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A study has been made of 125 nuclear interactions-  ment of the energies of the primarics to an accuracy
in carbon produced by protons and pions of the cosmic of +20% in individual cases, and all ws the classifica-
diation at energies of about S0 (seV (in the range of  tion of the primaries into protons and pions when they
150 GeV) using a multipfate Poud chamber. The have energies less than 43 GeV by the use of a total
experimental arrangement (#¢) sermits the measure- absorption spectrometer and an air Cef:nkov counter.
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Figs. 1 and 2 Plots showing the energy of. the primary estimated from the total absorption spectrometer vs. the energy e\
mated by the method of Castagnoli et al. for identified proton (Fig. 1) and identified pion (Fig. 2) events. The numbers near the
points indicate the charged multiplicities (n,) in the events. The error along the ordinate for ny = 3, 6 and 9 is given in the inset.

(*) Now at the University of Chicago on study leave.

(**) Siddheshwar Lal, R. Raghavan, B. V. Sreekantan, A. Subramanian «n¢ 5 D. Verma: Journ. of Phys. Soc. of Japan, Vol. 17,
Suppl. A-1LI, 390, (1962). .



The relative intensity of pions to protons (at 2.2 km
ajitude) at about 40 GeV has been found to be
* 50-10% with our apparatus.

The events have been examined on plots shown in
Figs. 1 and 2. In the case of interactions produced
by pions, there appears a group of five events exhibiting
extreme angular collimation of the secondaries in the
laboratory system (events abOve the line labelled M,
in Fig. 2). There are in all 2] events of this type in
the whole sample of nuclear interactions collected.
These are all assumed to be produced by pions.
The multiplicity distribution of forward charged
secondaries, of total forward secondaries including
neutral mesons (geometrically feasible in 16 cases), and
other distributions regarding these events, are given
’ Figs. 3 (a-d). It should be mentioned that in two

wvents there is a relativistic secondary in the back-
ward direction in the laboratory system (probably
due to the decay of an isobaric state of the recoiling
target nucleon) and four events have one “ heavy
prong ” coming out of the graphite layer in each
case. These are not included in the multiplicity
distribution.

The most interesting feature of these events is that
on the average only 5+ 1 % of the energy of the primary
is transmitted to the neutral mesons. In fact no
neutral meson of energy more than 109, of the energy
of the primary has been observed. Therefore, these
events representing 30+10% of the’ collisions of
charged pions in the above stated energy region are
“ peripheral ", resulting in no charge exchange, with
one outgoing charged pion carrying away 80-90 7%, of
the incident energy.

’ The angular distribution of the secondaries, the
energies of the neutral mesons and the multiplicity
distributions in Figs. 3 (a and b), lead to a tentative
_interpretation of the *“anomalous™ pion events as
due to a reaction of the type
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Fig. 3 (a) Distribution of charged multiplicity (n;) for the
anomalous events. (b) Distribution of total multiplicity
n = (ny+nyp) for the same. One event with multiplicity
ny, = 5 (Fig. a) and n =7 (Fig. b) has a charged secondary
which is not clearly distinguishable. (c) Energy distribution
of the primaries of the events. The open circle indicates the
doubtful multiplicity case. (d) A plot of the total multiplicity
vs. energy of the primary producing the events.

where S, represents a “cloud ” disintegrating into
n pions, n being most often 2 or 4. The object S,
disintegrates almost symmetrically with a mean total
energy of 200*35 MeV per pion in the oentre-of-mass
system of the incident pion and the “ target pion”
This energy of disintegration of S, is low compared
to the mean total energy (evaluated from our data)
of 430480 MeV per pion in the disintegration of

“clouds * produced in proton and “ normal ” pion
collisions. Absence of forward dmgad multiplicity
of 2 (and 4 in “ good geometry ” events) suggest that
S, and S, carry no charge. The above features
together with the absence of §; probably indicate that
§, and S, are new resonant states of pions with masses
~400 MeV and ~800 MeV decaying into two and
four pions respectively. There seem to be low Q-
value “clouds " of multiplicity higher than four in
the ch. of “anomalous ™ p!on interactions.
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ﬂﬂhﬁm 'However, we have been trying

; ",_A'ypl-t of different explanations for these events (not Dr.

Subramanian’s). In particular, we have been trying to explain
some of these events as one pion exchange with a nucleon;
we have been explaining, or trying to explain some of these
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THE K.G.F. NEUTRINO ]ROJﬁJ£$)

B.V. Sreekantan,

Tata Institute of Fundamental
Research, Bombay.

I. INTRODUCTION

: /
' 3
In 1961~ 62 a group ) from the Tata Institute of Fundamental Research, Bombay
carried out measurements in the Kolar Gold Fields in South India on the intensity of cosmie-
ray particles at large depths underground in the near vertical direction (> 2,000 ) For

these measurcments large area scintillation counter telescopes were used. At a depth of
4,280 m.w.e. with a telescope of area 1.5 m°, the counting rete was ~ 3/day. With two .tele-
scopes, each of area 1.5 m", the counting rate was ~ one in three days at a depth of 6400 m.w.e.

At the largest depth of 8400 m.w.e. no count was registered in 60 days of operation.

This observation of no count at a depth of 8,00 mew.e. in two months of operation
clearly set an upper limit to the remanent cosmic-ray muons of atmospheric origin at large
depths underground, and opened up the possibility of detecting muons produced by neutrinos
with detection systems which are relatively simple and which do not involve elaborate anti-=
001n01dence shields that were thought to be essential for neutrino experiments in the earlier
1nvustlgat10ns. The feasibility of detecting natural neutrinos, in particular cosmic-ray
neutrinos, with arrays comprising parallel detection layers in coincidence mounted vertically
at an underground depth around 9,000 ft has been pointed out in two papers by Menon et al. ’)).
A more detailed account is available in the review talk given by Menon at the Jaipur

Conference on Cosmic Rays in 1963.

II. NEUTRINO TELESCOPE AT K.G.F.

In the light of the K.G.F. experiments during the last year, we have undertaken to
set up large area telescopes designed specifically for detection of the muons produced by
neutrinos. The Osaka City University, Japan, and the University of Durham, U.K. have joined

us in this project.

The details of the neutrino telescope, the fabrication of which is nearing co¥pletion
and which will be set up at a depth of 7,500 ft (approx.) at K.G.F., are shown in Fig. 1.

The telescope consists of two vertical walls of plastic scintillators, 3 m high and
2 m long, separated by about 80 cm. In between the plastic ‘scintillator walls there are
three vertical columns of neon-flash tubes, between which provision has been made for the
introduction of lead bricks of 2.5 om thickness. The plastic scintillator walls are composed
of 24 blocks, each 50 cm x 50 cm x 5 cm. Each square metre. of the plastic scintillator wall
is viewed by two 5 in. diameter Dumont 6364 photomultipliers mounted centrally and at a
distance of about 40 cm from the plestic surface. In all, for each telescope there ars 24
photomultipliers. There are two such units.

*) A collaboration between Tata Institute of Fundamental Research, Bombay, Osaka City
University, Japan and University of Durham, United Kingdom.
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The mester pulse that will trigger the flash-tube circuit is obtained as follows:
pulses from each pair of photomultipliers which look at the same squere metre of plastic
scintillator aré first put into coincidence after suitable amplification; then, each pair
on one side is put into coincidence with any of the six pairs on the ppposite side and thus,
a four-fold coincident master pulse is generated.

Provision is made for display on a system of four oscilloscopes, the pulse amplitudes
of all the photomultipliers, whenever there is a master pulse. A cont ; wous monitoring of
the counting rates of all the photomultipliers is also incorporated. ' e preamplifiers, the
main amplifiers, the coincidence cirouits, the monitoring circuits etc. ,re all completely
transistorized.

The present site chosen for the experiment is at a depth of 7,500 ft (al»pmximately)
below ground and is considered to be quite adequate, since visual detectors are being employed
in the apparatus for the detection of the muons produced by neutrinos. Since the experiment
has to run for several months - probably for several years - it is essential that the site must
be easily accessible from the surface. The present site can be reached in about ten to
fifteen minutes from the surface. The temperature at the site is about 90°F and is fairly

constant.

I11. EXPECTED COUNTING RATES

The counting rates expected obviously depend on the flux of neutrinos and the
behaviour of the neutrino interaction cross-section with energy. We reproduce below some of
5
the preliminary calculations that have been made by Menon et al. ) The assumptions involved

are shown in Table 1.

The flux of muons and the counting rates for an exposure of 10,000 m° day steradians

are showvm in Table 2.

With our apparatus, which has an effective area of 12 m® and a solid angle of four
steradians for isotropic radiation, we can expect an exposure of the order of 10,000 m day

steradians in 200 days of operation.

As can be seen from Table 2, the expected number of cvents in about six months of
operation could be anywhere between 1 and 30. It is only a preliminary run of six months'
duration that can really tell us where we stand with respect to the detection of cosmic-ray
neutrinos. However, there could well be some surprises either in the behaviour of neutrino
interaction cross-section at high energies, or in the extraterrestrial fluxes of neutrinos
and antineutrinos. It is to be remembered that so far there has been no experiment which
could have detected either of these two possibilities. Many are now in the offing.

The chief merit of the present apparatus is the inclusion of visual detectors, neon
flash tubes, which will render the interpretation of the events recorded unambiguous.
Dr. Wolfendale will be discussing the role of flash tubes in this apparatus in a paper which

is scheduled to be presented lzter on in this conference.

We hope to start the experiment underground towards the end of February.
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Table 1

Assumptions

Neutrino fluxes

i) Vertical fluxes as given by Zatsepin and Kuzmin (J.E.T.P. 4, 129 (1962)].

ji) Fluxes are isotropic.

Elastic collisions

i) o, = 0.7h- 10 >° om?/neutron

ii) o, independent of energy
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Figure 1 : Details of the neutrino telescope.
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events as a diffraction process, diffraction disintegration on
)arbon.andaboﬂuehadnorybythemmmm
Mmmtmmmuommmmxmm
as a whole. All these mechanisms are possible and all these
mechanisms would combine to give you the sort of results that
Dr. Subramanian found, and that we also found; in particular,
ammdmmmwm;ﬂm The
only thing that we do not find is the low energy of the second-
aries in highly collimated events. I do not know where this
disagreement comes from.

SUSRAMANIAN: I would like to say that with the same tech-
nique in other events the energy of the neutral-mesons evaluated
agree with the usually accepted value of about 400 MeV. In
these events, when we look at the y rays, we have to be a factor
of 2 out in energy in the estimate to make them in agreement
with a mean-energy of 400 MeV which we think is not possible.

LOMRMANN: | have two guestions regarding the nature of
the primary particles producing your interactions. First, what

‘iathepemumpdmtml primnrypuﬁdcsamongyourmu‘!

SUBRAMANIAN: Al intersctions were produced by charged
primaries.

LOHRMANN: s.eond,doyouapplyanyoonwﬁonforthc
fnctthnthcprotoamidnbemmpaniedbymewm
and therefore might trigger your air-Cerenkov counter?

Very high energy (commic ray) physics

* charge

643

SUBRAMANIAN: We have in the trigger system avoided
events where there is more than one primary.

Menon: | will give two numbers from an experiment done
by Babu, Cowsik, Pal and Rengarajan at Bombay: (a) The
exchange cross-section for 2~"s of 17 GeV/c in carbon s
less than -1mb. (b) 23 GeV/c proton interactions in carbon have
been compared with 17 GeV/c - interactions in carbon  The p,
of the neutral pions in the proton case is the usual value of about
400 MeV/c and in the pion case about 215 McV/c. The differ-
ence appears to be significant and may reflect on the systems in
the two cases which give rise to these pions.

Koma: 1 think your interpretation does not mean one pion
exchange.

SUBRAMANIAN: We do not know about this one pion ex-
change, or what really happens. But phenomenologically, from

* the multiplicity distribution, if one assumes that the neutral

meson is a representation of the additional charged secondaries
produced, Mwmbd to this sort of reaction.

KQA 1 nid it because you get even multiplicity from an
 SUBRAMANIAN: We think that it may be that these are all
even numbers and that probably they are neutral. Even multi-
plicities will not favour one-pion exchange as you have remarked.
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EXTENSIVE ATR SHOWER STUDIES OF THE T.I.F.R. (BOMBAY) GROUP

B.Vs Sreekantan
(Tata Institute of Fundamental Research, Bombay.)

1. Introduction

Experimental studies in the iield of Extensive Air Showers have
two Important éspectn: |

(1) To determine the characteristics of nuclear interactions at
ultra high energies i.e. at energies greater than about 1014 eV where no
other method of investigation is feasible.

(i1) To deduce information regarding the nature and properties of
the primary cosmic radiation (composition, spectrum, directional anisotropies
etec.) again at the very high energy end.

The two aspects belong to entirely different domains of physics but
from the point of view of the air shower experimentalist who has to work back-
wards from his observations at mountain altitude or sea level to the top of
the atmosphere through tﬁe complex of many generations of nuclear interactions,
the two aspects are closely intertwined since information regarding one cannot
be obtained without adequate knowledge of the other. The only way he can ulti-
mately hope to segregate she two and derive useful information regarding both

is' by a systematic study and thorough classification of the detailed properties

Members of the TIFR Air Shower Group:~ B.K. Chatterjee, G,T. Murthy, S. Naranan,
V.3. Narasimham, P.V, Ramana Murthy, B.V. Sreekantan, M.V. Srinivasa Reo and
P,R. Viswanath.
Visiting: K. Hinotani and S. Miyake (Osaka City University, Osaka, Japan)

T. Mateano (Institute for Nuclear Study, Tokyo, Japan).
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of air showers — he has to determine the structure, the fine strusture and
the hyperfine structure of air showers, the relative intensities of the
various components, the correlations and anti-correlations between these
components at different atmospheric depths and zenith angles.

Such a detailed study of air showers has certainly become feasible
as far as the electron component is concerned and is being carried out by many :
workers. It has been demonstrated already that the lateral structure of the
electron component is not independent of size and altitude and it is slso shown
that even at a fixed size there are wide fluctuations in the lateral distribu-
tion of the electron component. There is also evidence for fluctuations in
the energy carried by the soft component in showers of the same size. These
fluctuations are related to many causes — the fluctuation of the level of
first collisivim, comnosition of primary cosmic radiation, change in the chara-
cteristics of muclear interactions etc. Datailed study of the electron compo-
nent alone is not sufficient to realize the objectives get forth., Information
of a vital nature is certainly contained in other components like the nucleon
and muon components., Because of the fact that the intensity of these components
is down by a factor of 10 - 100 compared to the electron component and also
because of the complexity of the apparatus required to identify these compo-
nents, it has mot been feasible to determine the lateral structure of these
- components in individual showers. In almoat all the experiments the showers are
grbuped according to electro and the assumption is made that the lateral
distributions of the muon and N-components and their number do not fluctuate
from shower to shower, On the basis of such an assumption the shape of the
lat.ecral distribution and the total number of muons and N-particles are deduced.

We have reported previously at the Kyoto Conference that our results
both at sea level and mountain altitude indicate strongly the presence of wide ‘

fluctuations in the density of muons and low energy N-particles in showers of
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thexggmé eleetron size at a specific distance from the core. We also reported
& pogitive correlation in the fluctuations of the densities of muons and Ne-
particles. We could not specifically say at that time whether the fluctuations
in the observed densities were due to the fluctuations in the total number of
these particles or in the lateral distributions of these particles or, whether
they are due to both. Because of the positive correlation between the N and
muon components and also because of the extensive nature of the fluctuations,
we had assumed that the fluctuations in the density reflected fluctuations in
the total number,

We have now analysed our results further and obtained further ex-
perimental information with a modified air shower array specifically designed
to look at the low energy N and muon components. Our present results show
that the total number as well as the lateral distributions of both N and F.-
components do fluctuate from shower to shower. There is a clear evidence for
the steepening of the latefal distribution of the N-component with increasing
Size. There is also evidence for a rather interesting correlation between the

lateral distributions of the electron, muon and N-components.,

II. Experimental Details - Method of Analysis.

The EAS arrays at Ootacamund which have been in operation int
mittently for the past three years is shown in Figs. 1 and 2. The method of
recording air shower data is shown in Fig. 3. The analysis of air showers is

carried out with the electronic computer, TIFRAC

Til. The Lateral Distributions of Electron, Muon and N-components.

The lateral distribution function that haos been found empirically

to fit the observed densities in the distance range 5 - 50 metres and for

2
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showers of size 105 - 108 particles . is

LI CMANT o8 %r e
where ro = 107 m (scattering distance for an altitude of 800 gma/ana) and A
is a perameter which indicates the steepness of the lateral distribution func- °
tion at distances close to the core. The lateral distribution function (1)
adopted by us is very close to the N-K function with the reiation 8% 0.8 o o o
where 8 1s the so-called age parameter in the N-K function, For compuber
analysis any scinbillator which was within a distance of 3 m°'from the core was
© excluded in order to avoid bias due to very wide fluctuations which are bu.ul'z.]
to ccour in the core. Four discreet values of ©{ o were tried out for best
£it i.QS, 1.5, 1.7 and 1.9, The vulue of O ¢ that gave the best 12 wasg'
printed out by the computer.

The histograms in Fig., 4 show the relative frequencies of occurrence
of various values of (g for differcnt size groups. It is necessary to. point
out that because of varying o{ g the area of 1004 detection efficiency varies
even for showers of the same size. This fact has been taken into account in
drawing the histograms in Fig. 4.

The variation of the mean value of e with size is shown in
Fig. 5. '

The important results that follow from Figs. 4 and § are:

(1) At all shower sizes investigated there is a spectrum of e values.
(11) At sizes of 10° - 10° lower oo 's predominate und fluctuations are

considerable (1.3 and’1.5). |
(111) At sizes larger than 10° larger (.. 's predominate (1.7 and 1.5'). :
(iv) The mean value of of g Viz. a(_' o Cchanges by about 0.3 for a shower
size change of about 5 in the neighbourhood of N, = 18,
Since for shower sizes of about 105, there was a pile'up' of f o
at 1.3 (Fig. 4) in the new analysis of air shower data collected with the
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modified array (Fig. 2) the values ofc( g that are tried out for best fit
are 0.7, 1.0, 1.5 and 1.7. Preliminary results based on the analysis of
about 2,000 showers indicate that the mean value of o/ ¢ at these sizes is
‘lower than 1.3 — is about 1.1.

At ail 8izes investigated the lateral distribution of the low
energy N~-component may be expressed by a power law of the form r"o(n upto
a distance of about 40 m. The lateral distribution of the low energy N-compo-
nent for various sizes is shown in Fig. 6. Evidence for the steepening of the
lateral distribution with size is unmistakable. The value of o(p changes by
as much as 1.0 in going from shower 8izea of 1.05 to 107.

If we classify the showers according to of ; — the paremeter indi-
cating the steepness of the electron lateral distribution and then see the
corresponding lateral distribution of the N-component, then we tind a rather
interesting result which is shown in Figs. 7 (a) and 7 (b). At shower sizes
less than 106 the lateral distribution of the N-component is flat in showers
: which have a flat electron lateral distribution and steep in showers which
have a steep electron lateral distribution.

Xp = 1Owhen, = 1.1
n 1.8 when o( , 1.7 = 1.9

However, surprisingly at shower siges larger than 106 Jhere appears

to be only one type of lateral distribution of the N-component,,
b 1.6 foro( e = 1.1
ol 1.65 foro(

The showers with flat N-component lateral distribution seem to be
- significantly absent.

1,7 - 1.9

This transition appears to be rather sudden in the sense that the
change—-over of the lateral distribution of the N-component comes about within
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a’ factor of 5 in shower size.

A similar behaviour is also geen in the lateral distribution of
the muon component as can be seen from Figs., 8 (a) and 8 (b), However, the
difference between the lateral distributions at sizes less than 106 and
greater than 10° 1s not so very striking as in the N-component. The tendency,
however, is quite unmistakable. At shower sizes 2 - 5,10° O(k_= 142 0.6
for o ¢ = 1.1 and o(k= 1.5 % 0415 for o = 1.7 = 1,9. However, at shower
sizes 2 - 5.10° o, = 0,95 % 0,15 for & ¢ = 1.1 and O{r\= 1.1 % 0,15 for
O(e = 1.7 - 1.9, Because of these strong correlations we can conclude that
the parameter 0( ¢ 18 a very useful and sensitive parameter for classification

of showers of the same size.

Inﬁegrating the relevant lateral distributions of the N and ,A_ com=-

ponents up to 50 metres from the core in showers of the same electron size, we L

find that the showers which have flat lateral distributions (6( S T P g P’_ 1.1,
X, = 1,0) have more number 61‘ N and {t- -particles than showers which have steep
- lateral distributions. Therefore, the observed fluctuation end the positive

correlations in the densities of muons and N~perticles at a given electron.sj_.zé’

are a consequence of both the variation of the lateral distribution and the
total number,

ALl the results that we have considered so far are asaentially for
vertical showers (8 < 40%). A comparison of the number of muons and N-particles

at a given size for vertical (8 £, 40°) showers and inclined showers (6 > 40°)

~shows that when the amount of matter is increased by about 300 gus/cn® the rum-

ber of muons increases by a factor of about 1.3 and the number of N-particlés :
decreases by a I‘actor of about 1,7. This is true at all sizes between 105 and:
107 particles. This shows that the effect of the level of first collision

would be to give an anti-correlation between the muons and Ne-particles. ‘The -

experinentally observed positive correlation be_t.ween muons and N-componénté

-

e
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should tberefére be a strong indication of a .source which counter-balances
the negative cprfalation that should exist due to level fluctuations even
in the vertical direction. Onc such source can be the presence of‘heavy
nuclei in the primary cosmic radiation at air showor energies,

- Ramifications on some of these aspects aﬁd also the results on_
éize spectrum, variation of the total number of N-particles and muons with
size, differences in the properties of showers triggered by muons etc., will

be presented by Dr. Naranan in his talk later on.¥

- IV. Absorption Characteristice of Muons in Extensive Air Showers -

- Under-water Expcriments.

The muon content of extensive air showers has become an extremely
important parameter and has been used barticularly in connection with the
‘, identification of the nature of primeries of air showers., For example, showers

3which‘are particularly r%ch in mucns have been considered to be induced prefe-

rentially by heavy primaries and showers which have & low content of muons have
become candidates for ¥ -ray initiated showers. In this connecticn, it is
extremely imporfant to know some of the characteristics of low energy muon
cowponent like the energy spactrum, the absorption and lateral spreading cha-
racteristics ete.

We.have recently determined some of these parameters by a simple
but elegant method, This eyperiment has been carried out in collaboration
~with Profs. S. Miyake and K. Hinotani of the Oszka City University, Osaka,
’“japhnr

Four plastic scintillators each of area about 1.5 m° located at
the‘éornefs of & aquarévof side 20 m were immersed in a Lake at mountain alti-
| - tude (800‘gma/cm2) to various dapths under water and the 4-fold coincidence
7 rates recorded as a function of depth up to a depth of 10 m. The same experi-

‘+‘Seé p. 227
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mental set—tfp was then moved to gea level and the counting rates determined
in a lake for various depths. A comparison of the rates recorded_under
.similar aﬁxount of water at the two atmospheric depths hag shown that the
rates are attenuated by a factor of about 3 between 800 gma/an2 and sea
level from which it can be deduced that the absorption of muons in air sho-
Wers proceeds with a mean free path of about 340 ¥ 40 gms/cm?., This absorp-
tion includes losses due to ionisation, decay and lateral spread of muons,
The results algo indicate that the mean production level of muons of energy
Z1 GeV is about 7 I 2 kms from sea level and the energy Spectrum in the
energy range 1 - 2 BV may be expressed by a power law with an exponent
-0.6 * 0.10. '

The counting rates as a function of different areas of scintilla-
tars and also ag a function of various separations between them have also
been obtained for various depths at both the altitudes, The implications of
these measurem nts will be discussed in a paper that will be presented later

+
on,

V. Air Shoyer Studies in Association with Ultrg High Energy (> 200 GeV)

Muons (K,G.F. pAir Shower Project).

We have elready stressed on the fact that for a Proper utilisation
of air shower data, it would be desirable to have simulfaneous information
on many components of the shower, One such’component which can be of immense

value is the very high energy muon component, Ultra high energy muons (> 200

- duced very high in the atmosphere in nuclear collisions of energy) 101'2 eV,
A detailed study (lateral distribution, mltiplicity, energy spectrum ete.)
of the muons at large depths reflects therefore the characteristics of the

first fey collisions at the top of the atmosphere, The aip shower array at

¥ Jee -p.277
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the surface gives the total energy of the primary interacting at the top of
the atmosphere., Since the relevant collisions are confined.to a few inter-
action mean free paths, the nucleon cascade caloulations become simple and
it becomes feasible to decide the basic characteristics of high energy colli-
sions like inelasticity, multiplicity, angular distribution etc. by such a
combined study. From a simple consideration it can be shown that by record-
ing the percentage of association of muons in extensive air showers recorded
over a specific area at the surface, it wcild be possible to obtain the total
number of muons in showers of different sizes and by studying the variation of
the percentage of association as a function of depth the energy spectrum of
very high energy muons can be deduced.

Experimental information regarding multiple muons underground
and their relative beparation, and the associated shower sizes at the surface
should enable us to determine the relative importance of the production of
excited baryons which decay into high energy pions at air shower encrgies.

Multiple muons of high energy can result more easily from heavy
primaries because of (i) weak dependence of multiplicity on energy ( M so EO.’25)
and (ii) increase in the probability of occurrence of the first few collisions
in the lower density regions of the atmosphere where the']Tl-fk decay proba-
bility is higher. Presence of ultra high energy muons, in particular multiple
muons, in showers which are relatively rich in low cnergy muons may, tberefore,
serve as a more reliable criterion for identification of heavy primary induced
showers than the criterion of }L-r‘"hness elone adopted so far. The study of
the directional distribution of such showers may then reveal any marked aniso-

tropies in the arrival directions of heavy primaries that may exist.
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Some of these.considerations'have'prompted us to take up a new
project in which we plan to operate a comprehensive EAS array in cuujngbhiCn~

w1th large area muon detectors locabed at various depths undergroinid..  Profe-:

ssor T, Mn tsno of the I[nstitute for Nucleur btuuv, Tokyo is (v »;¥:atiﬁg:7
with us on this project,

The fxtensive Alr Shower array uili be.sab up &b brioshaiar oold
Pields where we have earried out 1L09“tly iﬂtenulir meapur erenta p ko g
maximum.japbh of 5,000 ﬁcbrea telow ground. The surface conditions at ahc

mites are ideal foir selting n;l"drgn~sc&le Extensive Air Shower arvay Details

of the arrsy which is &XDthkr to go into op»rdthn in a feu monhhs are shown

in Fig. 9. The Table on the rext page gives the caluulabed ratwg uf associatlon

“of showers of different sizes Jlth muon detector of 10 m® located at depths of
266, 590 and 1120 metres belo. groand corresponding to association of iuons of,-,_f;

_energy 220, 640 and 1800 GeV tespectively.
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TILBLE-

Size 7 10% particles | Size »10° particles.
Effective surface Effective surface
radiuge = 20 m : redius = 60 m
Surface air shower Surface air shower
: rate = 4000/day rate = 180/day.
| Depth in Energy of - ,
metres. muons in Expected Expected
: BeV, rate of rate ¢f
: Total Number | associa~ Total Number | gssocia-
of muons in | tion in of muons in tionoin ;
the shower. 10 m2 de- the shower. 10 m* de-
tector tector
underground underground
266 290 18 16/day 87 40/day
590 640 b - 0.64/day 25 1.6/day
1120 1800 3 1/20 days 7 1/8 days
Calculations based on:
: : ’ " =5, 2
Flux of : .owers of size ’>/10 = 5% 107/m .sec.8t.
Flux of showers of size ZLOS 21,0% lo—s/mz-secost-
Integral energy spectrum of muons in Air Shower O< E’ﬁ"z
’Totsl number of muona>/ 75 GeVs Nl‘ (275 GeV) = 13 in 10% showers

and N'.\,(P'/'ZS GeV) = 320 in 10° showers

Tk
f 4. Ueda, N, Ogita: Prog. Theor. Phys. 18, 269 (1957) ]
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Fig. 1
The Extensive Air Shower Array which was in operation
till recently at Ootacamund (altitude 2.2 km)
12 scintillators spread over an area of 80 m x 80 m to record electron
densities.
9 N-particle detectors (BFg counter assemblies embedded in lead and
paraffin) each of area 0.4 m® at the centre of the array.
3 muon detectors each of area 0.6 m2 (hodoscoped ‘GM counter arrays in
brick and lead) separated by about 20 m from each other.
A nano second chronotron timing system coupled to 4 fast scintillators

for determination of the arrival direction.
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Fig, 2

The Extensive Air Shower array now in operation at Ootacamund.

20 scintillators to measure electron densities

Two groups of N particle detectors separated by about 20 m, and

in all 14 N-particle detectors.

4 wucn detectors each of area 1 m* {(hodoscoped GM counter arrays)
5 fast scintillators (with the central one at a height of 8 m from
the ground) for determination of the arrival direction. |

An energy flow detector of area 4 m® for the soft component 3

4 gcintillators each of area 1 n° under 2.5 cms leod.

Energy flow detector for N-component s 6 scintillators each of area
(0,36 sq. m) under 5 ft. of water and 5 cms lead.

A total absorption spectrometer of area 1 m2 to record the nuclear

interacting particles of very high energy (> 100 GeV).
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Fig. 3

Digitised £S Recording System

The output of each preamplifier belonging to the density measuring-
seintillators is coupled to a logarithmic amplifier-gated stretching unil,
where three decedeg of pulse height range is compressed logarithmically into
a linear ramp range of 10-150 volts, and stretched into a 10 second analog
D.C. levei by any one of the selection signals. A merczry—wetted~conta;t
relay system triggered by the'selectLon signal consequences the anzlog |
levels into an anilop-dlthal encoder whose output is punched on to paper
tape, every time the relay system changes on to the next detector in sequcnce.
After the last of denéity'detector informations is punched, a digital sequenc-—
ing switch starts the punching of the nanosecond timing inforﬁation of the -
ghower-front timing scintillators, suitably quantiaed and stored in flip-flops,
along with en indexing number for the shower and the local time.

The array is triggered by the following selection systemsz (1) electron
density — (a) 5-fold_coincidence of scintillators 1, 2, 3, 4, 5 with a bias
set at 12 particles/n?, (b) 5-fold coincidence of scintillators 6, 10, 11, 12,
1 with a biés set at 10 particles/mg, (i1) muon density = 4-fold eoiﬁcidence'
of muon detectors I, II, III, IV, (iii) sélection by totel absorption spectro-
meter — energy of nuclear-active pérticlés greater than 100 BeV, and (iv)
gnergy flow density of thé order of 5-GeV'in any onc of the 4 energy flow '
sointillators. | '
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Eigy P

Proposed EAS erray to be set up at K.G.F. in conjunction
with underground muon detectors.

20 scintillators (1 m2 cach) on the surface for measuring shower
siz;.
4 fast timing scintillators for determination of arrival direction
of EbS. A
15 N~particre detectors
10 m2 of scintillators on surface under granite to ﬁeasure muon
density (vml_bev).
30 mz.of water Cerenkov dctectors distributed at depths of 266,

590 and 1116 metres undergroundftobdetect muons or energies) 220,

640 and 1800 GeV respectively.

(vi).

4 units of multi-layer spark chamber telescdpes (each \n 1 m?) at a
depth of 266 metres to determine the direction of muons within 0.5,

and investigate multiple muons of small separation.
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DISCUSSION

SARABHAT : Have you any more svidence on Norvh-South asymmetry?

SREEKANTAN: We bave designed the new timing set-up specifically from this
point of view. We have to await the results of analysis with the computer
to say anything definite.

YASH PAL: Have you any theories to explain the change in the character of

correlations at a shower size of 106?

SREEKANTAN: We prefer to walt for more experimental results before theorising.

ODAs Do your results indicate that in showers of £ 106, heavy primaries are
predominant? |

SREEKANTAN: This is a possible interpretation. We have several types of
lateral distributions at < 10%, In the case of heavy primaries, we expsct
flatter showers, because the energy per nucleon decreases. Also the behav-
iour of all the components, e, ’J.,nnd n are similar and is presumably

governed by the highest energy nucleons. But we cannot claim this to e a
unique interpretation.
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Studies on Extensive Air Showers (1.05 - 1()7)

at _mountain altitude (800 g e==?)¥

B.X. Chatterjee, G.T. Murthy, 8. Nersvan, B.V. Sreckentan
and M.V. Srinivasa Rac

(Tata Institute of Fundemental Research, Bombay)

1. Experimental srrangament

e e e

In this paper, we present the experimentsl results cbtained
with two Extensive Air Shower ai'ra;'s that have besn in operation success-
ively at Ooty, South India (800 g ™), A full description of the air
sizozz:z": arrays (B3 I and EAS II), the recording system, the different
triggors used end the method of analysis adopted bave already been reported

earlier by Prof, B.V. Sreckantan in this Coni‘erence(l)

The resulta obtained so far are based on an snalysis of 8,000

showers with EfS I, and 2,000 showers with EAS II (Figs. 1 and 2 of Ref.(1)).

S to 107; E&S II wes gvecifically designed

The shower sizes ranged from 10
to cover the smaller sizs groups. The lateral distribution of electrons,
and the total size were determined from plastic scintillators (12 in EAS I
and 20 in EAS II) spread over an area 80 m in diameter. The arrival direc-
tion of shower was determined by a chronotron timing system coupled to fest
scintillatore. The low energy n-particles (?,1 GeV) were detected by
n~detectors located at the centre in EAS I, and at two different places

(10 m and 15 m from centre) in EAS II. The n—detectors were used as 'yes'

# This report covers 5 papers which were combined into one presentation
at the Conference: (1) Lateral Distribution of electron component, and
size spectrum, (2) Correlations in the fluctuations of the lateral dis-
tribution of electron, muon, n-components (3) Average groperties of low
energy n and muon components in EAS of size 10° - 107 at 800 g/ca®.
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or ‘no! deﬁectors to obtain the density of vn-particles; the multiplicity
| of neutron pulses recorded in each event was 'ignored for the density
meagurement. Muons of energy » 1 GeV were recorded by a hodoscoped. Geiger
counter tray (0.6 2° in EAS T end 1 m2"in EAS II) under heavy iron uh.g* :
Two gimilar trays were used under brick-snd-concrete and lead ém.eld:‘mg o
meaaui‘e densities of muons of energy > 0.5 GeV. In EAS II there was a
fourth detector (1 m?.“) for muors of »1 GeV. In this paper only the perbi-
. cle density date for djf:’r.‘e:ent components sre presented.  The data from the
energy detectors of electron~photon and high energy l-perticles have not yet .

been fully analysed,

2. Erzperimental Regults

2 (&). - Lateral distributions of e, n and & components, ond their mubual

i) s iy

correlations

&b any given slzs our experimental results show that the latersl

di;‘%‘i;z*i‘mution functions may be defined by three parametera O{e y "-‘{;1 ol

: A S N v
° fe & Vo f%
» ’ . = O
SR R
;I A V, oc, & P

= cCr&is not indepenﬁent of distance. It i8 4 0.4 < 0.6 at r <5 A0 m and
ot 1.0 for 10<r <50 m. The fluctuatiohs'of o(e, o(n "’(,u.) at any gj.ven |
8ize and the variabion of their mean values with size have Bfmn discussed
“In Refs (1). Only the :i.m;}orttmt conclugions will be eusﬁmari.eed here, :
‘ (a) The lateral struﬁures of all the ‘ccmponent:a f’a, n, fx) !

: fk.uctuatg widely and in & similar way. At sizes ‘..< 106; tha fluctustions are



raly correlatsd. Ab larger sisea 2 '.!.06) O<n and o(

/\-V

i ] vl J e
gre rolatively much less,

At low gizes the lateral structures are on the averags

DT wbd o )

flotler than at higher sizas, where they are insensitive to the shower

slze. Thare is indication of a significant change in a narrow size irvter-
= J = 6

P &+ % ——
vai of ~/ 5 sround 10,

Z {(B)s Total mumber of n-pariicles (N,) and mmons {N.;:) snd their fluctua-

e TEaen y20E W,

“iong
whbWiiam
Gromer v

The first conclusion (a) hes an immediate bearing on the anaiyais

o

fluctuations in the total mumber of n-particles and muons - especially

g
=]

the showers of size <106. We had reported at the Kyoto Gonfe_rence(z),
st any glven dlstance from the core, thg fluctuations in the dengities

of neperblcles snd muons are wider than Polssonian. There was also an indi-

'T'Z-’.‘.:»‘F.’?.Csn that the fluctuations wers less at larger sizes. The Iiucvuations in

s

~ae Lgboral distributions of n-particles and muons discussed above are found

%o acscount for a major part of the density fluctuations at fixed distances
{rem the core. If the lateral distribution of particles is gssumed invariant
ab a fixed size then by interpreting the fluctuations in density at a given
diztance as a consequence of similar fluctuations in the total mmber of
partiéles , one is led to am overestimate of the magnitude of fluctuations
in the totel number, This remark applies to both n-particles and muons —
%o a losser degree for m. At sizes > 106, again this is unimportent
besess of the decresse in the fluctuations of n-partidles and muons.

In this experiment, density measurements extend only upto 50 m \
from tl_aé core. By integrating the lateral distributions of n-particles and

! -
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that can efficiently aelect‘ all ahowera of a given size.
The total mmber of muons N r,,,or energy > 0.5 GeV and >1 GeV

ere determined by integration of density distributions from O to 50 m. For

vertical showers (Fig. 2a, 2b)

44 £ 0,04

Ny, (>0.5 Ge¥; 50 m) = 6,40 (n,/10%) (3)
Nr,L (>3 GeV}‘ 50 m ) = 4,600 (N,/J.os) e (1b)
For muons of energy ,> 0.5 GeV,
(o]
a o i a1
2% Ne f£ixed

Ry, could not be determined for muons of > 1 GeV, because of the inadequate

' si'rxielding of the detector for inclined showers.

For showers < 2.10°, it is found that the ratio of N, es well

as NH” within 50 m, in #flat® showers (O( ™ 1.1) to the mumber in "Steep"
showers (&{g#¢ 1,7~1.9) is about 1.3 ~»1.5. The ratio will be larger for
the total number in the entire ghower because beyond 15~20 m, flatter showers

contain more N-particles and muons than steep showers.

2 {(C). Size Spectrum -

The effec’ ive sreas for full efficiency of detecting the air shovoi's

were obtained for e ch size group, tsking into account the fact that the
effective area dépends on & a+ The integral size spectrum in the range 105

to 5.:1.()7 is shown in « 3. From 1.05 - 2n/5.106, the spectrum fits a single
- 6 7

power law. The three points corresponding to the sizes 5.10 ~ 5,10 appear

to deviete consistently on the lower side from the best-fit line at the lower
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muons upto to 50 m, it is found that in showers of seme size, the numbers
Nn and N o fluctuate by a factor less then two and their fluctuations
are positively correlated. Therefore it is quite meaningful to relate an
average N, and NP” within 50 m, to a given shower s;ze.

N, is plotted as 2 function of size Ng for vertical (&<i'4902
and inclined (8 > 40°) showers in Fig. 1. Inclined showers correspond o
a mean slant atmospheric depth of 1100 g cm™? and should therefors be giai-
lar to the showers observed a sea level. The integration of ’analily
tribution has béen done from 5 to 50 m, because densities withain 5 m covld
not be determiried in most of the larger size groups. Howevel, tiie Contrie |
bution within S nm i&vvalik@ly to alber the total nuwber epprc iablye.

For vertical showers, (Fige. 1)

8 25+ 0,05
N, {>>1GeV, 50m) = 35100 (No/ 2.107) S (1a)
0 \ ey

tl

For inclined showers, the slope is gbout the same, and

I\T (,r\ N ﬁ.—;‘}) :
00'6 (% ‘\.

Ro = o o _
L (b -./VW() 2. . NSy
o No fixed

There is a fource of uncerbainby in B, viz. the detection efficiency

=~
p=

of the n-de.ectors for vertical and inclined showers. DBut the error on
this account 1s less than the stetistical srrore.

: - g
The measurement at the lowsst size group, 5.104 - 10" hes hot

been congidered hers, bacanse the triggering system was hQQViiV biaze

ageinst such emall sizs showsrs, sspesielly those with lerger CKe ¢ Becauss
of the observed correlation between the elsclrons and neparﬁicles it is

likely that N, measured for thesc showers is not the mesn, but e biesed

high velue. It is necessary %o evaluate 'Nn with a shower eelection~aystém
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s8izes. If we spproximate the spectrum in the two regj_.,oné by two power-
lews, the exponents are respectiviiy - 1.45 * 0.?., and - 1,75 £ 0,15,
Because .of.‘ statistical errors we have to state tﬁgt our data could be
reconciled to a single power-law of exponent =-1.6 X 0.15, within the
experimental errors. All the three lines sre dras : for comparison.

The results are also consistent with a ¢ adually steepening size
spestrum. Since the change is very gradual, if at all, we should consider
if this can arise from a systemstic under-estimste of shower size at larger
sizes. One source of such an errorkcould be the stéepeni:ng of electron den-
sity distribution et larger sizes. In our anglysis we have used

og &8s a varisble paremeter, and therefore this type of error is small,

3, Discussion

3 (4). Attemuation lengths of electrons, n-perticles end muons in air

showers

~ From the measurements of Np and N f"' summerised in Eqns. 1a, b,

Ra, b, it is ppssible to obtain the relation between the attenuation lengths
of the three components, However, we have to make some generally velid
assumptions about the developﬁent and gbsorption of these components in the
air shower. e \ |
First, 1t is assumed that all the three components resch their
meximum at gbout the same atmospheric depth, and 'are attenuated exponentially
from their maxima, with attenuation lengths /|, An and A juTespectively.
Next, these are assumed to be insensitive to:pr:j.nary energy within a factovr

~/10. The shift of the depth of shower maximum with increasing primary energy
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1z ignored. This however does not meterielly alter the conclusions. It
will be clear that the conclusions ere insensitive to the details of the

model,

n

For yverticel as well as inclined showers (Figs. 1, 2) Nnc( s

Lt

sﬁw{j NfP‘ ,.and ﬁnz/ﬁﬁ 22 0.6 - 0.65. It is implicit in the above
model that £, end /G%y are independent of depth; i.e., they are the same
at the shower meximum as well as the observation level.

It cen be shown easily for fixed N, , the ratio of n-particles
in the inclined showers to the n-particles in vertical showers, R, is

b
WY

given

Ry, = exp ?fgﬁm:(l//\n 5 Fn./’&e i] » (4a)
is the difference in the mean atmospheric depths in the vertical
d directions. %?om.(Zﬁ}; R?;::O°65 for- Ay = + 300 g cm™® ,
A = f,{,g oA =+ 1/600 ke (5a)
Putting }gn = 0,65, and /\e = 150~200 g em‘z, we find -
/\n ~ /\e '. (6&)

This holds for a wide range of /\e values.

For muéns, Rry is given by a relation similar to (4a):

s T w)] i
From (2b) R!M:, 1.3for Ay = + 350 g cu? Using ()

e 0 e Lo
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Putting /3‘5 0.5, we have
| Asz (2.5 ~ 3,0) /\e | (6b)

For /\e =150 g cmfe /\F°= 400 g ™%,

Summerising, we have the followiﬁg re}ations:
it sll depths Ny oQ | ueo :
Therefore = N ’k oC N, |
and /\n c:./\e (7)_
| AV’ = (2.5~ 3.0) /\_

There is s linear relation between n-particles and muons; both the elect‘ﬁ¢

and n-components are sbsorbed with same attenuation length in a wide range

of shower sigzes.

In 2(A) we have seen there is a close correlation between the
lateral distributions of n-particles and electrons. Combined with the
fact that /\n ez o, we Tind there is a close similarity in the cascade
development of the electron-photon and n-components within 50 m of the core.

It is vo be noted that the observed /\rx,refers to attenuastion
of muons withln 50 m from the core and not of the total number of muons in
the shower. The attenuation occurs mainly by a geometrical effect, viz, the
laterel divergence of ﬁuons from their production level, and to a lesger
degree by decay and ionisation lossg of muons.

Recently, Hinotani et al(s) have measured the coincidence rates
of four scintillators lumersed wnder water, at two different altituvdes,

800 g cm (Ooty) and sea-level (Sathanur). They also measured the density
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apectrum of muons (1 GeV and 2 GeV) by messuring the rates with scintilla~

tors of different aress. These observations did not involve any rut.rto;‘:

tion of distence of muons from shower core. On the besis of & model similar |

to ours, Ar;,is deduced as 340 % 40 g/cmz, in good agreement with our valuo.fv
Hinotani et &l have estimated that this value implies a mean production I

level of muons at 7 km above sea-level (~ 400 g/cma).

3 (B). Energy spectrum of muons

From eqns. (3) and (1b) we find that IBf“’= 0.44 for 0.5 GeV
muons and ﬂf“ = 0,6 for 1 GeV mucns. The ratio of 0,5 GeV to 1 GeV muons
is 2 at shower size 105 and becomes 2Z 1.0 at 107. At the mean size 106
it is 1.4. For muons of energy 75 GeV, in a similar size range/3 0.8

0.1'"’/. This means that the muon energy spectrum continuously becomes flatter

7
:sing size. At 10 , there are practically no muons of energy

1f we express the integral energy spectrum of, muons by a power
¥ (> By o E],;d , wo £ind for Nig 2 10° 4= 0.5 (0.6 <E<1 GeV).
“notani et al have mesasured the energy spectrum in 1 to 2 GeV range, by
comparing coincldence rates of four scintillators immersed upto 5 m and 10 n
under water, They obtain 4 = 0,6 % 0.1.
A similar cependence of energy spectrum of n-particles on shower :
gize is also indicated by experiments. For energy />J 1 GeV, we get =_‘0.65,:~

AL energies 2 100 GeV, ﬁn 18 close to 1.0(5;6).

This brings out another
similarity between n~particles and muons, besides the oorrelatiqna in their

lateral structure ( 2(A)) and the proportionality between N, and N/,,, (5(1?
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3 (C). Fluctuations in n-particles snd muons

It is belie;ed that sources of fluctuations in air showers fall
under three categoriesz (1) fluctuations in the depth of first collision of
the primary in the atmosphere, (2) the broad mess spectrum éf the primary
radiation (proton to irdn), end (5):f1uc£uations in the shower development
process arising from varistions in the nucleer interaction processes.

(1) pleys a dominant role for protons, and not for heavy nuclei
since a shower due to a heavy nucleus is a guperposition of geveral or
more nucleon-induced showers, and the fluctuations in the p01nts of show:%
origin are averaged out. Therefore (1) and (2) ere in a sense mutually
exélusive. From general physical considerations we can assess the possibls
effects 6f (1) and (2). But, very little cen be said about (3), owing to
lack of any quantitahive Imowledge sbout the nsture of fluctuations in the
nuclear interactions.

Since protons constitute'the major component in the primary ra=-
diatioh, (1) is likely to be a very importent source. To understand how
Vfluctuatiogs in sterting point of the shower affect the n-pariicles and
muons in shbwers of geme siza, we compare the data on the vertical and
inelined showers.presented in 2 (B). The difference in the atmospheric
depth between theaé two groups of shovers is sbout 300 g cm‘z, and one
would expect to see clearly the effects of change in the level of shower
~origin, ‘ .

For the aame size, ai increase of 300 g cﬁ'z of atmosphere :eaultadAv
i an iner e of NrL, by 1.3 and a decrease of N by about 1.7 (Eqns. - |

= 23, b), The effect»of a change in the level of the starting point of the
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shower with respect to observation level is to produce opposite changes

w

can be seen simply as follows. Combining eqns. (4a, b) and (5a, b), we

in N, and N The validity of this statement in the general case

may rewrite

o E Ax/sooj (8a) e
exp E’ Ax/ 1159—1 (6v) |

e S0, <1 emd Ry > 1 I B <05 0 > Ll Ry< 1.

Ry

and R‘L

As a result of fluctuations in the level of shower origin, the numbers of

muons end n-particles are altered in opposite directions.

We now ask what kinds of fluctustions are expected in n-particleS’ﬁf e
mons, due to fluctuastions in the mass number of the primary. First,
lready mentioned, we cen suppose all primaries heavier than protons
the shower in e nerrov region at the top of the atmosphere, Second,
cood evidence from many experiments, inciuding the present one,

are not proportional to Ne, i.e. /'Sn and @}1.0 (=0.6

! én@?ﬂé&ﬁ). Since size is proportional to primary energy Eg,

o, EJ . If we regard the shower produced by primary of mass num-
. as a superposition of A proton showers each of primary energy EO/A’.‘3ﬁ§

Nn,’u, e (Eo/A)ﬁ ohi T80, M ,/w-°"v Al"/e for fixed size

(constant Eg,). Therefore N, and N}A, are higher for larger A. The

fluctuations in Np and Ny, are in the same sense as a result of fluctua-
| jesie

tions in mass number.

The above discussion shows that fluctuations in starting points
of the shower, end the mass number produce opﬁosito correlations in fluctua-

ticns of Np and N}U. If both these source: exist, then we can expect
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to find two classes of showers: (4) in which both Np apd N, are
higher'(or lover) than in an average shower, and (B) in which either Ny,
or Nrk, is higher but the other is lowef compared to an average shower,

. v We have seen that there is some é#idence that in vertical shower)

Shere 1s a positive correlation in the fluctuations of N, and Ny

. fluctuations in C<g s (2(B)). This would mean thatlshowers of type

exist. If the fluctuations in &, (also A, and °9u—) are entirely
to proi‘,uns‘ that have originated showers at different altitudes ohe’ woill
éxbect to find a regative correlation in flﬁctuations cf. Ny and

‘ We wish to emphasise that the existence of showers of'typ; &
.camnot by itsell constituie a def'inite proof that they are produced by heais

primaries, since there may be other gources, which may also produce positivs

correlations in the fluctuations of Np and Npo . However, by isolating

- such shoyers and studying their detailed properties one can hope to find

ff_ furtner proof of the nature of such primaries.

We have atbtempted to pick out semples of showers resembling A-type

and B—type, from the "rb-triggered" ehowers of EAS II. These showers wars

. selected by muons passing through four widely separated muon detectors.

 These showers'are essentially "fbnrich" for shower sigzes uptc few timcg 106

T"ffFrom these, two groups were picked out: (4) those in "hich BECh bhe_eroups

4  ¥0£ n~detectora ny and ny Tecorded at least one n-particle (4~type) and (B)

N

those in which no n—particles were recorded at all (B-type), . By demanding

f luctuations in widely separated detectors of muons and n-psrticles, possible

"locall sources of fluctuations are reduced,

The angular distributions of A-type and B-type showers show soms

intaresting teaturas. In each gige group, - Apshowers and B-ehouers show
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distinctly different angular distributions. The proportion of showers f

within zenith angle 30° to the total in the size range 10° = 107 is
given here. |
A-type : M r‘_,-rich, n-rich" f = 32/40 = 0.82%0,2
B-type s " ’L—rieh, n-poor" f = 45/87 = 0.5 % 0.1

~ Though the statistical errors ere considerable, there is a significant diffe-
.rence in the angular distributions, viz. A-showers are steeper in anguler

‘ dependence compered to B-showers. This can be seen in conformity with the
idea that A-showers could be due to heavy nuclei and B-showers due . to pro-
tons. Since these are "’,Lérich" showers, B-type showers are also presumably
produced at the top of the atmosphere, besides the A-type. The mean f_n_e_gg
MQ_]_._QQQ of . A-showers would be much lower (by several times or more) than
the mean energy of the B-ghowers. oné would therefore expect that A-showers
would be gtienuated faster in the atmosphere than B-showers &and, therefore
show a steeper angular distribution. A much more detalled analysis of all
the pro;ﬁerties of A and B-showers is hecessary to make any definite identi-
ficatioh of the source of fluctuation. This sunalysis demonstrates that
élassifying showérs into " rb-rich, n-rich" and "’L—rich', n-poor" may lead
to meaningful differences in their physical properties, and may help in the

understanding of primary composition, and high energy nuclear interactions.
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BROTT N3 Are your results, particularly on the ratic of nuclesry—:
particles and electrons iz the showers in agreement with the results

of other groups?

o 0.65 £ 0,05 | |
NARANAN: =~ Our resulte give N, X N, ' . « The value of the expo-

nent is in good agreement with the result of the experiment reported
earlier by Prof. Nikolsky, and also the results of Lehane et al at ses~ g
level. Within the experimental errors, we ca.ﬁ gay that in the shower=-
size range 105 to 107, at 800 g cm"z, the exponent does not change., We
have not tried to compare _tﬁe abgolute number of mparticles with other

data, since the energy thresholds in different experiments are not well
known. '

mm: It 18 very difficult to derive the attenuation length of maons
- from the sngular dependence of B}‘L/N,, because the density of muons
o depends strongly on distance st which muons are produced, and secondly

ﬂu production of muons deponds on the atmospherie dmity and ig there-
;tm different at different sngles.
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MNARANAN

HARANANS The attenuation-length of muons ~ 400 g ™ is only an appa~-
rent ebsorption length, and has to be zorrected not only for geometrinsal
spread, but .also for loss of muons by ionisation and decay. It is of
course necessary to consider the change in atmospheric density with
zenith angle. Bubl this correction is quite small for the low energy
muions (»41 GeV) we are considering. This is also indicated by the
agreement of our /\P,with the value obtained by Hinotani et al® by com-

paring muon coincidence rates at two different vertical depths.

ODAs I think we can avoid the difficulty which comes from the geometri-
cal dilution of density of muons. For the comparison at zenith angles
0 and 45° at sea level the altitude distribution of the denait&'of air
turns out so that, whatever be the longitudinal distribution of produc-
tion of muons in_the atmosphere, the ratio of the distance from sea

level to the production level of muons remains constant.,

SREEKANT AN We have determined the absorption mean Iree path of muons
by another method: by measuring attemuation rates of muons at two depths
in the atmosphere in an under-water experiment, which will be reported
later in this Conferencet That eiperiment also gives the same absorption

mean free path.

' #* See p0277

*+  See 0271
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Ratio of Pions to Protons and Ratio of Neutral to Charged

Interactimg Particles at Mountsin Altitude of 300 ges/eu®

8; Lal, R. Raghavan, T.H. Rengeewenmy, B.V. Sreeksntan
. and 4. Subrgasnian

(Tata Institute of Fundementel Research, Boubay)

In this pepor we wish to report on the experimental results
that have been obtained on the ratio of neutral to charged interacting
particles and the ratio of pions to protons at an sltitude of 800 gas/ca®
at energies higher than 20 GeV. The experimental arrangement which was

ﬁrﬁoipully designed for the study of nuclesr intergetions produced by
) pions and mloomu) comprised of a multiplate cloud chember with an eir
""cu'mlnov counter above and a total absorption upootrcmter below. The air

(2)

Ourcnkov countar uhich wes operated at atmospheric pressure at a threshold

value of 45 for the Lorentsz factor of the charged partieles enabled the

- : olassification of the charged interacting particles into pions end protons '4_ i
- in the enerpy range 20 - 40 GoV. The energy of the miclear interacting | 14
""pl.rticlen vas deternined in individuel csses to en escuracy of & 20% with :

- : the tohl «haorpbion epeetromter(s)

The olcmd chenber was triggered with a pelection aiat‘:a whieh |

o .nlocted only charged interacting psrticles for part of the run and udo

ks 2

ro distinotion bstwesn oherged end neutral Mteracting particlu for the

: »rcst or tha opereting pericd. Triggering of the clwd a&mb«.r by zmaloar .
£2 A!.ntmracting portizleu eseociated with large air showers or by particlu 1: v
~the cores of emal! air showers was prevented by a sysiea of omti-ooindduoo

: _muntarn of total . Lfective erea ahmrh a aqaaro metro plaoad by the eide of A



%he eloud chsmber,

Exp srimsatal Rosults

(a) Ratio of picma to protongs

During the pericd ( 2800 hours ) when the .cloud chamber was
triggered emslusively for charged muclear iﬁtaraoting particles, 215 events
wek'e recorded for yhich the charged ;r.cr;ry was well within the solid angle
ef tho alr Cerenkov counter above the cloud chamber and for which the esti-
mated energy froa the total absorption gpectromster wes in the rangs 20-40
GeV. COut of t!:e:a;e, in 56 cases the air Cerenkov counter gave pulses indi-
cating that the particles were pions. This number, after corroctiqn for
spuricus acsocietion of pulses from the Cerenkov covniins system and for
inefficisray of tho_ Cerenkov counter, becomes 70, This lezds to the ratio

of plons to protons as 0.45 £ 0.11 in the energy region 20 - 40 GeV.

(b) Batio of neutral to charged particles (N/C\;

Puring the peried of 1550 hours when the chember was triggered
for both charged and neutral interacting particles, 231 nuclear interactions
were recorded in the chsmber for which one could unambiguously determine
vhether the interaction was produced by a charged or a neutral particles.

Cut of the 251 cases in 171 the energy of the interaction as determined with
the total absorption spectrometer was in the rangs 20 = 40 GeV. In these
171 cases it was found that 105 were due to charged primaries giving a talue
of 0.68 £ 0,1 far the N/C ratio at emergies 20 - 40 GeV. In the remaining
60 cases for which the energy was higher than 40 GeV (median energy GO.G'V).
43 intersctions u&c due to Mgd primaries giving a value of 0.40 £ 0.12
for the N/C ratio.
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(o) Ratio of neutroms to protons end probsbility of cherge persistences

Using the ratio of pemtral to charged partisles and the ratic of
ptmhmtmwmlddotnmucratuofumwtowom in the
energy range 20 - - 40 GeV. ovdnodm:rauommuboo.oat.m.
In the T:ble belew we have given the expected ratio of N/P at an altitude of
000 gus/es® for various values of ths peremeters £ and )\ gy, Vhere € 1s
the probability ef charge exchange in an imelastic ocollision of a mucleon

& with an air moleus, sad ) gy, 18 the ixtersstion mean free peth of moleer
interacting particles im air.

0 0.8 | o8  (0.99) 0.94 ° 0.87 0.80
. 0w 0.4 (0.96) 0.88 0.80 0.71
' 0.5 | 0.87  (0.89) 0.78 0.68 0.58
0.2 | 0,71  (0.79) 0,60 0.50 0,45

-

’ In the above Table in column 2 are given within bracksts the velued

‘of lﬂ' ratio caloulsted taking inmto mecount the presence of heavy nuclel in
.dditiontoprom in the primary cosmic ray besm (BO% protons and 144 neu-
mnl). It is seen from the Table that the observed value of 0,88 X 0.1 for
¥/P excludes the probability of charge persistence being higher then 80%

for mcleons of energy LA100 GeV (mocleons in ths observed endrgy rengs of

20 = 40 QeV are expected to srise from the collision of pucleons of energy

\A 100 GeY in the atmosrhere).

From the present study the following ecnclusicns may be drawa
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regarding muclear interacting particles mot associated with large air

showerss

(a) The relative proportion of piens to protons is spprecisble at
sountain altitudes and sea level at energies above £ GeV; this ratio is
88 high a8 0.48 X .1' in the energy region 20 = 40 GeV at 800 guo/m®. It
may be pointed cut thet the recemt evalustion by the Durhem Growp'®) wvith
the magnetis spectrograph of the vertiesl intensity of plons and protons at
ssa level iadicates s ratio of 7[/? = 0,57 £ .21 at an energy of 27 GeV.
This compares well with our value of 0,48 * .11 gt 800 gms/om2.

(b) The ratio of neutral to charged particles shows a strong dependence
s the energy of iio particles. In the energy region 20 - 40 GeV it is found to
be 0,66 X .11 and at sbout 60 GeV it is 0,40 * ,12. Such a trend has beea found
in earlier measurements using visual technigues. This feature suggeste that "
at energies 11100 GeV pioms are comparable or even more than protons among .ﬂn
molsar interacting particles st mountain altitudes and sea level. This inarease '
in the eontributioh of pions with energy may perhaps be due to the regeneration |
of pions by pions in the atmosphers as pointed out by Subramenian and Vermal®);

(¢) The ratio of meutrons to protons in the energy region 20 - 40 GeV ‘
deduced from the ratio of neutral to charged particles ic 0,98 % 0,18 which
leads %o an upper limit of 80% for the probability of charge persistencs of
micleons at energies " 100 GeV in collisions with air mmcleus. This ratio of
nentrona to protons, which is close to unity, also suggests that the charge
excoss esmong muolear intergoting particles at mountain altitude is almost entirely

dus + 5357 8
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DISCIBSION

. BITIRs The evaluation of the ratio of the mmbers of pions and protons
from the observed ratio of interactions evidently depends on the choice

of mean free paths of the two kinds of particles. Have the mean free
paths been determined in thic\ experiment or if not what assumptions have
been sade for them?

nnnm- The mean free paths (mostly im brgss) have been assumed to be
v the same for pions and protons. :

vmc Iwﬂdhkohrmrkthtthiuhﬂotmt-ﬁpowl;m

: of the best ways of obfdmg information on pion-mmoleon oollfsions at
high energies becaust this ratio semnot be as high as reported wnless one
includes regenaration of pions bypull at mountain altitude. However, i3
mtomwml‘h mal'lll'-hnon & possible Mid.tyotﬁh
mﬂmuou. udsoutbnltipho&tylu.wmdwaﬁw
“Mmatnﬁcdhoetbuuuuu, around 100 GeV,
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Fluctuations in the Angular Distribution of Secondaries Emitted

in High Energy (2,30 GeV) Nuclear Collisions in Carboa

8. Lal, Re Raghavan, T.N. Rangmamy’ B.V. Sreekantan
A. Suhramaniaﬁf 8.C. Tonwar and R.H. Vatcha

(Tata Institute of Fundamental Research, Bombay-5)

I. ‘Introduction

(1,2)

An experimental arrangement congisting of a multiplate

s1oud

. CLORC

Cerenkov counber has been operated for about 4,000 hburs at Ootacammnd

chamber, a total absorption spectrometer (T.A.S.) and an air

in South Indla (altitude 2.2 lm, pressure 800 gm/cma) to study in detail
the nuclesr collisions of nucleons and pions in a carbon target at ener-
gles’> 30 GoV. The onergies of the perticles producing the irt exactions V
rere estimated to an accuracy of X 20% in individuel ceses. The air
Cerenkov counter enabled distinction between'proton end pion primeries .b

at, ener

)

gizs less than about 45 GeV.
In this peper, results based on the study of the engular distri-
bution of the secondaries in 250 nuclear interactions showing a toteal

‘ secondary multiplicity of at leest 3 are presented. |

I‘I. Results and Discussion

In Fig. 1 are glver‘ the differential distribution of the evenls
against coordinate of log O/EO; E, is the "enargy" comsuted by the method
of Castagnoli et _a.l.(s) and E, is the primary energy estimated using Phs
E, ie a parameter for the degree of collimation of the gacondariés in the

interactions. In compating E,, care has been taken to ouwlt a chf‘rz(n secoml Axy

e ——. v o
e ———— Yt

—

' , A8 = o \| . “ |
The next three papers were combvined ard presented oy A, Sublanaiién.
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in thé forvard direction ("continuing primary") which is emitted within
an angle © in the laborstory system satisfying the condition ainO:—o-L.F—Eo.
The expected distributions shown by dotted curves are based

on the assumption of isotropy in the c.m. system (nucleon—nucleon) and

are given by the suitebly normalised probability distribution P ( Be/p,)

] ) 2 a
1 - (log }:‘C/T?n) } % (‘_ b LHE
paede fo L E where = — , h belng the mmber of
Jivo’ % { 2 1% N

secondaries used in finding Eg. The full line curves have been obtained

by shifting the dotted curves by 0.15 on the log EG/Eo scale., This shift
corresponds to an averasge overéstimuﬁe factor of 1.4 in Ec/go _which is
expected if it is assumed thet the gsecondery pions have on the average a
total energy of only = 380 MeV in the c.@. systen.
The following ere the noteworthy features of the distribution
in'Fig. 1:
(a) the tsil beyond the ratio of E¢/p = 8 (shzded area in the £1
occurs preferentially in pion evenis compered to proton avents
& el Ag) = 0.2 - 0.3) and to a less significant extent axong
events produced by neutral primaries compared to proton svenis
( P (A5)ew 0.4).
(b) the prcbebilities of observing the stove tail are less than
X 10"'7 in the csase of charged primaries, less than 10’5 in
the cese of plon events and less than 5 x 107% in the case of
nsutrel primaries, purely due to fluctuatiouns from isotropic emis-
slon in the c.m. system, |
and (c¢) this tail forms 24 : 2 % of pion events vand 10 £ 3% in the case of

neutral primary events.

To clarify the guastion whéther, leaving agide the tail, the reat

s 800

of the distributions in Fig, 1 are statistical fluctustions from isotropic
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(random) emission in Cel. gystem, the events bave been groupéd into three
categories: "forward asymmetric® (II) are thoge with 2 £ EO/EO £ 8
"ayrmetric® (IIT) are those with + £ E°/z°< 2 and "backwerd asymmetrign
are those with l5<:/;,;o< t . The differential angular distribution of the
charged secondaries with_ respect to log ¢CN tan® are shown in Fig. 2 for
these three different groups. JY\CN is the Lorentz factor of the c.m,
system (tmcleon-xmcleon) correspending to E, and @ denotes the angle

of emission in the laboratory system. The widths of these distribut»ions

88 given in Fig, 2 seem larger than about 0.30, which width is to be expected
for isotropic emission of the secondaries in the Cem. system teking into

of selection of events for classification into thé above groups, one should
have obtained widths even smallér than 0,20, Therefore the conclusion is
that these fluctuations occur due to genuine correlated emission of seconda-
rlies sometimes either in the forvard or backward direciicns in tha c.m, system °
giving rise to events of groups IT and IV. Further support to attributing
the fluctuations to some physical origin 13. glven in the Table.

| It is possible to conclude from the data presented that the observed
fluctuations in the angular distributions o: the secondaries are due to correlated
emission of secondaries, probably pion resonances, giving rise to different
*q-values® and ratios of ¥W-rays to ‘Gharged secondaries and not due to simple ;
motion of fire-balls in the o.m. system,
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TABLE
Groups 11 III IV
Ratio of neutral
pions to charged 0.40 * .09 0.22 + 0,05  0.70 + 0,21
gecondaries
]
(@)
,? in MeV/c
of o -rays in the 135 * 15 158 * 19 105 * 12

forward hemispaere
in tho c.m, system.

# In finding nu°/ng, we have removed the so-called Mcontlnuing
’ primary" from the observed number of charged secondaries. This
ratio has been obtained as (np /2n,) for the secondaries smitted
within the forward hemisphere in the c.m. sysbea.
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vxtremely sollineted Huclearl Interections in Carbon Induced by
5 e Ly MO - et

cosmic Ray Particles in the Energy Region of about 20 - 100 GeV
5. Lal, R. Reghavan, T.N. Rangaswany, B.V. Sreekanten
A. Subramanian end S.D. Verma

(Tata Institute of Fundamentel Research, Jombay)

I. Introduction

In a paper submitted to this Conference(l), the existence of a
group of extrenely collimated (“gnomuLouu“) nuclear interactions in carbon
produced by charged cosmic ray particles hss been reporbed. Preliminary
result: and tentative interpretation of these events have been reported
elsewhere(z’z). We presenl here the results and discuss the interpretation

of t.ese collisions based on 25 events obtained so far from the interactions

of charged primaries and five such evente induced by neutral primaries.

1. Charzcberistics of the M"ancmalous™ events produced by charged primaries

ttremely collimcted events have been observed to be predominantly

produced by picas, us discussed in ral. (1). Since the expected number of
. ';\ f N ~ . 3 3= S U e - ~ K3 Rt % oK o, L
events with “c¢/p, 7 10® due to stetistical fluctustions in the angular dis-

tributioﬁ of the secondaries from iscirepy alone in the cem. system (nucleon

as target) is negligible, the above limit is used to define an "anomalous'
ovent., These evonls ;onszitute 24 : 2 2 (5/21) of all interactions produced

by pions with total forward secvndary/multiplicity:? 3, HNc event with EC/E67 10

in 43 ceses of corresponding proton interactioms has been observed.

The following are the fecalures of the events:

~

i) No high energy Y-rey comparable to the energy of the primery

or, a nsutral interaction has been found in the forward direction. This

L —

* B, is the primary energy determined by the "Castagnoli method" and Eo is’

th: actual energy of the primary estimated by the total absorption spectro--
meter, : d z
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indicates that the particle cerrying away the bulk (~80%) of the ineci~
dent energy is charged. The above high degree of elasticity is arrived
at from the observed average energy of the neutral pions produced in these
collisions, which are sssumed to represent also the average energy of the
charged pions produced. ~

ii) In Fig. 1 is shown the distribution of charged as well as
total multiplicity (charged + [{‘"é), These multiplicities do not include
heavily ionising secondarics (aseured to be recoil protons from the target)

snd secondaries emitted at angles > 90" in the laboratory system. Thege

Ao e

Latter perticles are assumed to or iginete from an isobur of the recoiling

since kinematically a created perticie of velocily less than the

Mgy S S o+ v - . b | 0
ALY Ol Loe c.me system will alveys emarge at aligies 90 in the labo-

iii) The transverse momentun distributions of the Y-rsys produced

ztions of di;‘farant primaries are given in Fig. 2. It is sig-

Pfeant to hots that both the aversge and the distribatisn oo the transverse
1wz of ¥-rays ..‘..n the case of "anomalous" events are different from

3-0f the rest,

‘ L11I. JInterpretation of the results

In ref. (2), a reaction of the following type wes proposed in
order to Ve@lain the production of such evonta’. .

: :
Towy =i, o+ }
vhere the incident pion makes a "peripharal" collision, which leads to the
;production of a low Q=value eloud sn docwing m n uoondariu. rhe
- target nuclaon may in some cases curp n uruobn'; t.hh uiuggubed ly~
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the pressence of backward secondaries in some of the events., Tha cioud
- seems to be neutral and decay into two or four secondaries in most of
the cases as judged from Fig. 1. In cases where it dc‘:a;eyed into 27 's,
the effective mass could be calculated and was found close(s) to that
of the ABC two-pion resonanoo“). We tentatively inte: sret the occurrence
of -84 as the production of two Sp's. On this basis, we calculated the
effective mass of two [1°'s in cases of occurrence of S, or Syg. The
effective mass calculated in nine such cases is shown at the bottom of
Fig. 1. The average mass comes out to be 300 % 10 MeV* which can be con-
sidered to be in sgreement with the reporied mass of the ABC-particle,
which 1s 517 * (%), "

v

It is of interest to point out that the ratio of /5% produ

from S, 1is 0,74 * 0.18""%,

IV. “Anomalous" events produced by neutrel primaries

There are 5 collimated events of the "anomalous" type in z sample
of 51 interactions produced by neutral primaries. The total multiplicities
that could be associated with these events are (4 ng+ 0¢"), (6ng + 2/7),
(2o, s 1N+ "7, (2 ng + 1/" ) and (3 ng + 0), where ng, stands for
charged multiplicity, and N for neutral secondary. While one ¢czn take
that the first three events are consistent with multiple ABC production,

/
the other two events may have to be interpreted in a different manner.

®* The method of calculation of the mass of Sg, in ref. (2) was based on
the evaluation of the mean energy of neutral pions in the centre of
aymmetrical emission of secondaries from S,. This method leads to an
overestimate of this mass (quoted before as ~400 MeV) sfnce in cases of

Sp> 4, the kinetic energy of So's in the c.m. system of S, contributes
to an increase of the mean energy of Tt°'s.

®® If ABC particle has 1soapi.n zero, the ratio of Y expected from its
decay is 0,5; but corrected for phase space difference due to the rest
masses of charged and neutral pions, this ratio is enhanced to 0,74
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Waile the sbove observation mey not in itself be very aigni-
{

ficant, it points to the possibility of detecting a differsnce between

prot

ons and neutrons in their inelastia collisions in earbon #t 22 30 Gev,
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