge asymmetry ratio
The charge symmetry ratio & 1s defined as the ratio of the

interaction cross-section (N;) of positive muons to that (E;) of

the ne_ative muons, and is dependent on the energy transfer, i.e.

O

§(>E,) = - N;(>Et)
where the muon charge ratio p was obtained from this experiment.
Figure 3 shows how the measured & with transfer energies Et> 0.1lGev
varies with the muon energy. In this case, the bursti events due to
different charged muons were davided among themselves intc muon cnergy
cells and each cell is represented by the median muon energy. 1t can
be seen that within the present statistical accuracy, no significant

change of the asymmetry ratio with muon energy is present.

The charge asummetry & can also be conveniently expresdsed as %he
charge excess 7, Taking the differential cross~sections gi ( Et)
instead, we have the plots as shown in figure 4. Apart from the pointg
with E]J < 5GeV, where large fluctuation ocecurs, tha resulls are quite

consistent with the zero value.

Discussion

The significantly higher interaction cross-sectron between transfer
0.8GeV energies and 1.0GeV seems to support the resulis of ULeery ot al
(1961), Kearney et al (1965), Chaudhuri et al (1969) and Allkofer et al
(1971). The peaking is seen from figure 2 to have been produced by muon
of energy greater than 20GeV, and hence it has not been observed with
nmuons of Eu< 15GeV in the machine experiments. Flgure % gives a
comparison among the various data. Purther dirscussion was given
elsewhers (%.Y. Lau (1976)).
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Nuclear Interaction Cross Section of Cosmic Ray Muons
estimated from the results of the accelerator experiments

Takashi Kitamura

Cosmic Ray Laboratory,
University of Tokyo,
JAPAN

Introduction

Theoretical expressions for nuclear interactions of cosmic
ray muons ( called deep inelastic scattering of high energy muons
in fields of high energy physics)have been given by a lot of
investigatorsl) exten ding from the classical treatment of
Weizsdcker-Williams expression to recent Hand expressionz)
and Drell-Wallecka expressions). In Cosmic ray muon field,
however, recent experimental results obtained with inelastic
scattering of leptons in accelerators are not much utilized yet,

In this paper, we shall apply the Drell-Walecka expression to
cosmic ray muons fields, using values of the structure functions
W,
of inelastic scattering in accelerator electrons and muons beams.
So, we shall compare and disscuss it with other corss section

and W2 which have been obtained from the experimental results

expressions which are presently been using in cosmic ray muons
ficlds.

Recent expressions for nuclear interaction cross sections which
are been using in cosmic ray muons fiels.

We shall describe two typical expressions which presently
are used in cosmic ray fields. One is DKMN expression which has
been drived by Kobayakawa et a14). The Drell-Walecka expression
being used in inelastic lepon scattering by high energy people
has been based on this expression. The expression is

}I—O—; gz-——t’;n-;#[)ﬂ(g m‘)+L{(E° #(Eo V)*) ¢
2 o mzmtyt - 8%2t],
where q°: squred 4-dimentional momentum transfer,
Y : transfer energy,
E,: incident muon energy,
m : muon mass,
o : fine structure constant,
L and L' are structurc functions and are related with the structure

functions for Wy and W2 in the Drell-Wallecka expression as follows,
Wi =2c % zL , 5
W, E_E_C%_:‘.%I"_._{ylL+(‘g-z~2m“)L’ f
4

il
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vith ¢ = /32713« A,
A: a converted constant. 6)
For satisfying the Bjorken scalings), afterwards, Chin improved - the

forms as follows, _ 4ﬂ’
L= CT ( Az1-@g ) 2,
with =026 (Geye), 2)

L’=-o,
At the Manchen conference, Borog and Petrukhin7)gave the following
expression using Hand eXpre551on
] + (/- 20+ 220 3)

Ay T W D‘{ -&1 Eo (,- V)(/ij/(/_r EQV(/+2MT%?)]
Here V*Eéa and M is a nucleon mass. Refering the experimental results
for a region of 58K=p- L"<8 3 Gev of accelerator electron and muon beams,
they decided a value of 0. 4(Gev) as;\ In analysis of experimental
results of cosmic ray muons, an integral form of the total cross section

8)

are rather convenient?komparisons‘among them, because of few occurred
frequencies. In order to discuss these expressions of Chin and Petruhkin
et al, their intergral ones of total cross sectionare are shown in Fig.l
for three cases of transfer energies 10 GeV, 100 GeV and 1000 GeV.

In this calculations, each value of real photon cross section, Oy was
taken as 1.25x10 chm /nucleon for Chin and 1.0x10 zacm /nucleon for
Petruhkion et al as they did. These values and energy dependences of

cross sections give ratker different behaviours.

In order to decide which expression more reasonable is, we shall
get their values of so calaed b- tcrm which is given by
o= E’j 3."0()) dﬁ*d}) 4)
where N is the Avogadro nu Ber.  ‘Their upper and lower limits of the
integrations are determined by kinematics limits of the nuclear inter-
actions and glven by the follow1'g expression.

Porod = E;‘f[" 5;‘,(11' );'*Eu(i f«l%o.)
%nmﬂw(%*mn‘)/zm = Tty
an~.zmcv- mr) ~ 7"7::1’2’ 2Mmy ik

Their calculated values of b -term are shown in the table.

bn~value {at 1000 GeV muon energy)

Chin 4.67x10" 'cm?/g (with =1.zsxzo'28m2/nuc1eon)

Petruhki -
petrbidn 4.48x10 "em?/g (with =1.0x10" %8¢
)

/nutleon}
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The measured value of bj-terms is obtained from a comparison between

the observed muon energy spectrum at sea- level with the observed
range spectrum below ground and by subducting the energy loss of
electromagnetic interactions of muons from the difference between
both spectra. The measured value is given as nearly constant with

a value of (4~5)x107 7cm2 -1 45 a region of 100 GeV to 2 TeV of
muonsg). From the table, thus, the value for bn-terms obtained

from both expressions seems to be consistent with the measured value.

To have more discussions, we shall compare the behaviour of
A} value of Petrukin et al with the accelerator data im Fig.Z.
Although they took a form of the total cross section as CFTTF%??R
with A 0.4 (CeV/c) for a region of 5§K( V-7£)< 8.3 GeV, some data
satisfying the region which have been obtained with the observation
of Eickmeyer et aloare deviated from the form of Petrukin et al as
shown in Fig.2.

In order to compare the structure function W, used by the
expressions of Chin and Petrukin et al with the data of acclerator
experiments, furthermore, we shall estimate those values of both
expressions.  The value for W, in the expression of Chin is obtained
from the expression (2) and when an approx1mat10n of

e=lg/r ={1+20+V/A) an*g {7 2]

is valid for the expression of Petrukin et al, the value of Wz 1S

obtained by
7 6)
W, = ! o1 + &,
2 4_7,.%(“ ?z+yz( t T ,2).
Here, 7;: flux of transversely polarized virtual photons,

If: flux of longtudinaly polarized virtual photons,
Of: total cross section of transversely polarized virtual photons,

Qz: total cross section of longtudinaly polarized virtual photons.

Taking into considerations the above approximation, but, this Wz-value
may give the maximum one. Behaviours of VWZ obtained from both
expressions are plotted in Fig.3 as the horizontal axis of qz.

For comparisons, the experimental data of interactions in a case of
missing mass W‘}Z(GeV]cF obtained by SLAC electron beamll} are plotted
together with them. For a region of q2$ 8.1z (GeV/c)Z, the reéent
experimental results with transfered energies, V, of 2.0 to B.45 GeV
obtained by Eickmeyer et al are also added. These values seem

to be connected rather smoothly with the other values of qz;iﬁ 12 {ﬁa?}c}

and also not contradicted with the data of 12 GeV muons cited by
Petruhkin et al within rather large statistical errors though.
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3)

From the figure, it is found that both expressions of Chin and
Petrukin et al have rather smaller values of structure function VWZ
than the accelerator data have given.
The present expression for cross section

In the above paragraph, it was known that values of structure
function DWZ in both expressions of Chin and Petruhkin et al are
very small compre with the experimental data of the electron beam
of accelerator. At these energy region, it is very hard to consider
that there would be some differences tetween characters of muons and
electrons. Therfore, we shall try to get the expression for cross
sections to have the structure function that is consistent with the
accelerator data. Using the experimental results of R= Qﬁg&O.lSll)
which has shown by the accelerator electron beam,one can get the
fqllow1ng expre551on by substituting W2 for w

_do~ : 8 .
~ TR
R I D /+R(E'+ D—z,ﬂvh/z, ik

where V=F,— E,
R= /o7,

To be consistent with the experimental results of shown at Fig.3,
the following expressions for W2 are given as

YWy=0.34 in q221.4 (Gev/c)?,

YW;=0.307 (qZ/M2)° b in 1.4>q%2 1.0 (GeV/c)?,

V=0, 308(q2/M2) +276 in 1.0 7q220.6 (GeV/c)?, 8)
VW,=0.324 (q%/ME) 0+ 467 in 0.6)>q220.12 (GeV/c)?,
¥i,=0.716 (q2/M?) 0872 in 0.12>q2>0 (Gev/c)?.

stng the expressions (7) and (8), we shall get the total cross section

with larger transfered energies thaﬁf)as followsuz
o (>v) =T (6462 (In E‘A)~ >+2.351(E )

*0723())__ “)'i' 0‘”°En5/uj (9a)
in qZ;.O.lZ (GeV/c)Z,

a
o (>v) =TI 73.643 &m" 26 sq406(v/5)"" 137/0? (9b)
+32.802{ =PI/, — 4n Eofpr} —19.327 05"

+h 757(»/-50)37%+/3 899 (/5]
in 0<q2< 0.12 (GeV/c)?.

Here, each energy 1s expressed by a unit of GeV. In this case,
however, a calculation of the b -value using the expression (8) for
VW, give a value of the b - term as 2.98x10 -6 cmz/g at 1000 GeV
muon energy which 1s very large compared with the measured value
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mentioned in the previous paragraph. This contradiction is too

large so as to be explained by the difference between the total
cross sections of proton and neutron in the nucleus of rock matter
that has been observed by Eickmeyer et al. In general, the value of
b,- term is mostly determined with only values of YW, in a region

of very small q2 values as 0.1 (GeV/c) So, if the another
expression of 1.66 (qz/Mz)1 3 for VWZ is adopted in a region of
0.12) q2> 0 (GeV/c) the b -value in this case is obtained as

-~ 5.0x10 7Cm2/g Wthh doeq not contradict with the measured value.
In the case of this expression of 1. 66(q2/wz)1 3 for VWZ, the total

cross section is given by

o Cyv) = war[13.828{ b Eefy —(Bo= b)/E0 +585UES-VIV/ES
~.336 +17egoa(1)/1':5)”’6-2,‘75’?(1/’/55)/'6 (10)

Fe
574r e a3
:,3_( P (Epm )5 AV in 0¢q2< 0.12 (Gev/C)?

In threce cases of v}lO GeV 100 GeV and 1000 GeV, two behaviours of
the total cross section are plotted with a real line of (q /MZ)O'876
for the expression (9a)+(9b) and a real line of (q /Mz)1 3 {for
the expressions (9a)+(10). From the figure, it is clear that

dependences of incident muon energy E of the real lines of (qz/M2)0'872

and (q /MZ)1 3 are similar as those of Chin and Petruhkin et al,
respectively,however the absolute value seem to be about two times
larger.

Discussions

From the experiments of electron beam, it has been known that
the behav1ours of VW, are valid for scaling by a parameter of,say,
2
@ = ZMD/q or a;~§-+l-—i13§§ﬂy. For example, the behaviour has been

given with the following experienced lawlz),

YWa o) =086 (1~ 1/as)3+2.2 (1~ 1)) =~ 2.6() = 1fet )% (11)

which is drawn in Fig. 4. Very recently, the observation of mucn
beam with 150 GeV of Fermi NAL has shown to be similar with the
expression as seen from the figure. However, the data of 12 GeV
muons at SLAC seem to be deviated from the curve in a region of
w20, Also, the data with transfered energies of 2 GeV to 8.45
GeV of Eickmeyer et al show some deviations from the curve as plotted
in the same figure. Th1s illustrates that values in a region of

< a few tenth (GeV/c) cannot be expressed by the expression of
scallng. This situation becomes very clear when values of the present
expression (9 )+(10) for VW, are plotted in the same figure.
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The dotted curves of three cases with ¥=1 GeV, 10 geV and 100 GeV
begin to be deviated from q2< ~ (0.1~0.2) (GeV/c)“.

In experiments of cosmic ray muons, almost interactions observed
have rather small q2 values even in cases of very large transfered
energies. So, we consider that the present expression should be
valid for the total cross section of cosmic ray muon interactions in
large w values. Also, it is very interested the different values
between two cross sections of (qZ/MZ)O'872 and (qZ/MZ)l's.

Although the case of (qz/MZ)O'872 is obtained from the observation

at very small q2 of electron beam,it is contradicted with the measured
value of bn-term. In these connection, it is most necessary to

check the yresent expression for cross section by using an observation
of MUTROMT
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Fig.

Fig.

Fig,

Fig.

Figure Captions
Integral values of total cross sections of Chin (a broken
line), Petruhkin et al ( a chain line) and the present
(a real line) in three cases of V210 GeV, 3100 GeV and
21000 GeV. .
Comparisons of values for VW, in cases of Chin and Petruhkin
et al with the accelerator data.
Comparisons of cross sections used by Petruhkin et al with
the accelcrator data.
Values of attached to the dark circle indicated the transfer
energy.
Experimental results of the accelerator muon beam in a function
of Wi, A real curve is given by an experimental law (11)
estimated from the experimental results of the accelerator
electron beam. Dotted lines show the curves drawn by
the expressions (%9a)+(10) with V=1, 10 and 100 GeV,
Values of attached to the triangle indicate the transfer
energy.
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Muon Interaction in Mutron Calorimeter

T.Aoki,S.Higashi,K.Honda,S.1ida,Y.Kamiya,H.Kawashima,
T.Kitamura,K.Kobayakawa,S.Mikamo,Y.Minorikawa,K.Mitsui,
S.Miyake,Y.Muraki,I.Nakamura,Y.Ohashi,A.Okada,S.0zaki,
H.Shibata,T.Takahashi,and Y.Teramoto

Cosmic Ray Laboratory,University of Tokyo,
Tanashi,Tokyo 188, Japan (representative address)

Abstract

The calorimeter of Mutron is under test operation, which
is made of 12 iron plates (3m x4m x12cm) with proportional
chambers or spark chambers inserted between them. The aim
of this calorimeter is to study muon interaction up to Tev
region. Preliminary results will be presented.
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Monte Carlo Simulation of Mutron Calorimeter
K.Mitsui, A.Okada, M.Shibata

Cosmic Ray Laboratory, University of Tokyo,
Tanashi, Tokyo 188, Japan (representative address)

Abstract

According to a Monte Carlo simulation, nuclear interactions
of muons in the calorimeter can be seperated from the other
electromagnetic interactions, because of the difference of
longitudinal developement of showers between them.
The efficiency of the seperation is about 90 % in case of

100 Gev transfer energy without any consideration of experimental
errors.
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Cerenkov Radiation from a Shower Developed in the Deep Water

Jun Nishimura

Institute of Space and Aeronautical Sclence,
University of Tokyo,
Komaba, Tokyo, Japan

1. Introduction

Recent development of technology in the Oceanography has openned
the wide possibilities to observe the cosmic ray phenomena occuring
in the deep sea water. Thus the"DUMAND"(l)project is proposed to
observe U meson and neutrino interactions in the deep sea water.

Spectrum of high energy u nesons arising from the cosmic ray
interactions in the atmosphere have been studied by magnetic
spectrometers, by emulsion chamber technics, by observing the flux at
deep underground and by the Horizontal Air Shower observation to
explore the characteristics of the interactions at extremely high energy
region. High energy neutrino interaction is also studied at deep
underground. These neutrinos are considered to be produced by the cosmic
ray interactions in the atmosphere. But recently it is proposed higher
flux of neutrino of cosmical origin than that of cosmic rays exists
beyond 10 TeV region(z).

Inspite of these many observations, it is quite desirable to find
an efficient way to observe these rare events at extremely high energy
region.

In this respect, Soviet group(3)have proposed to observe the
Cerenkov Radiation from an electron shower produced by these y mesons
and neutrinos in the deep water.

The Cerenkov Radiation from an electron shower developing in the
water has a different feature from those observed in the Extensive Alr
Showers. Thus it is necessary to have the accurate knowledge of lateral
distribution of Cerenkov photons from the shower to see the feasibility

of such an experiment.
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In this paper, first, the characteristics of the Cerenkov Radiation
from an electron shower developing in the water are discussed. Next,
the analytical solution of the lateral distributions of these photons
gre derived.

The mathematical treatment is based on the three dimensional cascade
theory in the App.B.(Azand the solution is derived without using other
approximations.

The numerical evaluation of the analytical solution are made, and
the results are shown for a different incident energies as well as at
a different depth from the starting point of the electron shower.

The results are compared to those given by Soviet group.

Refering to these results the possibilities to observe high energy

U mesons and neutrino interactions in the deep sea water are discussed

in this paper.

2. Characteristic of the lateral distribution of the water Cerenkov

Radiation from an electron shower

The characteristics of the Cerenkov Radiation from the shower
developing in the water have widely been studied by Soviet people(Sl
Refering to their works, some basic quantities related to the water

Cerenkov Radiation are shown in the Table 1.

Table 1
Basic Quantitiles for the Water Cerenkov Radiation

N Eth fc photons*/cascade unit
water | 1.33 .778 MeV | 41°19" 6.15x 10°
air** | 1,00027 | 22.8 MeV 1°20°' 1.27 x 10*

o (-]

* water 3500 A~ 5000 A
[ (-]

air 3500 A-6000 A

*% 1 atmospheric pressure
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As shown in the Table, the water Cerenkov Radiation from a shower
is characterized by high refractive index and thus by the large Cerenkov
cone angle. Thus the lateral distribution of the Cerenkov Radiation
from an electron shower is determined by this large Cerenkov angle and
the angular distributions of the shower electrons at each depth as
shown in Fig.l. The degree of each contribution to the lateral spread
can be evaluated by comparing the Cerenkov cone angle and angular

spread of shower electron.

The angular spread of shower electrons is calculated by using the angular
distribution given in the three dimensional cascade theory in App. B.M)
The angular distribution is

Eo €€y TP -9)
T (B, 0.8)= 5oz [ffasdpag(EV(E) (o) oopreg s ™(SRED), )

where Ey, E, € and K* are the incident energy, the energy of shower
electrons, the critical energy and the scattering energy. M is given
as the solution of the difference equation in the reference“‘).

The mean square deviation angle is thus given by

092
<D = _[, °TMaceds @
§oTameds

The numerical results are shown in Table 2, together those given

by other authors.

* 1 cascade unit =36 gr/cm?

€=173 MeV, K=19.3 MeV, in the water
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F1c.1 CERENKOV CONE AND SCATTERED ELECTRON
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Table 2

Average Scatted Angle of Shower Electron

E <0> <22 <4>Y2
>0 23°45" @ ®
> 1Mev  14°32'  34°30"  60°37'
> 2 Mev  13°14'  26°54'  47°07"
> 5 MeV 11°04' 18°05' 33°08'
App A 4°42° 6°36" 10°01’
Ivanenko 36°40'

Chudakov 15°~20°

The results show the average deviation angle of shower electron is
comparable to the Cerenkov cone angle. Since these angles are as large
as 40°, lateral spread of the radiation at the observation place becomes
comparable to the distance from the starting place of the electron
showers. This 1s quite a different feature compared to the case of
Extensive Alr Shower, in which the lateral distribution of the Cerenkov
photons are essentialy determined by the angular spread of shower
electrons.

Comparison is made for the Cerenkov photon density at the
observation place, for showers of the same energy developing in the water

and atmosphere.
Table 3

Comparison of Cerenkov Photon Densities
for a Shower of the Same Energy

Effect Due to E., Emissibity Lateral Spread Tatal

Water 3 1 102~ 10* 10% A 10*

Air 1 2 1 1
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From the figures in the Table 3, the Cerenkov photon densities
are expected to be as large as 10°™* times of that EAS, if the shower of
the same energy 1s developing in the water. This means if the apparatus
is able to observe the Cerenkov Radiation from EAS of lOlGeV, the same
photon density 1is expected for the showers of 10'2%eV in the water.

The detectors placed with a suitable separation such as an EAS
array cover the large detection area. Besides these, by the large amount
of overlying producing material for the interaction, the observation of
the Cerenkov Radiation gives us an efficient way to observe the feature
of interaction of high energy U mesons and neutrinos compared to other
detection method.

3. Derdivation of the lateral distribution of water Cerenkov Radiation

As described in the proceeding section, the lateral distribution of
the water Cerenkov Radiation from an electron showers are determined by
the combination of the contribution of the Cerenkov cone and the angular
spread of the shower electron at each depth.

The lateral distribution of the Cerenkov photons at the depth T
emitted by an electrom at the height of t, t+dt from the observation
point T is given by*,

vy dr’
2g(rrdr’= o §(6.-F) f 4t @)

if one ignore the scattering of the emitting electrons and absorption by
water for the photons. T, t and r' are measured in cascade unit of

water and o the number of photons produced per one cascade unit.

21e 1 1 1
* = 1 - hotons/cm
* = The ( nzBZ) ( Amin Amax) P
5 1 1
= 7,18-10° ( -3 [ c.u. in the water,
Amin ax

where A is measured in 1000 A unit.
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The angular distribution** of the total shower electrons is given

by putting E to 0 in the formula (1), and

E *
V(Eo.ﬂ.T*th‘,@ ffdsdp (& ( ) r'(zv*87r’(r+!)m(s.r.-r¢t). )

The lateral distribution of the Cerenkov Radiation € (r) 2mrdr is
derived by combining the both distributions given by (3) and (4).
The distribution is given by,
5 (T -, 27 d.?’ (5)
G;(r)=j°¢t[3(r)'rr(r~r ’

t
where 8 in the formula (4) is replaced by 3%— Because of the axial

symmetry of both function g and T, the Hankel transformation with
respect to r is applied to the formula (5). The Hankel transform of
g and 1 yields

Hy = T (56,1

2wt P -
e = - 17 dsdr () $(EZEpepr sy me ©

Thus the essential part of the inverse transformation is given by

2 z

t*\F
rep ) 3, (s 6t & 50 (KW L) s @
This is the Weber - Shafheitlin integral and is given by<5}

ﬁi‘?"____'_t_;_z..t...—-——-—-— 61 ..f_. ._L ..-P- ; M
P(P‘f ‘)( Kg) (rl{- e; tg)?*ﬂ KZ F( + i ’tl (rz*a:t-z)l) (8)

#% If one is neccessary to have the angular distributions of electrons
with energy higher than a certain value (Ec), the formula (2) is also

. »®
valid if one replace M ( s, p, t ) bym ( s, P, E;, t ) in the same
formula.



where F 1s the Hypergeometric function.

Then the lateral distribtuion is given by

af 2 2t’
o [ [ s dp (£ () (LB oy oy

By using the transformation of Hypergeometric function.

1 _f_ ..E. 460{:2
F(;_"'z: I+ (rg+eztz))

_ (6t ) P _4patirt
- ( H”"-th’l ) F (—'5'."—-{ ——" s (’.z+ thz)z)

one get another representation of the lateral distribution.

The result is

errr P! rt gt i
mfdtﬁotsdr( Lo e i) PP+ PP M F

where
= ‘rl - 902 tzl

The physical meaning of the expression (10) is better understood

-

than that of (8), since R is a certain average value of the distance
from the observation point to the annual ring determined by the Cerenkov
cone. In fact the formula (10) is more appropriate to the numerical
evaluation than the expression of (8) as shown in the next section.

To see the consistency of this solutiom, the total flux of the
Cerenkov photon is caleculated by patting T=o and integrating over the
area, ﬁ? G 2mrdr, being proved to be conincide with aZ,, where Zy is the
track length of the shower.

The formula (10) can be reduced to be a simple from at the limiting
cases of r to 0 and to ».

At the point of shower axis, we have
re- gt |

P 4
F AL )=
T and z7" 272 ,

R = Gots
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and the formula (10) becomes

- 32 [ asap (£ () (SE pumorr oo 72"

41c’ )
This is just the superposition of the Cerenkov Radiation from the shower
electron having deviation angle of 8¢, as is simply expected by the

physical reason.
Far beyond the shower axis, we have

r- Q:tzt = ...L...E- ...ﬁ' . =
R.‘_‘r’ W‘;u, and F(z 2'2,},&)

Then we have again a simple expression of the formula (10), representing

again the superposition of Cerenkov Radiation from the electron with

deviation angle of % .

4.  Numerical results

Numerical evaluation of the formula (10) is made in the following
way.

The Hyper Geometric Function F in the formula (10) is slowly
varying function of p except at very near the place of r=8,t*, Using
this feature of F, the evaluation of the integral with respect to p is

first performed. In the place of integral of p, we have an angular
distribution such as

s fdrrarrs) T ire) (SR it e - _2%3»)%3 F(p-P)

* At r=0,1,

F(..P.l B

T(3+p)
272,"2,1,1) 7

r(z+Ryr(1+2)

*

and has a pole at p::..-ila
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where 5 is determined by the saddle point method, namely

/

YOPrD) + 29 (2p+s) ~24n 2R + T2 =0,

Then integration with respect to s is performed by the saddle point method,
and finally the intgral of t is performed by numerical way. In this
calculation, Q41? is used for the energy of 1 MeV as the lower limit of
the shower electrons to emit the Cerenkov Radiation.

The results for the incident energy of 10'%ev, 10''ev, 10%2eV and 10'3ev
at a different depth is shown in Fig.2 and 3, where attenuation mean free
path in the sea water is assumed to be 20 ms), and A between 3500 g and
5000 R. Starting from the shower axis , the photon density increases up
to the distance corresponding to the Cerenkov cone, and decays rather rapidly
with increasing the distance. The photon density changes almost in
proportion to E./ T? as is expected. The place of hump shifts almost in
proportion to the depth T, but the proportion is slightly dependent on
T, because Cerenkov Radiation comes on the average at the place near the
shower maximum, thus the lateral displacement of the hump is proportional

to T ~ Tmax’

5. Discussions

Shape of the lateral distribution calculated by Soviet group is

compared to ours given in Fig.2 and 3. Both results agree well with
each other, in spite of the different approxiamtions used by each authors.
However, slight differences are seen between both results. For an example,
the ratio of the photon density at the hump to that shower axis is about 7
in our case, while their result gives a value of about 5.

As to the detection of these Cerenkov Radiation, the lower limit
for the detection is tentatively assumed to be 102 photons / m? at the
shower axis. The maximum depth from the starting point for the
detection is thus obtained using the calculated results for different

incident energies. The depth increses with incresing the shower
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energies, and the results are shown in Table 4%.
Table 4

Limiting Depth for 100 Photons/m?

Eo 10 %y 101tev 101 2ev 101 %ev 101 *ev

T 15m 30m 50m 80m 110 m

W=17% 1.1+10%ton 8.5°10%ton 3.9-10%ton 1.6:10%ton 4.2:10%ton

E.C.C. 2:10%ton 8:10"ton 3-10%ton 8-10°ton

H.A.S. 5000 ton

W : Effective Welght of Producing Material,
E.C.C. : Corresponding Amount of Pb for Bremssfrahlung

H.A.S : Detection Area 1000 m?
Effective Thickness 500 gr/cm?

These Cerenkov Radiations spread within a circle of radious of
about T, and the effective amount of water for producing the
interactions by | -mesons and neutrinos are estimated as about 7T, The
amount is some order of 10° tons for the shower of energy beyond 10°%ev.
If it ds compared to the case of E.C.C., the amount corresponds the order
of 10° toms of Pb for the case of U meson bremsstrahlung.

H.A.S8. is also considered to be quite efficient to detect the high
energy | meson bremsstrahlung. The effective amount of material for
producing bremsstrahlung in this case is estimated by assuming

Detection Area : 10° p?
Effective Depth : 500 gr/cm? ,
yielding about 5:10%tons.

*  The estimate in reference (3) is optimistic, because they assume the
photons are uniformly distributed with in a circle of radius of
T'{(80)2+ g2 }1/2'
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From these figures, it is seen to observe the Cerenkov Radiation in
the water is quite efficient way compared to other observation method to
detect the rare events arising from the W mesons and neutrinos at
extremely high energy region.

Once the lateral distribution of the Ceremkov Radiation is observed
in the water, the distance between the hump gives us the information of
the depth where the shower is initiated. Next the total photon flux is
estimated by integrating the lateral distribution of the observed photons
as usually adopted in the analysis of E.A.S.. From the total photon flux,
the incident energy of shower is estimated, thus refering to the
information of the starting depth, the probability of the occurence of
such an event is estimated.

These features are usefull to explore the flux as well as
interaction of U mesons and neutrinos at extremely high emergy, and it is
quite desirable to perform such an experiment in DUMAND project as is

suggested by Soviet group.
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THE EXPERIMENTAL DETERMINATION OF CHARGE - RATIO OF
COSMIC-RAY MUONS IN 0.2 - 0.8 GeV/C MOMENTUM RANGE AT
A LOW LATITUDE STATION

K.P. SINGHAL*
Department of Physics
Gujarat University
Almedabad 380 009
INDIA

ABSTRACT

An experiment to determine the charge-ratio of cosmic-ray muons
based on the method of delayed coincidences was conducted at Ahmedabad.
The apparatus consisted of three scintillation counters. Muons in a
certain momentum range were brought to rest in an absorber and their
decay product electrons were registered in different time channels
depending upon their arrival after the stoppage of parent muons.

Two different absorbers, one of high atomic number (lead) and
another of low atomic number (graphite) were used as stopping materials.
Both positive and negative muons decay frecly in the latter absorber
while only positive muons decay in the former, negative ones being
captured by the lead nuclei. The charge-ratio is found to be nearly
one with a slight indication of an increase with increase of the

momentum. The implications of the results are discussed.

* formerly at PHYSICAL RESEARCII LABORATORY, AHMEDABAD
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Computation of the Muon Charge Ratio of Cosmic Rays

at large Zenith Angles

L.K. Ng and C.H. Poon
Physics Department, Hong Kong University

Abstract

The muon charge ratios of cosmic rays at 60° and 80° zenith
angles were computed in terms of their energies. The eneryy
range covered was from 10 CeV to 1.5 x 107 GeV, which
enabled a direct comparison with a large number of the accu~
mulated experimental data. The calculation was based on the
scaling hypothesis, using up-io-date parameters. Corrections
for the energy loss and the survival probability through the
atmosphere were rigorously treated. With the assumption of
constent primary mass composition, the charge ratios found
were in good agreement with the more recent experimental
data and were essentially independent of muon energy at high
energies,

Introduction

The cosmic-ray muon charge ratio has been calculated by various
authors using different models. Unfortunately, their results do not
completely agree with one another. It is important to obtain a satisfactory
theoretical prediction, for, as pointed out by krlykin et al (1974), if we
assume the model to be correct, a discrepancy between theory and experiment
may mean either a failure of the scaling hypothesis (Feynman (1969)) or a
change in the relative number of neutrons and protons in the primary
spectrum,

Several years ago, Frazer et al (1972) followed the approach of
Barrett et al (1952) and, incorporating the scaling hypoihesis, made an
estimate of the vertical muon charge ratio in the high energy limit, baged
on the then available laboratory data. The value obiained (1.96) was high
compared with the experimental data. Recently, this method was generalized
(g et al (1976)) to give the response function at different zenith angles,
and the result compared satisfactorily with other caleulations in the cage
of vertical propagation. We have therefore applied this method to recom-
pute the muon charge ratio using more up-to~date parameters, and, in order

to compare with most of the recent data, propagation at zenith angles 60°
and 80° have been considered.
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Method of Computation

To define the notations given, a brief description of the method
of calculation is necessary. Let the proton, neutron and the charged pion
fluxes in the atmosphere be represented by]J(E,,(),Yl(E,l) and (8, £)
respectively. The diffusion equations are as follows:

:ff - 79:,, * 7\:.5 f (P r){ )+ (E Uf EE‘))
'32_}” A )\Nej "‘E,(?(E ﬁ)f (£)+N (€S j)f” ) -
o, ?7 2 (P 0L [E)en ) z)tm(?,)) e ()

where f (x) is the smgle-partlcle distribution of a p-air collision
produing a proton (plus anythlng), and !fN x) , 7? x) are similar
distributions, i.e. c:

f = C L% gp

PP dP,air" ) dx d PT 4
with x = E/E' according to the scaling hypothesis. In equations (1), (2)

and (3), we have already used the charge symmeiry results for strong

‘interactions, i.e.

’[rr fm’ fm fnr , and {nr*‘“‘fw‘ ’

Also, ;\ n 1s the nucleon interaction mean free path, and Ag, the pion
attenuation length. 31(' is the expression m“cH/ T, where H is the scale
height. Finally, P (E,t) and Y| (,4) satisfy the following boundary

condition,

-1
dN = No E "“(4)

P(E0) + N (E,0)=

for all zenith angles.

According to the ideas of limiting fragmentation (Benecke et al
(1969)) the distributions for x>0 are independent of the target nucleus.

The solutions to equatjions (1), (2) a.:n}_ (3) ar; then,
Ple,£)=(iNe™ 4 $2,¢™ JET cees(5)
L

4
N(E, 4)=(3N.e ™ - 1 Aoe"‘")E e (6)

" ('l/Apzn
(E 1)",?,7\,” { R++Zm)€ /(Z ﬂ!(n+l+—€1§;‘—l—)

Z _-4/p)"
( "[ ‘sz"f) Z al(n«rli--..l&y.—) }

and

veen(T)
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Here, "'?f ia the charge composition in the primary pectrum,
- -t -t ! ol -1 =l
A= (Ax = AY Y ana N = (A~ AR ),
-1
with Ay = A (1= Zp=Zp ) and A= A (1= Epp+Z,,)
t -2 7
where ZM:fdx X fﬁs(x) vera(8)
0

As a consequence of the the assumed scaling property, ZAB‘B are constants
independent of energy and atmospheric depth.
Similar expressions are obtained for the kaon fluxes K*(i,f),
with A, A} in equation (7) replaced by
-f -1 -l / !t -1
Az=’(AN"’AK ) and Az=(AN ..AK)

respectively, in addition to other obvious changes.

-l

The muon differential spectirum a*? xproducticn due to pions is then

¢ 4) LN g-* - T ¥e1) +
P (E)4) =3 Ay ( 1= t) * I a0 (ZP:T* Z’”’)'
k4

o
(=4/m)" -/
. W""—""“_—E“" - o ] -
,é, n.’(l-r(n-n);—;%) i(zﬂr* Zﬁr Ny ,‘Z:’,,h!(H(n-H) gx’() } )

That due to kaons is expressed similarly, except that a factor ’5191 (branching
ratio of the K~p, decay) must be included).

We have computed the sea-level muon differential spectrum after
including the survival probability and the energy loss factors, and after
integrating over the atmospheric depth, the muon charge ratio is then given

vy R(E) = )‘:r(E) sea~level f /‘;{E ) sea~-level
Mr(E) sea~level * M (E) sea-1evel
The values for the parameters used in the computation are laigely the
same as in Ng et al (1976). 1In particular, the distributions )f:,f ' fm—r and
ffK‘ are obtained from Elbert et al (1375), and fl'“ is taken to be 0,77 f" '
The parameters 7\”, Apand A, are taken to be 80, 120 and 150 gom™%
respectively. The primary spectrum is estimated from the data of Exrlykin
et al (1974). Yor the primary energies greater than 103 GeV,

dN - -2 - =t
E L g2:70 nucleons m < s~ sr ' (GeV/nucleon)

. A
with the charge composition 7’-:\3 0.74, which is 8lso the valus used by
Frazer et al (1972). ¢
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Results and Discussions

The results of our calculations are given in figures 1 and 2,
together with some recent experimental data (Ashley et al (1976) and (1973),
Iida (1975), Leipuner et al (1973) and Burnett et al (1973)). It is seen
that the theoretical charge ratio at each of the zenith angles 60° and 800
rises very slowly at lower energies and flattens off at higher energies.
For the muon energy range 50 GeV - 104 GeV shown in the figures, good
agreement with the experimental data is obtained. This agreement indicates
that scaling should hold at energies as high as 104 GeV and that there is
no necessity to assume a varying charge composition for the primary spectrum
at these energies. In this respect, one should bear in mind that the muon
spectrum is relatively insensitive to changes in the values of E;W*(x) for
x~0, so ithat the muon charge ratio is not a sensitive test of the scaling
behaviour at x »0.

For muon energies below 50 GeV, it is seen that the theoretical
curves are below the experimental values. One possible explanation is that
the actual distributions fPﬂ*(Ev) for the parent pions may not scale at
these energies. The ratio erf/zrw- should then be higher than the corres-
ponding value at large energies. Consequently, thelow-energy values of the

charge ratio should be higher than what is given in the present calculation.
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Figure 2 Comparigon of the present calculated muon charge ratios
with the experimental data from Ashley et al (I) and the wide
angle survey compiled by Ashley et al (II).
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A Bystem for Measuring the Muon Charge ratio
in Omall Air Showers
C.Cu Ial, 3.H. Leung, S.X. Leung, S.W. Fong and L.X. Ng
Physics Department, Hong Kong University

ABSTRACT

A new experimental system for measuring the muon charge ratio

in small air showers was discussed. It consisted of a small-

alr-ghower array of 4 counters together with an automatic

recording muon spectrograph. The system is able to measure

the particle densities of electron showers as well as the

energies and charges of the associated muons. A microproce~

soor and a magnetic tape are used for initial procegging and

recording. ''he dead time per event ig about 8 milliseconds.
Introduction

The study of the muon momentum spectrum and the charge ratioc in
extensive air showers is important, since it gives informations on the
production height of the shower particles and on the mass composition of
the primaries. 'The production height, which can be calculated from the
momentum spectrum and the core distance, is essential for determining the
longitudinal development of extensive air showers (Burger et al (1975)).
Comparison of the obgserved muon charge ratio with the theoretical charge
ratio based on a model gives a method for predicting the primary moss
composition or the multiplicity law (Barnshaw et al (1971)).

Several experiments have been done to measure the various aspects
of BAJ muons, e.g. the anpgular characteristics, ihe momenium spectrum, the
lateral distribution, and the charge ratio. However, not much data has
been accumulated to give sufficiently pood statistics particularly for the
churge ratio, and only a small number of experiments have in fact involved
in npectral and charge-ratio meagurements. This is becausc such measurements
are very laborious and time consuming in the recording and analysis by
using the standard photographic method.

In the present system, automatic recording and analysis is enhan-
ced to reduce the workload and to enable continuous operation. 'fhe interest

here ig centred at small showers due to ihe limitation of the shower arrays.

The Uystem

e detection system consigts of a small shower array and a muon

magnetle spectrograph. Tae former is intended for estimating the core
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location and the shower size, and the latter for finding ihe nuon mouentun
and the charge. The whole system ip placed in an air-conditioned hut with

-’

-2
a thin roof of about 2 gm-cm .
The shower array is now under operation, wnile the spectrograph

is under modification to achieve automatic recording and analysis. The
present shower array is suitable for measuring showirs of sizes between
1012 eV and 1014 eV. lore stations will be added to the array in later dafeg,
For each event detccted by the system, the datq recorded are firsi
condensed by a microprocessor, which alsc acts as a buffer storage, and are
then sent to a digital ma netic tape rccorder. The tape is finally transfer.
red to a large computer for analysis. Thus the system can record the events
continuously, and the analysis becomes much less laborious as in the case of
photographic recording.
Detailed description of the system is divided into tne following

three paris:

The Shower Array
The small shower detection array is composed of four plastic scint-

illation counters, each of effective area 50 x 50 cmg. They are arranged at
the upper four corners of the temperature-controlled huil, with a diagonal
separation of 5.87 m, centre-to-centre, as shown in figures 1(a) and (b). Each
plastic scintillator is enclosed in a thin wooden box as shown in figure 1(c).
A cone made of thin sheets of galvanised iron coated internally with a layer
of aluminium foil is used as a reflector. Its vertical height is 40 cm
against a square base of 50 x 50 cm2. Except the top surface of the scintil-
lator, the rest are painted with a good diffused reflector {7i0).

A 5-inch photomultiplier tube (Du Mont 6364) is used for each

counter, from which two signal outputs are taken. Triggering signals are
obtained from the anode of the tube, and linear signals from the first dynode,
The former signals are used togenerate control or master pulses for the
processing of reepective events. The latter signals produce the particle
densities. Vertical single muons are used for the calibration of the signal
amplitudes.

The array has been in operation for more than a year working in
conjection with the study of electron-positron ratic in small air showers
(Fong and Ng (1977)).
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The Muon Spectrographn
The muon magnetic spectrograph consists of a 3~ton iron magnet,

a scintillation counter and four trays of flash tubes, three of which are
covered by % cm of lead and the forth by the magnet iron to remove the
unwanted electron tracks in the shower. The geometry of the set-up is as

shown in figure 2.

A OIS Ia 1 Ll
NIRRT 1 (IR T
P A 2 e L
ORI T 2 e S e
§§§§ §§§§ Magnet
\\ \\ N
| ———— sC 5 I J
(227777 1A 4 LIALELLLS,
Front elevation Side elevation
Scale 1 i 1
Q -5 r +Sm
EZ23 LA : Lead absorber (5 cm thick)
F? : Flash-tube tray
=3 SC : Plastic scintillator

Flgure 2 Systematic diagram of the magnetic
specirograph.
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Each wound arm of the magnet has a height of 1.50 m and horizontal
area of 0.55 x 0.275 m2, and its internal magnetic field is 16.6 Kilogauss.

With the geometry shown in figure 2, the acceptmnce of the spect-
rograph at zero field ia about 25 cmzar, and the MDM is about 300 GeV/e.

The flash tubes used are of length 1 m and external diameter 7.5 mm,
and of gas pressure 2.4 atmospheres. kach tray consists of 6 layers of flash
tubes arranged alternatively in the number of 6% and 64 tubes per row in a
rigid perspex frame,

The scintillation counter SCY is required to indicate the passage of
at least one muon through the spectrograph. A signal from this counter in
coincidence with the triggering signals from the shower array tells the arrival
of a shower accompanied by at leasi{ one muon through the spectrograph. Hence
the flash~tube itrays are triggered by the coincidence signal, and give rise
to the visual track of the muon.

Information from the flash-tube trays during the passage of a muon is
not recorded visually but electronically using the method adopted by Ayre et al
(1969). 'This is done by picking up the electromagnetic signal from one end of
each flash tube(while firing)by a simple probe. The emission of the electro-
magnetic signale from flash tubes has been described by Ayre et al (1972).

In the present system, the arrangemeni for picking up the signals is
shown in figure 5. ‘The observed waveform of the signal is shown in figure 4.
The initial sharp pulse shown is due to the UHT signal operating on the flash-
tube trays, and hence appearing in all the tubes. This initial signal is
rejected during latching as described later.

Dural
electrodes shield {probe resistance Rp = 6,8 nl)

Tl AN—)

) (Output pulses to

M.__J\A(\-———-«) electronics, )

ANEAONTONTA TS

Probhes embtedded in nylon rods.

g, 3 A Flash tube Tray {64 columns with 6 flash-tubes per column),
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Pig. 4 Preliminary observation of a pulase from the probe

{probe resistance = 6.8 M)
{(nigh tension pulse up to ~10 kV)

{a) Pulse from a non-flashing tube.

(b) Pulse from a flaohing spurious $nbe.

-0y

l, Ypa 4 3 po
r M ko

X

The Klectronic Circuits

A Plock diagram for the electronics involved 1s shown in figure 5.

It can be seen that an event is defined by the coincidence of the signals
from the five scintillators SC 1 - 5. ‘The Master Pulse so obiained starts
the processing of that event. It blocks its own input pate for a pericd of
8 millisecs during which the processing is taking place, It triggers the
Pulsing Unit to give a UHT pulse for the flash~tube trays. It initiates the
operation of the Inlerface Unit, which controls the inputs of the Micropro-
cessor, It advances the event number by 1. And finally, it enables the
Digitization Unit.

The linear outputs from the shower counters SC 1 - 4, which yleld
the shower densities, are connected through linear preamplifiers to the
Digaitization Unit., Pour 10-bit analogue~to~digital converters are used in
the Unit together with four sample-and~hold amplifiers. The dynamic range
of each channel is therefore about 103. The digitization process is done by
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first holding the pcak amplitude of each pulse by the sample-and-hold
amplifier, and then allowing the ADC to digitize the amplitude. In ovder
tn eliminate the interference due to ihe UHT gifmal, ‘holding' is only
allowed to take place after the unwanted UHD interference his subsided, i.e,
afier 4 micrusecs. The data from the four ADC's are then fed into ine
microprocesnor together with other data.

The Pulsing Unit used to generate UHT pulses contoins a apark sap
and high voliage capacitors, which shipe the pulses to a wiath of Tess than
a few microgecs,

3ignal cutpute from the flash tubes are cormected to tue latoh
Circults which are basically controlled flip-tlops. As hin been snown in
figure 4, tne fluctuations in the first microsecond dne to a Lt rulae have
to be rejected. ‘lhis is done by delaying tne time when latenivy) sots in,
that is the flip-flops are allowed to change siale only atier the initial
fluctuntions have vanished. 'The command signal for esch laber wig 10 lake
place is obtained from the lnterface Unit., Wiin abeut 1600 tla.a tutes used,

ra is requirea in the lotern Siecmadt-e (v v elear

1

the pame numper of flip-{lo
that the Jatch Uircuits acts as a temporary siorape for the fiari~iube data.
The data are then transferred € bits at a time to the microprocusoar.

The Microprocessor is an expanded iype of Fotorola Mo. per0, with
512 x 8 memory bits. 1t condenses the data received {rop the Iteh Jarcuits
and stores them logether with those from the bigativation Unit, the Lvent No.
and the P'ime. 'The whole set of data per event 1s then transferred to the
magnetic tape, which in turn can be processed by 1 large computier.

The sequential activity of the Microprocessor i1s programmed and the

inputs are controlled by the Intexrface Unit.

Discussions

The present system provides a straighttorward way of meaguring the
momentun and charge of muons in small air showers. 14 his a number of
imporiant advantages over the standard system using photographic recording:

(i) 1t eliminates the tedious processes of film development and
dark-room scanning;

(ii) 1t reduces the dead time per event from 2 pecs (required for
film winding) to 8 millisecs;

(iii) It provides instant checking of Individual events by direct~
1y printing out the data from the microprocesser using a Peletype printer;and

(iv) 1t avoids treguent interruption due tn film loading and

v
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unloading, and hence is much preferrable for continuous operation.

As the shower array is small, most of the showers detected should
be in the energy range of 1012 - 1014 eV, This is the range where the
gpectrometer data and the EAS data meet, and hence it is imporiant in bridging
the two types of measurements. It should also be noted that so far not much

work has been done in this range of energies,

Reference .

Ayre C.A. and Thompson M.G., Nucl. Inst. and Meth. 69, 106 (1969).

Ayre C.A., ‘Thompson M.G., Walley M.R., and Young E.C.M., Nucl. Inst. and Meth.,
103, 49 (1972).

Burger J., Bohm E., and Suling M., Proc. 14th Conf. on Cosmic Rays, Munchen,

8, 2784 (1Y75).

karnshaw J.C., Machin A.C., Oxford K.J., Pickersgill D.R. and Turver K.E.,
Proc. 12th Int. Conf. on Cosmic Rays, Hobart, 3, 1086 (1971).

¥ong S.W. and Ng L.K., present proceedings (in press).

- 125 -



POSSIBLE STRUCTURE IN THE MUON
CHARGE RATIO AT LARCE ZENITH ANGLES

P.K. MacKeown

pepartment of Physics, University of Hong Kong.

Abstract

The assymmetry of the cosmic ray hadron flux with respect to local
zenith sngle at & point in the atmosphere is evaluated. The combined
effect of this assymmetry with the observed p, dependence of the charge
excess of mesons in p-p intersctions at accelerator energles oun the
cosmic ray muon charge excess at large zenith angles at sea level is
estimated. It is concluded that even st the lowest muon energles the
effect is so small that it will be swamped by Coulomb scattering, and

in most practicalcases geomagnetic deflection.

Introduction

It is well known that the predicted muon charge ratio in the vertical
direction at sea level is essentially determined by the x dependence
of the charge excess of the secondary mesons produced in hadronic
collisions, where x is the energy scaling varisble, and only the mean
value of the p distribution of these mesons plays a role. This is
because over the sclid angle region of nucleons contributing to the
vertical flux the variation of both the nucleon intensity and its charge

~const Sec
excess, v e &

where 7 is the angle between the nucleon and
meson trajectories, is insignificant. At large zenith mngles however
the penetration depth in the atmosphere depends more sensitively on
direction, and accordingly the nucleon flux. Furthermore the charge
excess of mesons in nucleon collisions shows, at a fixed value of x, a
dependence on D, » 8 cen be seen from figs. la and 1b. These figures
show some data on the charge excess per particle, # mesons and K mesons
respectively, as a function of x and p, in p-p collisions sbstracted from
Alper et al. (1973), (s = 30.6 and 52.8 GeV), Baker et al. (1974},

(Eo = 200, 300 GeV), end Cronin et al. (1975) (Eq = 200, 300, 40O GeV) -
the latter two sets of data having been reduced by the authors from p-Be

and p~W collisions respectively. In general the charge excess increases
with R at agiven z.
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Calculation of the Muon Flux

Because the local zenith angle, X, at a point along a trajectory
at large zenith angles depends on the radial depth, Yy (/g em™2) , at
that point the integro differential equation for the propagation of
the parents of the muons is rather intractable  and the swmmation

method of Moeds (1964, 1970) is used. Although this method excludes

the production of mesons except by nucleons it has the advantage of

offering greater physical insight into the processes involved. The

notation is,in part, explained in fig.2.

trajectory colinear, a muon incident at

Assuming the meson and muon

sea level, (¥ = 1030 g cm 2), at

Fig.2. A rnuon incident
at sea level (8) at 0

originated from a meson

-
e, 4//*/ produced at & radial depth
o ! : y'(0), & product of the
‘... % e T collision of & nucleon
! .
2, %S oot incident at on angle o
’ | to the zenith. A is the
[4 Re
i centre of the carth.
I
i T N A
’ 1
/
!. ¥
iz
2
_ AL

& zenith angle 6 will arise from a meson produced in a nucleon-airnucleus
interaction in dy' at y’', where the local zenith angle is X, given by:

A=Cos™ 1.
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h(y') being the linear height of the level y' above the earth's
surface and Ry the radius of the earth. The angle the meson makes
with the trajectory of the nucleon producing it is denoted by £.
Nucleons giving rise to such a plon or K meson are incident in
a range of local zenith angles o, \-f <o < A + L, corresponding to
the azimuthal engle, ¢, of the emitted pion varying in 0-27 sbout the

axes 0Z', where
Cos oo = Bin X S8in ¢ Sin ¢ + Cos A Cos [

The differential source spectrum of secondaries, (m = 7 or K mesons,

or prompt muons), produced by nucleons per unit vertical thickness at

+
s, t (Exy') = | fcmoasz' 373 1 Imy”
J=p,n 3Eog Q! 1(1)0030', oF 3§
1

where 3 JJ/) Eg@ Q'(E,,y',0) is the differential spectrum of nucleons

of type J incident at local zenith angle o(z, d), }\i(j) if the inter-
action length for such nucleons, dQ' = Sin ¢ 4z d¢, and+6 mg/c) E3Q, the
differential production spectrum of particles of type m” in interactions of
J type nucleons with air nuclei, is a function of E (or in the scaling

limit, ) and g (through its p) dependence).

Assuming a power law primary spectrum, and ignoring any energy

dependence of the nucleon cross-section, we can write

B -y e-E(Y' ,OL)/A
Q

3'.TJ/3E£;3S2=A.j

E(y',a) is the penetration depth to y' along the direction Z, ¢

E(y o) = fydy"/Cosu-'- [ dn'p(n')/Cosu
0 h(y')

By + h(y' £}

Ry + b

vhere Cosu = 1 - ( )2 Siﬂzﬂ
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For the case of €= 85°and several slaont depths &(u', 1) the q
dependence of the ratio of the nucleon flux to the flux incident at
o= X, asruming an attenuation lengthA = 120g cm_z, is shown in
fig. 3. As would be expected the sensitivity to direction increases

with depth in the abtmosphere.

!
i
[

Fig. 3. The ratio of 3 =ns® .
the nucleon flux to that e (910 Ty et
along the principal F\\\ E
direction (1) as a ,of, \\
function of local zenith ;‘:*:l., N
angle o for several . — N Tty 2/ e
penetration depths G: a\\f\?}i\m .
£(1), at €= 85°. >
05:- . N - .
\
%x '\\ '
o x\‘" N
D
e ;}-J

Using this source spectrum the differential spectrum of mesons
at a depth y, travelling slong the direction 0 is, after Maeda (1964):

~ Tt

A ] " u
g¥pm of L '&_—{_é_:))_.g [ SeeM ) d
INTURC NS e

] 315,2’13"

From this the muon source spectrum can be evaluated, and, folding
in the survival probability including energy loss, the sea level muon
spectra found.

Results

Rather than carry out this caleulation rigorously we can see that
two separate effects are involved, namely the possibly different
welghtings of the p; values (and thus the charge excess per meson) due
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to the angular distribution of the nucleons, and the nett nucleon
charge excens at any level will be different from that at the same
depth £ in the vertical direction.

It can be seen from fig.3, J = 85°,that there is an appreciable
dependence of the nucleon flux on the local zenith sngle of Lhe
nucleon, especially at greater depths in the atmosphere. The greatest
effect would be expected for small values of p, ,(r), because of the
e damping term in the production spectrum, i.e. for small Ey
values (]'J]J is the muon energy at sea level). But at these cnergies
the dominant terms in the muon spectrum are the exponential absorption
of the nucleons and the muon survival probsbility, and even for
E, =1Gev the bulk of the mucns at 85° are produced at £ £ 200 g em 2,(y $P0¢g em 2).
At these depths, when averaged over azimuth ¢, the mean nucleon intensity
as a function of g will give rise to insignificantly different weighting
of p, values from the case of the vertical atmosphere at the corresponding
depth £. Using an exponential p, distribution with a mean of 0.4 GeV/c,
for ¢ = 850, E” = 1 GeV the mean angle at which a pion comes off at
E=2TT g em 2 differs by much less than 1% from the case of a radial
flux. This is because, when integrated over azimuth, the local zenith
angle dependence of the nucleon intensity within 3°only differs from
the radial case by v L7, Since the great majority of muons come from
levels above this the effect is scen to be negligible.

The second, related, effect arises because of the variation of

the charge excess ln the nucleon beam with depth penetrated,

- p-n_ -bE
SN(E) = 57 50 e
where G, is the charge excess in the primary radiation, b = 2 hpn(‘y—l)s\i;
vy the index of the primary differentiel spectrum, and
= ! §-2 It can be shown that
hpn(s) g du T, (u).

hp(n'S) = 1=/ - hp(ps)

[

where A p(ﬂk f’du u“’ngfpp(u} » fpp the invariant differential cross-—
P .
section for p production in p-p collisions averaged over p, . Taking
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Yy = 2.7 we find h__= 0.15, e.g. Garraffo et al. (1973), and taking
A =86 goem 2 A =120 g em™? we find b = .003lg 'em 2, i.e. 8
characteristic attenuation length of 320 g em .

2
slow depth dependence, which combined with the small modification

#

This is a very

of the local zenith angle distribution within the angular region
determined by the p, distribution, noted above, will also produce
negligible difference in the muon charge excess compared to the csse

vhere the p, distribution is neglected.
Conclusions

It is concluded that, provided there is no dramatic increase in
the mean transverse momentum of mesons with energy,there will be no p,
dependent variation of the sea level muon charge ratio at large zenith
angles due to the p, distribution which would be distinguishable sbove
the smearing out caused by Coulomb scattering and geomagnetic deflection,
which become important at these angles, Osborne (1966). The largest
such effect will be due, as noted before, MacKeown and Wolfendale (1966),
to the varying relative contributions of muons from 7 and K decay

with zenith engle.
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Abstract

There have been so many observations of the cosmic-ray muon
charge ratio using cosmic~ray momentum spectrograph in recent
years. The values of muon charge ratio at large zenith angles
and low momenta depend strongly on the orientations of spectro-
graph axes because of the geomagnetic effect on cosmic-ray muons
in the atmosphere. So that the values of charge ratio are varied
with zenith angles and azimuthal angles. In the experiments so
far performed, however, this geomagnetic effect seems not to be
considered sufficiently.

In this report, the preliminary-calculations of the geomag-
netic effect on cosmic-ray muons in the atmosphere are given and
derived their correction factors to the charge ratio. The result
is compared with the experiments previously obtained by Nagoya
Cosmic~ray Spectrometer. The expected charge ratio by Mutron
will be given.

1. Introduction

The investigation of charge ratio of cosmic-ray muons at sea level
brings important informations such as the momentum distribution, the multi-
plicity and the composition of parent particles to study the hadronic inter-
actions produced by high-energy cosmic ray primary particles near the top
of the earth's atmosphere.

On the basis of accelerator experiments, the cosmic-ray muon charge
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ratio has recently been studied theoretically in terms of the hadronic scal-~
ing law (1) or the limiting fragmentation model ()3 (&)Y (5)(6) (7 (B)(9).
Their analyses have given a consistent interpretation on the near constancy
of the cosmic-ray muon charge ratio at high energies.

A number of muon charge ratio measurements at sea level have been per-
formed so far (10)(11)(12)(13)(14)(15)(16)(17)(18)(19). Recently, Thompson
(20) summarised those experimental data and showed that over the muon pro-
duction energy range 2-1000 GeV the charge ratio is essentially constant and
the majority of experiments are statistically compatible. Representative of
the near-vertical experiments are the papers by Ayre et al. (6), Allkofer et
al. (10), Nandi and Sinha (11) and representing experiments over a range of
zenith angles are given by Burnett et al. (17). This result is consist with
prediction of the scaling hypothesis, as above described, and the charge
ratio measurements are now extended to higher energy regions for finding
where the manifestation of the scaling hypothesis is broken.

In the experimental values of low energy region, however, there have
been several reports on the exlstence of discrepancies such as dips or rises
(21)(22)(23)(24), especially a dip around 100 GeV (25) is noticable. Those
small variations, however, are not compatible each other although their sta~
tistical accuracies are fairly good. One of the reasons is that those data
were measured by spectrographs setting in the different orientation of their
axes, that is zenith angle and azimuthal angle. The zenith mnele and azimuthal
angle dependencies are both explained as a manifestation of the geomagnetic
effect, so that measurements at large zenith angles and low energies are
especially sensitive.

The aim of this report is to emphasize the importance of elimination of
the geomagnetic effect on the charge ratio in the low energy reglon and to
summarize those data from this point of view. Preliminary calculation of
the motion of cosmic-ray muons in the atmosphere and the geomagnetic cor-
rection factors on the value of charge ratio are given here. The results
are applied to the data obtained by Nagoya Cosmic Ray Spectrometer and
"Mutron" which will be reported in this symposium.

2. Motion of cosmic ray muon in the atmosphere

It is assumed that the primary cosmic rays are uniformly distributed
when they arrive at the top of the atmosphere. They produce hadrons by col-
lisions with air nuclei and they decay into muons according to their life
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time. Due to the earth's magnetic field, muons detected at sea level in the
magnetic east-west plane will describe trajectories as shown in Fig. 1, the
deflection of the positive and negative muons in the atmosphere being in
opposite directions. Accordingly, as seen in Fig., 1, the positive muons
trajectory 1s longer at the east side of the detector than at the west and
when it has arrived at the detector the number in the west is larger than
that in the east, for the survival probability of mesons depends on the
length of their orbit. This relation is just reversed for the negative par-
ticles. At sea level, therefore, the charge ratio in the west is increased
in comparison with the charge ratio at production and is decreased in the

east.

3. Calculations of muon trajectory

In calculating the deflection of a cosmlc-ray particle during its traj-
ectory through the atmosphere, the following assumptions are taken into ac-
count.

1) The observed values of the geomagnetic field at Nagoya were used; the
horizontal component, the declination and the dip are 0.305 gauss, 6 °W
and 48.7°, respectively. The dip varies linearly along the direction of
the earth's latitude.

2) Hadrons are produced at 100gem~? atmospheric depth along with the line
of motion of the primary.

3) All hadrons decay into muons immediately.

4) The radius of curvature of the earth is 6368km and the surface of the
earth is treated as spherical.

5) Muon loses its energy only in the collision with the air and Bethe's
formula is used.

6) Energy dependence of the muon life time are taken into account.

7) All muon move with the light velocity.

8) The demsity of air depends only on the altitude and the scale height is
the linear function of the atmospheric depth.

Under the assumptions described above, the equation of motion of the charged

particle is given and calculated stepwise by Runge-Kutta-Gill mephod. Each

step interval is taken 5km. A trajectory of muon having its initial condi-
tions of energy Eo, zenith angle Z, and azimuth Ao is traced backwards along
the line of motion from sea level to the upper atmosphere. In each step,

the position of the particle, direction, air density of the atmosphere,
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altitude, energy and survival probability are given and checked up. When

the altitude is negative value, the calculation is stopped as a forbidden
track. Also, when the residual track length of the particle reaches 100gem™?
atmospheric depth along the track, the pursult of the trajectory will be
ceased.

The geomagnetic correction factor to find the charge ratlo at production
is derived using the survival probabilities given above. It is composed of
three factors, representing the different energies at productiony survival
probabilities, and decay probabilities of the parents of the muons {(assumed
to be pions) of the two charges respectively. Writing N(U Y/N() = R and

the subscripts i and p for incident and production, we have

E+NT o+ D+
R, = R 2] 2= -
i p| E - - -

C:’

U S i

where EU+’ Eu~ are the energles at piéduition of positive and negative muons
having an energy E at sea level. § , § are the survival probabilities
given above, and Dw+’ Dw' are the decay probabilities for the parent pion,
all these Punctidns depending on the zenith angle, and Y is the exponent of
the pion production spectrum assumed equal to 2.64. Now we put %E; = 1 be-
cause of the assumption (3) that all pions decay into muons. The geomag~

netic correction factor is, therefore, represented as

E + ~2.64 +

! S
W= —

U S

The values of w are Shown in Fig. (2)(3).

4, Discussions
The axis of the Nagoya Cosmlc-ray Spectrometer is placed horizontally .
in the local geomagnetic north-south direction, so that the particles
coming from both directions are detected. The azimuthal range is £3.49,
It is clear from Figurc (2) that the geomagnetic correction factor {w)
is 1 on an average over the azimuthal range of the spectrometer, so that
the charge ratios observed in the north and the south of this spectrometer are

considered to represent the values of the charge ratio at production,

Also, the geomagnetic correction factors for the charge ratlo observed
by Mutron are examined. The axis of Mutron is placed horizontally in the

direction of 34° west (N-W) from the local geomagnetic north-south direction
and the azimuthal range is ilS.é’,
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so that the particles coming from both directions, 34° west (N-W) and 146°

east (S-E) from the geomagnetic north-south direction respectively
s

are de~
tectable. As are shown in Fig. :

3, t '
especlally for low energy partic;e:j ::rd:iz::;zce:hOf ? 7 ore very bie,

s e w's in the N-W and
the S-E observed at 84° zenith with momentum 10 GeV/c are 3.5 and 0.25
respectively. Mutron has a momentum selector so that the muons having their
momentum < 100 GeV/c is able to rejected. Therefore, the differences between
the values of w's obtained 1n the both directions are not so serious. For
example, the w's in the N-W and the S-E observed at 88° zenith with momentum

100 GeV/c are 1.35 and 0.75 respectively.

It is shown in Fig. (4) that the azimuthal distribution of the axes of
the spectrographs directed in the large zenith angles. The numbers of the
spectrographs observing in the west direction is excess those in the east
direction. It should be noticed, therefore, the mean value of those experi-
mental data 1s weighted in the western direction which gives higher value of
charge ratio. Because of that Kiel spectrograph i1s directed in the east,
its charge ratios in the energy range < 7 GeV appear as a negative excess.
The geomagnetic correction for those data have dome by Allkofer (26).

In the above discussions, the importance of the geomagnetic correction
for the charge ratio of low energy region has been described. Our calcula-
tions are still continueing and we intend, in future, to give necessary geo-
magnetic correction factors for each spectrograph in order to refine the

summary of those useful experimental results.
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CHARGE RATIO OF COSMIC PIONS IN THE ATMOSPHERE

D.P. Bhattacharyya, R.K. Roychoudhury and Kalpana Sarkar
Indian Association for the Cultivation of Science, Jadavpur,

Calcutta-700032. India.

It is found that the CERN Intersecting Storage Ring data on p+p- ’rri+x

reactions can be represented by a single scaling variable n=2p?rx/[c'1n(s/so]]

for 0.075 € x € 0.3 and 0.2 ¢ Pp < 1.5 GeV/c. The charge ratio of cosmic
pions at the top of the atmosphere has been estimated by using this type
of scaling variable and the primary nucleon spectrum of Grigorov et al.
(1971).

1. Introduction

The charge ratio of the cosmic pion spectrum at the top of the

atmosphere is of phenomenological importance in cosmic ray physics.

Earlier Frazer et al. (1972). Yekutieli (1972), Morrison and Elbert
(1973), Adair et al. (1973), Yen (1973), Hume et al. (1973) and Erlykin
et al. (1974) have calculated the charge ratio of pions originated from

pp collisions.

in the present work we have fitted the Intersecting Storage Ring
data of Capiluppi et al. (1974) forp + p » T + X reactions by our
proposed new scaling variable (Roychoudhury and Bhattacharyya 1976).
Using the primary cosmic ray spectrum of Grigorov et al. (1971) the
charge ratio of pions at the top of the atmosphere has been estimated.
The present result is compared with the values presented by different

authors.

2. New scaling variable and the pion charge ratio at the top of the

atmosphere

The CERN Intersecting Storage Ring data on inclusive reactions
p+p+m +Xandp+p+7 +X, respectively are represented in

Figures 1 and 2 as functions of a mew scaling variable
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Zp% X

[c'ln(s/so)]

vhere X = 2pL//s, p;, is the center of mass longitudinal momentum of the
detected particle and Vs is the total center of mass energy; Pr is the
center of mass transverse momentum. The new scaling variable is taken
to be dimensionless by taking c'# 1 (GeV/c)2 and S, to be 1 GeV. The
parametrization of the invariant cross section used in the present work

is of the following form

E(d%/d%) = A exp(-an + bn®) ...... e e ()

The fit in Fig. 1 for the positive pions corresponds to A = 168.7, a = 113.9,
b = 683.4 and the fit to Fig. 2 corresponds to A = 46.06, a = 8 and b = 51g

for negative pions.

Figure 1

The cross section data for

r p+p~>m + X reactions,
R
papur 1+ 2%

2pix
34733 =
E(d°c/d p)ln(s/so)vsn = m

100|

have been plotted from the work of

Vs=23.3 GeV A for x = 0.15,
0.3; Vs = 30.6 GeV
0.15, wfor x = 0.3;
otk v el v v ponnd b Ys = 44.6 GeV V for x = 0.075,
000 o0t ot
g2l s Y for x = 0.15, x for x = 0.3
Vs = 53 GeV 0 for x = 0.075,
e for x = 0,15, @ for x = 0.3.

‘éw Capiluppi et al. (1974). Solid
5}; curve shows the fit from the equation
W (2). Experimental data :

tE

A for x
a for x

i

i
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Figure 2

1000 The cross section data for

p+p=+T + X reactions,

[ RIS  ars 3

E(d%0/d%) In(s/s ) vsn = --—-———-—-ZP% -
o] c'ln(s/so) N

have been plotted from the wozxk

of Capiluppi et al. (1974).

Solid curve shows the fit from

the equation (2). Experimental data :

Vs = 23.3 GeV, A for x = 0.15,

0.3; Vs = 30.6 GeV
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Vs = 44.6 GeV, V for x = 0.075,

0 00! oo; o1 Y for x = 0.15, X for x = 0.3;
Wt /s = 53 GeV o for x = 0.075,

® for x=0.15, @ for x = 0.3.
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The pion nucleon flux ratio can be derived for p-p collisions

in the following way

- dx 2
P(ELE,) & = 5— [ EGupp) S dpR e (3

in. pT x

where EP is the primary nucleon energy and Ep is the secondary pion

energy in the laboratory system. For large Ep and not too small values
of x, x is given by

x’\‘iE"/Ep N e

From (2) and (3) we find

L N 10 DT eeeen (5

pcaﬂgp) E_ = T, o I(R)  eee-- e 5)

where I(B) = fB exp(-a?/4b) expib(n - a/2b)2} dn e (6)
o
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The integral over n is cut off at some suitable value (actually B = 0.1
is sufficient for the data analysed here) I(B) can also expressed in the

following form

I1(R) = exp(-a”/4b) [exp(a?/4b) D(a/2v/b) +exp{b(B-a/2b}2}D{vb(B=a/2b) H]...(7)
/b

X
where D(x) = exp(-x?) fo exp(t?) dt i R (8)

Taking the hadron source spectrum of Grigorov et al. {(1871), their

result follows a power law of the following form

N E Y G e .. 9
p op P

N(Ep) dE

]

where N = 2.54 and vy = 2.6, BP is expressed in GeV and the differential
nucleon intensity N(Ep) dEP is expressed in units of (cm® sec sr GeV), we
get the pion-nucleon flux ratio in the top of the atmosphere by the

following relation

n(E,) & _{P(E“,Ep) N(Ep) dEp E

1
TAL(B) -Y Y-3
o NE_ f KT ax &

TAL(B)

m;-* N(E'n}dgﬁ .............. . (10}

3. Results and discussion

It is evident from relation (10) that the pion nucleon flux ratio
decreases with an increase of Oin with energy. Taking 0., 3 35 mb
from the Intersecting Storage Ring data of Capiluppi et al. {1974)
at a center of mass energy Vs = 52.8 GeV, we get the flux ratios of

charged pion-nucleon, at the top of the atmosphere, presented in
Table - I.
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Table - I

Charged pion to nucleon flux ratios estimated from the relation (10)

Flux Ratio value
N 0.1037
m /N 0.0690

The calculated charge ratio of the pion spectrum (7r+/1r') in the
atmosphere 1s presented in Table - II, along with the results of
different authors.

Table ~ II

7 /7" ratio determined by different authors are presented along

with the present work.

Authors Exponent of the Pion charge ratio
integral spectzum (7r+/1r')
Frazer et al. (1972) 1.70 2.02
Yekutieli (1972) 1.70 2.06
Morrison and Elbert (1972) 1.70 1.46
Adair et al. (1973) 1.70 1,83
Yen (1973) 1,70 1.70
Hume et al. (1973) 1.60 1.72
Erlykin et al. (1974) 1.62 1.54
Present work 1.60 1.50

Our calculated charge ratio of cosmic ray pions at the top of the
atmosphere agrees well with the results of Morrison and Elbert (1972)
and Erlykin et al. (1974).
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Abstract

Results are presented on the average lateral distributions of electrons
and muons in large air showers observed at Mt. Chacaltaya (5,200m a.s.l.) in
Bolivia. Results are also presented on the average longltudinal development
of air shower electrons, the energy spectrum of primary cosmic rays determined
from electron sizes and that determined from muon sizes in the same showers.
The former spectrum is significantly higher than the latter one, and the dis~
crepancy is explained by a possible existence of copious direct production of
photons besides the production of charged and neutral pions at these high

energies. The present spectra are also compared with energy spedtra by other

groups.
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1. Introduction.

At the 13th International Cosmic Ray Conference in 1973 and at the 1l4th

International Cosmic Ray Conference in 1975, we reported preliminary results

on the average lateral distributions of electrons and muons in large air showers
-2

observed at Mt. Chacaltaya (5,200m a.s.l., 550gem = atmospheric depth) in

Bolivia, the average longitudinal development of air showers and the energy

1,2

spectrum of primary comsic rays from 5 x 10'%eV to 2 x 10 %ev. Thereafter,

we have refined the analyses including smaller showers and adding showers
processed recently at the larger size region. P.K. MacKeown has made a series
of simulation of air showers which is important for corrections to obtain the
final results. And we have newly determined the energy spectrum of primary
cosmic rays from muon sizes besides that from electron sizes in the same
showers. At this Symposium, we present these results and propose the direct
production of photons besides the production of charged and neutral pions to

explain the discrepancy between the two energy spectra.

2. Experimental.

The experimental arrangement of detectors and the triggering requirements

»2 The characteristics of

in recording air showers are already described.l
detectors important in the analyses are listed in Table I, together with the
characteristics of four fast~timing l.OOm2 unshielded scintillation detectors
added in 1974 to expand the area of array from 300m x 700m to 700m x 700m as

shown in Fig. 1.

Kind of detector | Number of area of | thickness of | photomultiplier
Detectors | scintillator | scintillator

Fp(fast-timing)[Q| 12 (InXT) 0.87m? 9.6cm RCA6810A(2™)

Fp(fast-timing) M| &(XIIXV) 1.00m? 10.0cm RCA6342A(2")

N @ | 20(1~.20) 0.83m? 7.5cm DuMont 6364 (5")
or "RCAB0554(5™)

n' o) 8(1'8") 1/16n? 2.0cm RCAB0554(5™)

My ®| 15 4n® 5.0cm DuMontK1328(16™) |

Table 1
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3. Lateral distribution of electrons.

We have determined the location of shower axis and the total number of
charged particles (size N), fitting the densities recorded in unshielded

detectors to the empirical lateral distribution function already described.2

The distribution is represented by

_ CIN s-2 S~k 5
p(R,N) /m? = — x° “(1+x) (14C,x2 %), 1)
2R, 2 2 (
4+ T(s)T(4.5-28) I(2.0+s)T(2.5-25)
c. =1
YA S 7w T(4.5-5) b
C, = 0.100 + 0.125(seco-1),

3x108<N<5x10%, 0<6<60°, 0.1R <R<3R ,

where R is expressed in m, x=R/R0, Ro is 155m and s is an age parameter
smaller than 1.25. We determined the arrival direction, zenith angle (8)
and azimuth angle (¢), from relative delays of arrival times of shower front
particles in the fast-timing detectors, taking into account the curvature of
shower front.

As the transition effect of shower particles in scintillators is impor-
tant to obtain the genuine lateral distribution, we have studied the transi-
tion effect by comparing densities recorded in detectors with different thick-
ness of scintillator at the same distances from the axis. The recorded
density (Prec) is related to the incident demsity (Pj,.) as Prec = Pinc®XP
(-t secB/A), where t is the thickness of scintillator and A is 34.lcm indepen-—
dent of size between 107 and 10° and of x between 0.2 and 3.

We have also confirm the response of detectors to higher densities
including the photomultiplier and amplifier by comparing densities recorded
in detectors with different area of scintillator and with different window
area of photomultiplier. In particular, we have paid attention tP the long-
lived fluorescence in the window glass of photomultiplier produced by scinti-

llator light and Cerenkov light from electrons in the window glass and to the
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after-pluse inside of photomultiplier for the highest densities.
After these considerations and refinements, we have obtained the genuine
average lateral distribution of air shower particles expressed as

1.03C4N

“27R 2
o]

o /m® 572 (1) ¥ (1re ") [1-0. 20exp{- (20x+0.3) /0,501 ()

This lateral distribution is compared with the lateral distribution obtained

3
by the Volcano Ranch group (corresponding to sech = 1.49 at Chacaltaya)™ and
that adopted by the Yakutsk group (corresponding to secf = 1.85 at Chacaltaya)é,

as shown in Fig. 2. As the lateral distributions within lRo are not accurately

determined by these two groups, they may under—estimate the size of shower.

4, Lateral distribution of muons.

We have obtained the average lateral distribution of muons above 600xsect
MeV for showers with sizes 107-10° and with sec® 1.0-1.4 from densities
recorded in fifteen 4m2 shielded scintillation detectors. We have applied
corrections for bursts produced by nuclear interactions of hadrons and
bremstrahlung of muons at distances within 100m from the axis and for the
accidental incidences of particles unrelated to the shower at distances
beyond 550m from the axis. The distribution between 60m and 600m from the
axis is represented by

p(X,N) = (629%29) (N/10°%) - 03%0-0u 0. 75{1+r/r0(N)}'2‘5°, (3)

To(N) = (445%22) - (43%3)log, (N/10%),

where Y and r are expressed in m and the average secf is 1.17.

5. Effective areas and simulation of showers.

Dr. P.K. MacKeown of Department of Physics, University of Hong Kong

has calculated the effective areas as a function of N, 8 and s analytically

- 150 -



“and by Monte Carlo method, to obtain the size spectra as a function of secB.
Fluctuations in particle density determined experimentally, characterized by
a standard deviation 0(p) = {p + (0.350)2}1/2, have been considered in these
calculations.

He has also generated simulated showers which correspond to the showers
recorded by the scintillation detectors and has analysed these showers with
the same procedure as that for recorded showers to estimaée the systematic
shifts of 9, ¢, N, 8 and locatlon of axis of analysed shower and to estimate
the fluctuations of these parameters. The flow chart of this simulation of
showers and the analysis is shown in Fig. 3. The results are used to apply

corrections to the size spectra as a function of secf.

6. Longitudinal development of air shower electrons.

We have obtained the size spectra as a function of secd with the effective
areas mentioned in Section 5 as well as by the "variable area method. (VAM)".
VAM is a method by which one can obtain the areas with trigger efficiencies
of almost 100% and the intensities without calculation under the triggering
levels of detectors and an information on the fluctuations in particle density.
We plotted flux against area, counting the number of shower axes in a square
whose center is situated at the center of array (Nll) and varying the area.

We took the fluxes at the plateau for smaller areas as the intensity of
showers. We have confirmed the availableness of this method with a Monte
Carlo method. The size spectra by VAM corrected for the systematic shift of
location of axis is in good agreement with the size spectra by the effective
areas. We have corrected these size spectra for the systematic shift of N
and the uncertainties in N and 0.

Then, we have obtained the longitudinal development by so~called
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'Lqui~intensity cuts of the integral size spectra at different zenith angles.

The longitudinal developments are shown in Fig. &4, together with those obtained

5
by the Volcano Ranch group (indicated by squares)” and the Yakutsk group

(indicated by triangles)6

7. Emergy spectrum of pr

“10_=2 =1__ =l ~13_ =2 -] =
for intensities of 107 m 's” sr  and 10 "'m 2g™lgrt,

imary cosmic rays from electron sizes.

The electron size at

maximum development (Nmax) from a primary cosmic

ray with a given energy (Eo) does not fluctuate much and is insensitive to

the nature of the primary
according to calculations

(1.6-2.0) x 10°eV x N___.
max

nucleus or the character of nuclear interaction,
by many authors. These results suggest that E0 is

We have determined the energy spectrum of primary

cosmic rays from the electron sizes at maximum development obtained in Section

6, multiplying 1.8 x 10%eV and correcting for the fluctuations in Nmax at

fixed primary energy although this fluctuation is not important. The energy

spectrum is indicated by Je in Fig. 5, and is expressed as

= k4
Je(on) (1.84%0.34

for 10‘6est051019ev.

) x 10*9(30/1017ev)'2-°2i°-*Om"za‘lsr"l, RO

The lateral distribution within O.lR0 has not been well determined in

this experiment, although

and the real distribution

the apparent distribution is proportional to R~1

may be steeper than R"!. Assuming the apparent

distribution within 0.1Ro, we have estimated a lower limit of the spectrum

as indicated by Je' in Fig. 5.

8. Energy spectrum of primary cosmic rays from muon sizes.

The average lateral distribution of muons corrected for the systematic

shift and the uncertainty

of size is expressed as

PUCE, M) /m = (66040) (N/10%) 1+ 40+ 0450 TS hap/x ()} =2+ 50 (5)
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r (N) = (98%6) - (43i3)log10(N/108).

The lateral distribution of muons within 60m could not be determined due to
much contamination of bursts from hadrons and muons. We estimated the extreme
distributions within 60m as proportional to r~** and r '*° and we have taken
inte account these uncertainties aserrors when we obtained the muon size by
integrating the lateral distribution. The muon size is represented by

N, = (8.60£0.70) x 10° (N/10°)%- #50%0-025 (6
The ratio of NU/N is 1.2x10°% at the size of 10’ and becomes smaller for larger
sizes. Therefore, the size N is practically equal to the electron size.

We have obtained the integral muon size spectrum for secf of 1.17 from N
in Equation (6) and the integral size spectrum for this zenith angle. The
energy spectrum of primary cosmic rays is derived from the Eo to Ny relation
obtained theoretically at an atmospheric depth of SSOgcm‘zx secH(1.17).

We have used the results by Capdevielle7 and Dedenko® for primary proton with
Ellu~law multiplicity. The energy spectrum from the muon sizes thus obtained
is indicated as Jy in Fig. 5 and is expressed as

Ju(E) = (2.90£0.50) x 107 °(E _/10'7ev)71- 9920 1op 25~ 1gp ™1, N
for lOlGeVSEOSIOISeV. If the primary particles are heavier nuclei, the energy

spectrum becomes lower than that for primary protomn.

9. Comparison of the energy spectrum from electron sizes with that from muon

sizes.

The energy spectrum from electron sizes is about 6 times higher in inten-
sity or about 2.5 times higher in energy than that from muon sizes. And the
energy spectrum from electron sizes by the lateral distribution proportional
to R} within 0.1Ro is still higher than that from muon sizes. If one uses

1/2
the E°~Nn relation by E / -law multiplicity,9 the energy spectrum from muon
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sizes becomes lower in energy than that by Ei/k*law multiplicity by a factor of
2.2. 1If oneuses the E ~NJ relation by LnE~law multiplicity,9 the energy spectrun
becomes higher in energy than that by El/k~law multiplicity by a factor of 2.6.
The fnE-law multiplicity is not accepted at energies concermed in this experi-
ment according to the publicationsl0 from observations of air showers by several
authors. Therefore, the discrepancy between the two spectra can not be explained
by the conventional models of nuclear cascades in air shower as far as the one-
dimensional electro-magnetic cascade theory under Approximation B is correct.

We propose the direct production of photons besides the production of
charged and neutral pions at these energies to explain the discrepancy. The
electron size at maximum development of shower from a photon with an energy
E, is about 1.0 x (E,/10%eV), while that from a nucleus with an energy Ej
is about (0.5-0.6) x (EQ/lOQeV). A brief estimate with this fact leads to
about equal share of primary emergy into the direct production of photons
and the production of ﬂiﬁo- The longitudinal development of air showers
nmentioned in this report suggests that the multiplicity of produced photons
is fairly high and the energies of individual photons are 1072 or 107° times
lower than the primary energy. The real energy spectrum of primary cosmic
rays may be in between the two spectra as expressed by Jt(;EO) = (1.0 x 10“9)
(Eo/1017ev)—z-om~23~1sr—1 for 10'5eV<E,<10'%eV and even for higher energies.

At the 14th International Cosmic Ray Conference at Munchen, Antonov and
Ivanenko11 pointed out independently that the energy spectra around 10%5eV
obtained from electron sizes in air showers are not consistent with the
energy spectrum obrained by the satellite-borne ionization calorimeterslz
(indicated by G in Fig. 5) and both spectra are reconciled if the energy

spectra from air showers are determined with a conversion from Nyay to By

by E; = (1.0 x 10%eV) x Npay, and they suggested an existence of copious
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direct production of photons with low energies,

10. Comparison of the energy spectra with these obtained by other groups.

Energy spectra of primary cosmic rays have been determined from electron
sizes by the Volcano Ranch group13 (indicated by V in Fig. 5) and the Yakutsk
grOup14 (indicated by Y in Fig. 5). These spectra are significantly lower than
the present spectrum from electron sizes. Since the empirical formulas of
lateral distributions by these groups show flatter distributions than ours
near the axis as shown in Fig. 2, we reestimated the sizes by these groups
with Equation (2). The examples are shown in Fig. 4 with arrows and strips.
The longitudinal developments from these reestimated sizes are consistent
with those presented in this report. Therefore, the discrepancy may be
explained by the difference in the lateral distributions.

Energy spectra have been also determined by the Haverah Park group15
(indicated by H in Fig. 5) from energy loss in the deep water Cerenkov detec-—
tor at a distance of 600m from the axis in which the main contribution is
muons and by the Sydney group16 (indicated by S in Fig. 5) from muon sizes.
The former is consistent with the present energy spectrum from muon sizes.
The latter is lower than the energy spectrum by the Haverah Park group, but
becomes comnsistent with the Haverah Park Spectrum by a conversion from Nu

to E4 based on the same model of nuclear interactions.
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E.A.S. SIMULATIONS IN THE PRIMARY ENERGY RANGL

1013y - 10%%ev

A.K. lee

Department of Physics, University of Hong Kong

Introduction

The study of E.A.S. in the energy range 10'%ev - 10'°eV is of great
interest in relation to particle physics and astrophysics. At present,
the I.S.R. at C.E.R.N. can only accelerate protons up to 2 x 10'Z%eV
equivalent in the laboratory system, Studies of particle physics above
10'3%V still rely heavily on E.A.S. studies and any particle theories
proposed for hadrons of energies above 10'%V must be able to explain
vartous E.A.S. phenomena in a consistent way. In fact some hypotheses,
such as the reduction of interaction lengths of hadrons with increasing
hadron energy, the scaling! and the limiting distribution? hypotheses etc.,
have constantly been incorporated in E.A.S. simulations to test their
validity at post-I.S.R. energiesgaE.A.S. studies are also of great astrophysical
interest in that they provide clues to the composition of primaxry cosmic
rays, information on which is important in the investigation of the origin

of cosmic rays.

For primary energies greater than 10'"eV, studies of the primary
composition by the nuclear emulsion method run into great difficulty as
the aperture required is very large. One still has to rely on E.A.5. studies
for the information on primary composition. Unfortunately, E.A.S. parameters
are usually sensitive both to the primary composition and to the details of
the nuclear physics, and usually it is difficult to segregate the effects
on the parameters due to each of them.

The present effort of simulation should focus on finding measurable
quantities in E.A.S. which are sensitive to one of the effects and not
the other, in order that information on the sensitivity of such quantities
on one of the effects is gained. The present article is written with the
above objectives in mind, and hundreds of vexrtical proton and Fe initiated
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showers are simulated. Due to certain limitations, most of the muon and
all of the hadron results are not presented.

(A
(B)

0

(D)

The Model for Simulations

The particulars of our 'semiscaling' model are as follows :

The elasticity for N-air nucleus collisions is assumed to be 0.6.
The energy distribution for the 'fragmentation' pions in N-air
nucleus interactions is given by a normalized scaling function
obtained from I.S.R. data of Bertin et al®. The relation between
the scaling variable x and a random number R (R < 1) is given by

x = 0.086 &n (1.0175/(1.0175 - R))

and a cut off at x equal to 0.35 is adopted. The average number of such
L

pions is independent of incident nucleon energy and is approximately 4.5.

This idea is consistent with the experimentally observed constancy

of the muon charge ratio.

The number of pionization pions is assumed to follow the multiplicity
law (2.4E1§ + 2.25), which is the best fit to the experimental data
between 100 and 10"GeV (Fishbane et al".), and the available energy
is assumed shared among half of the pions, i.e. those emitted in the
foxrward cone in the c.m.s. The inelasticity for these pions is
assumed to be 0,05.

The leading particle effect is also assumed for pion-air nucleus
collisions by assuming an elasticity of 0.6 for incident pions, (an
inelasticity of 0.4). This is supported by the experimental studies
of hadrons (mostly pions less than 100GeV) by Vatcha et al®. who conclude
that an inelasticity less than 0.5 is indicated. The probability for
a secondary pion emitted with scaling variable x is given by

£(x)
Yx*+4(m?+p?) /s

%g- = A(s)

where A{s) is a normalizing constant, £(x) is the scaling function, m,
p and s are the mass, transverse momentum and the square of total
energy in c.m.s. respectively. The scaling function is obtained from

the accelerator data of Beaupre et al®.
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(E) The pion-air nucleus interaction length is assumed to be 70 gm/cm?
and 120 gm/cm2 for pions of energy greater than and less than 200GeV
respectively.

(F) The P-air nucleus interaction length is assumed to increase with
increasing primary nucleon energy and assumes values 75, 70, 65, 60 gm/cm®
at primary energies equal to 1012, 10'%, 10'%, 10'%eV respectively.

(G) The distribution in transverse momentum p of the preduced pions

assumed is the C.K.P. relation

P P
flp) = —exp- —)
o o

with Py (half of the average value of the transverse momentum) equal
to 0.2 GeV.

Method of Simulation

(A) The Electronic Component

The number of electrons at the observation levels due to y rays from

7° decay is given by

0.31 e{t(l—l.Sﬁnr}}

/P

where t = y/37.7, and y is the thickness of air traversed by the y ray in
gn/em®, B = £n(Eyl0.0842) and y = 3t/(t + 2B). To obtain the lateral
distributions of electron densities due to each no, the shewer age due to

Ne =

the 7° at the observation level in question is first calculated. The
dnesity of electrons per m* at a distance x from the shower axis in Moliere's
units, ry, is given by

Ne $~2

A () = —=C(s) X7 (x + TS

r}
where C(s) is a normalizing constant depending on the shower age s.
By adding up the contributions due to each 'zro, the resulting electron number
and lateral distribution for the whole shower can be determined and the

shower age ascertained. The positions of the assumed detectors are at 25m,
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60m, 120m and 200m from the shower axis, and the effect of the transverse
o . . .
momentum of the 7 is also included in the two dimensional electron

simulations.

(B) The Muon Component

Our three dimensional muon simulations include p  for charged pions,
the effect of the earth's magnetic field and Coulomb scattering on the

lateral distributions of the muons at various observation levels.

(C) The Fe Simulations

For Fe simulations, the fragmentation parameters are obtained from
the works of Waddington et al’. The relative probabilities for Fe nucleus-
air nucleus interactions giving fragments of L-nuclei (Z = 4), M-nuclei
(Zz = 7.5), LH- nuclei (Z = 12), He nuclei (Z = 2) are 0.127, 0.073, 0.073
and 0.727 respectively. The number of nucleons remaining in Z > 2 fragments
in Fe-air nucleus collisions is allowed to fluctuate from 50% to 80%. This
is consistent with the result of Waddington et al that the average numbr of
protons released in an Fe-air nucleus collision is 8.2. The rest of the
constituent nucleo-s are assumed to be released and the fraction of released
nucleons taking part in N-air nucleus interactions is obtained from the works
of Tomaszewski et al®., the reamining nucleons merely being shaken free and
proceeding independently. The interaction lengths of Z > 2 fragements and
Fe with air nuclei are given by the expressions of Cleghom et al®. The
treatment of further interactions of Z > 2 fragments with air nuclei is
given as follows :
{I) He fragments -

For He fragments-air nucleus collisions, all the constituent

nucleons of He are assumed to be freed and two of them take

part in N-air nucleus interactions and the others merely being

shaken free.

{II1) Z > 4 fragments -
In the interactions of these fragments with air nuclei, about

half of the nucleons are assumed to remain bound as He nuclei.
The remaining nucleons being released and the portion of the
released nucleons taking part in the interactions with air

nuclei is again detexmined from the works of Tomaszewski et al.

-163~



In this way, the points of first interaction of constituent

nucleons of an Fe nucleus can be determined.

General Simulation Results

(A) Shower Age Simulations

The variations of average shower age with primary(proton or Fe)

energy at depths of 1030 and 550 gm/cm2 are given in Fig. 1(a) - (d).
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Fig. 1 Variation of average shower age with primary energy for
(a) primary proton at sea level
(b) primary Fe at sea level
(c) primary proton at 550 gm/cm’
(d) primary Fe at 550 gm/cm2

An intexesting feature to be noted is that the predicted average shower

age reaches a minimum value at a primary proton emergy equal to 10'%eV.

The reason for the rise in <s> for E, > 10%%eV is probably that for

Ep > 10'%eV, most of the interacting pions are of energy greater thmn

200GeV and since a shortening of the interaction length’charged pions is assuned

for E_ > 200GeV, the shower develops faster and gives an older shower age.
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This is consistent with the experimental results of Vernov et all®,

who show experimentally that the average shower age reaches a minimum

value for fixed shower sizes in the vicinity of 7 x 10%. These shower
sizes correspond approximately to a primary proton energy of 10'°eV.

Since the correlation of s and Ny at fixed primary proton energy is small,
the shower age for average sizes in the vicinity of 7 x 10° should not

be very much different from the corresponding value at a fixed primary
proton energy of 10'°eV and this piece of information may as well indicate
protonic nature of primary cosmic rays at Ep ~ 10'%eV. The predicted
average shower ages at sea level for Fe initiated showers show a monotonous
decrease with increasing primary energy, while the predicted average shower
ages at 550 gm/cm® remains practically constant over the range of primary
energies considered. Fig. 2(a) - (d) show the predicted fluctuations of

shower age without considering the Poissonian distributions of electrons.
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Fig. 2 Variation of os/<s>, the relative fluctuation of shower
age with primary energy for
(a) primary proton at sea level
(b) primary Fe at sea level
(c) primary proton at 550 gm/cm?
(d) primary Fe at 550 gm/c:m2
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1f the shower size is small (e.g. less than 10° particles), one must

take into account the Poissonian distributions of electrons in comparing
predicted shower age fluctuations with experimental ones. In fact,

using the information on the detector areas at various discances from

the center of the Moscow State University array (Vemov et al) and tokinp
the Porssonian distributions of electrons into account, the fluctuat.un
parameter, o_/<s>, for Fe showers at 105V increases from 0.0485 £ 0.0082
to 0.065 + 0.0055. For Fe showers at 10'%eV, the effect of Pclssonian
distributions of electrons is negligible and the predicted fluctuation
parameters could be compared with experimental ones provided that all other
systematic sources of fluctuations are duly corrected for. In order to
compare the predicted fluctuation parameter with experiment at a fixed muon
size N (E > 10 GeV) of 1.4 x 10" (Vernov et al.), the distributions of
shower ages of Fe primaries at 10'5eV and proton primaries at 10'°eV are
investigated. The experimental value of the fluctuation parameter, 0.11
is clearly much larger than the corresponding values for Fe primaries at
10'5eV and proton primaries at 10'%eV, 0.065 and 0.0647 respectively.
However if one mixes 50% Fe primaries at 10'°eV with 50% P primaries at
10'%eV, a maximum value of the predicted fluctuation parameter of 0,085

is obtained. One important point worth mention is that the average

shower age at a fixed energy is sensitive to the assumed value of the
elasticity for N-air nucleus collisions. The surprisingly young simulated
average shower age at sea level supports the idea that N-air nucleus
collisions are rather elastic,

(8) The Longitudinal Shower Development

The experimental data on longitudinal shower development in the
lower atmosphere are derived from equi-intensity cuts of size spectra
measured at different zenith angles in high-altitude experiments. The
longitudinal development curve is sensitive to the details of the interaction
model and to the primary composition used in the simulations. In genersl,
the use of isobar or scaling models for pion productions in simulations
lead to greater depth of maximum development than that using the C.K.P.
model, and the development curve for Fe primaries is always steeper than
the corresponding one for proton primaries. The shower development
curves cbtained in the present simulations are plotted in Fig, 3, for 10!%eV,
for both P and Fe primarie§ while the plotted points are the data from Ref.(11).
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It is interesting to note that at 10'%eV, the rapid sbsorption of

shower particles in the lower atmosphere and the small depth of maximum
development can be explained by assuming all primaries to be as heavy as

Fe. One thus tends to conclude that primaries at 10'®eV are heavy. However
since the details of the interaction model employed can seriously affect

the longitudinal shower development, such a conclusion must be considered

as tentative. Fig. 4 is a graph of the variation of the depth of maximum
development with primary enexgy for both P and Fe primaries.

i . i 4 " 3 ; a
3 (Y 2] ¥

iv
(promary Amesty Eg ey )

Fig. 4 Graph of the variation of the depth of maximum
development with primary energy Ey. Curve 1 - primary
proton. Curve 2 - primary Fe.
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Figs. 5 (a) - (b) are graphs of the variation of the electron fluctuation
parameter oy /N> at various primary energies with atmospheric depths for

both P and Fe primaries.
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Fig. 5 Values of relative electron number fluctuation,
Oy /<Ne>, for various depths and primary energies.
(a) EE_= 10'%V, FE_= 10'%v,& E_ = 10'%evV
= 1alY - 1015 - 1016
(b) ¥E,, = 10 eV,}EFe 10'°eV L EL = 107V,

{C) The effect of including 'Gamaisation' and varigtion of the average

)
7 transverse momentum on shower development

The suggestion of direct gama ray production in N-air nucleus
collisions, termed 'Gamaisation', was first suggested by Nikolsky!?
The 'Gamaisation' model employed here involves the production of a
single gama ray having sxof the incident nucleon energy in N-air
nucleus collisions involving incident nucleons of energy greater than
or equal to 10'%eV. The effect of such an assunption is to increase
the average shower age at levels of cbseration in the lower atmosphere
and give greater depth of maximum development. The increase of the
average shower age may be due to the fact that with the assumption of
'Gamaisation’, the elasticity for N-air nucleus collisions reduces from
0.6 to 0.55 and thus showers develop faster and give older shower ages.
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The development curve for an average development shower under such an
assumption is shown in Fig. 3. It is seen that the position for proton

primaries alone to explain the shower development is notvery much improved.

The fractions of the total number of electrons derived from gama rays

at 700 and 550 gm/cm® are 21% and 25% respectively. The effect of the
variation of average 7° transverse momentum on average shower age and
fluctuation of shower ages for E_ = 10'%eV at 700 gm/cm® with 'Gamaisation’,
md B = 10%eV at 1030 gm/cm® without 'Gamaisation', are shown in Figs., 6(a) -
(b) snd Figs. 6(c) - (d) respectively. A prominent feature of these figures
is the decrease of average shower age with the increase of average 7° transverse
momentum, while the effect on the fluctuations of shower age at the level

is seen to be quite small. Figs. 6(c) ~ (d) show that the average shower

age at sea level is not very sensitive to the mean transverse momentum

for 7r°, while the shower age fluctuation parameter increases with increasing

(¢}
mean transverse momentum of the 7 .
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Pig. 6. Variation of (a) average shower agels>and (b) its

xlgctuationcaxh», with <pyform at 700 gm/cm* for Ep= 10% eV
with ‘Gamaisation'. Similarly for (c) and (d) Wwith<psfor 7°

at 1030 gm/om* for E = 10" eV without 'Gamaisation’.
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(D) Showers at Fixed Size

The fixed size calculations are for vertical showers at sea level,
The primary proton spectra assumed are N(Ep) = (2.0 * 0.2) EY protons
am~2.s71,8r"! with y = -2.7 ,'°a3:'1d N(Ep) = 0.64 Eg protons cm 2.5 !.Sr !
with vy = -2.60. The former is the result of the Goddard Space Flight
Center group (e.g. Ryan et all®)) for Ep <2 x 10'%eV/nucleon. It is
assumed that such a spectrum continues to higher primary ‘energies. The
latter is obtained by equating the differential intensity at B_ = 2 x 10'%eV
to the former. The 'primary proton spectra'! at fixed sixe range 10°-10%°°

are presented in Fig. 7.
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Fig. 7 The 'primary proton energy spectrum' in the size range
of 10% - 10%:5 expressed in the ratio, (no. of protons
of energy < E in the size range/total no. of primary
protons in the size range). Curve 1 and 2 are for the in
integral primary proton exponents equal to 1.6 and 1.75

respectively.

The variations of median primary proton energies with the mean sizes for
di fferent fixed sizes intervals are shown in Fig. 8. It is interesting
to note the variations of the ratios of the number of Fe showers to
thaer of P showers as one samples at fixed size with mean sizes for
different size intervals under the assumption of a mixture of 50% proton
and 50% Fe, by introducting the same primary spectrum for Fe in addition
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Fig. 8 The variation of median primary proton energy

with size for various size intervals, Y==2.75.

to that for P, This corresponds to an enhancement of the primary
intensity by a factor of 2. The results are shown in table 1.

Table 1 : Variation of Fe/P ratio with shower size

fixed size range Fe/P ratio for Fe/P ratio for

Yy = -2.75 Y = -2.6
10%°7- 10* 0.1138 0.1584
10 - 10%3 0.1281 0.1767
10%°5- 105 0.1617 0.2187
105 - 105°5 0.2229 0.2923
105°5- 108 0.3063 0.3909
108 - 10%°° 0.4210 0.5228

It can be seen that the ratio Fe/P increases with size as expected, as
for larger sizes, the constituent showers are in genral of greater
energies, they fluctuate less and the upward fluctuation of proton

showers of lower energies to the size in question is less pronounced.
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The predicted E.A.S. number spectra are shown in Fig. 9 for the two
assumed primary energy spectra under the assurfptions of (a} 100% proton
(b) 50% proton plus 50% Fe (C) 100% proton for Ej < 1.1 x 10'%eV and 50%
P plus 50% Fe for Ep > 1.1 x 10'%eV. The differences in exponents for

the assumed energy spectrum and size spectra are significant.

4 G

y = 2,75(1)

+

E L5

B

1

#

el
-5.,0 a

logyg B =+

6,5 ) 10 )
3.5 4.0 k.5 5.0 5.5 6.0 6.5

Fig. 9 The variation of integral shower size intensity expressed
in NI(>N) with size under various assunption : A - 100% P,
& - 50% P + 50% Fe, Curve 1 - 100% P for 1.1 x 10°GeV > Ep
and 50% P + 50% Fe for Ep > 1.1 x 10%GeV. The corresponding
ones for the exponent of the integral primary spectrum
equal to -1.6 are , & and curve 2 respectively. The
experimental points indicated are due to I, Kiel (Ref. 14},
© M.5.U, (Ref. 15), © M.I.T. (Ref, 16).

Fig. 10 shows the variations of Nu(>Eu) /Ne with Eu‘the threshold muon
energy, under various assunptions of primary composition, together with
experimental points for N, 105, Ref. (17). It can be seen that the
experimental data are consistent with the predicted curves under the
assumption of 100% Fe. But the predicted curves seem too flat to
explain the variation of N& >Eu),«‘Ne with Eu. The variations of the muon
fluctuation parameter at fixed size, ¢ /<NM>’ with mean sizes for
different size intervals under various assumptions of primary composition
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Fig. 10 Variation of Nu(>Eu) /r\iie with Eu for two fixed size ranges with
the assumption of 1.75 for the exponent of the primary cosmic
ray spectrum. The corresponding curves for 1.60 as exponent
practically coincide with the curves indicated. Curve 1 - 100%
Fe, size range 10°°% - 10%. cCurve 2 - 100% Fe, size range 10° -
10%°5, Curve 3 - 50% P + 50% Fe, size range 105-5. 10°, Curve 4 -
50% P + 50% Fe, size range 10° - 10%°%. cCurve 5 - 100% P, size
range 10°°%-10%. Curve 6 ~ 100% P, size range 10%-10%"%,

and threshold muon energies are shown in Fig. 11. Also plotted on the graph
are the data of Vernov et al. The predicted muon fluctuation parameters
are obtained by identifying each primary proton energy at fixed size with

a fixed number of muons. Thus the parameter ‘reflects the spread of
primary proton energy at fixed shower size. The effect of the fluctuation
of the number of muons at fixed primary proton energy on the fluctuation
parameter can be neglected because GNU/<NU> at fixed primary energy at

sea level and the correlation of N, and Nu at fixed energy are small

(e.g. oy /Ny at Ep = 10'%V is ~0.176) and the inclusion of this effect
will raise the value of the fluctuation parameter by " 10%.
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Fig. 11 Variation of gy /Ny for showers at fixed size with mean size
N for various size intervals under the assumption of 1.75 for
the exponent of primaxy cosmic ray spectrum. The corresponding
data for 1.6 as exponent practically coincide with the points
indicated.[}-50% P + 50% Fe, EU > 10GeV. A - 100% P, Eﬂ > 10GeV,
- 100% Fe, Eu > 10 GeV. The corresponding black points are
for E > 1 GeV.

Comparing the experimental points with predicted ones, one sees
that the experimental muon fluctuation parameters at various fixed

sizes indicate pure protonic nature of the primary beanm.

Conclusions and Discussions

In the comparisons of the variation of average shower age with
primary energy and the predicted oNu/d‘Ip> at fixed shower size with
experimental values, pure protonic nature of primary beam can be
concluded provided that the present model of interactions and assumptions
represent the true situation. The experimental shower age fluctuation
parameter o /<s> at sea level for Ng ~ 10%, 0.09 (Vernov et al.), can
be explained with a pure protonic beam of E_ ~ 10'%eV provided the mean
transverse momentum for m° is v 1 GeV. For Fe showers of the same size,
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the assumption of increasing mean transverse momentum for 7°

is probably
not valid because the neutral pions are of much lower energies. This

-3 further evidence for the protonic nature of the primary beam at Ne"ums.
The rapid absorption of shower particles in the lower atmosphere, the small
depth of maximum development, and the high NU(>Eu)/Ne ratio can only be
explained by assuming primary cosmic rays being as heavy as Fe. Intxoduction
of 'Gamaisation' involving the production of a single gama ray with the
assumption of a beam of protonic primaries cannot explain the experimental
data. However if one assumes multiple gama ray productions and/or various
other assumptions of particle physics such as the drastic decrease of m-
air nucleus interaction length, the experimental Nu(>Eu)/Ne ratio, rapid
shower development and small depth of maximum development may be explained
with a pure protonic beam. Our simulated charge to neutral ratios and

the number of pions for a given primary proton energy are much higher than
the experimental ones. These discrepancies may also be removed with such
an assumption. However the assumption of drastic decrease of p-air
nucleus interaction length as indicated by Jacob (18) may not be assumed
as the assumption of which will give much older shower ages at observation
levels,
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ON THE CORRELATION BETWEEN THE OPTICAL CERENKOV

PULSES AND THE RADIO PUISES FROM EXTENSIVE AIR SHOWERS

D.C. Goswami and K.M., Pathak
Department of Physics, University of Gauvhati, Assam,

India.

Summagz

Associated production of optical Cerenkov pulses and radio-pulses
(at 30 and 44 Miz) from Extensive Air Showers (EAS) has been studied,
using dipole antenna systems and an optical Cerenkov detector. Correlation
between the two types of pulses has been investigated in detail . The
statistical analyses indicate negative correlation between the two types
of pulses.

It is surmised that the true mechanism responsible for the production
of radio-pulses is predominantly the charge acceleration mechanism, although
there is some small contribution from the low frequency end of Cerenkov

radiation.
1. Introduction

Predictions of possibilities of emission of Cerenkov radiation! as
well as radio-pulses? from extensive air showers (EAS) have opended new
fields of study, and have attracted a good number of workers all over the

world.

The optical pulses from LAS have been confirmed to be optical
Cerenkov pulses due to relativistic charged particles in EAS®’*. Radio
pulses from EAS have also been detected at frequencies ranging from few
Miz to about 550 Miz3’%’7’%, There have been several theories put fomward
to explain the cemission of radio-pulses for EAS. For instance, Askaryans.
showed that the normal Cerenkov radiation produced by the individual
relativistic particles in an EAS was enhanced by phase coherence at the
lower frequencies. According to Kahn and Lerche'’, the contribution
to the emission of radio frequency due to geomagnetic separation of the
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charges in a shower front was greater than that from the normal Cerenkov

radiation. Allan!! analysed theoretically the radio-emission in an EAS

12

due to the geomagnetic separation mechanism. Fuji and Nishimura “ also

studied theoretically the radio frequency emission in an EAS. They
investigated the relative importance of Cerenkov radiation and emission

due to charge acceleration from the particles in an EAS.

But it is interesting to note that in spite of intensive theoretical
and experimental work, it has not been possible to date to determine
unambiguously the relative roles of geomagnetic deflection and other
processes in the observed radio frequency emission, or to pin point the
production mechanism of the radio pulses. These findings prompted us
to study the associated production of the radio pulses and the optical
pulses from EAS. It is reasonable to expect that a correlation, or a lack
of it, between the optical Cerenkov pulses and the radio pulses may lead
to a better understanding of the production mechanism of the radio pulses.
As it is now well established that the light pulses produced by EAS are
due to optical Cerenkov radiation, a positive correlation between the
optical and the radio pulses from EAS would lead one to conclude that the
radio pulses are also due to the Cerenkov emission process, while a negative
correlation between the two types of pulses would lead one to surmise that

there may be some othe process responsible for radio frequency emission.

For this purpose an experiment was carried out in the Gauhati
tniversity campus (26° 22'N, 919 23'E, and altitude ~100m) during the
winters and autums of 1972-74, mainly to study the associated production
of optical Cerenkov pulses and radio pulses from EAS.

2. Experimental set up and data collection

The details of the experimental set up, procedure of collection of
data, and the selection criteria were presented in a preceeding paper,
{(submitted to Nuov. Cim.), which will hereafter be referred to as paper I.

As described in paper I, optical pulses were collected with the
help of a Cerenkov detector comprising a parabolic reflector, a wide

cathode, (125mm), photomul;iplier tube, and the associated electronic
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circuits. Radio pulses at 30 and 44 Miz were collected by broad-side

half-wave dipele arrays and a Hallicrafter VHF receiver.

3. Malyses of the data

3.1 Optical pulses

In paper 1, the optical data of the present experiment were analysed
in detail, and were confirmed to be optical Cerenkov pulses by comparing
them with a theoretical curve generated by a primary-energy-independent
general equation developed by the authors.

3.2 Radio pulses
The number of acceptable radio pulses collected at 30 and 44 Miz

were 38 and 125 respectively. Figs. 1 and 2 give the pulse height
distributions of these pulses.
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Figure 1. Radio pulse height distribution at 30Miz.
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Figure 2 as Figure 1, at 44 Mlz.

4, Correlation betwecen the optical Cercnkov pulses and the radio pulses

For studying the relationship or the degree of association between
the two groups of data, viz., the optical Cerenkov pulses and the radio
pulses, the method of correlation has been applied using the ‘product-

moment ' coefficient of correlation, r, given by'?,

where x and y are deviations from the actual means of the two distributions,

2 5 . . A
and Ix and Iy® are the sums of the squared deviations in X and y taken from
the two means.
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The coefficient of correlation is calculated by using the scattergram
method, i.e. by arranging the data in the form of a diagram or chart of
bivariate distribution as shown in Figs. 3, 5 and 7. The regression

lines for both the pulse height distributions are also shown in Figs.
4, 6 and 8.

4.1 Correlation with 30 MHz Radio Pulses

At first a scattergram of the optical data and the simultaneous ly
observed radio pulse data are plotted (Fig. 3). In the scattergram
a 'tally' (/) is given in the appropriate square in accordance with the
two characteristics, viz., the optical pulse height and the radio pulse
height. Along the bottom of the diagram in the fy row is tabulated the
number of data in each radio pulse height interval; while along the
right hand margin in the fy column is tabulated the number of data in
each optical pulse height interval. The frequency of each cell is also
added and entered in the diagram. Thus the scattergram becomes a
correlation table (Fig. 3). The correlation table is separately shown
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:g 1.00-1.33} 7/ 1 1.25
& 10.67-0.99%« 5 1.25
g 0.34-0.66}3% 32 1.25
§ 0.00-0.33{72| # | " | 1| 18 3.10
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Figure 3. Scattergram showing the paired pulse heights of the
Optical Cerenkov pulses and the 30 Mz radio pulses.
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Figure 4. Correlation table for the optical Cerenkov pulse heights
and the 30 MHz radio pulse heights.

on graph paper in figure 4. The means of the data in each colum are then
calculated and shown along the bottom. Similarly, the means of the data
in each row are claculated and shown along the right hand margin. The
means of the columns are then plotted graphically with small crmsses and
the means of the rows with small circies. Through the crosses and the
circles two regression lines are drawn, giving more importance to those

crosses and circles which correspond to more data.

The inclination of the regression lines from lower right to the
upper left hand section of the diagram indicates that the correlation
between the optical Cerenkov pulses and the 30 Mlz radio pulses is

negative. The product moment correlation coefficient calculated from the
slope of the two lines comes out to he

r = -0.11,

which from the null hypothesis is not significant either at the 5% or

at the 1% level, the standard significant values of r at these levels
being 0.22 and 0.28 respectively!’®
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The negative tendency of the degree of association betwéen the optical

and the radio pulses is depicted even when an expanded correlation tahle

is formed with the first few cells at the bottom left hand corner of

Figs. 3 and 4, where there is a greater conventration of data, as shown in

Figs. 5 and 6.
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Figure 5,

Extended Scattergram
showing the paired
pulse heights of the
optical Cerenkov pulses
and the 30 MHz pulses.

Figure 6.
Correlation table for
the data in Fig. 5.
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In similar manner, a correlation table is formed (Figure 7.)

| ! H | I J ] [y g\
\’ :
W KAy ‘t ! : ! ; ;a a ’? ﬂ
i { i |
ot RG] . . | olelaolel s
0 e le Gl L8Rl nas
W om
LR Y] §lw o w x ot 47 4
T Mmoo o
i . “.,-:;wo. o ’ / g G
x ~
Leyy b g|mom ” / 19 43
i
|ll 4 2 T N it ' 20 8¢
v -
y
NINERR Y] M P VR P 32 71
LY ™
ALY P djm Py i 3 2 » ! 60 (O/g
) N m
i R b
o T et W e fae ek awani 2 126
i
N TR YL ] 4 ’ ' ’ " 1 04
- - —— o
fo ~ 0 4 a 15 7 /5 27 16
TR T oo 32 36?3 1T I8

Figure 7.

Scattergram showing the paired pulse heights of

the optical Cerenkov pulses and the 44 Miz radio pulses,

for the optical pulses and the simultaneously observed radio pulses

at 44 MHz.

From the regression lines drawn as shown in Figure 8,
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it is obvious that the correlation is negative. The coefficient of
correlation is found to be

r = -0.25

which is significant at the 5% as well as the 1% level, the standard
significant values of r at these levels being 0.098 and 0.128 respectively?!?

5. Conclusion

Statistical analyses of the correlation between the emission of the
two types of pulses i.e. radio and optical pulses, as detailed in the
preceeding section indicate negative correlation between the two types of
pulses. The value of the product moment coefficient of correlation, r
for the 30 Mz radio pulses and the simultaneously collected optical
pulses is found to be v -0.11, which is not significant. Again, the value
of r for the 44 Mliz radio pulses and the simultaneously collected optical
pulses is found to be v -0.25 and this 1s a significant negative value of r.

The negativity of the product moment coefficient of correlation proves
4
that the optical and the radio pulses have a negative degree of association,

i.e., if the magnitude of one increases that of the other decreases.

The optical pulses from EAS are known for sure to be caused by
Cerenkov radiation. This Cerenkov spectrum extends to the radio region
also and for higher energy showers (E > 10'7eV) the signal to noise ratio
is substantiall® so as to make it detectable by broad-side antenna systems
like the ones used in the present experiment. But 1f the radio pulses
were due only to the Cerenkov mechanism, there should have been a positive
correlation between the optical and the radio pulses from EAS. Because,
the Cerenkov radiation loss is proportional to wdw, where w is the band
frequency and dw is the bandwidth, any increase in the optical pulse
height should have been accompanied by an increase in the pulse height
of the corresponding radio pulses. But the results of the present experiment
indicate that the correlation is negative, and that is why one will have
to look towards some mechanism in addition to the Cerenkov mechanism for

the emission of radio pulse from EAS.
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One important point to be noted here is that although the coefficient
is negative both with 30 and 44 Miz radio pulses, the negativity is less
in the case of 30 MHiz than with 44 Miz radio pulses. This means that the
mechanism{s), whatever it (or they) might be predominate(s) over the
Cerenkov contribution which is always there., This predominance is more

at higher frequencies,

The above observation leads us to surmise that perhaps the true
mechanism responsible for the production of radio pulses is predominantly
the charge acceleration mechanism, as has been pointed out by Kahn and Lerche!?
although there is some small contribution from the low frequency end of

Cerenkov radiation.

In future, it may perhaps be useful to extend this work to higher
radio frequencies to check the degree of predominance of the charge
acceleration mechanism of emission of radio pulses over the Cerenkov

mechanism,
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STUDIES ON OPTICAL CERENKOV RADIATION IN ASSOCIATIUN
WITH RADIO PULSES IN EXTLNSIVL AIR SHOWERS
D.C. Goswami and K.M. Pathak
Department of Physics, University of Gauhati

Assam, India.

Summary

Associated production of radio pulses and optical Cerenkov pulses
from Extensive Air Showers (EAS) has been studied. In the present paper,
an analysis of the optical Cerenkov pulse height distribution is given.
A general equation is developed to generate the frequency distribution
of the optical Cerenkov radiation from EAS assuming a direct proportionality
between the pulse height and the intensity. The experimental results

and the theoretical prediction are compared.
1. Introduction

The emission of light pulses by relativistic particles passing through
the atmosphere was first predicted by Blackett in 1948). Observations
of light flashes of very short duration superimposed on the background
of night sky glow correlated with the passage of cosmic radiation in the
aimosphere were first reported by Galbraith and Jelley in 19532, Later
on they showed that these pulses did possess the properties of Cerenkov
4

radiation®s Theoretical works on this line are being continued in

several laboratories®:5,

More recently, radio pulses have also been detected from Extensive
Air Showers (EAS). The possibility of emission of electromagnetic
radiation at radio frequencies was first predicted theoretically by
Askaryan in 19627, He showed that the normal Cerenkov Radiation produced
by the individual relativistic particles in an EAS was enhanced by phase
coherence at the lower radio frequencies, Kahn and Lerche® also studied
the problem theoretically and concluded that the contribution to the
emission at radio frequencies due to the geomagnetic separation of the
charges was greater than that from the nommal Cerenkov Radiation. Allan
in 1967°, and Fujii and Nishimura in 1971'° also studied theoretically
the radio wave emission from EAS.

In this paper data collected on the optical Cerenkov pulses are
reported and their frequency distribution is shown,
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2. Experimental arrangements

2.1 EAS detector.
Cosmic ray showers of energy in the energy region > 10'5 eV
were detected at the rate of & 4 h-! with an array of GM counter trays
Ay, Az and A3, (Fig.l), operated in coincidence. The master coincidence

pulses were used to trigger a double beam 15 Miz oscilloscope.,

A (3573, 40°'2)

512>

Py
c.
Az . (26°5,5) 805 m
(-535,0) 1(0,0
9).5
™

\ A, (3573, —40°2)

Fig.l. Geometry of the detecting system, I - circumcentre,
C - Cerenkov detector, area of each tray, S = 0.48 m®.
Co-ordinates are expressed in metres taking I as the origin.
2,2 Optical Cerenkov detector,

The optical detector used in the experiment consisted of a
parabolic reflector of 76 cm diameter and 13 cm focal length pointing
towards the zenith. A photomultier tube, (type EMI 9579 B) having a
125 mm diameter photocathode, placed at the focus received the light
collected by the reflector, Although the Gauhati University campus is
situated 12 Km away from the main city and the background illumination
is not high, the whole system was kept inside a four-walled cell to avoid
scattered light. The roof of the cell was removed and the optical

detector was exposed during clear dry moonless nights when the optical

experimenta was conducted. It may be pointed out here that the detector
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collects light mainly from vertical showers within the cone of acceptance
of the mirror system. The position of the optical detector is also shown

in Fig.1l.

Pulses from the photomultiplier tube, after sufficient voltage
and power amplification, and after being suitably delayed (1.6 us), were
displayed on one of the oscilloscope beams, the other beam being used
for radio pulse display. The pulses were then simultaneously photographed
on a fast film (ASA 400), the camera shutter being kept open during the

experiment. After every triggering the film was advanced automatically.

3. Selection criteria

The following selection criteria were adopted in the analyses of
the experimental results:-

i)  Only those optical pulses which appeared at the particular
position of the base line of the oscilloscope as were specified by the
delay line were accepted as probable events.

ii) Only those pulses which had a signal to noise ratio greater

than 3:1 were accepted as genuine.

4, Experimental results

The apparatus was run for 700 hours., During this time 417 acceptable
optical Cerenkov pulses were observed. The pulses observed in the
oscilloscope were typically of 0.5 us rise time (10% to 90% of peak value).
Fig. 2 shows the fascimile of a typical Cerenkov pulse.

-

Opkica(, Fu!.sa

Radio pulse
)—I\W\_‘,—‘\Vv ™ e

i
5 f“ﬁc

oOr

~
G
o+

(o) {b}

Fig.2. Facsimiles of the oscilloscope beams; (a) without and (b)
with genuine pulses.

-190-



5. Theoretical pulse height distribution of optical Cerenkov
pulses in EAS.

A general equation was developed to generate the frequency

distribution of the optical Cerenkov pulses from EAS, as detailed
below:

In an EAS detecting system like the one used in the present
experiment the detection probability of a particular shower depends
on the location of the shower axis and also on the primary energy.
Again, for a particular position of the Cexenkov detector, the pulse
height depends on the location of the axis and the energy of the primary.
From these two considerations, one can eliminate the energy term and
can integrate over all the locations of the shower axis, (vertical), to
arrive at a relation between the number of showers, (vertical), detected
and pulse heights.

Let a shower of primary energy E be incident at P(x,y) (see Fig.l)
for which the densities at the detectors (trays Ay, A2 and A3) are
A1, Az and Aj respeetively. Then the probability that the shower is
detected is given by Galbraith'! as,

Po= S L l-exp (=A5)] covvnirnnnn(D)

i=1
where Si = area of the i-th trey.
Now from the number spectrum the frequency of showers having tobal
number of particles between N and N + dN is
K (N) aN = A N7Y"tan,

1.53 + 0.0195 2n (N/10%)

constant.

n

where'?, ¥
A

For showers of mean size of a few 10° particles, and E 3 10'® eV,

Yy = 1,55, Therefore,
KN dN = AN255 aN. Leniiinenenns o (2)

From Olbert's calculations!?®, the relation between the total number

of particles at sea level and the primary energy is

N=5x 10713 EY28 ... e aeee s (3)

where E is in eV,
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So the frequency of EAS having primary energy between L and b + dE

1s,
n(E) dE = BE™2"%0 dE ... ....iieeel (4
(B = constant)

The number per unit time of such showers having primary energy

between E and E + dE falling on an area dx dy at (x, y) is

C dE dx dy =

1

?[ [ 1 -exp (- A;S)) ] BE™2'%% dE dx dy ..(5)
=1

The density of particles at a distance R (metres) from the axis
is

A=N£f@® =5x10""EY!S FR) o.ooiiiiiinnnns, (6)

vwvhere f(R) 1s taken,
1
R

A; = 8.75 x 1071° El-16 %: exp (- R,/80) ..... e (7
L

F(R) = 1.75 x 1073 = exp (- R/80)

Again, on the assumption that the pulse height (H) is directly
proportional to the intensity (I), i.e., H = KI (K = constant), and
also from the theoretical calculation of Zatsepin and Chudakov'*, one
gets I = p ¢ ig*t (D = Constant)

so that,

(D1 = constant).

On eliminating E from equations (5}, (7) and (8), and integrating

for all positions of the shower axis, one gets

3
cH) = ~[:f T [ 1-exp{-8.75 x 1078 ( g- . H)yt-1e
Xy i=! t
1 Ri r ~2.80 T
'}f.exP{'B_O_)Si}}‘B(E'H) F - di . odc . ody
i 1 1
3
or C(H) = j_( M ALl - exp { - £1*18 (AqH)1-26
Xy i=1

R, -
1 i <180 (AH)T2°80 gy, dx. &
'R'i exp ("g-@-)}] T Y

-192-



where Ay, anl A re (onst mts, ud

Ry =V (x =35 3)Z ¥ (y - 40.2)°2

Re =V (x - 35.3)7 + (y + 40.2)2

el

pred
tw
n

VvV (x + 53.5)2 + y2

r =/ (x - 26.5)? + (y - 5)2

Thus equation (9) gives the pulse height distribution where both
C and Il are relative.

It must be pointed out here that the approximation (rather over-
simplified) that leads to equation (9) takes into account only vertical

showers, and this procedure leaves a slight bias in favour of large showers.

6. Discussion and conclusions

As has been mentioned in the introduction, the ultimate aim of the
present experiment was to investigate the simultaneous production of
radio pulses and optical Cerenkov pulses in EAS. However, in the present
paper, analysis of the optical pulses detected is chiefly undertaken.

First, the optical data collected in association with the 30 MHz and
44 Mz radio pulses are shown separately in Figs. 3 and 4. In order to
compare the distribution with that predicted by equation (9), a grand
pulse height distribution is drawn taking all the pulses together and

is shown in Fig. 5.

Fig.3 Pulse height distribution of optical Cerenkov
pulses in association with radio pulses at 30 Miz.
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Fig.4 Pulse height distribution of optical Cerenkov
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In F1g.6, a differential pulse height distribution C(H)/H vs.
Il predicted by equation (9) 1s shown. Further on this graph the data

of the present experiment are superimposed. Experimental data are

normalised at an arbitrary point I = 2,
200
100 . .
Fig.6. Differential
S0 vy pulse height distribution
© GALERAITH AND
2 IELLEY of optical Cerenkov pulses
predicted by equation (9).
10}
W (x) - data of the present
gl
I 8 experiment.
ol (o) - data of Galbraith
and Jelley?,
1}
The experimental data are
o's normalised at an arbitrary
o2 . point, H = 2.
|
S W TR N
t ¢ 3 &« 3 6 7 8
H o~

The differential pulse height distribution cbtained in the present
work agrees fairly well, within experimental error, with the theoretical
curve. The differential frequency decreases steadily with the increase
of pulse height, that is to say that the number of large pulses are fewer.
An observed Cerenkov pulse is a cumulative effect of Cerenkov radiation
due to individual particles in a particular shower. Thus the pulse height
due to a shower is a function of the number of particles in a shower as
has been deduced in the theory as well. Jelley'® also showed that the
Cerenkov intensity was just proportional to the number of particles in a
shower. The large pulse height therefore represents large shower, i.e.,
shower with high primary energy. Since the differential frequency
distribution of primary energy vs. intensity shows a rapid decrease towards
high energy side, the number of large showers should also fall off rapidly,
and consequently, the number of large Cerenkov pulses should also fall off.

This conclusion seems to be corroborated by the theoretical as well as
the experimental differential pulse height distributions. On the other
hand, on the low energy side the frequency of occurrence of showers being
higher, the corresponding frequency of Cerenkov pulses is also higher.
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[hese observations reasondbly lead to the concluston that the
obscerved optical pulses are due to direct contributions from Cerenkov
radiation from the particles in LAS. This conclusion can further be
substantiated if the results of the present work be compared with that
of Galbraith and Jelley?, as in Fig.6. These workers did a similar
experiment, of course, mainly to study the Cerenkov pulses from LAS,
unlike the present experiment wherein Cerenkov pulses were studied

along with radio pulses from EAS,
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CHARGE RATIO OF ELECTRONS IN EXTENSIVE AIR SHOWERS

S.W. Fong and L.K. Ng

Physics Department, University of Hong Kong,
Hong Kong.

One possible source of radio emission from extensive air showers
is believed to be the negative charge excess of the showers. Measurement
of the positron-electron ratio in the extensive air showers may therefore
reveal the relative contribution to radio emission.

In the present experiment, a small air-gap magnet is being used to
identify the positrons and electrons, the tracks of which are then located
by means of a stack of spark chambers. So far, about 6000 pictures have
been taken, of which about 10% give tracks with significant deflections
by the magnet field.

Detailed analysis of the events shall include (a) the study of the
total charge ratio, (b) the east-west effect, and {c) the dependence of
the charge ratio on the average electron energy.

1. Introduction

Since the discovery of radio emission from extensive air showers by
Jelley et all’?, scientists have started extracting information from the
radio signals detected and investigating the mechanisms causing the
radiation. Of the many possible emission mechanism proposed, the Cerenkov
radiation due to the negative charge excess as well as the dipole current
and dipole moment due to separation of charge by geomagnetic field are
the most probable ones® In the present work, the amount of negative charge
excess and the extend to which the charge are separated will be measured,

2. Theozy

The average energy of each particle in a typical shower is of
the order of 30 MeV, and an excess of negative charge is expected as a
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result of three processes namely, annihilation of positrons with atmospheric
electrons, Compton effect and d-ray process. Theoretical calculations

have been made by Guzhavin et all! and Fujii et al’ on the negative excess
due to these processes and their results are shown in Figure 1. Further-
more, shower particles travel in earth's magnetic field and a separation

of the positrons and electrons is expected due to the Lorentz force

ev x B. The amount of displacement r of a charged particle depends on

the energy E of that particle and is given approximately as

= 5_0_32 metres,

with E in MeV at shower maximum®. Therefore the low-energy particles
will be at larger distances from the shower axis spreading towards the
east and the west, and the differences in the number of particles of

opposite charges should be more pronounced there.

3. The shower array

Shower events are selected by the coincidence of four scintillation
counters placed near the top comers of an air-conditioned room, The
relative separations are shown in Figure 2. The roof of the room is
made of a thin layer of wood so that sbosrption of particles is neglected.
Each of the scintillation counters consists of a piece of plastic
scintillator (50 cm X 50 em x 5 cm) viewed by a five-inch photomultiplier
tube (Du Mont 6364) Ffrom the above. The photomultiplier tube is
supported by a pyrimidal reflector made of thin sheets of galvanised
iron coated internally with aluminium foil. Two output signals are
taken from each photomultiplier tube. The negative pulses from the anode
are shaped and sent to the coincidence circuits while the amplitudes of
the positive pulses from the last dynode are digitised and recorded by a
camera, Each digitising channel consists of a sample -and.hold amplifier,
which catches the peak value of the pulse, and a ten-bit analogue-to-
digital converter. The digital outputs are displayed by 7-segment LED's
and photographed by a motor-drived camera. These figures then give a
measure of the particle densities at the four sites of the scintillation
counters. The dynamic range of each digitising wnit is about 80 equivalent
vertical minimum ionising particles. A block diagram of the triggering
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and recording electronics is shown in Figure 4, As can be seen, no
discrimination level is being set for each of the scintillation counters.
This is because of the fact that low particle density is desired for
good correlation between the tracks of the two pairs of spark chambers
which is described in the next paragraph. The probability of chance
coincidence is practically eliminated by the four-fold coincidence.
Furthermore, the negative excess is expected to be more pronounced at

large distances from the shower axis, where the particle density is low.

4. The positron-electron analyser

The analyser is essentially a simple air-gap magnet spectrometer.

As shown in Figure 3, spark chambers are used for the particle track
location. The area of the gap opened totverticaltparticles is 30 cm x 10 cm
and the length of the magnetic path is 10 em. The field produced is about
500 gauss. The m.d.m. is estimated to be 80 MeV. Two pairs of spark
chambers are placed on top and under the magnet. Their internal dimensions
are 1.5 cm x 26 cm x 12 cm, The thickness of the glass plates used is

4 mm, The chamber gas is a mixture of Neon (90%) and Helium (10%) at
atmospheric pressure. Thin aluminium plates of thickness 1.2 mm are

used as electrodes for the application of high tension pulses delivered

from a spark gap. The pulse is of amplitude 27 KV, with 0.3us and rise

time about 15 ns, Charged particles of suitsble energy are deflected by
- the magnet and the deflected tracks are located by the spark chambers.

This analyser is placed at the centre of the area bounded by the scintillation
counters. The spark chambers are viewed by an open-shutter camera loaded
with TriX film (ASA 400) and some of the tracks taken are shown in Figure 5.

5. Procedure of the measurement

The position of the shower core relative to the apparatus is
determined by the four digitised amplitudes. The amplitude corresponding
to a single vertical minimum-ionising particle is obtained by calibrating
against single vertical muons. The particle tracks recorded are scanned
using a projector. The incident direction is determined by the upper pair
of spark chambers and the emerging direction, by the lower pair. The
angle of deflection is measured for each event so that the momentum of
the particle can be estimated. Muons are too energetic to be deflected

and so will not give bias to the result.
~199-



The main objective of this experiment are divided into three parts,
The first part 1s the study of the total charge ratio which is the ratio
of the number of particles deflected by the magnet in opposite directions,
The second part 1s the east-west effect. This provides a check on the
spreading of the electrons and postrons towards the east and west and
gives the extend of the spreading. Finally, the charge ratio will be
found for the successive energy intervals and will be compared with

the theoretical results obtained by the previous authors¥**

So far, abput 6000 photographs have been taken, of which about
10% give tracks with significant deflections by the magnetic field.

The experiment is still at the stage of data accumulation analysis.
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CERENKOV AND SCINTILLATION COSMIC RAY COUNTERS DEVELOPED
IN THE PHYSICS DEPARTMENT OF THE UNIVERSITY OF
SINGAPORE

M. Hug
Department of Physics, University of Singapore

Abstract

This paper describes two cosmic ray counters developed in the
Physics Department of the University of Singapore, viz:
(A) A focussing type of Cerenkov counter using water as radiator, and
(B) A large area non-focussing scintillation-cum-Cerenkov counter.

Both counters have been developed with simplicity and ease of
construction as the guiding principles, so that small laboratories with
limited workshop facilities may easily adopt them. Both the counters
are suitable for cosmic ray showers with Vertical incidence, though
counter (A) being of focussing type is capable of making discrimination
both in energy and direction, within a somewhat limited range. Both
the counters have been developed with the help of graduate students of
the author. Counter (A) has been developed with the assistance of
Miss Chin Sook Hong while counter (B) has been developed by Mr. Wong Sing

<

Wan.

(A) A _focussing type of Cerenkov counter suitable for the study of

the directional properties of cosmic rays.

Summa

In this counter water has been used as a simple and readily available
Cerenkov radiator, though other types of denser optical media like glycerene
may easily be substituted if it is desired.

To focuss the Cerenkov cone of light a parabolic mirror like the ones
used in search lights was used. The mirror was placed at the bottom of
a cylindrical light tight steel cylinder, painted black. These dimensions
of the cylinder were chosen so that sufficient latitude was availsble to
displace the photomultiplier both laterally and vertically to test the optimum
focussing condition. The photomultiplier was mounted on a sliding plate
attached in a light-tight manner to the lid of the cylindrical container
(See Fig.l.).
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The D&E:ptur

To 1nvestigate the performance of this detector it would be ideal
to have a well-defined parallel beam of monoenergetic particles of
controllable energy. As this is not available in this laboratory, we
have made use of cosmic ray particles to test the performance of the
detector, depending on the fact that cosmic ray intensity is maximum
in the vertical direction,

The main components of the detector are a light-tight chamber, a
concave mirror, a photomultiplier and it associated circuits (Fig.2).
The chamber is partially filled with distilled water which is the
radiator in this detector. High energy cosmic ray particles whose
velocity is greater than the phase velocity of light in the radiator
will, when traversing the radiator, emit Cerenkov light in the fomm
of a solid cone which is reflected upwards and focussed into a ring
by a concave mirror placed at the bottom of the Chamber. A photo-
multiplier is placed with its photocathode at the focal plane of the
mirror such that a maximum portion of the ring focus is intercepted,
The photomultiplier pulses are fed into a fast amplifier the output of
which is recorded in a scaler.

At the later stage of this work an improved optical system using
sectors of a mirror instead of a single mirror to reflect the Cerenkov
light was designed. (Fig.6). By this system it is possible to make
the whole of the ring’ focus of Cerenkov light fall within the area
covered by the photocathode, and thus improve the efficiency of the
detector greatly.

Optical Considerations of the Deteotor
Two parabolic mirrors, one 10,5 inch in diameter and the other 20

inch were used in two detectors of the same type but different dimensions,
In order to get an idea about the spread of the ring focus of a

Cerenkov cone formed by the mirror, we simulated a ray of the cone by a

narrow parallel beam of light passing through a small aperture from a

galvanometer lamp, and studied how the ray was reflected by the mirror.
Taking the value of B for mu-mesons, the predominant component of

cosmic ray at sea level, to be unity, the Cerenkov angle in distilled

water was found to be approximately 41°, To find the spread in the Cerenkov

cones generated by particles of different energies, the experiment

described above was carried out with several values of the angle 6 up to

. 0
a maximum of 41°.
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On-Axis Particles

Looking at Fig.3 we see that the focus of Cerenkov rays emitted
by particles travelling along the axis and making an angle of 41°
with the direction of the particle track (these rays correspond to those
emitted by cosmic~-ray-mu-mesons traversing the axis of the detector
under consideration) is rather diffused due to astigmatism. A sharper
image can be obtained if we exclude the rays striking the central

portion of the mirror up to a radius of about 3.5 cm.

Off-Axis Particles

The Cerenkov cone of light is equivalent to, as far as the mirror

is concerned, rays from an annular source of light at infinity. The

axis of this annular source of light coincides with the track of the
particle, Hence for particles travelling parallel to the axis but
displaced from it by a few cm., the position of the equivalent annuius

at infinity will be practically the same, and its image which corresponds
to the ring focus of Cerenkov rays from off-axis particles will not be
appreciably displaced from the ring focus of Cerenkov rays from on-axis
particles. This was checked experimentally (compare figs. 3 and 4).

Thus the lateral displacement of the particles does not affect the position

of the ring focus.

Particles incident at an angle to the optic axis

There will be an angular displacement of the ring focus corresponding
to the angle of incidence of the particle (in relation to the optic axis).
Fig.5.illustrates the phenomena.

Energy and Angular Resolution

The calculated angular resolution is 20, and the energy
resolution is given by a spread B (= %9

88 = £ 0.025

Improved Optical System

The efficiency and resolution of the system may be vastly improved by
cutting the mirror into four quadrants and filling them inwards so that almost
all the Cerenkov rays are focussed into a small ring within the area covered
by the photomultiplier placed along the axis of the detector, (Fig.6).
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Results

The detector was tested with cosmic rays, in the absence of mono-
energetic charged particle beam in the laboratory. It was assumed that
the cosmic-ray intensity did not vary significantly during the test
period. In any case, count rates, vastly different from the usual were
ignored.

First of all bias curves were obtained both with a discriminator
and a single-channel pulse-height analyser, to see if the signals were
well separated from the noise-level. This was done for both the single

mirror and the split-mirror arrangements using a 2" and a 5" photomultiplier
(Fig.7).

The discriminator was then set to exclude noise and readings were
taken for vertical and horizontal transverse for both single mirrors

and the split-mirror arrangement (Figs.8 to 11).

The results conclusively show that the detector is a fairly efficient
cosmic ray telescope, with the split-mirror arrangement yielding greater
efficiency.

The detector was then set for the optimum operating condition and
cosmic ray intensity monitored for several days (Fig.12). The reader
would readily agree that there is room for further improvement of the

detector without getting into too much complexity.
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B. A Large Area non-focussing Cerenkov-cum-liquid Scintillation

Counter for Cosmic Rays

A large area (Im x Im x 0.5m) counter was developed to detect
cosmic ray showers in Singapore.

The apparatus consisted of a large steel tank (Im x Im x 0.5m)
painted white inside-topped with a tapered umbrella of aluminium also

painted white inside.

A photo-multiplier (Philips 54 AVP) was placed at an opening at
the apex of the umbrella.

The whole system was made light-tight and for double protection
the assembly was placed in light tight wooden hut. Fig.13 shows the

experimental arrangement.

When used as Cerenkov counter the tank was filled with distilled
water, Several liquid scintillators were used instead of water when
the system was used as a liquid scintillation detector. Some new
materials like kerosene and gasoline were also tested for their scintillation

properties and the relative outputs are shown in Fig,14.

With distilled water the estimated light intensity incident on the
photo-cathode is ~4 x 10* photons. With scintillators the light
output, however was several orders higher.
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Numerical Solution of Ingegro Differential
Equation

-—— Early Development of Cascade Shower

Akeo Misaki and Iwao Mito*

Department of Physics, Saitama University,

Urawa, Japan

*Department of Electric Engineering,
Shibaura Institute of Technology,
Tamachi, Tokyo, Japan

Abstract
As an 1llustration of numerical salution of differentiasl (and

integral) eqvation, we treat the problem of cascade shower under
approximation A.

The? we show that this method is powerful in clorifying an

average behaviour of early development of cascade shower.
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A Computer Experiment in Cosmic Rays Physics

~— Monte Carlo Simulation of Cascade Shower

Eiichi Konishi, Akeo Misake* and Gengiro Watanabe **

C/0 Cosmic Ray Laboratory, University of Tokyo,
Tanashi, Tokyo, Japan

*Department of Physics, Saitama University ,
Urawa, Japan

**Department of Physics, Hirosaki University.
Hirosak:, Japan

Abstract

How to carry out a method of Monte Carlo simulation is expained in
great detail.
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The Akeno EAS Project

K.Kamata ) .
Cosmic Ray Laboratory,University of Tokyo

Tanashi,Tokyo,Japan

I.Introduction

The new experimental project on extensive alr showers
started last year in Japan as an inter-university collabora-
tion project.lhis project aims at studying the interaction
characteristics of elementary particles as well as the nature
of primary cosmic rays at energiles 1016-1018e
will describe the outline of this project.

Despite of many experimental and theoretical studies so far

v. This paper

accumulated,we have not been able to draw a definite conclusion
on EAS physics,and many subjects on super high energy physics
are still remained to be done in future. On the other hand,the
development of accelerators has gave us the new information On
elementary particles up to about 2 Tev,and it iIs expected that
accelerator energies will go up to 1014ev within 10 years.

At the moment, the compavison of EAS data with those of accele-~
rators tells us that the characteristics of particle interaction
probably changes with energies.For example,the development of
air shower through the atmosphere is hardly . explained by
scaling hypothesis,which then must be no more valid at EAS
energles.

As to the nature of primary cosmic rays,no definite answer
has not given yet to suchsubjects as the chemical composition,
the distribution of arrival direction,and so on. Especially at
energies above 1017ev,the total energy spectrum has not been
established as well as the unsolved question about the high
energy end of cosmic ray spectrum.

Our project intends to give answersto such problems more
clearly than now,trying to find the ways and means to overcome
the difficulties met in the present EAS studies.

In order to clarify the complicated air shower phenomena,
it 1s important to observe at a fixed level of observation
the different components of each shower simultaneocusly,and to

minimize option in the interpretatlion of observed data.
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For that purpose, we are planning to build a complex shower
array compesed of a few hundred electron detectors, large area
muon detectors,composite core detector,and air Cherenkov detec~
tors. The details of each detector will be given in the follow-
ing sections.

The ceonstruction of shower array,covering the detection area
of 1 kmz,started in January 1976 on a hill of an altitude of
900 m a.s.1. in Akeno village, about 100 km to the west of Tokyo.

2.Electron component

It seems that now the common agreement was reached in that the
electron lateral distribution can not be represented by a single
age parameter over the wide range of the distance from the core,
but becomes flatter than NKG function at larger distaunce than
one Moliere unit. (1) Moreover, some experiments show that the
shape of lateral distribution varies with size of shower(2),
though the reason of such variation is not clear now.So far we
have understood that the sidewise spread of shower electron is
entirely due to multiple Coulomb scattering in the atmosphere,
but the development pattern of nuclear cascade and subsequent
electron cascade in the atmosphere may have some effectson the
lateral distribution of electrons.

Besides its own physical significance, the electron lateral
distribution is important to give an electron size,the total
number of electrons in a shower at an observation level, which
give a rough measure of primary energy of each shower.

Together with the measurement of electron density, the measure-
ment of arrival direction of electron has had increasing
importance,because it gives an incident angle of each observed
shower,front structure of electron disk,and the radius of cur~
vature of electron front.

In general, it is needless to say that the electron component
is one of the most important comstituent of shower. Therefore,
in our shower array,a few hundred scintillation counters of
various sizes will be arranged in a llatice shape to measure
the lateral distribution of shower electrons foxr sizes 106-109.

Fig.l shows the map of Akeno experimental site. The lattice
shaped lines are the farmers roads. The road side is used to
put scintillation counters and to lay cables over the entire
area., The shaded area is used for the laboratory building,lodging
house,other facilitiés,and also for the dense arrangement of

electron detectors. In these area, both at gentral part and
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at north-east part,showers of sizes less than 107will be
observed,while the whole area(l kmz) will be used for the
observation of shower of sizes larger than 107with showver
array located on road side.

With these arrangement of scintillation counters, the lateral
distribution and subsequently the electron size, and the incident
angle of each shower will be observed. The fast timing method
will be applied to measure the incident zenith and azimuth with

an accuracy of SOSec 0.

3.Muon component

As muons,once created,do not interact in the atmosphere, they
are good probe to sg?y the lonmgitudinal development of showers
above the observation level. Already a large number of data
has been published on (a) lateral distribution ,{(b)size,
(¢)arrival time distribution,(d) fluctuation in muon density
(e)zenith angle distribution,(f)momentum distribution,{g)charge
ratio,and so on ,of muons in EAS. Recently,an increasing attention
has been paid to the characteristics of EAS muons,especially
for large air showers,as it has been made clear that the muons
are the powerful tool to study shower development,interaction
characteristics,primary mass number, and primary energy.

Monte Carlo calculation shows that the total number of
muons could give a better estimation of primary energy than
electron size,as muon number suffers from less fluctuation
than electron number for a fixed primary energy(3).

To get the muon number,however, it has been generally
accepted that the muon lateral distvibution has on the average
a constant functional form(4).Recently,some experiments
indicated that the lateral distribution of muons fluctuate
from shower to shower,and probably varies with age parameter.
of electron distribution(5).In this case, the measurement of
a local muon density would not be good enough to give the muon
size,and the observation of lateral distribution of muons for
each shower would be neccessary.The Monte Carlo simulation also
shows that muon lateral distribution depends on the age of
shower(3).

Besides a good measure to the primary energy, the muon
number and its relation to electron number are important means
to study the interaction characteristics and primary mass number
at EAS energies.For example,the ratio,Nﬁ{Na,is related to various

Parameter of interaction model,such as mulgiplicity,cross section,
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production of nucleon pair,as well as the primary mass number(6).
Furthermore,muons and its relation to electrons are interesting

to study inclined shower,say with an incident angle greater than
60°.These showers are the mixture of tail of ordinuary shower
which should show high Nw/Neratio and near~horizontal muon induced
shower(7).The systematic study of these inclined shower is an
interesting subject to be left in future.

The muon density is known to vary much more slowly than
electrons with distance from the core,and at the distance of
about 1 km from the core muon density overcomes electron density.
At shorter distances, muon density is so low compareé with electrons
we neced large shielded detector to observe muons. Near the core
much thicker shielding is neccessary to eliminate the contamination
of energetic hadrons;and the obervation of muons is limited
to very high energy,scarce muons.

Accordingly, in our project,the lateral distribution of
muons of each shower will be measured for showers of sizes
larger than 107,while muon densities at a few different distances
will be observed for sizes less than 107.

The arrangement of muon stations is shown in Fig.l.There are
two kinds of muon stations.One has a concrete roof of a thickness
of 2 m,and energy of observed muons must be higher than 1 Gev
with detector area of 25m2. The other has a conctete roof of a
thickness of 1 m,and the detector area 1s 100m2.The structure
of 1 Gev nmuon station is shown in Fig.2.The detectors are
arraye of proportional counters made of iron,the dimension
ofeach conters belng 10cm x 10cm x 500c¢m.In some stations,
besides proportional counters, neon flash tubes and scintil-
lation counters will be dded.

As is shown in Fig.l, eight 1Gev stations and four 0.5 Gev
statfions will be built with mutual spacing of a few hundred
meters,namely roughly equivalent to median distance of muon
lateral distribution.

The 0.5 Gev stations,with 100 m
ness of absorber corresponding to 3 m.f.p will function as core
detector when hit by energetiv shower core.From the consideration

2 detection area and thick-

7
of shower inteusity,the cores of showers of sizes less than 10

vill“&ffectively observed.
be
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4.Atmospheric Cherenkov light
As Cherenkov light, once emitted by shower particles in

the upper atmosphere,arrives at our observation level without
suffering from serious absorption,it may give us a powerful
means to study the longltudinal development of shower.The inten-
sity of Cherenkov light is well above the background level for
large showers,although the observation is limited to moonless
clear night.It was pointed out that the lateral distribution of
visible Cherenkov 1ight is a function of shower maximum,and
photon density at 300m from the core is a good measyre of primary
energy(3)(8).

The Cherenkov light is emitted by shower electronsabove
a certain threshold emergy along shower axis continuously
as shower develops through the atmosphere.Accordingly,if one can
observe the time sequence of Chrenkov light,its pulse profile
must directly connected to the shower curve in the atmosphere.
The calculation shows that if we put an array of photomultipliers
at about 2 km from the center,and record the sequential pulses
with time resolution of about 100 ns,we could observe the

zof alr.

shower curve with a depth resolution of 100 g cm
Though the signal to noise ratio limit us to observe showvers
with energies higher than 1017ev,and the expected on-time
fraction is only a few percent throughout the year,it is worth-
while to carry out this observation.

In our project, such a time sequensial obse}vation of
Cherenkov light will be added in future as well as the cbservatior
cf total intensity of photons.The latter was already installed

at the position shown in Fig.l,

5.Data Recording and Monitering System
The shower data(pulse height and timing data) and monitor

data of all detctors are once buffered at the local substation
and sent to centeral recording system via coaxial cables.The
scanning and collection of data will be made fully automatically
and all the recording system will be controlled by a computer
at the center.

The shower data will then be stored in magnetic tape,and
monitor data will be stored in magnetic disc,which is later

used when correction of data is neccessary.

6.Expected Intensity and Schedule of Construction
The expected intensity of showers to be observed by Akeno
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array 1s estimated from the size spectrum at sea level(9)
8ssuming that the attenuation length of electron size is

126 g cm—z of air. The follwing table shows expected number

of showers observed in the central part (shaded area in Fig.l)
and the whole array,assuming that the core location of each

shover can be determined within 60 % of each respective area.

Expected Intensit%es/year -3r

size s 10° 107 108
central area(dense array) 3x)0 7x10 8a0 10
whole area(rough array) 4x104 500

At the moment, a part of shower array and laboratory buillding,
lodging house,muon stations are being constructed at Akeno.
The whole array will be completed in 1979.Since then, the whole
project will be operated by the inter-university cooperation,and
the array will be opened to those who are interested in carrying
out EAS experiment.
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ENERGY SPECTRA OF SPLASH ALBEDC ELECTRONS
OF COSMIC RADIATIONS

Satya Dev Verma

Department of Physics
University School of Sciences
Gujarat University
Ahmedabad 380 009
INDIA

ABSTRACT

The flux and energy of the splash albedo electrons of Cosmic Rays
moving upwards in the upper atmosphere, are calculated in the 0.1 to
10,000 MeV energy interval. These are compared with the only measured
flux and energy spectra of splash albedo electrons in the 10 to 1200 MeV
energy interval, observed (Verma, 1967)* in a high altitude ballon
experiment carried over Palestine, Texas (geomagnetic cut off 4.9 bv),

These splash albedo electrons return back due to earth's dipole
field and appear as re-entrant albedo electrons moving downward in
the upper atmosphere, approximately having the same flux and energy
spectra. Therefore, calculations are also compared with the various
observed fluxes and energy spectra of re-entrant albedo electrons,

The agreement is good.

The calculated flux and energy spectra in the 0.1 to 10 MeV energy
interval await experimental work for verification.

These low energy electrons will be a substantial source of the

production of ionisation in the lower D-region of the ionosphere.

* Satya Dev Verma, J. Geophys. Res. 72, 915, (1967).
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RESOURCE LETTER ON COSMIC RAY
EXPLRIMENTS IN THE UNDERGRADUATE LABORATORY

K.B. Luk

Heep Yunn School, Kowloon, llong Kong

Introduction

At the begining of this century, cosmic rays were discovered in
investigations of the residual electrical conductivity of gases,
Thereafter, the subject stimulated activities in many other fields
and created new ones also. This is particularly true for high energy
physics and astrophysics. So far, cosmic ray researches are confined
to the professional workers or well-trained graduate students. Never-
theless, many of the early cosmic ray experiments can be repeated today
rather easily and inexpensively in the undergraduate laboratory. These
experiments certainly will add interest to the normal physics courses
and enable students to gain some experience with laboratory technique.

This Resource Letter attempts to give a short outline of the
literature in secondary cosmic ray experiments which can be performed
in the undergraduate laboratory. No effort is made to include references
on history or theories of cosmic rays. This Resource lLetter is by no
means exhaustive and complete, the author should like to apologise for
this.

1. Instrumentation

A.  Detectors

To perform experiments using cosmic rays, it is necessary in general
that the passage of a charged particle can be dececred. There are many
devices capable of achieving this task. The following references are
concentrated on the construction of various detectors.

Cloud Chambers

A cloud chamber is a kind of visual detector, and is simple in
construction. It is suitable for class demonstrations., There are two

types of cloud chambers, namely, the Wilson cloud chamber and the diffusion
cloud chamber. A diffusion cloud chamber can be operated continuously

whereas a Wilson cloud chamber cannot.
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10.

11.

12,

book:

13.

Wilson Cloud Chamber. Christensen, F.E. Am. J. Phys. 18 (1950)
149. The chamber is 12-inch in diameter. The compression and
expansion of the chamber is controlled by an electromangetic valve.
Wilson Cloud Chamber. Sci. Amn. 194 (1956, April), 156. A self-
made chamber is described using two 12 oz peanut-butter jars, a

coffee can, tubing and a balloon.
Plumber's Friend Cloud Chamber. Sci. Am. 195 (1956, Dec.), 176.

The chamber is a modified Wilson cloud chamber with photographic

accessory. The expansion is performed by a plunger and a lever
system.

Wilson Cloud Chamber From Disposable Petri Dish. Johnston, T.C.

Sch. Sci. Rev. 56 (1975, Mar.), 588.

An Advanced Laboratory Project, Construction of a Wilson Cloud Chamber.
Tanner, R.L. Am. J. Phys. 26 (1958), 12.

Simplified Wilson Cloud Chamber. Llowarch, W. Sch. Sci. Rev. 31
{1949, Oct.) 106.

Diffusion Cloud Chamber. Ingalls, A.G. Sci. Am. 187 (1952, Sept.)
179.

Recipe for Cloud Chamber. Sci. Am. 184 (1951, Jan.), 29. A
home-made diffusion cloud chamber is described.

Diffusion Cloud Chamber with Magnet. Sci. Am. 200 (1959, Jan.}, 173.
A more sophisticated set up is described. It can be employed to

measure the velocity, the mass, and so on, of a charged particle.
Classroom Diffusion Type Cloud Chamber. Eich, A.M. Am. J. Phys,

24 (1956) 176. The sweeping field is not required for this chamber.
Efficient Method for Cooling a Diffusion Type Cloud Chamber.

Snyder, E.S. § Ueilmann, J.J. Am. J. Phys. 22 (1954) 38,

Diffusion Cloud Chamber with a Vacuum Jacket. Sclvidi, A.A. §
Marn, D. Am. J. Phys. 29, (1961) 99. By means of a vacuum jacket
surrounding the walls of the chamber, the effective area of

observing tracks is increase.
An unusual type of cloud chamber is described in the following

Demonstrations in Modern Physics. Nokes, M.C. {Heinemann, London,

1963) 91-98. The constructions of two different projection cloud
chambers are given in detail. The image of the tracks of the
radiations, especially alpha particles, can be projected on a
screen so as to be visible to a large audience.
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Geiger Counters.

These are the commonest type of counter used in undergraduate cosmic
ray experiments. The construction of a Geiger counter can be referred
to the following:

14. Procedures in Experimental Physics. Strong, J. ed. (Prentice-Hall,

New York, 1953). In the article 'Geiger Counters' written by
H.V. Neher, the Geiger counter and the proportional counter are
described in detail. The relating circuitries, probabilities and
errors in Geiger counter work, voltage regulators, high-voltage
sources, coincidence circuits and Geiger tubes for special uses are
also given. The electronic circuits may be a little bit out of date.
15. Thin-Windowed Minjature Geiger-Miller Counter. Rae, E.R. J. Sci.
Instr. 27 (1950) 143.
16. Electron and Nuclear Counters. Korff, S.A. (Van Nostrand, New York,

1955, Second Edition). Besides the Geiger countexs, ionization
chambers and proportional counters are also discussed. Chapter 5
on the student experiments is particularly useful, the making and
filling of counters are presented. In addition, experiments on the
zenith angle distribution of cosmic rays, and the aborption of
cosmic ray particles are included.

17. Epoxy-Resin Seals for Geiger Miller Counter Construction.
Davis, W.P. § Worthington, W.C. Am. J. Phys. 29 (1961) Apparatus
Notes XV. The construction of a Geiger Miller counter sealed by

Epoxy-Resin is discussed.

18. Ethyl Formate as a Quenching Agent in Geiger Miller Counter Tubes.
Jenkins, R.0. J. Sci. Inst. 27 (1950) 254.

19. Bibliography of Geiger and Proportional Counters. Nucleonics.
1 (1947) Dec. 68. A selective listing of articles on the Geiger and

proportional counters.

Spark Chambers.
The spark chamber is a simple and flexible device. It has a good

time resolution and spatial resolution.
20. Spaxk Chamber for Cosmic Ray Demonstrations. Earl, J.A. Am. J. Phys.
31 (1963) 571. A small spark chamber design is given. An inexpensive

electronic circuit used to trigger the spark chamber is also described.
21. Spark Chambers: A Simplified System for the Observation of Particle

Trajectories in Two Types of Chambers. Sachs, A.M. Am. J. Phys. 35

(1957) 582, Excellent description on the operation and construction
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of (a) multiplate (b) Curtain-discharge chamber. Included are the
construction of scintillation counters, photomultiplier bases,
coincidence circuit, high-voltage pulser, power supply and testing.

Scintillation Counters.
These are characterized by their efficiency, simple construction and

large sharp output pulses. However, the spatial resolution is poeor.
22. Scintillation Counters, Construction of. Sci. Am. 188 (1953, Mar.)
104. The design is simple and the relating electronic components

are also given in detail; but may be out-dated.

Ionization Chambeys and Proportional Counters.

See also reference 14, 16 and 19.
23. TIonization Chamber. Marcley, R.G. Am. J. Phys. gg_(lgél) 845,
A simple parallel-plate ionization chamber of the integrating type
is designed for undergraduate investigatioms.
24. Proportional Counter. Marcley, R.G. Am. J. Phys. 30 (1962) 60.
A cylindrical longitudinal cathod-coaxial anode proportional counter

is described. Detailed information on the construction of the

counter and gas handling system is given.

B. Electronic Circuitxy

Nearly all modern detector systems contain electronic components as
integrated elements. Apart from counting purposes, the electronic units
can be used to determine the speed and/or the direction of a particle.
For the design of coincidence circuits, article 14, 20, 21, 22, 28, 28,
30, 32 and 33 can also be included for reference.

25. Coincidence Circuit. Donnally, B.L. Am. J. Phys. 31 (1963) 133.
This circuit is simple, compact, reliable and cheap.

26. Scintillation Counter Preamplifier and Power Supply.
Bradley, G., Dewitt, J. and Mickle, K. Am. J. Phys. 36 (1968) 920.
The preamplifier is an integrated circuit video amplifier RCA

type CA-3001, rated for a supply of +6 and -6V. The linearity is
adequate for output pulses of less than 0.5V,

27. The Taylor Manual - Advanced Undergraduate Lzboratoxry Experiments
in Physics. Brown, T.B. ed. (Addison-Wesley, London, 1961) 527-534.
A coincidence circuit and methods to measure the counter dead time,

to determine the counter efficiency, resolving time and chance
coincidences are included., Furthemmore, determination of the cosmic
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28.

ray flux, experiments on cosmic ray showers and absorption

measurements using a cosmic ray telescope can also be found in
this book.

Geiger Counter, Construction of. Sci. Am. 202 (1960, May)192,
No construction is given, but the clectronic circuit for a Geiger
counter is drawn,

2. Lxperiments

Several interesting cosmic ray experiments can be performed in the

Iabroatory by using two or three counters and a suitable coincidence

circuit i.c, by means of a cosmic ray telescope. In this way, some

aspects of particle physics or other effects (say, the time-dilation

effect) can be studied. A few experiments are also included in references
16 and 27.

29.

n

An Experiment on Cosmic Rays. Guest, P.G. and Simmons, W.A. An. J. Phys.

21 (1953) 357. 'The apparatus is a two-counter telescope in conjunction
with a Rossi-type coincidence circuit. The cxperiment is designed

to form an introduction to the technique of coincidence counting and
also to study the Poisson distribution of the rate of arrival of
cosmic ray particles,

Integrated Circuit Counter for Cosmic Ray Experiments  Gould, C.R.

Am. J. Phys. 43 (1975) 918. The detection system consists of two
Geiger Counters and a coincidence scaling and LkD digital display
circuit. This provides a good example of the use of digital electronics
in a physics experiment. The telescope thus formed can be employed

to demonstrate the dircctional intensity of cosmic rays, geomagnetic
effect, long term intensity variation and the runge of components

of cosmic rays; using one Geiger counter, this could be used for
studies of statistical distributions.

Design and Construction of a Cosmic-Ray Telescope for a Sophomore

Modern Physices Laboratory. Zafiratos, €., Am. J. Phys. 35 (1967)

62. The telescope consists of 3 paddles of plastic scintillator
and a triple-coincidence. The zenith angle dependence of cosmic
ray intensity, the B-W effect and the attenuation coefficients of

muons in various materials are investigated.
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32,

33.

34.

35.

36.

37.

38.

Cerenkov Telescope for Cosmic Rays. Rice-Evans, P. and Mishra, S.R.
Am, J. Phys. 35 (1967) 357. The telescope is used to study the
zenithal variation in cosmic ray intensity.

A Cosmic Ray Telescope used to Search for Massive and/or Fractionally
Charged Particles. Alcock, C.R. et. al. Nuc. Inst. Meth. 115

(1974) 245. The telescope uses plastic scintillators, wide gap

spark chambers and iron/lead absorbers. The construction, calibration

and operation of the telescope are described. The set up is designed

to search for stable or long-lived cosmic ray particles.
Electromagnetic Shower Transition Curve. Bartlett, A.A. Am, J. Phys.
g§’(1955) 286. An experiment is described to observe the Rossi

shower curve. The coincidences of two or three halogen-filled
Geiger tubes are registered by a two-channel coincidence circuit.
Theory and the procedure are mentioned.

Selected Topics From Cosmic Ray Physics. Rastin, B.C. Phys. Ed.

5 (1970) 349, Totally five experiments are described in detail,
namely, (1) resolving time of the coincidence unit, (2) nature of
the radiation at sea level, (3) geomagnetic effect, (4} shower

producing particles at sea level, and (5) extensive air shower.

The following experiments are related to the properties of muons:
A Simplified Muon Lifetime Experiment for the Instruction Laboratoxy.
Hall, R.E. et al. Am, J. Phys. 38 (1970) 1196. The lifetime of

the muon is measured by using a single rectangular plastic scintillator-

photomultiplier system.

Development of Some New Experiments in Nuclear and Particle Physics.

Am, J. Phys. 34 (1966) 15. The lifetime of muons is measured by a
plastic scintillator coupled to a photomultiplier. The other
experiment is the energy spectrum of clectrons from muon decay
determined by a multigap spark chamber triggered by a scintillator
telescope above the chamber in anticoincidence with a scintillator
below the chamber.

The Determination of the Muon Magnetic Moment from Cosmic Rays,
Amsler, C. Am. J. Phys. 42 (1974) 1067. Principle of the experiment

is given. The angular distribution of thc decay positrons is measured

as a function of time by using plastic scintillators.
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39.

40.

41.

Measurement of the Relativistic Time Dilation Using u meson.
Frisch, D.H. and Smith, J.H. Am. J. Phys. 31 (1963) 342. A very

detailed account of the whole experiment,

Special Relativity. French, A.P. (Thomas Nelson and Sons, London,
1972) 97-105.

A summary of the experiment performed by D.H. Frisch
and J.H. Smith in reference 39.

Muonium. Gillespie, E.S. Phys. Ed. 9 (1974) 34. The theoxy of
muonium is presented and then followed by the description of the
experiment, determining the lifetime of a muonium atom. The apparatus

used is a system of two scintillation counters, sandwiching a
chamber of argon gas.
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ON THE TEACHING OF COSMIC RAY PHYSICS FOR UNDERCRADUATE

STUDEKTS IN A PRIVATE UNIVERSITY IN JAPAN

Masaomi OHTA
Department of Physics, Kinki University

HigashirOsaka, Japan 577

Some experiences using the cosmic radiation in teaching
phy51cs for undergraduate students in a prlvate university
in Japan are stated. In most universities in Japan, the
textbooks of physxcs are usually written in Japancse. The
description of cosmic ray physics in the textbooks is com-
paratively little.

In the Faculty of Science and Technology of Kinki Univer-
sity, the second year (sophomore) students are reguired to
take the physical experiments, in which mcasurcments of
radioactivity are carried out using a G-!M counter. This
choice of the experiments is for the purpose of teaching
the statistical treatment of data in experimental physics,
in which the cosmic radiation is used as the random source
instead of radicactive isotopes.

I think that the most important role of cosmic radiation
as a tool in teaching physics is to offer the students a
source as mentioned above. And by counter experiments stu-
dents are taught the Poisson distribution, Gauss distri-
bution,etc..

All the 4th year (scnior) students can be engaged in the
study for graduation under a professor's personal guidance.
Fof 1976, following three items have been taken up;

I) Cosmic ray observation by proportional counters,
II) Studies on nuclear interactions in nuclear emulsion,
and IIX) Thermoluminescent dating.

I) Until the scintillation counters have becn available,
many G-M counters had been used for a long time. So we
have many old G-M counters and these counters are now being
changed to proportional counters by the 4th year (senior)
students who chose the study of cosmic ray physics as their
major. The changing processes consist of high evacuation
of G~M counters and filling them with PR gas (90%hrgon + 10
% Methane).

In order to teach the electronics and the detection of
high energy charged particles, the measurement of ionisation
loss in proportional counters ( particularly multiwire-pro-
portional counters) may be very useful. This is becausc
the output pulge of proportional coun.crs represcnts the
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icnisation loss of incident particles in PR gas, and this

ionisation loss increasgs relativistically with increasing

energy ofulnCLdent particles. Therefore, the pulse height

dlstrlbut;on of‘proportional counters has been studied in

order to investigate the applicability of gas counters for

energy estimation of relativistic elementary particles (for

exanmple muons).

istgpgractigalttezghiEg,1? report of our previous research
=d as e textbook. i i

of our teaching using our exggiiggiigylggtgfe the outline

Fupdamental characteristics of proportional counters f£ill-
eq with Pg gas are studied and the counting rate as a func-
tion of high voltage by using cosmic rays and Cesium 137 is
reproduced in Fig.l. The pulse height distribution of the
proportional counters is illustrated in Fig.2. 1In Fig.3
the dependence of the resolution of single layer counter on
the layer thickness obtained by many investigators is shown,
and our data imply that for the monoc-energetic cosmic rays
the corrected full width at half maximum (FWHM) is expected
to be 51% for the counter of 5 cm layer thickness.

Since it seems very important to improve the resolution,
the use of multilayer proportional counters are tested.

The distribution of pulse height of 46 cosmic ray muons
is presented in the bottom histogram(d) in Fig.4. From
this, it may be said that in the case of 3 layers of 5 cm
thickness counters the experimental FWHM becomes 37%.

To reduce the fluctuation of energy loss, we should in-
crease the number of counters. So that the MONTE CARLO
simulation is done on the assumption that the pulse height
distribution of each counter is similar to the bottom his-
togram(d). The expected distribution width of mean pulse
height thus calculated are shown in Fig.5. Here, Nyis the
number of proportional counters and N is the number of
counters used to calculate the mean values. Therefore, N/Ng
represents the ratio of number of small pulses adopted to
the calculation of the mean values among N, pulses. And
from the same calculation, we obtain the relation between
the pulse height resolution and number of layers of count-
ers, which is illustrated in Fig.6.

Finally, the expected separation of momentum by ionisation
measurements in the region of relativistic rise with 60
layers of 5 cm thickness proportional counters is shown in
Pig.7.

My opinion is that the MONTE CARLO calculation is one of
the most suitable research method for the graduate students,
particularly in the private university with limited finan-
cial and manpower roneurcns.

II) The second item is concerning the nuclear emulsions.
I have engaged myself in the investigation of nuclear emglw
sions exposed to cosmic radiation, so that there are 4 bi-

nocular microscopes for the study of cosmic raqiation._ But
they are now used to scan and analyse nuclear interactions
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induced by high energy protons and muons produced in accele-
rators.

This vear, we are investigating the Ilford K-5 emulsions
exposed to 400 GeV proton beam in Fermi National Accelerator
Laboratory. The scanning along the tracks is being carried
out.

By accelerators so many high energy particles are produced
that the role of cosmic rays as a tool for studying the ele-
mentary particle physics seems to be replaced by the parti-
cles artificially produced.

I11) When cosmic rays enter the earth's atomosphere,
high energy neutrons are produced. These neutrons, slowed

down by collision processes, are highly effective in trans-
muting atomospheric nitrogen into carbon-14 ({(radiocarbon).
Because its chemical properties are the same as those of
stable carbon, Libby hypothesised that carbon-14 should form
carbon dioxide molecules, which mix in with the ordinary
carbon dloxide of the atomosphere. 1In 1947, Libby confirmed
the existence of natural carbon~l14 in the atomosphere.
Plant-~life grows by photosynthesis of atomospheric carbon
dioxide and in turn animals eat plants; consequently all
the living animal and vegetable world should be very weakly
radioactive owing to the presence of a small proportion of
carbon-14. After the death of the living things, the carbon
14 1n the dead body decay at a rate of the isotope carbon-
14 and independent of all external conditions, this ratio
is 1% per 83 years, equivalent to a half-life 5730 years.
This fact is well known and is used for "Radiocarbon
dating". Cosmic ray group of Institute for Nuclear Study,
University of Tokyo found that the intensity of cosmic rays,
precisly the production rate of cagbon*14, has shown small
variation during last 2000 years. ¢) If the intensity
of the geomagnetism changes, the intensity of cosmic rays
and, hence, the gquantity of carbon~14 should change. The
change of the geomagnetism during last 2000 years has al-
ready been confirmed by the measurements of archaeomagnetism
in the laboratorg of Prof.Thelier in France and of Prof.
Nagata in Japan.3)

Japanese archaeologists studied the Jomon pottery and
estimated the early period of this Jomon pottery to be 7000
to B000 years old by constructing the transition history of
types of pottery on the relative age axis. However, since
the radiocarbon dating measurement gave the date of Natsu~
shima shell mound to be more than 9000 years old, some ob~
jections have been proposed by Japanese archaeologists
against the methods of dating and the hypotheses used.

Contrary to the situation with radiocarbon, the thermo-
luminescent signal increases with age of sample, ancient

pottery. Therefore, the comparison of the two data from

radiocarbon and thermoluminescense may be quite important.
Important differences are that the relevant radioisotopes
are long-lived natural impurities in clay and soil, and that
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any effect due to variation of cosmic ray intensity is in-
significant.

A student has constructed the apparatus for thermolumi-
nescent dating referring to the textbook written by Aitken.4)

Stimulating discussions with Dr.K.Tsuji are gratefully
acknowledged.
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UP DATING A RESEARCH LABORATORY FOR SOCIAL DEMAND

(A case in Nuclear Sciences)

L.5. Chuang
Department of Physics
The Chinese University of Hong Kong

Hong Kong

ABSTRACT

Social demand for a direct contribution from efforts
in modern university research, especially in the natural
sciences, calls for the change of research attitude from
that based on traditional concepts to the modern one of
study for society's sake.

As modern academic workers in Hong Kong, a scienti-
fically remote and isolated commercial community, we have to
be more practical in our research work. Careful selection
of our research topics, collaboration with other groups and
institutions are essential in order to solve some of the
difficulties involved in researching in Hong Kong, in parti-
cular the problems of shortage of finance and manpower.

Illustrative examples for the justification of research
in the modern society, are presented from our own experience

in the field in nuclear sciences.
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As the economy retreats, as a result of the oil crisis,
in the industrial nations and those nations without natural
resources, the luxury of study for the sake of study in the
fields of natural sciences has been taken away. We have been
forced to steer ourselves toward the attaitude of study, especially
in research, for the sake of the betterment of the society and
human well~being. This tendency may continue for some time
until the societies resume their economic power and are able
to provide the money for research which can aim at & less prac-
tical goal; ideas. The adjustment may seem, in the initial
stages, unscholarly in terms of the traditional concepis of the
role of the university teacher and researcher. But, then, the
traditional concept too was formed in the past through social
demands and experiences. Therefore, it is reasonable for a
modern university teacher or researcher to be practical, in
the sense that his work has to be directly connected to the
problems of human soclety., It should be noted, to avoid mis-
understanding, that to be practical does not imply to stop
working on the fundamental problems which are essential for
the generation of these new ideas from which betterments of
the society can be effectively developed. It is only & question
of balanceing the efforts, and it is generally understood that
only a few of us can contribute to the generation of creative
ideas.

Unfortunately, most of us in the universities in Hong

Kong feel it difficult to count ourselves among the few who

242~



can contribute to the generation of creative ideas. Realizing
the difficulty of being a creative scientist in Hong Kong, a
pcientifically remote and isolated commercial community, I have,
since the late sixties, been trying to become a practical
geientist. Although the case, which I will be presenting below,
may not be conaidered as a general or even a successful one,
nevertheless, I think it is one way in which we can justify our-
selves as academic workers in modern society. I wish to emphasize,
with the illustration, the importance of finding research topics
suitable for the social environment to which we are responsible,
as well as the important roles played by collaboration and ex-
changes among groups in order to carry out research with a
limited financial and manpower supply.

In my research group, besides mysclf, there are usually
a full-time technician, a part-time technician-in-training, one
to two graduate students who are working toward their M.Phil.
degree and two to three fourth year undergraduate students who
are working on their projects. Other associates are from the
other groups engaged in the collaboratory research projects.
There are five fields of my own interest in nuclear sciences
namely, cosmic ray, neutron activation analysis, neutron dosi-
metry and spectrometry, nuclear spectroscopy and M&asbauer
spectrometry. As the years passed, we accumulated a few funda-
mental pieces of equipment essential for a research laboratory
in the mentioned fields of our interests. Among them, the

following equipment was obtained through the University grants:
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a 40O channel pulse height analyzer, a liquid-scintillator
incorporated with a pulse-shape analyzer system, a 1024 channel
pulse height analyzer, a few coinc-anti-coinc. carcuits, single
channel pulse height analyzers, scalers, timers, an Am-Be
neutron source (2.5x106 n/s), some reference radicactive sources,
a Cary Vibrating Reed Electrometer with a Beckman five-inch
recorder, and various types of radiation detectors and survey-
meters. In response to our request, The International Atomic
Energy Agency in Vienna has provided us with a 14 MeV neutron
generator and a complete set of Ge(Li) gamma-ray spectrometer
under its 1972 and 1975 regular programme of Technical Assis-
tance. Under a research collaboration scheme between our
laboratory and the Cosmic Ray Laboratory of The Institute of
Physical and Chemical Research in Tokyo, a Nishina-type cosmic-
ray lonization chamber and two plastic scintillators were loaned
to us, It should be noted here that an elaborate iron shielding
for the Ge(Li) detector was given to us through the kindness of
the Island Navigation Corp. Ltd. in Hong Kong.

In the following, I will try to give a brief survey of
the present status of the projects in the mentioned areas:

1. Cosmic Ray: Since 1969, in collaboration with the Cosmic
Ray Laboratory of The Institute of Physical and Chemical
Research in Tokyo, we have set up a cosmic-ray station
which is equipped with a Nishina type ionization chamber
incorporated with the Cary vibrating reed electrometer-

Beckman five inch recorder system (ref. "Ground-Based
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Cosmic-Ray Instrumentation Catalog'", M.A. Shea, AFCRL~72-

O4ll, 1972, Air Force Survey in Geophysics, No. 243, Air

Force Systems Command, United States Air Force, Page 111).

Routine measurement of the cosmic-ray intensity in Hong

Kong has since been in cperation. The data, after computer

processing, have been supplied to the World Data Center for

Cosmic Rays.

Other cosmic-ray research using the plastic scintillstors,

a muon telescope, have also been going on in parallel with

the ionization chamber work for quite some years. There

have been the following joint publications resulting from

our collaboratory efforts in cosmic ray research:

(a)

()

{e)

(d)

(e)

Spectra and Zenith Angle Dependence of Slow Muons in
Hong Kong, Conference Papers ~ 12th International

Conf. on Cosmic Rays, Vol. 3 pp.897-902 (1971);

August 1972 Cosmic Ray Event as observed at Different
Stations by Identical Ionization Chambers, Sci. Papers
I.P.C.R., Vol. 67, No.l, pp.1-6(1973);

Cosmic Ray Hourly Intensities during August 1-10, 1972,
Report UAG-28, WDC-A for Solar-Terrestrial Physics,
NOAA, USA (1973) pp.L76-78;

Observation of Atmospheric Effects on Slow Muons, Pro-
ceedings on the 1l4th International Cosmic Ray Conference,
pp.1387-92 (1975);

A Possibility of Underground Observation in Hong Kong,

The Second International Cosmic Ray Symposium in Japan
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(High Energy Cosmic Ray Modulation), Modulation (1970).

Presently, the muon telescope is used for cross-checking

of the ionization chamber measurements on diurnal variation of

cosmic~ray intensity in Hong Kong.

2‘

Neutron Activation Analysis: The neutron generater facility
is equipped with sufficient specialized instrumentation for
doing research in the areas of neutron activation analysis
and gamma-ray spectrometry, radiation biolegy and dosimetry,
and others. 1In addition to the 14 MeV neutron generalor and
the Ge(Li) gamma-ray spectrometer which are provided by the
International Atomic Energy Agency, there are, a pulse-shape
analyzer system incorporated with a liquid scintillator, a
3"x3" NaI(Tl) scintillation detector system and a fast
pneumatic sample transfer system which was designed and
fabricated with the collaboration of Tsing Hua University

in Taiwan.

As this was the first neutron generating machine ever
installed in the University, the radiation shielding scheme
had been considered very carefully. A rigorous study of
neutron leakage through a concrete-paraffin shielding which
was built around the neutron generator was made (ref. 1.
Shielding of Neutrons Generated by a 14 MeV Neutron Genera-
tor Installed in The Chinese University of Hong Kong, The
First Asian Regional Congress on Radiation Protection, IARP
3/72, Bombay (1974); 2. Use of Monte Carlo Method in the

Estimation of Fast Neutrons Leaked Through a Concrete-
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Paraffin Shielding, Proceedings on the Conference on
Nuclear Cross Sections and Technology, Washington D.C.
Special Publication No.425, National Bureau of Standards,
pp.426-30).

In order to benefit the community of Hong Kong careful
consideration has been paid to what projects we should
work on. The first project undertaken concerned the
measurement of oxygen in steel. The accurate determination
of Oxygen in steel is essential because oxygen-containing
compounds, preclpitated during solidification, have signi-
ficant effects on the properties of some steels, Following
the presently established method, analysis of one steel
sample with ten repeated runs could be completed in 20 min.
with a sensitivity high enough to determine an oxygen
concentration of about 1 ppm in a 100 g steel sample.

(ref. "Analysis of Oxygen Content in Steel by Means of

14k MeV Neutrons, Nuclear Engineering and Design, Vol. 34,
No. 2 pp.255-67 (1975)). We then studied, partly in colla-
boration with the Chemistry Department of the University,

a method to establish a rapid means for analyzing Chinese
foodstuffs for protein information using 14 MeV neutron
activation analysis. It was hoped that a rapid, reliable
method of analysis could provide a significant first-step
in a scientific study of such foodstuffs, which are becoming
more readily accepted throughout the world, but of which

1ittle is known. A procedure requiring less than seven min
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per sample, with a precision of about 2%, was developed.

It was applied to the analysis of a wide variety (over 40)

of foodstuffs (ref. "The 14 MeV Neutron Activation Analysis
of Chinese Foodstuffs for Protein Content'. Proceedings on
Modern Trends in Activation Analysis, Vol 2, pp.938-46,
Munich (1976)). Applying similar procedures used in the

work with the Chinese foodstuffs, determination of nitrogen,
and phosphorus and potassium in Chinese medicines of over

60 kinds has just recently been completed. We hope that

this sort of information on the elemental constituents in
Chinese medicines may serve as a reference to the study in
biochemical aspects of Chinese medicines which 18 1n progress
at the Chinese Medicine Regearch Unit of the University. The
14 MeV neutron activation analysis for Lhe protein content

of various specles of rice grains is now in process. Con-
sidering the large portion of the world population who eat
rice and the need for proper nutrition, we feel our study
will be of value if it can provide such information as, for
instance what species of rice are more profitable to be grown.
In collaboration with the Biology Depariment of the University,
work on the effect of fire on nutuient cycling in a scrubby
community is initiated. The part playable in our laboratory
is analysis of the major nutrients e.jg. N, I’, X, in soil,
plant tigsues, and rain-water., Another project of collabo-
ration is the study involving irradiation of Monascus pur-

puresus with the 1L MeV neutrons. Thao study is to investi-
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gate whether the physical factor, effect of neutrons, is
also inhibitory or mutagenic to Monascus purpureus, a
fungus used in Chinese medicine centuries ago.

In collaboration with the Art Gallery of the University
work on study of the elemental contents of Chinese Brongze
seals and coins using 14 MeV neutron activation analysis
has been initiated. The chief advantage to this form of
analysis is that it is non-destructive -~ something crucial
in the study of such artifacts. From the study thus far
obtained, we believe that in addition to providing general
information which may prove useful to the archaeologist,
there is a feasibility of categorizing such artifacts on
the basis of their composition, or more likely, of using
composition as a basis for establishing the authenticity
of an artifact.

In collaboration with the Nuclear Reactor Group of Tsing
Hua University of Taiwan, a study which concerns itself
with environmental pullution, and in particular, involving
the analysis of air particulates, is in progress. In this
connection, arrangements have been made with the Government
authority and the Professor of Chemistry of Hong Kong
University to obtain air particulate samples collected under
the present monitoring programmes. The samples will be
{rradiated in a nuclear reactor in Tsing Hua University and
analyzed using the gamma-~-ray spectrometer system in our

laboratory. Similar analysis have been carried out in other
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major cities around the world, and on this basis it is
expected that some 20-30 elemental concentrations could

be measured including many elements that would be of
particular interest to health authorities and environwen-
talists.

A new programme component “Nuclear Method in Environmental
Research'" has been introduced by the International Atomic
Energy Agency. We have been asked, by the authority of

IAEA, to participate in the project "Neutron activation
analysis of pollutants in human hair using research reactors"
which is the first step in implementing the mentioned com-
ponent., It is bellieved that of all the components of the
human organism hair has some peculiarities which make it

an object of choice in starting a programme on environmental
health research and monitoring. In this repgard, collaboration
with Tokyo Metropolitan University has been at sizght in ex-
tending the work to cover the study for the naturcl radio-
active components Sr-90, Ra-2206, Th-232, etc., in the hairs.
Neutron Spectrometry and Dosimetry: For an appropriate use

of the neutron generator, such as neutron activation analysis,
study of biological effects of neutron irradiation and neutron
radiotherapy, etc., a study of the energy distribution of the
output neutrons from the neutron generator has to be made.

We used & neutron spectrometer which is composed of un organic
liquid scintillation detector and a pulse shape analyzer systen

for the measurements of the relative neutron energy spectra
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around the target area. To determine an absolute neutron
energy spectrum by means of the relative one measured,
various kinds of threshold detectors were then applied for
the determination of the differential neutron flux density.
The analysis of the data for the final spectrum is in the
final stage now.

When the neutron spectrum is known, a tissue-equivalent
neutron dosimeter can be conviniently used for the deter-
mination of neutron dosage around the target where neutron
irradiation of samples is to be made. We are trying to

build a multiwire proportional counter type tissue-equivalent
neutron dosimeter which has a merit of high sensitivity.
Construction of the dosimeter has been made and we are now
studying its characteristics and the possible uses for our
neutron generator projects.

Nuclear Spectroscopy: In collaboration with the Department
of Physics of the University of Hong Kong, we are looking
into the possibility of refining the old data in nuclear
spectroscopic works. This pursuit is thought to be possible
by using the Ge(Li) gamma-ray spectrometer available in our
laboratory. A work in gamma-gamma coincidence on the study
of the level scheme of the nucleus S5b-125 1s now in progress.
Mgssbauar Spectrometer: In collaboration with the Mdssbauer
Group of the Institute for Solid State Physics of The Univer-
sity of Tokyo we are starting on work in dosimetry by means

of Mdssbauer effects. The high radiation sources installed
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in the University of Tokyo is essential in this type of
work. Although, it is still not in the stage of action,
we plan to extend our efforts, with collaboration of ihe
Biochemistry Department of the University, on "Hemoglobin"
and, with collaboration of the Art Gallery of the Univer~
sity, on archaeological problems both of them require much
higher activity of the MOssbauer radioactive source which
is 8till out of our financial range.

It has been illustrated that, presently, any research
program is rather limited because of a shortage of finances and,
more importantly, a shortage of manpower. It has also been
illustrated that the possible solutions to the difficulties are
by attracting financial suppliers with meaningful research topic
and by collaboration with other groups and institutions with
which partial solutions to the lack of manpower and equipments

can be reached.
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Fundamental Idea which is derived from the Concept of

Collaboration among Asian Countries
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Abstract
Related to the concept of collaboration among Asian countries,

fundamental ideas are discussed.
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