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Summary. .- In an examination of twenty two thousand pictures of
penetrating showers recorded with a multiplate cloud chamber,
(60 cm x 60 em x 20cm), in a time of operation of 5310 hours, at an
altitude of 2.2 km, thirtytwo cases have been obtained in each of which
two or more stmultaneous parallel high energy nuclear-electromagnetic
cascades, (~ 100 GeV), are seen developing in the plates of the chamber.
The visible energy of the individual cores has been determined by the
track length method. It is found that in most of the cuses the visible
energies of the parallel cascades in a picture are of comparable magni-
tude. The separation between the cores ranges from 5 to 40cm, and
the corrected distribution looks flat. There is clear indication that about
half of the events are associntedd with dense ath showers Phe « unas-
sociated » events have been interpreted in terms of local nuclear inter-
actions of particles of energy > 450 GeV in air up to a height of 140 meters
above the apparatus. The «associated » events have been explained
as being parts of air showers containing about 100 nuclear-active particles
of energy => 100 GeV near the core.

1. — Introduction.

While scanning pictures of penetrating showers obtained with a multiplate
cloud chamber operated at an altitude of 2.2 km, several cases were noticed
of «simultaneous» parallel high energy cascades which had developed in the
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plates of the chamber. A detailed analysis of these photographs showed that
the events, in many respects, were similar to the «structure bursts » recorded

by Gricoroy et al. ('), at an altitude of 3.2 km, with crossed layers of ioni-
gation chambers under lead. The main features that make these « double
core» events observed in the cloud chamber important are:

L) the parallel cascades are due to interactions of high energy nuclear-

interacting particles of comparable energies (~ 100 GeV);

2) the frequency of occurrence of events with a separation <- 40 ¢m

over an area of 0.11 m2, which is the area of the chamber, is not negligibly
smuull; and

3) about 50 per cent of the «double core » events are associated with

dense air showers us shown by the cloud chamber photographs.
An attempt at even a semi-quantitative understanding of these features

of the «double core» events has led us to the conclusions that:

a) in high energy interactions (> 450 GeV), most of the energy is
carried away by few secondaries with a

ratio of Maximum to minimum energy
less than 7 to 8 and

by) extensive air showers of

energy 10% eV at mountain altitudes
contain a number of nuclear active par-
ticles of high energy (~ 100 GeV) of

the order of LOO,

2. — Experimental arrangement.
The photographs were obtained with

w multiplate cloud chamber of dimen-
sions (60 > 60 ~ 20) cm’, operated for a

period of 2 years a Ootacamund at
an altitude of 2.2km above sea level.

Geiger fray. cocoons toneeeos
eovnoecneaeene

The chamber was triggered with a

Multipiate “nae penetrating shower selection system.
Cloud chamber The details of the experimental arrange-

Geiger tray-B
ment are given in Fig. 1. The chamber
was fitted with thirteen 1.25 cm lead

plates for part of the time, and with
Experimental arrangement thirteen 1.9 ¢m brass plates for the rest

Fig. 1. — Experimental arrangement. of the time.

(1) N. lL. Gricoroy, V. Y. Suestoreroy, V. A. SOBINYAKOV and A. V. PoGURSKAYA:
Zu. Bksp. Theor. Phys., 33, 1099 (1957).

14
26

Roof 8.5 gcm-?
4

10 em Pp or



S. NARANAN, R. RAGHAVAN, P. V. RAMANAMURTHY,
B. V. SREEKANTAN and A. SUBRAMANIAN

r) dy

Fig. 2. - a) Event No. OV 98. An event in which both the cores are in ge-
ometry and enter the chamber after being partly developed in the lead on the top.
A third core of low energy can be seen on the lefi. Visible energy estimates: Left
26 GeV, Right 120 GeV. 6) Event No. DM 32. An event in which both cores
are in geometry and enter the chamber after being fairly well developed in the lead
on top. Numerous electron tracks seen in the first few compartments, far from the
cores, provide evidence for the association of the event with extensive air shower.
Visible energy: Left 95 GeV. Right 55 GeV. ce) Event No. TZ 143. An event in
which both the nuclear-active particles interacted inside the chamber. Energy esti-
mates: Left 21 GeV, Right 50 GeV. d) Event No. VI 100. A typical event in
which the visible energies of the cores are very high. Visible energy estimates: Left
95 GeV, Right 185 GeV. (In this case the visible energies may be underestimated by

as much as a factor 2. See text).
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3. — Results.

31. Frequency of events obtained. — A total of 22000 pictures of pene-
trating showers of energy 2 10 GeV were obtained. Nuclear interactions of
energy 2 200 GeV were recorded with a frequency of about one a day. There
were 32 cases in each of which two or more parallel high energy cascades were
seen to have developed in the plates of the chamber; these are referred to
hereafter as «double core » events (*). Cloud chamber photographs of four
such typical events are shown in Fig. 2.

The total time of operation of the chamber was 5310h. For a period of
2380 h, the chamber was operated in conjunction with an anticoincidence
Geiger counter tray of area 0.3 m? placed at a distance of about a meter from
the chamber. During this period 8 double core events were recorded. In the
remaining 2930 h, when the anti-tray was not in operation, as many as 24
such events were recorded.

3°2. Lateral separation. — The lateral separation of the cores varied from
5cem to 40 em, the mean value being 16¢m. The frequency distribution as
a function of lateral separation looks flat, when corrected for the variation of
the efficiency of detection with separation. Events with core separation less
than 4¢m were discarded since in these cases the resolution into individual
cores was difficult.

3°3. Nature of the particles producing the cascade. — Bach event was examined
stereoscopically to determine whether or not the axes of the cascades pass
through the top 10cm lead block (Fig. 1). Atl those cascades in which the
axes were found to pass through 10 ¢m lead, were necessarily of nuclear origin,
since in these cascades the number of electrons observed in the various com-
partments of the chamber were at wide variance with the number expected
for remnants of pure electromagnetic cascades after 16 radiation lengths. In
many of these cases, as also in most of the cases where the cores did not pass
through the lead block, the emergence from the cores of heavily ionizing par-
ticles or penetrating particles provided direct evidence for the nuclear origin
of the cascades.

3°4. Energy estimates. — The visible energies in the individual cores were
estimated by the track-length method. The number of particles in each com-
partment was determined as follows: the projected width of complete saturation

(°) There are a few events with more than two cores. However, we designate
all the events as double core events.
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was first measured and a track density of 10 per mm was attributed to this
width. For the other less dense regions, appropriate track densities were
estimated visually and multiplied by the corresponding widths. The number
of particles obtained by this method is naturally a lower limit, since the central
saturated region for which a flat density has been ascribed may have «a gradient.
With a view to judge the extent of uncertainty due to this gradient, we re-
evaluated the number of tracks assuming that they were distributed laterally
as l/r up to distances at which the number of tracks was small. For this case,
it is easy to show that the total number of tracks in the shower in the com-

partment is given approximately by 2.5,-t, where aw, is the width of the
central region at the edge of which the projected ionization is i times the
minimum ionization. This re-evaluation showed that, for cascades with a

visible energy up 75 GeV, the correction necded was negligible compared to
the uncertainties in the visual estimate, i.e. + 25 per cent. In the case of

very high energy cascades, (estimated visible energy 2 200 GeV), the esti-
mated track length may be an underestimate by as much as a factor of two,
and never more. However, we did not correct our visual estimates by the
above method because it involves an assumption of a lateral distribution whose

validity may be questioned.
To obtain the visible energies of the cascades, the track length was mul-

tiplied by 34 MeV per radiation length for lead plate pictures (*) and by
36 MeV per radiation length for brass plate pictures. Our energy estimates
may be regarded as absolute lower limits and not likely to be in error in abso-
lute values by more than a factor of two in the extreme cases. As we shall
see later on, the conclusions drawn in this paper do not depend on the absolute
values of energy so much as on the lower limits of the energy values. In the

Table, we have listed the visible energies of the two cores for all the observed
events.

There is no way of knowing whether a particular cascade had been initiated
by a nucleon or a pion. So all the events were analyzed assuming the two

possibilities. The energy of the particle was obtained by multiplying the visible

(*) There is some confusion in the literature about the value to be used for lead.
According to BENDER (?) it is 34 MeV per radiation length. Hazen (*) gives a value
of 25 MeV per radiation length, which may be said to be not in disagreement with
Bender’s. But Hrvorant ef al. (4) and DaniLova et al. (5) arrive at a figure of 25 MeV
per cm of lead, which means a value of about only 15 MeV per radiation length.
However, in these latter experiments, the primary energies were obtained from cal-
culated shower curves which may be in error.

(2) P. A. BENpeR: Nuovo Cimento, 2, 980 (1955).
(8) W. E. Hazen: Phys. Rev., 99, 911 (1955).
(4) K. Hrvorant, K. Suga and Y. Tanaka: Journ. Phys. Soc. Japan, 9, 883 (1954).
() T. V. Danttova, O. I. DovzHenxo, 8. I. Nrxousxi and T. V. RakaBoLskayYA:

Zu. Eksp. Theor. Phys., 34, 541 (1958).
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TaBLE. I. — Visible energy estimates of cores.

Visible energy of cores
Event No.

Higher L

UD 253 29

40 84

XS 64 58

TS 81 33

BB 128 90

CL 35 63

RP A 160

YG 20 25

BS 81 271 ]
BW 15 53

CA 84 200
WA 96 36
BN 33 68

RQ Sl 80
TA 143 50
VI 100 185
TG 94 40

RZ 51 49

DM 32 195
OV 98 120
OX 98 66
SZ 288 39

CT 81 36
TY 128 12
IZ 174 36
KB 18 40
PW 51 28

|

Events which could arise
RC 127 10 10 from interactions in the roof.
RD A 89 21

SJ 144 25 10
!

VD 74 9.2 5.3
|XV iI8 6.6 §.7
|

14
29

sin GeV
Remarks

ower

41

21

31

55

49

19

24

« Unassociated events »

87

40

81

13

56 « Associated events »

14

21

D5

21

19 Both cores out of geometry.

Events obtained with the
anti-coincidence tray in oper-
ation.

14

10

12.5

9.5

55

56
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energy of the cascade by a factor of 4, when the particle producing the cascade
was considered to be a nucleon, and by a factor of 2, when the particle was
considered to be a pion, These factors were obtained on the assumption that
the inelasticity is 0.5 in the collision of nucleons with lead or brass nuclei and 1
in the case of collisions of pions. The possible contribution to the visible energy
from the produced by subsequent collisions of secondary charged pions
was also taken into consideration, in arriving at these conversion factors.

3°5. Classification of events. — As shown in Fig. 1, there was a root over
the cloud chamber at a height of about 275 cm, with an equivalent thickness
of 8.5¢cem-?, and composed of only light elements. The cascades observed
in the chamber were normally dense and broad and so the parallelism could
be judged to an accuracy of only 2 to 3°, Therefore some of the cascades may
in reality be slightly convergent and arise from the particles produced in high
energy interactions in the roof. We have separated the possible «roof » events
from those that have occurred outside from considerations of the estimated
energy, the separation of the cores and upper limits to the transverse momenta,
ic. 1 GeV/c for pions and 3 GeV/c for nucleons. This classification is not
sensitive to the nature of the particles producing the cores, whether they are
pions or nucleons. Tt turns out that not more than 10 events can be attri-
buted to secondaries arising from interactions in the roof. This category is
mostly made up of the very low energy events (see Table).

Out of the remaining 22 events, 18 were obtained when the anti-tray was
not in operation, and only 4 when the anti-tray wax in operation. In order
to avoid any bias due to the selection system, we shall, in what follows, con-
sider only those events which were obtained when the anti-tray was not in
operation. Out of the 18 events, 17 were such that at least one of the two
cascades passed through the top lead block. There was only one ‘ase, In which
neither of the cores passed through the top lead. We shall ignore this, since
it does not satisfy the triggering requirement. Of the 17 events, in 9 cases
the cloud chamber photographs showed association of the events with rather
dense (2100 particles m-?) air showers. The air shower density is a conserv-
ative estimate in view of the presence of a 10.5 em lead layer on top of the
chamber. Hereafter, we shall refer to these events as «associated events ».

In the remaining 8 events, either the association was weak (density <20 par-
ticles m-?) or there was no association at all. We shall call these as « unasso-
ciated events» for the purposes of discussion.

4. — Discussion.

41. « Unassociated » double core events. — As seen from the Table, the visible
energies of individual cores of unassociated double core events vary from
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19 GeV to 160 GeV. However, the ratio of the visible energies of simultaneous

parallel cascades is in all cases less than 3, except in one instance in which
the ratio is about 8. These cascades, as previousiy pointed out, cannot be

pure electromagnetic cascades, and must arise as a result of the collision of
nuclear interacting particles, like nucleons and pions, with lead or brass nuclei
as the case may be. In order to release visible energies of more than 19 GeV,
a nuclear-interacting particle must have an energy greater than 38 GeV if it
is a pion and greater than 76 GeV if it is a nucleon, (see previous Section 374).
These pions and nucleons may arise in collisions—bereafter referred to as local
interactions—of higher energy primary particles with air nuclei in a layer of
air above the chamber. The maximum separation of the cores, observable in
this experiment, is about 40 ¢m; this naturally restricts the height at which
the interaction could have occured in the air. We can, however, fix within
broad limits, for each observed event, the potential range of heights in which
the interaction could have taken place. For this we have used the estimated
energies of the two cores and assumed values fo 270 MeV/e and 500 MeV/e (°)
for the transverse Momenta of pions and nucleons respectively. The broad
limits defining the range of heights come from the limits ((4+40) cm), for the
observable separation of the cores. From this the mean height of interaction
was obtained as 140 metres and the amount of matter for interaction
~iligem?. The question arises whether the observed number of unasso-
ciated double core events can be quantitatively explained in terms of inter-
actions in this 14 ¢cem-* of air; for this we need to know the efficiency for
the detection of double core events and the flux of high energy particles at
the level of observation. The efficiency depends on the separation between
the cores and the probabilities of interaction in the lead block and in the
plates of the chamber. The separation varies from 4 to 40 cm and the mean
value is 16cm. But as already pointed out, the frequency distribution of
events as a function of lateral separation is flat and so the true mean sepa-
ration. of the double cores may be much larger than 16 em. However, an upper
limit to the efficiency of detection is obtained by considering the mean sepa-
ration as 16em. Nuclear interactions taking place in the top few om of the
lead block will not be detected since the cascades produced will die down
before reaching the chamber. We have considered therefore only 5 cm of lead
immediately above the chamber as the effective producing layer, in addition

(*) The potential height at which interactions could have occured depends sensi-
tively on the lower Limits to the transverse momenta assumed. For the purposes of
the present estimate, we have assumed that the distribution of transverse momenta
for pions is flat between 200 MeV/e and 500 MeV/e which gives a weighted mean value
of 270 MeV/e. For nueleons we have used an effective mean value of about twice the
transverse momentum for pions, which we think is reasonable in the absence of more
exact information on the transverse momenta for nucleons.
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to the plates inside the chamber. For interactions in the plates, the survival
probability through the top lead block has to be taken into account, for those
pascades for which the axes pass through the top lead. From all such consid-
erations we arrive at an upper limit of 0.06 for the overall efficiency for the
detection of double core events in the chamber. This efficiency means that
if 100 pairs of nuclear interacting particles arrive with a mean separation of
~16 com, with one of the nuclear interacting particles in the solid angle defined
by the chamber, then 6 cases of double events will be observed in the chamber.
Actually 8 cases have been observed, in a time of operation of 2380 hours,
over an arca of 0.11 m?’, within a solid angle of 0.5 sr. This means there must
have been at least 128 pairs of nuclear-interacting particles incident during
this time, From this we can deduce the flux of particles that should have
passed through the 14 ¢cem-? of air and produced nuclear interactions which
gave rise to these 128 pairs. This flux comes out to be 14-10-73 m-2 xr-1,
This value corresponds to the flux of nuclear-active particles of energy
2 450 GeV, at our height of observation, as deduced from the frequency of
single interactions in the cloud chamber during the same operating period
and as also deduced from the observations—at a higher altitude—of Gv-
DAKOV eé al. (*) corrected suitably for the altitude ditference. It was noted
that about 15 per cent of the single nuclear interacting particles at these
energies were associated with dense air showers. So, only 85 per cent of the
flux was taken into account when making the comparison with the flux of
particles responsible for the unassociated double core events.

If we now try to understand the double core events in terms of the inter-
actions of particles of energy 2150 GeV we immediately come to the con-
clusion that this is possible only if in a majority of the collisions the primary
energy is carried away by a few secondary particles (including the follow-
through nucleon). Only then can we get particles of comparable energy (within
a factor of 7) and of sueh high energy. This conclusion is valid whether the
cores are assumed to be produced both by pions only, or one by a nucleon
and the other by a pion. Tf one of the cores is due to the follow-through nu-
¢leon then the inelasticity in the primary interaction has necessarily to be
> 12°). Tt is unlikely that in the majority of cases both the cores are pro-
duced by nucleons, since this involves the production of nucleon and anti-
nucleon pairs in local collisions, for which the primary energy hax to be mueh
higher and for which the flux would be too small. The possibility of closely
spaced comparable energy nucleons coming from the fragmentation of heavy
primaries, particularly «particles, can also be ruled out purely from. flux
considerations, The conclusion drawn by us regarding the nature of inter-

(5) A. E. Gupanov, N. A. Dosrotinx, N. 1. Gricorov, G. N. Vernov and G. T.
ZACHPIN: Suppl. Nuovo Cimento, 2, 737 (1958).
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actions of particles of energy 2 450 GeV, ve. that the energy must be carried
away by a few secondaries in a majority of the collisions, finds support in the
recent results on the analysis of high energy jets with nuclear emulsions (7).

42, Associated double core erents. — The nine associated double core events
cannot arise from local interactions (see Section 41) of unassociated high
energy nuclear interacting particles, since the observed density of the asso-
ciated air showers cannot be developed in a few grams of air, As pointed out

before, the flux of single nuclear-interacting particles associated with air showers
is only 15 per cent of the total flux. Se, not more than one or two events can
.
arise from the foew? Gateseetlons of associated mule active partiches. The:

associated: double core events must fhe essentially te due to

interacting particles in the cores of air showers. We know that the particles
responsible for the observed cores have energies of ~ 100 GeV. Purely from
Culsiderations of momentum, nucleariuteracting particles of about
this energy will be spread out in a circular area with a radius of ~ 3 metres

Hs being fhe case, tle probability of two tuclear activearound the core Tt
particles arriving with a separation Tess than fem is quite smal, unless the
number of nuclear active particles of this energy is very high. This number
may be estimated as follows:

Let A denote the area over which nuclear-active particles, with energy
required to produce the observed cascades, are’ spread out in air showers.
We shall assume that the density is uniform over this area; for the present
calculations and magnitudes considered, this assumption is not greatly in
error. Let o be the area of detection of the chamber. If F is the number of
air showers incident over the area in the period of operation, the number of
single core events in the chamber is given by

on
A

onS = Fe, exp Z
where ¢, is the oficieney of deteetion of single core events and ox is the
number of nuclear-active particles in the air showers. The number of double
core events (as deffued previously by us) in the chamber will be piven by

on on

~FIS}
where «, is the efficiency for detecting double core events. Since we know
the values of S, D, ¢,, €, and o we can deduce the value of (n/A), the density

D= Fey
1

—exp

(7) C. F. Powei « Nuclear Processes al super-high energies », Mimeographed report,
Kiev Conference on High Energy Physics (1959).
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of nuclear-active particles necessary to account for the observed ratio of single
core events to double core events. We get

n[A == 3.6479, particles/m? .

From this, to get at the total number of nuclear-active particles contained in

the showers, we have to fix A. If we assume that the high energy nuclear
active particles are mostly pions, with an energy = 100 GeV—necessary to

produce the observed cores—they will be spread over a circular area of radius

~3 metres for an assumed transverse momentum of 400 MeV/e. Tf the nuclear

active particles are nucleons, their mean energy has to be 200 GeV and if we

assume a transverse Momentum of 1 GeV/c, they have to be distributed over

an area of radius ~ 3.5m. The value of A can therefore be taken as ~ 30 m?

Then » will be 70 +140.
This calculation is based on the average behaviour of air showers, t.e. that

on the averaye the particles are spread over a circular area of certain radius

and the showers contain a definite number of nuclear active particles x.

However, there may be wide fluctuations in the nature of collisions, in the

transverse momenta acquired by the particles and in the number of nuclear-

interacting particles produced: it is also possible that there are close corre-

lations at production between pairs of particles. Some of the double core

events might as well be the result of such wide fluctuations. However, we

find that the ratio of the number of double core events to the number of single
core events, (after correcting for detection efficiencies) is as high as 0.4. This

gives us confidence that the application of an average picture may not be

wrong.
From the frequency of observed events we may say that showers containing

about 100 high energy nuclear-active particles at a mountain altitude of

2.2km, correspond to primary energies of 2 10'° eV at the top of the atmos-

phere. Unfortunately, there are no experimental results at mountain altitude

which tell us the number of nuclear-active particles of high energy (~ 100 GeV),
in air showers. The experiments of ABRosrMOY et al. (*) at sea level, show that

showers of size 3:108< N< 2-10 contain as many as 55 nuclear-active par-
ticles of energy above 100 GeV within a radius of 6 metres from the core.

As pointed out in the introduction, GRIGOROY ef al, 7) have observed the

so-called «structure bursts » which are similar to our double-core events. How-

ever, the energies of the events observed by them are higher, ax also the

altitude of observation. They have interpreted their events in terms of purely
local interactions of nuclear-active particles of energy (101? +1018) eV. The ob-

(8) A. T. ABRostmov, V. A. DITRIEV, Ct. V. Kunixov, E. I. Massarsky, K. T.

Sotovyrov and G. B. Kurisutiansen: Zu. Eksp. Theor. Phys., 36, 751 (1959).
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served association with dense air showers is attributed to the development
of castades which arise from the decays of z°-mesons produced in the same

local high energy interactions. In our case, all the events cannot be attri-
buted to lecal interactions only since, as already emphasized, the observed
densities of associated air showers cannot be developed in a few grams of air
and the flux of high energy single nuclear-active particles associated with
dense air showers is much too small to account for the associated double core

events,
Regarding the nature of local interactions, the conclusions of GRIGOROV

et al. ave similar to ours, Ze. that in high energy collisions in air the primary
energy is carried away by a few secondary particles.
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the Governor of Madras, for putting at our disposal laboratory space at Raj
Bhavan, Ootacamund. We are thankful to Professor M. G. W. Meson for his
interest in this investigation and for helpful discussions. The cloud chamber

photographs used in this investigation were obtained in connection with an

experiment on S-particles, and we are indebted to Mr. A. B, SAHTAR who
initiated the project on S-particles in the Institute. We wish to express our

thanks to Mr. Stoprswar Lav for his valuable help during the course of the

experiment and the analysis. Our thanks are also due to Messrs. A. R. APTE
and K, F. Dinsnaw for their help in running the chamber.

RIASSUNTO (*)

Esaminando 22000 fotografie di un uno sciame penetrante ottenute con una camera
a nebbia con molte lastre (60 em x 60 cm x 20 em), in 5313 ore di funzionamento, ad
una altitudine di 2200 m, si sono riscontrati 32 casi in ciascuno dei quali si vedono
svilupparsi nelle piastre della camera una o pit cascate nucleari-elettromagnetiche
parallele simultanee di alta energia (~ 100 GeV). L’energia visibile dei singoli cores
é stata determinata col metodo della lunghezza della traccia. Si trova che nella maggio-
ranza dei casi le energie delle caseate parallele visibili nella stessa fotografia sono di

grandezza paragonabile. a separazione fra i cores va da 5 a 40 cm, e la distribuzione
corretta appare piana, Vi sono chiare indicazioni che circa la meta degli eventi sono

associati a sciami densi dellaria. Gli eventi «non-associati» sono stati interpretati in
termini di interazioni nucleari locali di particelle di energia > 450 GeV in aria sino
ad un‘altezza di 140 m al di sopra dell’appareechio. Gli eventi « associati » sono stati
interpretati come facenti parte di sciami dell’aria contenenti circa 100 particelle nucleari
attive di energia = 100 GeV vicino al core.

(*) Traduzione a cura della Redazione.
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Triggered Spark Counter Arrays of Large Area (Square meters)
for Experiments on Very High Energy Cosmic Ray Particles.

N. B. Mistry (*), G. T. Murruy, P. V. Ramana MURTHY,
and B. V. SRREEKANTAN

Tata Institute of Fundamental Research - Bombay

(ricevuto il 23 Giugno 1960)

Summary. -— The constructional and operational features of triggered
spark counters of large area are described. These counters are being
used, in conjunction with nuclear emulsions, in current experiments in
this laboratory on high energy nuclear interacting particles which arrive
simultaneously over large areas, sometimes associated and at other times
unassociated with air showers. For these experiments the spark counters
and emulsions are being used in arrays covering an area of a few square
meters.

1. — Introduction.

Experiments are in progress in this laboratory to study in detail the fre-
quency, multiplicity, energy distribution and lateral separation of high energy
nuclear interacting p rticles associated and unassociated with extensive air
showers. The frequency of these events is so low that it is necessary to have
large detecting areas, of the order of several square meters, in order to record
a sufficient number of events in a reasonable time of operation. Because of
this requirement of a large area it is not practicable to use multiplate cloud
chambers for a comprehensive investigation. In looking for an ideal detector
that can give inforination on all the aspects mentioned above and which can
be built economically to cover large areas, it was realized that this could be
achieved with a suitable combination of spark counters and photographic

(‘) Now at Columbia University, U.S.A.
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emulsions (*). For this it would be necessary to construct large area spark
counters in which a visible spark would be produced at the position at which
a beam of extremely collimated charged particles passed through it. The
set-up that was envisaged was the following. The nuclear interacting particles
would interact in an absorber and produce a narrow jet of charged and neutral
pions; the y-rays resulting from the decay of the neutral pions would, on

passing through a lead converter below, give rise to a collimated beam of
electrons; the beam of electrons and mesons then passes through a thin hori-
zontal layer of nuclear emulsions followed by a spark counter immediately
below. If the spark counter produces a visible spark at the position at which
the bearn of partictes passed thromeh ff, them the coordinates of the beam in
the emulsions would be known; the number of electrons in the beam can be

tcounted jn the eniutsion and the approxinuite size of the inferaetion Hefetmiied,
a@ systeni of two spark counters one below | reoothier, would ctabte a Teter.
Mination of the direction of the jet and would aso fix the co-ordinates ti the
emulsion more accurately; the occurrence of simultanecus parallel sparks would
reveal the presence of multiple nuclear active particles; the system could be

oshower (OAS) uriay and the size and
core position of the associated shower determined; if the core of the EAS
Passed through the area of the spark eoullfers, then ou very precise loeatiun
of the position of the core would be possible; it is obvious that this system
would work only at very high energies where the particles would be produced
with the necessary collimation. These very attractive features prompted a
detailed experimental investigation on large area spark counters.

In the first instance a spark counter comprising a metal plate on one
side arid oa set of paradfel wires om the ofher wos eonstineted with a sensitive
area 50 emx 27cm and was operated with a continuous (1).C.) voltage. This
counter had an exeellent response to «-particles but there were two serious
disadvantages. Firstly, there were quite a number of spurious spark break-

put ino assqehation with au extetsive :

Charge attacked alb parts of the spark counter To set over these disudvan-
tages, an attempt was made to operate this type of counter an pulsed voltagesa

A polonium g-source was deposited on the plate of the spark counter and a
mica window proportional counter fixed opposite to this souree. The voltage
was pulsed on the spark counter whenever on «-particle entered the propor-
tional counter after passing through the gap of the spark counter. It was

(*) This system is, in principle, similar to the one reported by Gricorov et al. (*)
who have used photographic emulsions in conjunction with ionisation chambers for
the investigation of high energy interactions.

(1) 8. I. Brixxrr, N. L. GRicorov, M. A. Konprargeva, A. V. Popeurskasa,
A. I. SaveLeva, V. A. Sopingakov and V. Y, Sesrorerov: Suppl. Nuovo Cimento,
2, 733 (1958).
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[431] TRIGGERED SPARK COUNTER ARRAYS OF LARGE AREA ETC. 3

found that with pulsed voltages the spark counter did not respond to a-par-

ticles. AM possible parameters like spacing, wire diameter and clearing field,

as alse the amplitude, duration and rise time of the pulsed voltage ete., were

tried but the response was still negative.
After considerable experimentation a design was evolved which met with

all the requirements stated above and which was found most suitable from

the point of view of construction and operation and also from the point of view

of convenience in photographing the sparks. In this paper, are given the

details regarding the constructional and operational features of such spark
counters developed in this laboratory.

References to earlier work on spark counters are listed below ().

2, — Constructional features.

Specially chosen cylindrical brass welding reds of good surface and linearity,
weh 6Oem long and 3mm in diameter, are placed parallel to each other on

wv plastic frame 60 30 em with a spacing of 3 mim between the rods; the

rods are permanently stuck to the frame with araldite. Aluminium angles
are fixed to the frame to keep it straight. A highly polished stainless steel

plate of thickness 3mm and of size 50 ¢em< 80¢em is tr vated with dilute

hydrochloric acid to remove surface contamination and then washed and dried.

This plate is fixed to the frame by means of 2 BA serews and nuts, with a

spacing of about 3mm between the rods and the plate: the spacing can be

mavied by changing the washers, A transparent plastic sheet is fixed over the

frame to prevent dust from settling down in the gap of the spark counter,
All the rods are connected together by wires. A photograph of the spark
counter is given in Plate TI.

3. — Operational features.

31. Pulsing. - The stainless steel plate ix connected to earth and a nega-
tive voltage pulse whose amplitude could be varied from 2 to 5 kV, is applied
to the reds whenever required, The rise time of the pulse is kept less than

@) WL Y. Cuaxe and s. Rosexsium: Phys. Ree. 67, 22 (1945); A. Ryrs: Helv.
Phys. Acta, 22, 1 1949). Connor: Proe, Phys. Soe, B 64, 30 (1951); N. K. Sarra
and NARENDRA Nati: Nucleonies, 15. U4 Clune, 1957); Mood. Swersick and N. G,
ANTON: Nueleonies, 15. 93 Cline, 1957); R. W. Prop and L. MADANSKY: Phys. Rev.,
75. WITS (1949). 0. We Kecrekn: Ber. Nei. Prste., 20, 202 (1949); EK. Ropinson:
A 66, 73 (1953): Fo Brenna and C. Prawnazixerer: Nuere Cimento, Proc. Phys. Soe.,
10, 1461 (1953): T. BK. Crassuaw and J. Fo pe Breer: Nuoro Cimento, 5. 1107 (957).
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0.05 us to have a high efficiency of response, and the decay time kept of the
order of one microsecond to minimize spurious breakdowns. The pulsing is
done using a thyratron circuit similar to the one described by CRaNnstnaw and
DE Beer (2). A low elearing field (~20V) is maintained continuously be-
tween the rods and the plate for removing old ions; this helps in reducing
spurious breakdowns. The counter is operated in complete darkness to mini-
mize breakdowns due to photoelectric effects.

With a higher voltage of (10414) kV, obtained from a pulse-transformer,
it is found that the same spark counter can be operated with a spacing ~ 6 nim,
which is almost double the previous valte of 3mm. Tt is of importance to

operate the spark counter with a larger spacing, since the requirement of uni-

formity of spacing is then less stringent. This makes it possible to build indi-
vidual spark counters of very large area about half to one square meter.

3°2. Photography. — The chief advantage of this type of spark counter over

parallel plate spark counters is the convenience and simplicity in the photo-
graphy of the sparks. In parallel plate spark counters, the spark has to be

necessarily photographed through the gap; fer this the alignment. of the cameras
has to be very accurate, and also a very large depth of focus is involved. The
latter requirement can be met by using pinhole apertures, but for this the

intensity of the spark has to be very great. It is not desirable to increase the

intensity of the spark, since the surface will be damaged and spurious break-
downs will be greater. For these reasons spark photography in parallel plate

A

Water tank

Gerger counters
spark counter 1

nuclear emulsions 7
~ ™

_—
“a

1
~

Spark counter2
od /p

Camera

Liquid scintittator -
Lead 2"

Gerger counters
>

Fig. 1. - Experimental arrangement to test the feasibility of employing nuclear emul-
sions in conjunction with double spark counter array for the study of high energy jets.
The coincidence G, SG, selects nnelear interactions produced mostky in the water
tank. The lead plates above the spark counter are meant for the rapid development
of the cascades. The direction and co-ordinates of the jets are given by the position

of the sparks in the two spark counters.
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[433 ] TRIGGERED SPARK COUNTER ARRAYS OF LARGE AREA BTC, 5

counters of large area poses very difficult technical problems. Moreover, to

vet. the spatial co-ordinates accurately, stereoscopic photographs have to be

taken, or else the sparks have to be photographed from two perpendicular
directions. Tn the present spark counters the photography is done with just
one camera and in w very simple way using a system of mirrors suitably inclined,
as shown in Fig. 1.

The sparks can be located to an accuracy of (8 mm x3 mm) which is sut-
ficient. for the experiments envirated. A typical photograph of a spark is shown
in Plate TT.

This type of photography using mirrors imposes one limitation, namely,
if two spark counters are used one below the other, then the spacing between
them cannot be reduced below a limit. However, this is not a serious dis-
advantage since a certain minimum spacing between the spark counters is
essential for an accurate determination of the direction of the jet and also for
establishing the parallelism of the jets when there are multiple nuclear inter-
acting particles incident.

3.3. Efficiency.

i) Response to singly charged particles at minimum ionization: To de-
termine the operational Characteristics for minimum ionizing singly charged
particles, the spark counter was placed between two geiger counters registering
the passage of tcosmie ray
particles. The voltage on 100

the spark counter was pulsed 80
whenever there was a coin-
cidence between the Geiger yO
counters, Tt was observed »40 /that sparking took place g 20

{

Clearing field = 5 V
almost always (99°) in the & no delay

region covered by the Geiger 3500 3600 3700 38003900 4600 aloo 4200
counter telescope and very Pulse amplitude (V)

rarely (1%) outside. The Fig. 2. - Variation of the efficieney of the spark
percentage of spurious break- counter for single cosmic ray charged particles, as a

downs ax obtained trom. this funetion of the pulsed voltage.
observation and by random
triggering was less than 1°, at normal operating voltages. The effidency of
the spark counter, defined as the ratio of the number of spark breakdowns
to the number of double coincidences, wax determined as a function of the
applied voltage, the clearing field voltage and the delay in the application
of the pulse. The results are shown in Figs. 2 and 3 for a particular spark
counter. It was found that by careful adjustment of spacing and applied vol-
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tage the efficincy for single particles can be pushed up to almost 90°). The
counter was found to be equally sensitive whether the particles passed through

the rods or in the gaps between the

sen! ays delay
rods.

£28) "
elay Hi) Response to g-particles: With

€ 20 Pulsed voltage 4100 V the sume counter, when the operating
2 voltage was adjusted for at efficiency of

s 50 100 wbout 5° for singly charged minimiun
Clearing field (V) ionizing particles, the efficiency of re-

Big. 3. - Trefflieieney as a funetion of sponse to gparticles was almost 100%,
clearing field, and delay in the appli- This was checked by depositing a thin

cation of the pulsed voltage. . : .film of a polonium g-source on the
plate and pulsing the voltage by a pro-

portional counter as before (see Section 1). This experiment shows that by a
suitable adjustment of the efficiency, it is possible to make the spark counter
respond preferentially to collimated jets that to some extent sinnilate «-par-
ticles in ionization,

4, — Operation with other particle detectors.

To determine the optimum conditions of operation of the spark counter
for the detection and location of high energy jets produced by cosmic ray put
ticles, the spark counter was operated in conjunction with a imultiplate cloud
chamber and with nuclear emulsions. The experiments were carried out at
Ooteamund (2.2 km above mean sea level).

41. Operation with the multiplate eloud chamber. — The spark counter was

mounted above the multiplate cloud chamber, Above the spark counter was

kept # lead block of 10¢m thickness im which nuclear interactions were pro-
duced and which also served as a mediam in which the nuelear and electro-
magnetic cascades developed. The spark counter was set to operate at an

efficiency of ~ 0.2% for singly charged minimum ionizing particles. The cloud
chamber and the spark counter were triggered for penetrating showers, with
ib scintillator-geiger counter selection systemi; since the selection system: was
not very rigorous, it responded to penetrating showers and air showers. The
cloud chamber photographs provided visual evidence regarding the type of
events which actuated sparks in the spark counter. Tt was found that the spark
counter responded to high cnergy penetrating showers as expected: if Was
also found to respond sometimes to air showers. The response to air showers
could not be explained in terms of the efficiency for single particles, since the

26
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N. B. Mistry, G. T. Murrny, P. V. Ramana Murtny and B. V. SREEKANTAN

Puate ILE. Cloud chamber photograph of a high energy penetrating shower pro-
duced in the lead block above the chamber and developing further in the lead plates
inside. A spark was seen in the spark counter in the region through which the axis

of the shower passed the spark counter (see the superposed illustration),
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[435] TRIGGERE) SPARK COUNTER ARRAYS OF LARGE AREA ETC. 7

nunber of such particles passing through the spark counter was small, as seen

in the eorresponding cloud chamber photographs. The response is due most

probably to heavily ionizing fragments and collimated showers of the type
commonly seen emerging from the plates in multiplate cloud chambers. To
ensure that the spark counter responds only to high energ pnetrating showers,
and to reduce considerably its response to air showers in which the high energy
nuclear active particles do not pass through the spark counter area, a system
of two spark counters one below the other can be employed. Correlated spatks
in the two spark counters can only be due to high energy penetrating showers.
The double spark counter system also has the additional advantage of giving
the direction of the jet and of establishing parallelism in the case of simul-
taneous jets.

42. Operation with nucle emidsions, — A system of two spark counters
was operated at Ootacamund, in conjunction with «a penetrating shower se-
leetion system. ws shown in Fig. 1. A layer of Ilford G-5 200 wm thick nuclear
emulsions was placed above the top spark counter. The spark counter voltage
was pulsed whenever there was a coincidence of the type G,S G,: The sein-
tillator was biased such that the G,S G, coincidence rate was about

2/hr.
These

coincidences are mostly due to penetrating showers with energies 2 20 GeV,
Air showers in which the nuelear active particles do not pass directly through
the array will not be admitted by this triggering system. The results are given
in the following Table

TABLE FT.

|

cK tlicieney of spark Sparks
[ counter for singleTime of |

|

Pulsed
|

. Number
1 oper. particles

|

,

|\ : voltage | of In top | In bottom
j

ation (vy |

| triggers | counter | counter
In both

i
Top spark Bottom spark:

>
| | counters

' ’ only | only
, counter; counter | :

|

. a |

|

|

!

|

|

i

pf 28
|

AOTO
|

4T OG
| 8.4% 7 41

|

10 6 4

|

4200 3850 | 4.195 40% |

69
|

2 5
|

10
+ i :

1

420
|

3740
| 0.59% |

15% 5 70 | 7 3
|

5

Tt follows from the table that when the efficiency of each spark counter
is adjusted to about 5°4 for singly charged minimum ionizing particles, the
efficiency of the system for penetrating showers, i.e. that one or both spark
counters are triggered, is more than 50°. As already mentioned, the triggering
tate of 2/hr corresponds to penetrating showers of energy about 20 GeV, and
at this energy the collimation of the particles is poor and the number of electrons
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produced by the development of y-rays ix alse small An efficieney of 100%
vannot therefore be expected. The double sparks, which correspond to very
high energy penetrating showers constitute about 10°, of the number of trig-
gering pulses. If the latter are due to showers of energy 20 GeV, as pre-
viously stated, the double sparks showld be altributed to showers of energy
2? 100 GeV. Tn all cases where double sparks were recorded a search was made
in the emulsions at the places (4 mm*<5 mm) indieated by the spark counters
and in the direction defined by the Line joining the sparks, for niultiple parallel
tracks duc to the collimated nuclear electro-magnetic cascades. In some CASES,
(9 +15) tracks confined within a radius of ~ 50 um were observed, One can
expect 5 tracks confined within a circle of 50 am under about 5 radiation lengths
of lead when the energy of the y-rays is more than 50 GeV. Sueh y rays will
in general arise from nuclear interactions involving energies of about 102 eV,
Tt is diffieult to detect in the emulsions events in which the muanber of tracks
is <05 in a @rele of radius 50 um. Thes the lower limit to the energy of the
nuclear interasting particles that can be detected with the combined system
of spark counters and nuclear emulsions is about 10 eV. Beeause of this,
in all recorded cases of double sparks the corresponding events have not been
deteeted in the emulsions, Nuclear emulsions of 50 am thickness would reduce
the cost considerably if they could be used. On trivs, however, they were
found to be unsuitable; because of their small thickness it was dilficule to
observe the tracks and establish definitely their parallelism. Tt should be
feasible to use a thiekness < 200um, possibly ~ 100um. Tt may also be

emphasized that only those squares of emulsions need be taken out for exam-
ination through which jets have passed as indieated by the double sparks.

An important experimental observation is that even though all the reds
were connected together electrically, simultaneous multiple sparks were re-

corded, sometimes quite close to each other (few em). Therefore, it is not:

necessary to use Many pulsing circuits.

5. — Conclusions.

Tt is feasible to construct triggered spark counters with areas of the order
of hal! to one square meter, which respond preferentially to high energy jets
(> a few hundred GeV) produced by cosmic ray particles. Dowble spark
counter systems can be used to give the position and direction of high energy
jets and will be particularly useful in the study of simultaneous high energy
nuclear interacting particles ? 4) associated and unassociated with air showers,

@) N. LL. Gricoroy, Vo oY. Siesropproy, Vo AL Sopixyanoy and AL Ve Pongur
SKAYA: Zurn. Eksp. Teor. Fiz.. 38, 199 (1957).

(4) 8. Naranan, Ro Racuavay, P. Vo. Rawanamerry, Bo Ve SkreekaNran and
A. SUBRAMANIAN: Nuovo Cimento, 16, 401 (L980).
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[437] TRIGGERED SPARK COUNTER ARRAYS OF LARGE AREA ETC. 9

Nuelear emulsions can be used in conjunetion with sueh double spark counter
system to obtain estimates of the energies of the nuclear interacting particles.
Areas of the order of several square meters can be covered with an array of
such large area spark coufers and nuclear emulsions,

We have great pleasure in expressing our eratitude to Professor B. Prerers
for lis interest and encouragement in this investigation. We are thankful to
Professor M. G. 1K. STeNON for helpful discussions. We are indebted to Dr. M.S.
Swamy for help in the work connected with the use of nuclear emulsions.
Qiur thanks are due to Messrs. FL GonsaLves and A. R. APTE who have helped
us in preparing the spark counters and in operating the eloud chamber.

RTASSUNTO (°)

Si descrivono le caratteristiche costruttive di coutatori a seintillazione di grande
superflcie, Questi contatori vengono usati, in untone eon emulsioni nucleari, per espe-
rimenti correnti in questo laboratorio su particelle ad alfa energia da interazioni che
wTivana simultanenamente su larghe aree, eune volte in associazione con seiami del-
Paria ed altre volte senza associazione con questi ultimi. Per questi esperimenti i con-
tatori a scintillazione ¢ le emulsion? sono usati in disposiziont che coprono un‘area di
aleuni meteri quadrati.

C) Traduzione a eura della Redazione.
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