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ARACTERISTICS OF NUCLEAR INTERACTIONS OF PROTONS

e D PIONS IN CARBON AT ENERGIES OF ABOUT 50 GeV

Siddheshwar Lal, R. Raghavan, B. V. Sreekantan, T.N. Rangaswanny, A. Subr manian
and S.D. Verma ‘*)
Tata Institute of Fundamental Research, Bombay

(presented by A. Subramanian)

A study has been made of 125 nuclear interactions:
in carbon produced by protons and prons of the cosmic
--diation at energies of about SH «reV (in the range of

-150 GeV) using a multipfate Basud chamber. The

experimental arrangement
‘**’ permits the measure-
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ENERGY BY TOTAL ABSORPTION SPECTROMETER

ment of the energies of the primari¢s to an accuracy
of +20°% in individual cases, and all ws the classifica-
tion of the primaries into protons anc! pions when they
have energies less than 43 GeV by tie use of a total

absorption spectrometer and an air Ceknkov 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 € \

mated by the method of Castagnoli et a/. 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 n, = 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. Subramanat SD. Verma: Journ. of Phys. Soc. of Japan, Vol. 17,

Suppl. A-IIf, 390, (1962).
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neutral mesons (geometrically feasible in 16 cases}, and

ether distributions regarding these events, are given

Figs. 3 (a-d). Jt should be mentioned that in two

events 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 ofthe primary
is transmitted to the neutral mesons. [n fact no

neutral meson of cnergy more than 10°. 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%, 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
N)ni +N—n> +S,+ N*)

TGTAL MULTIPLICITY(a) ENERGY OF PRIMARY

Fig. 3 (a) Distribution of charged multiplicity (n,) for the
anomalous events. (b} Distribution of total multiplicity

(njtnqs} for the same. One event with multiplicity
n, - 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 20023 MeV per pion in the centre-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 charged 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 S; probably indicate that

S, 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 class of “ anomalous ” pion interactions.

DISCUSSION

Herz: 1 should like to say first that Dr Subramanian’s
results, as he knows, agree extremely well in many parts with
the results we obtained at Milan both in a propane bubble
chamber and in emulsion using a CERN +~ beam of about
16 GeV. In particular we also find about 30°; of events for
which one would calculate, if one did so, a very low target

mass. {am not sure that the 30°/ is really correct, but this is
what we get at the moment. However, we have been trying
a number 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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In 1961~ 62 a group’
/ from the Tata Institute of Fundamental Research, Bombay

~

carried out measurements in ths hetar Gold Fivids in South India on the intensity of cosmic-

ray porticlesn at large Gaptes onderground in the near verticat direction (> 2,000 ft). For

these measurasents large arce secintil ation sounter telescopes were used. At @ de;th of

4280 mea,e. with a telescom: of area 1." 9°, the cc iting mete was ~ 3/day. With two tele-

scopes, each of ares 1.000", tine counting exte @as ~ one in three days at a dezth of oL0C mew.e.

At the lergest depth of “00 mow.e, no count wus registered in 60 days of operation.

This observatcon of no court at a de;-th of 8400 mew.o. in two months of operation

clearly set an upper Limit to tne remanent cosnia-ray muons of atmospheric origin at large

depths underground, and cpened up the possibility of detecting muons procuced by neutrinos

with detection systems which are relatively sim le and which do not invoive elaborate anti-

coincidence shields that were thought to be essential for neutrino experiments in the earlier

investigations. The feasibility of detecting natural neutrinos, in particular cosmic-ray

neutrinos, with arrays comprising parallel detection layers in coincidence mounted vertically

at an underground de;th arcund 9,000 ft has been :ointed out in two papers by Menon et al.””),
A more detailed account is available in the review talk given by Menon”) at the Jaipur

vonference 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 joinea

us in this project.

The details of the neutrino telescope, the fabrication of which is nearing co¥pletion

and which will te set up at a depth of 7,500 ft (approx.) at K.G.F., are show in Fig. |.

The telescope consists of two vertical walls of plastic scintillators, 3 m high and

2m 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 sointillator 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 oentrally and at a

distance of about 40 em from the plestic surface. In all, for each telescope there ara 2h.

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.



- 50 -

The mester parse that will triceer the flash-tube circuit is obtained as follows:

pulses trom each juir of photomulti pliers which look aut the sau? squere metre of plastic

seinfitlator are first jut into coincidence after suitable ampliftiestion; then, each pair

on one side is put iste cvincidence with any ol the six pairs on the opposite side and thus,

a fourfold coincident master pulse is generated.

Provision is made for dis;lay on a system of four oscilloscopes, the pulse amplitudes

of all the photomuitipliers, whenever there is a master pulse. A cont wous monitoring of

the counting rates of all the photomultipliers is alse incorporuted. -

@ preamplifiers, the

main umj-lLifiers, the coincidence circuits, the monitoring circuits ete. re ail completely

trousistorized.

The present site chosen for the experiment is at a der th of 7,500 ft (a, proximately)

below ground and is considered to be yuite adequate, since visuul 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.

II1. EXPECTED COUNTING Kati'us

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
3

the ;-reliminary calculations that have been made by Menon et al. ), The assumptions involved

are shown in Tuble 1.

The flux of mons and the counting rates for an exposure of 10,000 m’ day ateradians

are shown 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 3ix 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 interyretation of the eventa recorded unambiguous.

Dr. Wolfendale will be discussing the role of flash tubes in this apparatus in a paper which

is scheduled to be presented leter on in this conference.

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



Table 1

Assumptions

Neutrino fluxes

4) Vertical fluxes as given by Zatsepin and Kuzmin [J.B.T.P. 44, 129% (1962) J.

ji) Fluxes are isotropic.

Elastic collisions Inelestic collisions
- -3e

i) o, = O-7m* 10
°°

om? /neatron i) oO,
= 0.37- 10 ° E” om’ /nucleon

up to EY eut off and constant

e 3
at a value 0.37: 10 ED at

higher energies.

ii) q, independent of energy 1i) n=tor2

iii) oLl-zo iii) o. =o
v v v iL

—iv) E, <8) iv) E, = fe E,
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FIGURE CAPTIONS

Figure 1 : Details of the neutrino telescope.
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events woere there is more than one primary.
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EXTENSIVE ATR SHOWER STUDIES OF THE T.I.F.R. (BOMBAY) GROUP

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

1. Introduction

Experimental studies in the vield of Extensive Air Showers have

two Important aspecta:

(4) To determine the characteristics of nuclear interactions at

ultra high energies i.e. at energies greater than about 10-4 eV where no

other method of investigation is feasible.

(ii) To deduce information regarding the nature and properties of

the primary cosmic radiation (composition, spectrum, directional anisotropies

etc.) 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 stmosphere through the complex of many generations of nuclear interactions,
the two aspects are closely intertwined since information regarding one cannot

be obl. ined 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 Ghower Group:- B.K. Chatterjee, G.T. Murthy, S. Naranan,

V.S. Narasimham, P.V, Ramana Murthy, BV. Sreekantan, M.V. Srinivasa Rao and

P,.R. Viswanath.

Visiting: K, Hinotani and 8. Miyake (Osaka City University, Osaka, Japan)

T. Matano (Institute for Nuclear Study, Tokyo, Japan).
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of air showers — he has to determine the structure, the fine structure 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 also 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 collinici, composition of primary cosmic radiation, change in the chara~

cteristicsa of nuclear interactions etc. Detailed Study of the electron compo~

nent alone is not sufficient to realise the objectives set 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 comparedto the electron component and also

because of the complexity of the apparatus required to identify theae compo~

nents, it has not been feasible to determine the lateral structure of these

components in individual showers. In almost all the experiments the showers are

grouped according to electron size 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

lateral distribution and the total number of muons and N-particles are deduced.

We have reported previously at the Kyoto Conference that our resulta

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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the game eleetron size at a specific distance from the core. We also reported
a positive correlation in the fluctuations of the densities of muons and N-
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 bo
components do fluctuate from shower to shower. There is a clear evidence for
the steepening of the lateral 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, TIFRAG

‘11. The Lateral Distributions of Electron, Muon and N-components.
The lateral distribution function that has Peon found empiri tally

Lie observed densities in the distance range 5 50 metres ond for
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showers of size 10° - 10° particles is

L (1) = Cle)NeY~* v/
where ro = 107 m (scattering distance for an altitude of 800 gns/cm”) and Xe
ia a parameter 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 relation 8 = 2.5

where 8 i3 the sv-culled age parameter in the N-K function, for cospuler

analysis amy ocintillator which was within a distance of 3 m*from the ues

excluded in order to avoid bias due to very wide fluctuations which ors bee .

to occur inthe coou, Four digerewt values of were tried out Dor boou

fit — 1.3, 1.5, 1.7 wd 1.9. The v.lue of X 9 that gave the best {* was

printed out by th comput

The histograms in Fig. 4 show the relative frequencies of occurrence

of various values of Xo for differcnt size groups. It is necessary to point
out that because of varying O{, the area of 100% detection efficiency varies
even for showers of the same size. his fact has been taken into account in

drawing the histograms in Fig. 4.

The variation of the mean value of (, with size is shown in

Fig. 5.

The important results tha. follow from Figs. 4 and 5 are:

(i) at all shower sizes invesligated there is a spectrum of KX, values.
(141) at sizes of 10° - 10° lower Xo ‘s predominate md fluctuations are

considerable (1.3 and’1.5).

(iii) at sizes larger than 10° larger CX 's predominate (1.7 and 1.9).
(iv) The mean valua of We viz. X ¢ changes by about 0.3 for a shower

Size change of ubout 5 in the neighbourhood of N, = 10°,

Since for shower gizes of about 10°, there was a pile up of x e
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 of
q@

that are tried out for best fit
ore 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

Q/,
at these sizes is

lower than 1.3 — is about 1.1.

at all sizes investigated the lateral distribution of the low
energy N-component may be expressed by a power law of the form ron 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 Wy changes by
as much as 1.0 in going from shower sizea of 10° to 10".

If we classify the showers according to & 4 — the parameter indi-
cating the steepness of the electron Lateral distribution and then aee 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 10° the lateral distribution of the N-component is flat in showers

“which have a flat electron lateral distribution and steep in showera which
have a steep electron lateral distribution.

Oy, = 1.0 when AX, = del

Op = 166 whan&%, = 17 - 1.9

However, surprisingly at shower sizes larger than 108 ghere appears
to be only one type of lateral distribution of the N~component.

AX, = 1.5 for A = 11

Xp = 1.65 for(, = 1.7 - 1.9

The showers with flat N-component lateral distribution seen to be
|

significantly absent.

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 scen in the Lateral distribution of

the muon component as can be seen from Figs. 8 (a) and 8 (b). However, the
6 anddifference between the Lateral distributions at sizes less than 10

greater than 10° is not so very striking as in the N-component. The tendency,

however, is quite unmistakable, at shower sizes2 - 5.10° , = ded 2 0.15

for X 9
= 1.1 and Hs 1.5 * 0.15 forX 5

= 1.7 - 1.9. However, at shower !

sizes 2 - 5,10° y= 0,95 t 0.15 for & , = 1.1 and he 1.1 20.15 for
X 5

= 1.7 - 1.9. Because of these strong correlations we can conclude that i

the parameter AX, is a very useful and sensitive parameter for classification
of showers of the same size.

Integrating the relevant lateral distributions of the N and p con—

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

find that the showers which have flet lateral distributions (Y, = 1.1, are 1.1,

Xn = 1.0) have more number of N and | ~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 size
are a consequence of both the variation of the lateral distribution and the
total numbrr,

all the results that we have considered so far are essentially for *

vertical showers (ad 40°). A comparison of the number of muons and N-particles
at a given size for vertical (0g 40°) showers and inclined showers (@ > 40°)
Shows that when the amount of matter is increased by about 300 gus/om™ the num-

ber of muons increases by a factor of about 1.3 and the number of N-particles
decreases by a factor of about 1.7. This is true at all sizes between 10° and
10" particles, This shows that the effect of the level of first collision
would be to give an anti-correlation between the muons and N-particles. The

experinentally observed positive correlation between muons and N-components
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Should therefore be a strong indication of a source which counter-balances
the negative correlation that should exiat 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 and also the results on.
size spectrum, variationof 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.*

V.
'

Under-water Expcriments.

The auon content of exteusive air showers has become an extromely
important parameter and hes been used particularly in connection with the

identification of the nature of primerios of air showers. For exanple, showers

which are particularly rich in mons have been considered to be induced prefe~
rentially by heavy primaries and showers which have a low content of muons have

become candidates for Y-ray initiated showers. Ip this connection, it is
extremely important to know some of the characteristics of Low energy muon

component Like tho overgy spectrum, the absorption and Lateral sprosdine cha-
recteristics ete.

We have recently determined some uf these parameters by a simple
but elegant method, This e):periment has been carried out in collaboration

with Profs. S. Miyake and K, Hinotani of the Oscka City University, Osaka,

Japen.

Four plastic scintillators each of area about 1.5 m*~ located at

the corners of a Square of side 20 m were immersed in a take at mountain alti-
tude (800 gns/en”) to various depths under water and the 4-fold coincidence

rates recorded as a function of depth up to a depth of 10 m. The same experi-

spaorption Vharacteristics of Muons in Extensive Air Showers -

see 227
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mental set-up was then moved to sea level and the counting rates determined
in a lake for various depths. A. comparison of the rates recorded undersimilar amount of water at the two atmospheric depths has shown that therates are attenuated by a factor of about 3 between 600 gms/cm™ and sealevel 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 gns/cn*. This absorp-tion includes losses due to ionisation, decay and lateral spread of muons.The results also indicate that the mean production level of muons of energyZ1 GeV is about 7 * 2 kms from sea level and the energy spectrum in the
energy range 1 = 2 BeV may be expressed by a power law with an exponent~0.6 * 0.10. .

The counting rates as a function of different areas of acintilla-tars and also as a function of various separations between them have alsobeen obtained for various depths at both the altitudes. The implications ofthese measurem nta will be discussed in a paper that will be presented lateron.*

0

.
We have elready stressed on the fact that for a proper utilisationof air shower data, it would be desirable to have simultaneous infornationon many components of the shower. One such component which can be of immensevalue is the very high energy muon component, Ultra high energy muons (2200GeV) in extensive air showers c-n arise only through the decay of pions pro-

duced very high in the atmosphere in nuclear collisions of energy > 10* ev.A detailed study (lateral distribution, multiplicity, energy spectrum ete.)of the muons at large depths reflects therefore the characteristics of thefirst few collisions at the top of the atmosphere, The air shower array at
+ See p.277

Air Shower Studies in Association with Ultra High mer 2 200 GeV
Muons (K.G.F. Air Shower Project)
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the surface gives the total energy of the primary interacting at the top of

the atmosphere. Since the relevant collisions ore confinedto a few inter-
action mean free paths, the nucleon cascade caloul.ations 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 eir showers recorded

over a specific area at the surface, it wc:.d 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 energies.

Multiple muons of high energy can result more vasily from heavy

primaries because of (i) weak dependence of multiplicity on energy ( nN3 p0s25)
and (ii) increase in the probability of occurrence of the first few collisions

in the lower density regions of the atmosphere where the JT- decay proba-

bility is higher. Presence of ultra high energy muons, in particular multiple

muons, in showers which are relatively rich in low energy muons may, therefore,

serve as a more reliable criterion for identification of heavy primary induced

showers than the criterion of por’ “hness alone adopted so fer. The study of

the directional distribution of such showers may then reveal any marked aniso-

tropics the arrival directions of heavy primaries that may cxist.
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Some of these considerations have prompted us to ue

project in which we plan to operate a comprehensive BAS area, .

im Fic. 9. The Table ou the 4b page gives Lhe caluntated Tatu wy associe
44

of showor: of dikforent sige: cath muon detector of 10 wo Locsicd at depths

266, 590 and 1120 metres hele road corresponding to association of muons

energy 220, 640 and 1690 GeV ies poctively.

higa
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TABLgs.

Calculations based on:

Fhux of owers of size F 104

Flux of showers of size y 10°

3x 1075/mn*. sec. st.
1.5 x 10S /n*. sec.st.

Integral energy spectrum of muons in fir Shower of gi
*rotal number of

muons
75 GeV: Ny (275 GeV) = 13 in 10° showers

and Np (275 GeV) =
320 in 10° showers

+
[a Ueda, N. Ogita: Prog. Theor. Phys. 18, 269 (1957) .|

Size 10° particles Size > 10° particles,Effective surface Effective surface
Tadius = 20 n redius = 60 m

Surface air shower Surface air shower
rate = 4C00/day_ rate = 180/day.

Depth in | Bnereyof
metres, muons in Expected Expected

Bev, rate of rate <f
Total Number! associa- Total Number! gssocia-
of muons in | tion_in of muons in tion in
the shower. 10 n& do | the shower. 10 m= de~

tector tector
under ground under ground

266 220 18 16/day 87 40/day

590 640 5 0.64/day 25 1.6/day

1120 1800 1 1/20 days 7 1/8 days
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Fige1
The Extensive Air Shower Array which was in operation

till recently at Ootacamund (altitude 2.2 kn)

12 scintillators spread over an area of 80 mx 80 m to record electron

densities.

9 N-particle detectors (BFz 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 nm (hodoscopedGM 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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(44)

(444)

(iv)

(v)

(vi)

(vii)

156

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 wach detentors each of araa 1 nm {hoaoscopedGM counter arrays)

5 fast scintillators (with the central one at a height of 8 m from

the ground) for determination of the arrival direction.

4n energy flow detector of area 4 m* for the soft component:
4 scintillators each of area 1 mn” woder 2.5 cns lund.

Energy flow detector for N-component: 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 me to record the nuclear

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

Digitised s/S Recording System

The output of ench preamplifier belonging to the density measuriny

scintillators is coupled to e logarithmic amplifier-gated stretchiog wi

where three decri.. of pulge height range is compressed logarithmicat!?

a linear ranp besge co 10-150 volts, and stretched into a 10 succot ape...

DG. level by any one of the selection Signals. A mercary-webted-contia'
relay systua triggeoccd ty the select.on signal consequences the analog

levels into an analogedigital encode* whose output is punched on to paper

tape, every time the relay system changes on to the next detector in sequence.

ifter the last of density detector informations is punched, a digital sequenc-

ing switch starts the punching of the nanosecond timing information of the

shower-front timing scintillators, suitably quantised and stored in flip-flops,

along with an indexing number for the shower and the local time.

The orray is triggered by the following selection systems: (i) electron

density — (a) 5-fold coincidence of scintillators 1, 2, 3, 4, 5 with a bias

set at 12 particles/in”, (b) 5-fold «coincidence of scint:llators 6, 10, 11, 12,

1 with a bias set at 10 particles/m’, (ii) muon density — 4-fold coincidence

of muon detectors I, II, III, IV, (.ii) selection by total absorption spectro-

meter — energy of nuclear-active p-rticles greater than 100 BeV, and (iv)

energy flow density of the order of 5 GeV in any one of the 4 energy flow

scintillators,
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(14)

(414)

(iv)

(v)

(vi).
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Fig. 9
|

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

20 scintillators (1 mn” cach) on the surface for measuring shower

size.

4 fast timing scintillators for determination of arrival diroction

of BAS.
|

15 N-particie detectors

410 m of scintillators on surface under granite to measure muon

density GeV).

SO
n®.

of water Cerenkov detectors distributed at depths of 266,

590 and 1116 metres underground to detect muons or energies> 220,

640 and 1800 GeV respectively.
4 units of multi-layer spark chamber telescopes (each n*) at a

depth of 266 metres to determine the diroction of muons within 0.5°,
and investigate multiple muons of small separation.



HO (21Gev)
59

0m

}—_______________ 111 (> 220Gev

L
mm WATER CERENKOV det. (20°)

baa H2(2640Gev)

~
SEA LEVEL

pi3 ( 21800Gev)

w

2O SPARK CHAMBER TELESCOPE (im)1 SCINTILLATORS UNDER GRANITE (20)

VERTICAL SECTION OF MINE SHAFT E.A.S. ARRAY ON SURFACE

PROJECTIONS OF }11, M2, 13 ON SURFACE (EACH 10m)
SCINTILLATOR (ime)
LOW ENERGY N- DETECTORS (60°)
FAST DETECTORS (Int)

¥

det

Mo

pl

Fig. 9

99
T

On



167

DISCUSSION

SARABHAT: Have you any more evidence on Norsh-South asymmetry?

SREEKANTAN: We have 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 10°?

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

ODA; Do your results indicate that in showers of< 108, 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 expect
flatter showers, because the energy per nucleon decreases. Also the behav=

jour of all the components, e, band nh are similar and is presumably

governed by the highest energy nucleons. But we cannot claim this to ce a

unique interpretation.
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St
at mountuin altitude (800 g ex7?)*

Bx. Chatterjee, G.T. Murthy, 8.Nerenan, BEV. Sreekantan
and M.¥. Srinivasa Rao

fata Institute of Fundasontal Research, Bombay)

i. Evporisvatel etrene oct

ye
+

A“
¥ ont . ~ively at Govy, Eowbh India (890 gov). A Snlh deserinidon of the ate

aiery orra,3 (229 I and E73 II), the recor@ine system, the eiiccrans

STE tgi 3 used cd the method ¢f anslueis oicented beve clesody bean revert
(2)woebice by Prof, BV. Sreckentan in tics Gorference

Tho resulta obtained so far are based en an anclysis of 8,059

ghoweus) with B/S I, and 2,000 showers with [35 LI (Figs. 1 and 2 of Ref./
the shower sises ranged from 10°

to cover the amaller sic3 ,-oups. The lateral distribution cf electrons,

7to 10°; EAS II wae soscitinally dosign:3

Od

3)).

end the total size were dete-mined from plastic scintillators (12 in EAS I

and 20 in EAS II) spread over an area 80 m in diameter. The arrival dirac-

tion of shower was determined by a chronotron timing system coupled to fast

scintillators. The low energy n-particles (pi GeV) were detected by

n-detectors located at the centre in E43 I, and at two different places

(10 m and 15 m from centre) in EAS II. The n-detectors were used a: ‘yes

* This report covers $ papers which were combined into one precontation
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 properties

of low
energy n and muon components in EAS of size 10° ~ 10/ at 800 g/an*.

son Extensive Air Showers (10° = 1(

in this
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or !no! detectors to obtain the density of. n-particles; the multiplicity
ci nentren puises recorded in each event was ignored for the density

moacercuent, Muons of energy > 1 GeV were recorded by a hodescopesd

comers tray (0.6 m in EAS I andi n” in BAS II) under heavy tea shdcure.

Tyo trays wore used under brick-and-conerete and lead shieldine +.

meeuure Ccnsities of muons of energy > 0.5 Ga¥. In E&S II thers wes 2

Sousa detector (1 a”) for muors of >t GeV. In this poper only tho ooyc'-
als Alnsity ache ove different components ere presonted. The dake Ser. t.-

onergy adstestors of electron~photon end high energy Nepertdelon have neh

ween fully analyced,

(2). Leterel dietritutions -

af
iad

oo i.0 for 10 r The Fluctuations of a x, otfs eny c2yr2

Wis not incspendont of distance. It is a 004 - 0.6 str C5A80 2

Bi:3 and the variusion of their values with sien have bh--n Cine aes
in kef. (1). Cnly the drsoebes: econelusiun. 212 be puweri cdPUM

(a) The Interal. structures of ell the compenenti: (2, 2a
sper

Tfanctuate widely end in « similar way. At sizea < 10°, tha fluctuations
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(ie cseestohcd. AB lancer sisen C408) x and exfy
ivoly ruck lees.

“& lew civ.a the lateral strucburea are on the average

we aa? Seon as Bicher alicia, ubevts thoy are inconsitive to the shever

Pucra ig incisation of a aignificunt change in a narrow size ixter~
8

nae rT gasesPee at 20 °

toh muvker of mera slelos (My) end smous (Nz) and their Sluotuc-
some

the first conclusion (a) hes on immediate bearing on the analycis
Vf Tio Dbuccuntions in the totel munber of n-particles and muons - especially

Due shaves of sige <10° « We hd reported at the Kyoto Gonference(*),
vo. @ictanee Crom the core, the fluctustions in the densities

oo Cepo taclus ond gMons are wider than PoJesonian. Thera was also an indi-
Aken Shots ths fluctuations vers less at larger sizes. The fluctuations in

toed citesoutions of n-particles and mucus diecucsed above are found

cosernt for a major part of the density fluctuations at fixed distances

iver tho core. If the lateral distribution of particles is assumed invariant

ab a fixed size then by interpreting the fluctuations in density at a given

di-Gcnee ag a consequence of similar fluctuations in the total mrmber of

particles, one is led to am overestimate of the magnitude of fluctuations

in Gao total number. This remark applies to both n-particles and muons —

tc 2 losser degree for muons. At sizes > 10°, again this is unimportent

betews of the decrease in the fluctuations of n-partitles and muons.

In this experiment, density measurements extend only upto 50 m
.

fren the core. By integrating the lateral distributions of n-particles and
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that can efficiently select. all showers of a given size.

The total number of muons N
prot

energy > 0.5 GeV and >1 GeV

are determined by integration of density distributions from 0 to 50 m. For

vertical showers (Fig. 2a, 2b)

44 2 0.04
Wp,

(2065 GeV; 50 m) = 6,400 (n,/10®)
°°

(3)

Na (>1 GeV; 50 m ) = 4,600 (N/10°)
0660 # 0.08

(1b)

For muons of energy > 0.5 GeV,

o

nee - Ne fixed

(8 > 40”)

(@ < 40°)

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

shielding of the detector for inclined showers.

For showers< 2.10°, it 1s found that the ratio of N, as well

“as
Nw

within 50 m, in "flat" showers ( eg ie1) to the number in "Steep"

showers (X,% 1.7+1.9) is about 1.51.5. The ratio will be larger for

the total number in the entire shower because beyond 15~20 m, flatter showers

contain more N-particles and muons than steep showers.

2 (C). Size Spectrum
~

“The effec ive areas for full efficiency of detecting the air showers

were obtained for e ch size group, taking into account the fact that the

effective area depends onXe- The integral size spectrum in the range 10°

to 5.10"
6is shown in Fig. 3. From 10° ~ 2~5.10°, the spectrum fits a single

| 6 7
power lew. The three’ points corresponding to the sizes 5.10 ~5.10 appear

to deviate consistently on the lower side from the best-fit line at the lower
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muons upto 50 m, it is found that in showers of seme size, the numbers

Ny and Nws fluctuate by a factor less than two and their fluctuations

are positively correlated. Therefore it is quite meaningful to relats ax.

average N, and
Nye

within 50 m,. to a given shower size.

Ny, is plotted as a function of size N, for vertical (f<7

and inclined (@ > 40°} showers in Fig. 1. Inclined showers core ro™

a@ mean Slant atmospheric depth of 1100 g en7* and should therstore 33 ot

ler to the showei's observed 2 sea level. The integration of 200!

tribusion hes been done froa § to 50 m, because densities «..

not be determined in mest of the larger size groups. Heye-

bution within Sn is vellheiy toe aluer the total surber arr. wens

Fox vertices? sheyoos, Giese. 1)
65

For inclined sbovers, the slope ds shout the sane, and

; Timed

0.6

Toere is a .cimee of Wieeshatiy ca » Vine the detection e'lhtcuor

of the n-d2 .estors for verhical sad duel med showeva. But the eorcc so

this account is less than the Steristical serore.

The measurement ab the lech pane grown, 8.10

been cunsidered here, bacaune the ePlegeving eveien was heavs,i Dhe ced

ageinst such emali sizs showors, espovialiy these with Larger Xx
y w 1 e BOG:

of the observed correlation between the e@lzetrons end n-particles Jf is

likely that N, measured for these showers is net the meen, out e piessd

high value. It is necessary to evaluate Me with a shower salection VEU



252

sizes. If we approximate the spectrum in the two regions by two power-

laws, the exponents are respectiv.iy - 1.45 2
Ond,

and - 1.75 = 0.15.
Because of statistical errore we have to state that our date could be

reconciled to a single power-law of exponent ~1.6 % 0.15, within the

experimental errors, All the three lines are dra. 1 for comparison.
The results are also consistent with a £ ‘adually steepening size

spevtrum. Since the change is very gradual, if at all, we should consider
if this can arise from a systematic under-estimate of shower size at larger
sizes. Qne source of such an error could be the steepening of electron den-
sity distribution at larger sizes. In our analysis we have used

X, es a varisble parameter, and therefore this type of error is small,

3. Discussion

(8).
showers
' From themeasurenents of Ny, and N

yw summarised in Eqns. la, b,
Ra, b, it is possible to obtain the relation between the attenuation lengths
of the three components. However, we have to make some generally valid
assumptions about the development and absorption of these components in the
air shower.

.
|

First, it is assumed that all the three componente reach their
maximum at about the same atmospheric depth, and are attenusted exponentially
from their maxima, with attemation lengths A. , A, “ena A

peTespectively.Next, these are assumed to be insensitive to primary energy within a factor
-/10. The shift of the depth of shower maximum with increasing primary energy

Attenuation lengths of electrons, neparticles and muons in air
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is ignored. This however does not materially alter the conclusions. It
will be clear that the conclusions are insensitive to the details of the

model.

For verticel as well as inclined showers (Figs. 1, 2) No Ne
”
,

Bat uf and PatBu oS 0.6 - 0.65. It is implicit in the above

nodel that Py _end [Pw
are independent of depth; i.e., they are the same

at the shower mexirum as well es the observation level.
Is can be shown easily for fixed N, , the ratio of n-particles

wa S20 Laclined showers te the n-pcartvicles in vertical chovers, R, is

Sy F exp I Ax WO, - Pn [fg )| (4a)

a Une Ot, ‘yacrle depths in the vertical
Oyrcetions, bron (2:3. #. -20.8, for Ax = + 20 ¢g om7* ,

i/A - LSA = + 4/600
.

(5a)
j of

|

2? A me =<if Py = 0.65, and 6 «80-7200 g em we find

\ nw A
|

_ (6a)

inie nolés for a wide range of A, values.

For muons >

Ray
is given by « relation similar to (4a):

me Ay O/Ay
- Bary] (4b)

From (2b) Rae
1.3 for Asx = + 300g em™*, Using (4b)

WAy
7 Bp/Ag = ~

4310 (50)
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Putting Pur 0.5, we have
|

A = 5.0) Ap= e (6b)

For A. = 150 g cn, N= 400 g cn7*,

Summerising, we have the following relations:
At all depths

Npyn fh |

Nee
6

Therefore ’ N a of N,
|

and A, wh, (7)

Aue
= (2.5~ 3,0) A,

Thana

of shower sizes.LS
In 2(A) we have seen there ig a close correlation between the

lateral distributions of n-particles and electrons. Combined with the
fact that A, ~N, , we find there is a close similarity in the cascade

development of the electron-photon and n-components within 50 m of the core,
It ia to be noted that the observed \wreters to attenueticn

of muons within 50 m from the core and not of the total nunaber of muons in
the shower. The attenuation occurs mainly by a geometrical effect, viz. the
lateral divergence of muona from their production level, and to a lesgor
degree by decay and ionisation loss of muons,

Recently, Hinotani et a1 (3) have measured the coincidence rate:
of four tere immecsed under water, at two different altitvdica,
800 g cm®

(ooty) and see-ievel (Sathanur). They algo measured the densiv,

8 vetween N=particies and muons; both the elec!
ara _n=components are absorbed with same attenuation length in a wic fole
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gnectrum of muons (1 GeV and 2 GeV) by measuring the rates with scintilla~
tors of different areas. These observations did not involve any restric-
tion of distance of muons from shower core, On the besis of a model similar

to ours, Nuss deduced us 340 % 40 g/om*, in good agreement with our value. oe
Hinotani et al have estimated that this value implies a mean production | A .
level of muons at 7 km above sea-level (~ 400 2/on”). a
3 (B). Energy spectrum of muons

From eqns. (3) and (1b) we find that Pe 0.44 for 0.5 GeV

muons and Pu
= 0.6 for 1 GeV muons. The ratio of 0.5 GeV to 1 GeV muons

is 2 at shower size 10°, and becomes 271.0 at 10", At the mean size 10°,

it is 1.4. For muons of energy 75 GeV, in a similar size range foe 0.8 £ oh
at oY This means that the muon energy spectrum continuously becomes flatter

|

7"odo give. At 10, there are practically no muons of energy

we express the integral energy spectrum of muons by a power

D> By) of B. , we find for Ngx10° d= 0,5 (0.5<E,,<1 GeV).
iad

‘vost eb al have measured the energy spectrum in 1 to 2 GeV range, by

“neviag eoineidence rates of four scintillators immersed upto 5 m and 10 m

boas waLler, They obtain d = 0.6 x 0.1.

A similar Gependence of energy spectrum of n-particles on shower

sive is also indicated by experiments. For energy P 1 GeV, we get ut 0.65.

at energies > 109 GeV, p n 18 close to 1.05 6) This brings out another

similarity between n-particles and muons, besides the correlations in their

lateral structure ( 2(A)) and the proportionality between N, and
Ne

(3(
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3 (C). Fluctuations in n-particles and muons

It is believed that sources of fluctuations in air showers fall

under three categories: (1) fluctuations in the depth of first collision of

the prinary in the at‘iosphere, (2) the broad mass spectrum of tes pode,

radirtion (proton to iron), erd (3) fluctuations in the shower develoruc.s

process arising from variations in the nuclear interaction processes.

(1) pleysa dominant role for protons, and not for heavy nuclei

sincea shovrer due to a heavy nucleus is a superposition of several or

more nucleon-induced showers, and the fluctuations in tho points of show?

origin are averaged out. Therefore (1) and (2) are in a sense mutually

exclusive, From general physical considerations we can ossese the prvstbi-

effocts of (1) and (2). But, very little con be said ebeoat (3), octue ho

lack of any quantitative Imowledge about the notre of fluctuation: ta the

nucloss interactions.

Since protons constitute the major comnonent in the DELRLEY Bon

diation, (1) is likely to be a very ieportent source, To undorstyad be:

Slesweesiens dn eterting poles of the shewer afiest the ho ad

muons im showers; of eins Ghia, wo compare ths Gabe co the viekioe?

incl’ned showers presented in 2 (B). The difference in the atcesph:vie

daopth betveen these two groups of showers is about 500 g en7*, and cone

would expect to see clearly the effects of change in the level of shower

origin,
For the seme size, an increase of 300 g on” of atmosphere resuli:

-n an increrge of
Nye

by 1.5 end a decrease of N, by about 1.7 (Zona.

29, b). The effect of a charge in the level of the starting point of tho
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shower with respect to observation level is to produce opposite changes

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

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

may rewrite

A,/ 1150 | (8b)and Ry exp

R, = exp [- Ax/ 0 | (8a)

[:
wt Ax, > 0, RyS1 end Ry> 4s If Ax< 0, Ry > 1 and Ry 1.

As a vrosult of fluctuations in the Level of shower origin, the numbers of

mons and n-pearticles are altered in opposite directions.

He now ask what kinds of Sluctuations are expected in n-particles

ona, Gae to fluctuations in the mass number of the primary. First,
Lomas sentioned, we econ svpposs all privaries heavier than protons

toe chover in a nerrov region at the ten of -ne atmosphere, Second,

cued evidence from miy experiments, incivving the present one,

, are vot propttiona. te Ne, tea fen
Ht

BELO
(<0.6

|
/-

; energies). Since size is propertional to primary cnergy Ep,

If we regard the shower produced by primary of mass num-

| 38 a superposition of A proton showers each of primary energy Eo/A»

ae Nn,
Me

a4 (Byfay eA; 1.@e,y
“aap

of”, a-P for fixed size

(constant Eg). Therefore N, and
Nps

are higher for larger A. The

fluctuations in Ny and Nyy are in the same sense as a result of fluctua~
i

tion: in mass number,

The above discussion shows that fluctuations in starting pointe

of the shower, end the mass number produce opposite correlations in fluctua-

tions of Ny, and
Nee

If both these sources exist, then we can expect
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to find two classes of showers: (A) in which both N, and
Na

are
hicher (or lower) than in an average shower, and (B) in which either *
or i is higher but the other is lower compared to an average shows.

We have seen that there is some evidence that in vertical shu >
there is a positive ccrrelatio: in the fluctuations of Ny, and

Neefluctuaticns in X ; (2(8)). This would mean that showers of typs
exist. If the fluctintions in OX, (also X, end

Ap ) are entire.

correlations in the fluctustions of Ny and
New

» However, by daonsiirs
such showers and studying their detailed propartiesone can hope to find
further proof of the nature of such primaries.

|

We have attempted to pick out simples of showers resembling Aqtyue
and Betype, fron the "

potriggered™ showers of EAS If. These showers
selected by muons passing through four widely separated muon detectors.
These showers are essentially "Worich for shower sizes upto few tines 20°,From these, two groups were picked out; (A) those in which both the groups‘of nedetectors n, and ny recorded at least one n-particle (A-type) and (5)those in which no neparticlos were recorded at all (B-type)... By denawilingfluctuations in widely separated detectors of muons and n-particles, possitic"local" sources of fluctuations are reduced.

The angular distributions of A-type end B-type shovers shoy sousinteresting features. In each size group, A-shouers and B-showers 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° - 10? is
given here.

|

A-type: *

prrich, n=rich" f£ = 32/40 = 0.8 +2 0.2

B-type : "P-rich, n=poort £ = 45/87 = 0.5% 0.1

Though the statistical errors are considerable, there is 1 significant diffe-
Yenvs in the angular Cistributions, viz. A-showers are stceper in anguler

|

dependance comparedto Beshovers. This can be seen in conformity with the

idea that A~showers could be due to heavy nuclei and Beshowers due to pro-

tons. Since these are "
Werich" showers, B-type showers are also presumably

produced at the top of the atmosphere, besides the A-type. The mean energy

per_nueleon of. A-showers would be much lower (by several times or more) than

the mean energy of the B-showers. One would therefore expect that A-showers

would be attenuated faster in the atmosphere tnan B-showers and, therefore

show a stceper angular distribution. A much more detailed analysis of all
the properties of A and Beshowers is necessary to make any definite identi-

fication of the source of fluctuation. This analysis demonstrates that

classifying showers into "
p-rich, n=rich" and "p-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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DISCUS =LONa EN Veet EE

POBROT TS five your regults, particularly on the rabic of naclour-~.

particles end electrons in the showers in agreement with tha fen. th:
of other groups?

0.65 + 0,05 | |

NARANAN: _

Our results give NyX Ne. . 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 acs~

level. Within the experimental errors, we can say that in the shoycr~
3size range 10° to 10’, at 600 g on”®, the exponent dogs not change. We

have not tried to compare the absolute numberof n-particles with other
data, since the energy thresholds in different experiments are not well
known.

ZAISEPIN: It is very difficult to derive the attenvation length of uons
from the angular dependence of

Na/Nos
because the density of muons

depends strongly on distance at which muons are produced, and seconily
the production of muons depends on the atwospheric density and is there-_
fore different at different angles.
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PBEM ANS The attenuation length of muons ~ 4C0 g an is only an appa-
rent absorption length, and has to be > rrected not only for geometrixral

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. But this correction is quite small for the low energy
muons (v4 GeV) we are considering. This is also indicated by the

agreement of our Ayusta the value obtained by Hinotani et al” by com~

paring muon coincidence rates at two different vertical depths.

ODA: 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 denaity of air
turns out 30 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.

SREBKANT AN: We have determined the absorption mean free path of muons

by another method: by measuring attenuation rates of muons at two depths

in the atmosphere in an under-water experiment, which will be reported

later in this Conference’ That experiment also gives the same absorption
mean free path.

« See p.277

* See pe27T
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Ratio of Pics to Protons and Rubio of Keatral to Charged

Interacting Particles at Mountain altituds of 300 ges/os*

8. Lal, R. Raghavan, T.8. Rengeswseay, BY. Srestenten
asd 4. Subr icant ou

(Tata Institute of Fund: sentel Resaure?, Ee boy)

In this pap.< we wish to report on the experinsatal results
that have been obtained on the ratio of neutral to charged interacting
particles end the ratio of pions to protons at an cltitude of 600 gus/as”
at energies higher than 20 GeV. The experimental arrangesent which was

principally designedfor the study of nuclear interactions produced by
1)Piongs and nucleons comprised of a ruitiplace cloud cl:iuber with an eir

Cerenkov counter above and a total absorption epestroustes below. The air
(2)Cerenkov counter vhich wes operated at wtuceuphurie precoure at @ thiechold

value of 45 for the Lorents factor of the charged particles enabled the

olaasification of the charged jnteracting particles into pions and protons
dn the e2ocry range 20 = 49 Gav, The eegy of the macloor inboracting
Partiotes woo tn dT

dn dndividael e.sea te ea escurecy of + 20% with
the total ='orphion epastrerber(®),

ise glad choo os aes tripscesd with a coleebian eyo a whieh
eolested caly cherged interastine particles for port of the run and hale
no diatine!ton bstucsn oherged acd neutral interacting particles for the
rezk of Bo cpore ing perdest. Trdegerts ef tho elasad ehecbus by weeloar

Anbcractirg particles escooleted wlth dorgs cir showers ce Ly pertieles ia
the cores of esl) str aboyers wes prevented by acy.”2 ef anti-coincideace
ig Ree EROf total CSaghive area hows @ Ofsare tomo plagsd by the eide of



$he cloud absaber,

Lop wis. sal Bscalte

(a) Retie ofvtz25 to nrot.298
tug Veo Poled ( uot) hours ) when the oleud chauber vs
x a4

9bras Vy For ches stig particles, £15 events
weg Regopeded far vudeh the ehoresd primory wes wall within the solid angle
ae tho air Gooccloy counter above ths eleud ehacher and for vaich the estde

Gara

ee .
ae

. ‘
4 DB ape wom CleBie

oe ae Saye

GeV. Ont of theae, im §6 eeces the air Cerenkov counter gave pulsen indi-
catipy that the particles were piers. This mmber, efter correction for
eopiern evseeiation ef palers fren the Cerevkov corwiiry system and for
inaivielovgy of the Ccreskov counter, beecoucs 70. This lesds te the ratio
of plona ta troterg os G.¢3 20.11 in the enerey region 20 - 40 GeY.

(>) 2
During the peried ef 1550 hours when the chamber was triggered

for both charged and neutral interacting particles, 231 nuclear interactions
were recorded in the chasber for which one could unambiguously determine
whether the interaction was produced by a charged or a neutral particle.
Out of the 251 cases in 171 the energy of the interaction es determined with
the total absorption spectrometer was in the range 20 = 40 GeV. In these
171 cases it was found that 105 were due to charged primaries giving a ‘alue
of 0.668 * 0,1 for the H/C ratio at energies 20 - 40 GeV. In the remaining
60 ceases for which the energy wes higher than 40 GeV (median energy 60 GeV),
45 interactions were due to charged primaries giving a value of 0.40 t 0.22
for the N/C ratio,

of neutral to chartic cad articles



262

(0) Ratio of neutrons to protons end probability of cherge persistence:
ini rneeneeeeennens meena "

Using the ratio of neutral to charged particles and the retic of

pions to protons we could determine the ratio of neutrons to protons in the

energy range 20 - 40 GeV. ‘The value of this ratio comes out to be 0.95 2 218.

Ip the T..le belew we have given the expected ratio of N/P at an altitude of

600 gua/ ent verlous values of ths parameters £ and A ant. whe: E is

the probability ef charge exchange in an inelastic collision of « nucleon

with an air muclous, snd )\ sat, 1s the interaction mean free path of molear

interacting partir'ss in air.

im
s

ed iw U
y iw

In the above Table in column 2 are given within brackets the values

of W/P ratio calculated taking into ascount the presence of heavy nuclei in

addition to protons in the primary cosmic ray beam (BOS protons and 14% new

trone). It 49 seen from the Table that the observed value of 0.08 £ 0.1 for

W/P excludes the probability of charge persistence being higher than 90%

for mecleons of energy (1100 GeY (nucleons in ths observed endrgy range of

20 ~ 4 GeV are expected to erine from the collision of racleons of energy

“ 100 GeV in the atmorrhere).

Frou the present riudy the following ecnclusiozs may be drawn

0.5

0.4

0.8

02

0.98

0.94

0.87

0.71

79 on/ ontwe

(0.99)

(0.96)

(0.89)

(0.78)

Expected ratio H/P at grn/on®

A ant™ 80 gu/omt V.-..7 85
-~iaG 85 gu/o ant? 90 en/ent

fn an=

0.71

0.78
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regarding muclear interacting particles not associated with large air
showers;

(a) The relative proportion of Pions to protuns is appreciable at
mountain altitudes and sea level at energies above 2) GeV; this ratio is
os high es 0.48 2 .11 in the energy region 20 = 40 (eV at 800 gus/om®. It
may be pointed that the recent evaluation by the Durkan Group'*) vith
the magnetic spectrograph of the vertical iatensity of plons ‘and protons at
sea level indicates a ratio of JI /p

= 0,57 + .21 at an energy of 27 Gel.
Thie compares well with our value of 0.48 ¢ .11 at 800 gus/on®.

(b) The ratio of neutral to charged particles shows a strong dependence
om the energy of © » particles. In the omergy region 20 - 40 GeV it is found to

be 0.66= .11 and at about60 GeV it is 0.40t .12. Such a trend has been found
in earlier measurements using visual techniques. This feature suggests thai
at energies (1100 Ge pions are comparable or even more than protons among the
molear interacting particles at mountain altitudes and sea level. This increase
in the contribution of pions with energy may perhaps be due to the regeneration
of pions by pions in the atmosphere ag pointed out by Subramanian and Verna(®);

(c) The ratio of neutrons to protons in the energy region 20 = 40 Ce¥

deduced from the ratio of neutral to charged particles ic 0.98 t 0.18 which

leads to an upper limit of 80% for the probability of charge persiste:.:s of

moleons ct energies “ 100 GeV in collisions with air nucleus. This ratio of

natrons to protons, which is close to unity, also suggests that the charge

eieogs mong nuclear interacting particles at mountain altitude is almost entirely
dus + SDM
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The authors are thankful to Dr. a.W. Wolfendale fer private commnication

of the results obtained by the Darhem group.

A. Subramanian and 8.D. Verma: Nuovo Cimento, 18, 572 (1959).

DISCUBSION

SITTER The evaluation of the ratio of the mmbers of pions and protons
fron the observed ratio of interactions evidently aepends on the choice .

of mean free pathe of the two kinds of particles. Have the mean free
paths been determined in thie experiment or if not what assumptions have

been sade for then?

SRERKANT AN: The mean free paths (mostly im brass) have been assumed to be

the seme for pions and protons.

I
would like to renerk that this kind of measurement is probably one

of the best ways of obtaining information on pion-moleon collisions at
high energies because this ratio cannot be as high as reported unless one

includes regenaration of pions by pions at mountain altitude. However, 48

order to obtein definite information on a possible elasticity of pien
masleon collisions, tw

alse ca the multiplicity Ime, we need date at owe
fies whieh are

a
factor of tvo or three higher t.e., around 100 Gef.
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e*
Fluctuations in the Angalar Distribution of Secondaries Emitted

S. Lal, Re Raghavan, T.N. Rangaswamy, B.V. Sreekantan
A. Subramanian, S.C. Tonwar and R.H. Vatcha

(Tata Institute of Fundamental Research, Bonbay-5)

(1,2)fn eoperiocntal arrangeucnt consisting of a multiplate

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

Cc cesay ecunter hag been operated for about 4,000 hours at Ootacamund

iu orth India (altitude 2.2 Im, pressure 800 gn/em”) to study in detail

she mitcloer collisions of nucleons and pions in a carbon target at ener-

eles ly 29 G2¥. The cnergies of the perticles producing the interactions

were cetimeted to an accuracy of * 20% in individual ceses. Poe air

narenksy counter enabled distinction between proton end pion primeries
.

sh enetcies less than about 45 GeV.

O
R

In this peper, results based on the study of the angular distri-

bution of the secondaries in 250 nuclear interactions showing a total

sccecndary wultiplicity of at leest 5 are presented.

Il. Results and Discussion

In Fig. 1 are giver the differential distribution of the events

against coordinate of log Be/p 3 Ba is the “enargy” conmutled Ty the method

vf Castagnoli et a'®) and Ey is the primary energy estimated usine Te dS.

E, is a peraneter for the degree of collimation of the sacondarics in the

interactions, In computing E,, care has
been taken to onlt a

chars
sed secondary

Di . “ ote ‘ Say
*

£ we rhe

The next three papers vere combined ard presented oy A, Suvrandan

in High Energy ( 7 30 GeV) Nuclear Collisions in Carbon
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in the forward direction ("continuing primary") which is emitted within
-_ 1

an angle @ in the Laboratory system satisfying the condition 9in®=5"55 .
« TE9

The expected distributions shown by dotted curves are based

on the assumption of isotropy in the com. system (nucleon-nucleon) and

are given by the suitably normalised probability distribution P ( Ee/n )=1 xp { -
(se fel” where O'= ss , n being the nrzier of

— 3xfine’ in
secondsries used in finding Eg. The fuil line curves have been obtained

by shifting the dotted curves by 0.15 or the log Bes, scale. Talis sniffs

: Ee/s in 4scorresionds to an averase overestimate factor of 1.4 in whieh 4:

expectad if it is assunid thet tne s°ocondery picrs heave on the avererc a

tobel eners, of 830 MeV in the seth eyator.

vou ne ere bus noteworthy features of the Gistrebasion

in Fig. ls

(a) the teil buyond the ratio of “¢/p) = 8 (sheds aca

occurs percerentially in picn compered Sop s.en.

(P/' “i 50.2 - 0.3) and to a less Bignificu.
events produced by neutral primaries compared vo prutu:

op
eke \

( 2 ( 4 jan O.4).

(b) the prebelLilities cf obooeviag une shove tall
' a) ; 5 : . . : a
2x 107° in the cease of aanrye.. primuries, Less tana Lo La

bhe cese of pion evants and less tuan 5 x 40“ in tac can. of

neutrel primaries, purely due to fluctustioas from Lsotrapic on

sion in the c.m. svstem.

and (c) this tail forms 24 *
e % of pion cvents and 10 2 5% in @ ue

19

ved

neutral prijary evants.

To clarify tae qvostion whether, leaving aside the tie

of the distributions in Fig, 1 are statistical fluctuations fro: Logsrc:-
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(vandom) emission in c.m. system, the events Lave been grouped into threecusegories: "forward asymmetric® (II) are those with 2 <— Eo/y Z 8,Veye-sctrdie® (III) are those with+ < Bo/p < 2 and "backward asymmetric!ere those with Bo/p< 4. The differential angular distribution of the
charged secondaries with respect to log V sy tan@ are shown in Pig. 2 forthese three different groups. Voy is the Lorentz factor of the com
system (nucleon-nucleon) correapending to Ey and 98 denotes the angleof eziasion in the laboratory system. The widths of these distrioutionsas given in Fig. 2 seem larger than about 0.30, which width is to be expectedfor isotropic emission of the secondaries in the c.m. system taking into
account the fact that pions are not extremely relativistic in that system.If fluctuations in the emission of neutral and charged pions were the causeof selection of events for classification into the above groups, one should
have obtained widths even smaller than 0.3%. Therefore the conclusion 1s
that these fluctuations occur due to gemuine correlated emission of seconda-ries sometimes either in the forward or backward directions in the com. system

|

giving rise to events of groups II end IV. Further support to attributingthe fluctuations to some physical origin is given in the Table.
It is possible to conclude from the date presented that the observed

fluctuations in the angular distributions of the secondaries are due to correlated
enission of secondaries, probably pion resonances, giving rise to different
*Q-values" and ratios of J-rays to charged secondaries and not due to simple

—notion of fire-balls in the oom. system.
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TABLE

Groups
II III Iv

Ratio of neutral
pions to chaged 0.40 .09 0.22 * 0.05 0.70 * 0.21

secondaries

Oras)
,

Cre in MeV/e
of “rays in the 135 + 45 158 + 19 105 + 12

forward hemisphere
in tho com. systen.

a

* In finding nx°/ng, we have reaoved the so-called "continana
primary" from the ehverved number of charged secondarics. thi.

ratio has been obtes ‘en {np /@s.) for the vordari:s edb
within the forward healepaere in tas ce. Byehe.
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cy

Susmic Ray Particies in the Energy Region of about 20 - 100 GeV

S. Lal, 2. Reghavan, T.N. Rangaswamy, B.V. Sreekantan

A. wulramanian and S.D. Verma

(Pate Institule of Fundamental Research, jombay)

(1)
In a paper submitted to this Conference >»

the existence of a

er.up of extrenely collimated (“enomeLous") nuclear interactions in carbon

s

oroduced by charged cosmic rey particles hes been reported. Preliminary

reenlt. ard tentative intermmetation of these events have been reported

(2,)olsewhere - We present here the results and discuss the interpretationty

f£ bcese collisions dbaced on 25 events obtained se fer from the interectionsas

of charvzed primeries and five such events induced by neutral primaries.

Ti. vharccteristics of the "enomulous events produced by oc!sharged primaries

iycbrededy collimcrted events have been observed to bo predominant’ v

trirpution of the gicomrraries Ovi isotrery sione in the cem. system (nucleo.

as target) is neglizible, the above diait ie used to define an "anomalous"

da + *, , + 4.

event. These evenis comstitute 74 Bs (04) of all interactions produced

. .

Be

by pions with totel forward secundary multiplicity2 3. Ne event with “°/, >40+9

in 45 esses of corresponding protcn inberactiomshas been observed.

The following are the features of the events:

i) No high energy j-rey comparable to the energy of the primary

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

* E, is the primary energy determined by the "Castagnoli method" and Ey is

the
actual energy of the primary estimated by the total absorption spectro~-

meter

actions in Carbon Induced by

hi

S
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indicates that the particle carrying away the bulk (~-80%) of the inci-
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 assumed to represent also the average energy of the
charged pions produced. N

.

di} In Fig. 1 is shown the Gistributionof charged as well as
total milviclicity (charged + I™"g), Tawse multiplicities do not include
Acavlly ionising secondarics (aseuned to be rosoil protons from the target)
sts) Secondaries evitted at angles > 30° in the latorsztory system. These
Leutce oorticles sre assumed to ovicinete from an isober of the recoiling

since kinematically a creited perticie of velecity Less than the
: 4 0he Gk S4Me Syston vill etvoys enusge at mbes< 90° in the labo~

Lii} “so transverse nomentun distributions of the Y arays produced
clu lena of different primaries are given in Fig. ?. It is sig-

GG "9 9958 that both the average and the distribution of the transverse
Soa ad Sereve in the case of "anomalous" events are different from

the reat.

hide iouecprosation of the results
.

In ref. (2), a reaction of the following type wea proposed in
order to explain the production of such events.

TT" + 3 — t + S&S +.
nes

where the incident pion makea a. "peripheral" collision, which leads to the

-preduction of a low Q-value cloud 8, decaying into oa secondaries. The
torget nucleon may in: some cssen emerge ‘as,

an jsobar)< this ia suggested by
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eo
the presence of backward secondaries in some of the events. “~

- peems to be neutral and decay into two or four seconderies in most of

the cases as judged from Fig. 1. In cases where it decayed into 27°'s,

the effective mass could be calculated and was found close(®) to that

of the ABC two-pion resonance‘), We tentatively inte: vret the occurrence

of 4 as the production of two So's. On this basis, we calculated the

effective mass of two {{°'s in cases of occurrence of Sp or Sq. The

effective mass calculated in nine such cases is shown at the bottom of

Fig. 1. The average mass comes out to be 300 2 10 MeV" which can be con-

sidered to be in agreement with the reported mass of the ABC-particle,

which is 317 + 6°),
It is of interest to point out that the ratio of ny 7 produce 3

from S, is 0.74% 0.18"",
,

IV.. “Anomalous" events produced by neutral primaries

There are 5 collimated events of the "anomalous" type in e sample

of 51 interactions produced by neutral primaries. The total multiplicities
that could be associated with these events are (4 ng + 0:1"), (6 ng + 2''),
(2n,+1N¢ (°?), (2 Dg + 1/i ) and (3 ng + 0), where n, 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 event» may have to be interpreted in e different: manner.

* The method of calculation of the mass of Sp, in ref. (2) was based on
the evaluationof the mean energy of neutral pions in the centre of
symmetrical emission of secondaries from S,. This method leads to an
overestimate of this mass (quoted before as ~400 MeV) since in cases of
Sy? 4, the kinetic energy of So's in the c.m. system of S, contributesto an increase of the mean energy of f°'s.

** If ABC particle has isospin zero, the ratio of Maire expected from its
decay is 0.5; but corrected for phase space difference due to the restmasses of charged and neutral pions, this ratio is enhanced to 0.7.
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Waile the above observation may not in itself b very sgigni-
“jeant, it points to the possibility of detecting a ciffersence between
mcous and neutrons in their inelastis collisions in carbon at 3 W Gel,
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