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ABSTRACT

An experiment to determine the nature of primary cosmic rays of
energy > 10°" eV by studying high energy (> 220 GeV) muons and
their correlations with other parameters of extensive air showers
generated by them, was carried gut at Kolar Gold Fields, India
(atmospheric depth of 920 g cm ~). Accurate gstimate of shower
parameters in showers of size as small as 10° particles was
achieved by means of a closely packed array of large area
detectors and by employing special methods of analysis. In this
paper, the details of the array, the data recording system, the
procedure of data analysis and error estimates are described.
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1. Introduction

Study of ultra high energy (> 10/4 eV) cosmic rays is important to
gain knowledge regarding their origin as well as features of high energyinteractions in an energy region inaccessible to accelerators.
Investigation of Extensive Air Showers (EAS) generated by these cosmic raysis the only means of such a study at present because of their low fluxes.
Features of EAS generally depend on the characteristics of high energyinteractions as well as the nature of the primary particles. Of the various
components of EAS, the high energy muon component carries information
regarding these two aspects rather directly because of its origin in thefirst few generations of the EAS cascade [1]. We have earlier reportedresults on the gross features of high energy muons, in particular thevariation of their number with shower size and their energy spectrum
{[2,3,4]. Interpretation of even such relatively direct information in terms
of either the nature of the primary particles or features of high energyinteractions uniquely, is difficult because of its sensitivity to both
these aspects. The situation is even worse with regard to other EAS
parameters e.g. hadrons, low energy muons etc. Special methods have to be
developed in order to disentangle the effects due to these two aspects on
EAS parameters ; e.g. study of correlations among properly chosen
parameters.

We have shown [5,6] that a study of correlations between the densityof lew energy (>1 GeV) and high energy (>220 GeV) muons in showers of size
~ 10° particles (primary energy ~ 10 eV) can yield unambiguousinformation regarding the nature of the primary particles. The negativecorrelation between the density of low energy muons at a fixed distance
from the core and the number of high energy muons beyond a certain critical
distance, in showers initiated by primaries of the same mass, can be
exploited to discern between a primary cosmic ray composition that is
‘mixed’ and one that is dominated by a single species. Correlation between
the age parameter of the shower and the distance at which the high energy
muon is detected can also be similarly exploited.

An important feature of cosmic rays to be studied from the point of
view of their origin is their energy spectrum. Direct measurements with
detectors flown in satellites [7] have shown that the all particle integral
energy spectrum (the spectrum of all species. combined together) follows a
power law with an exponent of -1.7 up to 10°~ eV without any change in the
exponent. Beyond this energy, the spectrum has been derived from BAS
studies and the exponent in this energy region is about -2.1, suggesting 5that the primary energy spectrum becomes steeper at around a few times 10
eV, thus forming the famous ‘knee’. There are very few measurements from
the EAS experiments below the knee to conclusively show that the knee isreal. Models of the cosmic ray origin and propagation predict the primarycosmic ray composition to vary with energy in the neighbourhood of the
knee, if it is real, in specific ways. Thus, it is essential to measure the
the energy spectrum and the composition over a wide energy range includingthe knee.

We have carried out an experiment at Kolar Gold Fields (KGF,
atmospheric depth : 920 g cm “) to elucidate on all these aspects. The
experiment is designed to provide accurate information on the size spectrum(the dependence of the intensity of cosmic rays on size, the total number
of particles contained in the showers generated by them) and the variation
of the total number gf muons of energy > 220 GeV with shower size over thesize range 10° to 10°, which covers the knee region, lateral distribution
of these muons and their correlations with low energy muons and the age
parameter in the lower energy region. The array consists of a large number
of scintillation detectors to accurately measure the electron component, a
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low energy (>1 GeV) muon detector and a neon flash tube telescope and
scintillators. located underground to measure muons of energy >220 GeV.
Accurate estimate of shower parameters at sizes as small as 10° particles
was achieved by deploying closely spaced large area detectors up to 20 m
from the center of the array. A computerised recording system and an on-
line calibration procedure was used to handle the large number of
detectors. Particular attention was paid to the analysis of showers with
small sizes to obtain their parameters accurately. In section 2, the design
of the EAS array and the various detectors used to measure the different
shower parameters are described. The various triggers used to collect the
data, the recording system and the calibration of the detectors are
described in section 3. The method of analysis used to estimate the shower
parameters and their errors is described in section 4.

2. Experimental Set up

The extensive air shower array was specifically designed to detect and
accurately measure showers of size as smalljas 10° particles as well as to
collect enough number of showers of size 10° particles. This was achieved
by placing a large number of closely packed large area detectors at the
center of the array and extending the array up to 100 m from the center.

The experimental set up consisted of an array of 70 plasticscintillation detectors (density detectors) to detect the showers and to
measure the shower particle densities, 5 fast liquid scintillation
detectors to measure the arrival direction of the showers, a shielded
plastic scintillation detector (low energy muon detector) of area 9 m* to
measure muons of energy > 1 GeV and four plastic scintillators (high energy
muon detectors) located 270 m underground, vertically below the EAS array
to measure muons of energy > 220 GeV; two of the four scintillators
underground were located inside and provide trigger for a Neon Flash Tube
(NFT) telescope which locates the track of the muon. The plan of the arrayis shown in figure 1. The projection of the underground detectors on to the
surface array plane is shown in figure 2, where the central part of the
array is shown on an expanded scale. Underground detectors 1 and 2 are
located inside the NFT telescope.

The inner 37 detectors were of 2.25 m@ area each and were placedwithin 15 m from the center with hexagonal symmetry, the spacing between
neighbouring detectors being 5 m. Six more detectors of the same area each
were placed at 20 m from the center, one toward each side of the hexagon.This inner concentration of detectors made it possible to detect and locate
cores,with an accuracy of less than 1 m, even for.showers with size as low
as 10°. The remaining detectors, each of area 1 m”, were symmetrically
placed on concentric circles of radii 40 m, 60 m and 100 m, with 12, 12 and
3 detectors respectively on each circle. These helped in the accurate
determination of the lateral distribution of the showers as well as in
eliminating the chance of large showers landing at large distances from the
center, simulating small flat showers landing inside the array.

2-1 Density Detectors

Each density detector of area 2.25 m2 consisted of nine (four in the
case of 1 m” detectors) 50 cm x 50 cm x 5 em plastic scintillator blocks
viewed by a Dumont 6364 photomultiplier (cathode diameter 12.7 cm) froma
height of 80 cm, all the elements held in a light tight pyramidal aluminum
container. The walls and the base of the pyramid were coated inside with
TiO, paint for good light reflection. The light emitted by the
scintillator, when ionising particles passed through it, was thus diffused
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before reaching the photocathode. Pulses from the photomultiplier were
amplified by a high input impedance preamplifier [8] of gain 10 and
transmitted to acentral recording room by RG-11/U coaxial cable. Here the
pulses were further amplified by a non-overloading amplifier by a factor of
~ 300, preserving the decay time of the pulses [8]. The decay time of the
pulses from each detector was kept approximately at 5 us by adjusting the
anode resistance of the photomultiplier and the input capacitance of the
preamplifier. The rise time of the pulses at the output of the 300 gain
amplifiers varied from 100 ns to 500 ns, depending on the detector. The 300
gain amplifier was followed by a discriminator with an adjustable bias. As
the decay time of the pulses was preserved, the width of the discriminator
output was proportional to the logarithm of the height of the input pulse.
Whenever certain trigger requirements were fulfilled (see section 3.1) the
discriminator output was gated to a ramp followed by a stretching circuit
where the ramp height was stored on a memory capacitor for later
digitisation and recording. The discriminator bias was set such that single
minimum ionising particles were detecsed with an efficiency of > 952%. Thedensity range covered was from,0.5 m~ to 500 m~ in the case of 2.25 om

detectors and 1 m to 1000 m in the case of the 1 m” detectors. The
calibration of the detectors and the relation of the recorded pulse width
to the density of particles in the detector will be discussed in section
3.3.

In addition to the logarithmic output, a linear output after the gain
of 300 was provided from each amplifier. This was to get the integral pulse
height spectrum of cosmic rays to be used for monitoring and calibration of
the detectors.

In order to select EAS, the preamplifier outputs from the innermost 37
detectors were also fed to another set of amplifiers, called ‘’selection’
amplifiers, with a gain of 150, followed by a discriminator with adjustablebias. Two other sets of amplifier-discriminators for selecting showers in
higher size ranges were also provided (see section 3.1).

2.2 Low Energy Muon detector

Four plastic scintillation detectors, each of area 2.25 mn’, and
identical to the density detectors of the same area, were placed under a
granite stack 2.55 m high. The shielding of the detectors was good up to ~
60° from the vertical and corresponds to a. penetration energy of 1 GeV for
vertical muons. With a deBRity of 3.02 g cm

~, Z2/A of 0.5 and 2°/A of 6.3,
the shielding provided nearly 30 radiation lengths or 10 nuclear
interaction lengths of matter for absorbing soft component and hadrons.
Pulse processing and recording of information from these scintillators were
identical to that of the density detectors.

2.3 Energy Flow Detectors

Two plastic scintillators of 1 m2 area each were placed one below the
other with 2.5 cm of lead between them. The relative pulse heights in the
two detectors gave a measure of the energy flow in the soft component.
Pulse processing, monitoring, calibration and data recording were identical
to the density detectors. This pair of detectors was placed 6 m from the
center of the array.

2.4 Fast Timing Detectors

These were 5liquid scintillation detectors, each of area 1 mn, and
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viewed by a fast RCA 6810 (or Philips 56 AVP) photomultiplier. The liquidused was commercial grade Shellsol-A with paraterphenyl and POPOP as
solutes. The detector had a cylindrical (pill box) geometry with a diameter
of 1.15 m and a height of 30 cm. The efficiency for detecting minimum
ionising particles was almost 100% even for edge traversals. One of the
detectors, the central one, was placed 2 m to the North of the central
density detector on the North-South axis, which was also the y-axis of the
array coordinate system. The other four were placed on a circle of radius
15 m centered on the central timing detector, one each to the north, east,west and south of the center. The difference between the time of arrival of
the pulses from the central detector and each of the other detectors was
measured and stored on memory capacitors as a DC level to be digitised and
recorded for each shower trigger. The timing accuracy of the electronic
system alone was ~ 2 ns. Due to jitter in the photomultiplier and the
spread in the path lengths traversed by the particles in the detector the
ultimate resolution achieved was ~ 5 ns. With a base line of 15 m this gave
an accuracy of ~ 5° in the angle estimates for vertical showers.

2.5 High Energy Muon Detector

High energy,muons were detected by 4 plastic scintillation detectors,each of area 1 m’, placed underground 270 m vertically below the EAS array.
They are similar to the 1 m” density detectors except that they are viewed
by two Dumont 6364 photomultipliers each. The pulses from the
photomultipliers were fed through an amplifier and discriminator whose’ bias
and the high voltage for the photomultiplier tubes were adjusted so that
minimum ionising particles were detected with an efficiency > 95% by each
photomultiplier. At an ambient temperature of ~ 32° C this lead to a largerate (~ a few thousand per minute) of pulses from a single photomultiplier,almost all due to dark current and some due to background radioactivity. In
order to avoid a large number of accidental associations with the shower
trigger on the surface, a two-fold coincidence between the discriminator
outputs belonging to the same detector was taken, reducing the detector
output rate to 50-150 pulses per minute. Most of these were due to local
radioactivity. The chance association rate with EAS triggers was thus
reduced to approximately 7.5% of the recorded rate of such associations.
The two-fold output from each detector was delayed, using HH-4000 delay
cable, by an amount characteristic of of the detector (varying from 2 us to
10 us) and mixed with the undelayed pulse. Pairs of pulses from all the
four detectors were further mixed and sent to the recording room on the
surface by an RG-11/U cable. On the surface the pulse were time sorted and
pulses from individual detectors were tagged and stored to record the
yes/no information in the event of a trigger.

Two of the scintillators were surrounded by a Neon Flash Tube (NFT)
telescope to locate the muon track. Crossed NFT trays were used to get
projections of the track in two orthogonal vertical planes. The yorth-southprojection was obtained using two trays of NFT, each of area 2 m‘,
separated vertically by 2.25 m with the scintillators between them. Each
NFT was 1 m long and 1 cm in diameter. The east-west,projection was
obtained using three trays of NFT, each of area 2 m*. Each NFT was 2 m

long and 2 cm in diameter. Two trays were placed one below each of the N-S
trays and the third between them, just below the scintillators. A schematic
diagram of the telescope is shown in figure 3.

Each tray of NFT had four layers of tubes staggered such that a muon
passing through the tray would fire at least two tubes, except at the very
edge of the tray. The worst case accuracy in the projected angle was 0°.25.
The trays were arranged to be horizontal to better than O-.1 and the
orthogonality of the N-S and E-W trays was also better than 0°.1. The

5



vertical, determined using a plumb line, was also known to the same
accuracy.

A coincidence between the pulses from the scintillators surrounded by
the telescope and an air shower trigger on the surface generated a pulse
which was sent underground through the same cable that was used to bring
the underground pulses to the surface. This pulse was used to generate a
trigger to apply a high voltage pulse (~13 KV) to the NFT trays and
photograph them for later analysis.

A graduated scale, with graduations corresponding to each of the tubes
in the lowest layer of each tray, was illuminated and photographed in each
event. The scale was placed just below each tray so that for each event the
serial number of each tube that has flashed in the lowest layer was known.
Knowing the pattern of tubes in each tray, the serial numbers of tubes that
flashed in the other layers was also easily obtained. A system of mirrors
was used to photograph both the projected tracks on the same frame of the
film. The delay between the passage of the muon through the telescope and
the application of the high voltage pulse to the flash tubes was ~ 10 us
(which includes the muon travel time from surface to the underground
detectors and the cable delay for the pulses from the underground detectors
to travel to the surface laboratory and the trigger pulse to travel from
the surface to the underground laboratory), sufficiently small to operate
the tubes with an efficiency of ~ 85%. With four layers of tubes per tray,
the track location efficiency was 96%.

3. Data Recording

In order to collect an adequate number of showers of small size, the
triggering system was designed to yield a large area of collection for
these showers. This resulted in a high triggering rate and hence a largerelative dead time. Thus, it became necessary to operate the array with
different triggering systems at different times for showers of different
sizes. Moreover, a separate triggering system had to be adopted for
collecting showers with a high energy muon in the underground detector
because of the small number of these muons per shower. The various triggers
employed to record the data are described below.

3.1 Types of Triggers

3.1.1 S (surface) Trigger
Air showers were selected by a three fold coincidence between any set

of three adjacent detectors forming an equilateral triangle of side 5 m,
among the innermost 37 detectors, with at least three particles in each of
them (for part of the runs only the innermost 19 detectors were used for
this selection). This trigger selected showers of size 10° particles with
good efficiency up to 15 m from the center. Though the rate of these
triggers was ~ 30 per minute, the actual rate of recording was ~ 5 per
minute because of a dead time of 10 s (see section 3.2). In all about
35,000 such triggers were recorded during 120 hours of operation. Mast of
the showers collected with this trigger were in the size range 5x10° to
10°. No other trigger was on when this trigger was operating.

3.1.2. SD and LS Triggers
The SD and LS (large size) triggers were used to collect showers of
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medium and large size respectively. Since the rate of these two triggers
was low, dead time effects were minimal. The SD trigger required 10
particles in the central detector and 6 particles in each of three

_ symmetrically placed detectors in the 5 m ying. The size threshold for
efficient triggering in this case was 4x10" and the trigger rate was 80 per
hour. The LS trigger required 15 particles in each of three symmetricallyplaced detectors in the 20 m ring giving a size threshold of 1.6x10
particles and a trigger rate of 10 per hour.

In all about 30,000 SD showers and about 35,000 LS showers were
collected during 400 and 3,000 hours respectively.

3.1.3 SU Trigger
Showers associated with high energy muons were selected by a

coincidence of the S-trigger pulse and any of the pulses from the
underground muon detectors (U pulses). A 6 us resolving time was used for
this coincidence to accommodate the transit time of the muons from the
surface to the underground level as well as the pulse transit time through
the cable. The rate of U pulses was approximately 600 per minute, which
gave rise to SU coincidences purely by chance at the rate of < 0.2 per
hour. The observed rate of SU coincidences was ~ 3 per hour. A subset of SU
showers, called SUT showers, had at least one muon passing through the
“telescope. In all about 30,000 SU showers were recorded in 10,000 hours of
operation, out of which about 3,000 were SUT showers in which the muon
track was unambiguously defined with tracks in all the five NFT trays.

The LS and SU triggers were run concurrently because of their low
rates, whereas the S and SD showers were collected in separate runs.

3.2 Recording System and Calibration Procedures

Any of the triggers outlined above initiated the recording of the
shower information. The density information from all the detectors, the
fast timing information, the yes/no information from the underground
detectors, the date and time of arrival of the shower, information
regarding non-working detectors and some house keeping information were all
recorded on magnetic tape using a TDC-12 on-line computer [9]. The
logarithmic output from each detector, available as analog DC level on
memory capacitors, was sequentially fed to a 12-bit analog to digital
converter (ADC) through a 90 channel analog multiplexer and the digitised
output was read into the memory of the TDC-12 computer under programcontrol. Once the recording of the shower data was over, the computer
reverted to routine monitoring of the surface detectors (see later). The
system dead time was 10 seconds. A block diagram of the recording system is
shown in figure 4.

The TDC-12 computer is a second generation, general purpose digital
computer with a 12-bit word length, 2 us cycle time, 500 ns access time and
a 12 level priority interrupt, suitable for real time applications. The
processor, an 8 K word memory, two magnetic tape units and an ASR-35
teletype formed the complete system.

During on-line operation the computer was used in two modes, the EVENT
mode (EM) and the CALIBRATION mode (CM). In the CM, linear outputs from the
76 surface scintillators (70 density detectors, 4 low energy muon detectors
and 2 energy flow detectors) were selected sequentially, one at a time,
through an analog multiplexer and fed to a pulse stretching circuit which
sampled and held the pulse height for digitisation by the ADC under program
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control. On ‘end of conversion’ signal from the ADC, the digital
information was read into the accumulator and a pulse height histogram was
formed and stored in the memory. The histogram was formed during a one
minute live time for each detector sequentially. At the end of the one
minute period, the pulse height corresponding to the passage of two
particles through the detector, which corresponds to an integral counting
rate of 3100 pulses per minute (1330 per minute for the 1 m” area density
detectors and 2700 per minute for the low energy muon detectors) was
estimated by interpolation. The interpolation accuracy was 20 mV, the ADC
accuracy. The interpolated pulse height for the current period along with
that of the previous sampling and a message, if these two differed by more
than 20%, were all printed out and the computer switched to monitoring the
next detector. The current values of the interpolated pulse height for all
the detectors was always resident in the memory. These were fed into the
memory before the start of the run and were continuously updated in the CM.
The monitoring of each detector was, thus, carried out every 1.5 hours
assessing its performance. This monitoring routine formed the background
program for on-line operation, with the EVENT interrupt given top priority.
The occurrence of any trigger mentioned earlier was termed an EVENT. When
an EVENT occurred the monitoring was suspended, the data pertaining to the
EVENT recorded and the program reverted back to resume monitoring from
where it was suspended due to the EVENT interrupt. A crystal clock
oscillator provided clock signals every 100 ms to the computer for time
keeping.

The relation between the logarithmic and linear outputs of each of the
amplifiers was determined using LL (log-linear) calibration, which was
normally done off-line, but could be done on-line also. This mode was
selected by a manual switch on the console. An additional amplifier, linear
over four decades in four stages, was used to measure the pulse input to
the logarithmic amplifier. The same input was given to the amplifier under
check and the additional amplifier. On command, the logarithmic output and
the four linear outputs from the additional amplifier were printed out by
the computer. The relative gains of the four stages of the additional
amplifier with respect to the linear output of the amplifier under check
were measured and fed to the computer before each calibration. All linear
outputs were converted to this scale and printed out. The integral pulse
height spectrum measured during routine monitoring in the CM was also
obtained using the same linear scale.

3.3 Calibration of Detectors

The average pulse height due to the passage of vertical single minimum
ionising muons, selected using a naryow angle, (< 12°) GM counter telescope,
was determined for each type (2.25 m” and 1 m’) of detector separately. As
the average pulse height could depend on the position at which the muon has
traversed the detector, this average was determined at various distances
from the center of the detector. It was found that the average pulse height
varied from the center to the edge only by 15%. From these measurements,
the average for the entire detector was estimated and the position in the
detector where the average pulse height would be equal to the detector
average, was determined. The mean of the pulse height distribution,
obtained with the narrow angle telescope, at this average position was then
determined with good accuracy (<1%) and was thereafter used as the response
of the detector for vertical single particles. All distributions were
truncated at twice the peak value for determining the averages.

The density spectrum, ie. the integral pulse height distribution, for
the omni-directional cosmic rays passing through the detector, was then
determined up to 100 particles. This spectrum could be well approximated by
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a power law of slope -3.0. The rate of pulses above the two particle pulse
height, H, (equal to twice the average single muon pulse height), was
obtained trom this spectrum and was thereafter used for monitoring the
detector. The level of two particles was chosen as the optimum to keep the
noise contribution to a minimum and to obtain a reasonably accurate density
spectrum in that region during one minute of monitoring time.

The LL calibration was done, for all detectors, at the beginning of
the experiment using a light emitting diode to cover a dynamic range of
four decades. The constancy of the log-linear relation was checked by
repeating the LL calibration every three months, using cosmic rays.

From the LL calibration and the monitoring data (Hy values), the
logarithmic output, recorded in the events, was convertéd into number of
particles in the detector. The LL relationship was parameterised as

P = A log (L) +B 1

where L is the linear pulse height corresponding to a logarithmic output P.
A and B were constants dg termined for each detector separately. The
density, A (particles m “), was then given by

(P-B)/A -24 = (2/H,a) 10 (m ~) 2

where a is the area of the detector. Figures 5(a) and 5(b) respectively
show a,typical distribution for single particles and LL calibration for a
2.25 m” detector using cosmic rays.

For the high energy muon detectors, ‘in situ’ calibration of the
response of the detector using single muons was not practicable due to the
low flux of muons. A standard detector identical to the ones used
underground was set up on the surface. The photomultiplier amplifier system
to be used underground was used with this detector and the high voltage for
the photomultipliers and the amplifier gains were adjusted to yield an
efficiency of > 90% for detecting single muons, selected by the narrow
angle GM counter telescope at the average position in the detector. The
high voltage and the two fold counting rates were monitored underground for
constancy. If any detector showed deviations from constancy, its
photomultiplier amplifier system was brought up for recalibration. The
overall efficiency of the underground detectors for detecting single
particles was ~ 85%.

In the case of the fast timing detectors, the linear relationship
between the delay to be measured and the digital output as well as the
output corresponding to zero delay were determined by operating all the
five photomultipliers viewing the same scintillator (mounting them on the
same scintillator tank) and using the same set of cables and electronics.
Triggering on cosmic rays through the tank, the output for zero delay was
determined in a straightforward way. The delay-output relation was obtained
by introducing known delays in the form of known lengths of RG-11/U cable.
A delay range of 100 ns was covered. The photomultiplier high voltages were
set for 95% efficiency for detecting single muons, using the narrow angle
Geiger telescope.



4. Data Anaiysis

4.1 Estimation of Shower Parameters

The zenith and azimuthal angles of the shower arrival direction were
obtained by fitting the arrival time differences to a plane shower front
moving along the shower axis with the velocity of light, using a straight
forward least square procedure.

For each shower, the density information available in the distance
range 2 m to 60 m was fitted to the Nishimura-Kamata-Greisen (NKG) function
(10], given by

N I(s-2) r

a(S2
nm, T(s) I(4.5-2s) ty

(s-2) (s-4.5)r
1+ — 3

r
Oo

where A(r) is the density of particles at a distance r meters from the
core, s the age parameter, N the shower size and r_ the Moliere unit taken
to be 96 m corresponding to the atmospheric depth Of KGF. N, s and the
coordinates x_, y. of the shower core in the array plane - were determined
for each showér by minimising the function

n

2X(N, 84% +¥Q) -) w, (Oo- 4.4) 4

i=1

-2 2where ® = G. = [a.4. + (0.2a.4.)i i ivei ivei yt 5

using the method of steepest descent, similar to the one used by the MIT
group [11]. Here 4. and 4. are the observed and expected (according to
the NKG function) dénsitieS'and a. and w, are the area and the weightfactor for the i th detector respactivel}. The first term in equation 5
corresponds to the statistical error and the second one to the systematic
error, which is estimated to be 20%. For computational convenience, only
the first term was included for densities less than 25/a. and only the
second one beyond, as these terms dominate in the corresponding regions.
The minimisation was carried out on the CDC 3600 computer system at the
Tata Institute of Fundamental Research, using a FORTRAN program developed
for the purpose.

An important feature of the present experiment is the accuracy with
which parameters of showers with size as low as 10° particles have been
obtained. At these sizes the density of particles expected beyond a few
meters from the,core, where bulk of the data was available, was only a few
particles per m”. So a large number of detectors record no particles due to
fluctuations that carry the observed density below threshold. If these
‘zero density’ detectors are ignored during analysis, an unduly flat
lateral distribution would be obtained for the shower as only those
detectors which showed an upward fluctuation would be used. However if the
number of detectors with near threshold densities was small, using them in
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the analysis would have steepened the distribution in a large fraction of
the showers, the fraction depending on the smallest expected density. In
the present experiment a fairly large number (~ 25) of detectors with near
threshold densities were available for showers of size about 10° particles
and therefore we could use the ‘zero density’ detectors for analysis and
estimate the parameters accurately even for very low sizes. The accuracy of
the estimated parameters at these low sizes has been determined usingartificial showers, analysed using the same procedure as for the real
showers, to be described in section 4.3.

4.2 Classification of Showers

All the data have been primarily classified according to the estimated
size. Table 1 summarises the several aspects on which information has been
obtained from the present experiment. Since showers are classified
according to size, the migration of showers from one size group to the
other, due to errors in the analysis, has to be carefully taken into
account. This has been done using the analysis of artificial showers.

4.3 Estimation of errors

The iterative minimisation procedure described earlier, does not lend
itself easily to a determination of the errors in the estimated parameters.
An easier and more straightforward way, for this purpose, is the use of
‘artificial showers’. An ‘artificial shower’ is a set of ‘observed’
densities in the detectors of the EAS array, constructed from the NKG
distribution and the estimated fluctuations, with the shower parameters
(size N., age s, and coordinates of the core x,, y,) assumed ‘apriori’.
Estimating the shower parameters using this set of ‘densities by the
iterative procedure gave an estimate of the deviations of the estimated
parameters from the true ones.

The artificial showers were generated using Monte Carlo method.
Because of the circular symmetry of the array, the errors on the estimated
parameters are expected to be dependent only on the distance of the shower
core from the center of the array and not on the actual core location. The
array was, therefore, divided into a number of annular rings around the
array center, each of width 5 m, up to a distance of 20 m - the distance up
to which most of the real showers were accepted for final analysis. Showers
were allowed to fall uniformly in each ring. For each set of values of N
and s,, 400 showers were generated in each annular ring. For each shower, a
set of ‘observed! densities in all the detectors were generated by imposing
fluctuations, using Monte Carlo technique, on the average densities
calculated from the NKG function. The fluctuations were sampled from a
Gaussian distribution of width given by equation 5. These densities were
fed to the shower minimisation program as if they were from a real shower
and the shower parameters N, s, x. and y_ were estimated. The deviation
histograms on &x = (x, - X,), &y 2 (y =°y Ds és = (s - s,) and &(log N) =
(log N - log Nis then, gave the standard érrors on the estimated
parameters.

Tables 2a and 2b show the cross correlation of the estimated
parameters N and s for some selected values of N, and s,. The N., s, values
and the inner and outer radii (r, and r, respectively) bf the annular ringwithin which the cores are selected are also shown in the table. The
numbers given in the main body of the table are the fraction of showers in
each bin of N and s. It can be seen that there is a general trend of N
being overestimated when s is overestimated and vice versa, particularlyfor the smallest and the flattest showers, as expected. However, the
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fraction of such showers is not very large, and for larger and steepershowers this effect is quite small. Figures 6,7 and 8 respectively show the
éx, és and &(log N) distributions for the same group of showers as in Table
2. The sample standard deviations Fy Oy OK

and
"lop N

for these showers
are shown in Table 3. It can be thdt and o °Sre less than a meter
and o. < 0.15 in most of the cases. x y

4.4 Triggering Efficiency of the Array
The triggering criteria discussed in section 3.1 set the threshold for

showers to be recorded by the recording system. For further analysis,additional software selection criteria were imposed at the time of
analysis. The criterion was size dependent and requjred a sevenfold (fourfold for showers in the estimated size between 2x10” and 4x10') coincidence
of detectors forming the center and six vertices of a regular hexagon of
side 5 m. The minimum numbers of particles required in each detector for
different size groups are given in Table 4. It may be noted that the
software selection criterion selects only a subset of the showers selected
by the hardware selection criterion. For each of these selection criteria,
the efficiency for detecting showers of size N, and age s, was estimated as
a function of the distance of the shower core from the cetiter of the array.
As before, showers with fixed N, and s, were selected uniformly in an
annular ring (inner radius r, and outer radius r,). For each shower the
‘observed density’ was caleutated for each of thé detectors in the
selection system by imposing fluctuations on the densities expected from
the NKG function and the selection criterion was applied. The shower was
‘detected’ if the criterion was satisfied. The efficiency estimates were
based on 1000 showers generated in each annular ring, whose width varied
from 0.5 m for the lowest sizes to 4 m for the highest, and fox each set ofvalues of N, and s, which were respectively varied from 2.5x10> to 1.2810
in steps of'a factér of 2 and from 0.1 to 1.9 in steps of 0.1. This
efficiency map was obtained up to a distance from the center of the array
where the efficiency fell to ~ 1%. The maps clearly showed that showers
less than 10° could not be detected with 100% efficiency at any point in
the array, setting the size threshold. For all sizes and ages we have
calculated the value of r,,, the distance up to which showers were detected
with an efficiency exceedivg 90% and accepted all showers within r for
further analysis. The overall efficiency within this distance, however, is
99%. Table 5 gives the r

0 values for various size and age groups obtained
taking into account the PSievant triggering (S, SD or LS) criterion for the
different size groups. The maximum value of r,, actually used was 40 m even
though the calculated rp, value exceeds this a8 the detector spacing
becomes larger beyond th?s distance.

Qn

90

4.5 Effect of errors on features of air showers

As is the case in any air shower experiment, the features of air
showers obtained using the size and age as the primary classifiers, would
be affected to a certain extent by the errors in the estimation of the
shower parameters, which should be taken into account in the interpretationof the results. The extent to which they will be affected can be described
by a transfer function, which is dependent on the geometry of the array and
the procedure for estimating the shower parameters. This function, G
(N.,S5,,X,,y¥,,N,S,xX ,y ), relates the true parameters of the shower (N
x t y‘) o the estfmated ones (N, s, y_) and is defined as the
pFobability that a shower with true pafamefers N., S,, X,, y, will be
estimated to have parameters N, s, x_, y_. Note fhat ‘the ‘funétion G depends
on the core location also as seen from table 3 and figures 6, 7 and 8,which is characteristic of any air shower array - particularly if the

t’ St’
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detector separation increases with distance from the center of the array.
Consider, for example, the size spectrum of EAS, £(N,s) dN ds, which

is the flux of showers (m s sx ~) of size between N and N+dN and age
between s and s+ds. This quantity is experimentally obtained by classifying
the showers by the estimated size and age, N and

gs,
and collecing all

showers that fell within a certain area A(N,s) (m’), (usually the area over
which showers of this size and age are detected with 100% efficiency - see
section 4.4) during a time T (sec). If n(N,s) were the number of showers so
collected over a solid angle 2 steradians, then the size spectrum is given
by

fobs 6X) dN = dN
|
n(N,s)/( A(N,s)T& ) ds 6

However, this is not the true spectrum as it is influenced by the errors in
the estimation of N and s as well as by the migration of showers into and
out of the area A(N,s) because of core location errors. It is related to
the true spectrum fi (Ni»S,) by

f obs) dN =

| | | | | | |
(1/A(N,s)) CCN Spokes ¥E)

6 Yo *e Yt Ny St s

GON SerXerV Er Ny SeX59¥G) dN, ds, dx, dy, dx, dy, ds 7

where e(N.,s Kpr¥y) is the efficiency of detecting a shower with
parameters (n > Sis Xs y,) and A(N,s) is the area over which the showers
are collected. This equation forms the basis for calculating any of the
expected EAS properties, e.g. the size spectrum, the relationship between
the muon and electron sizes (N,

~ N.) etc. Equation 7 can be rewritten as

ds
f£ (N) dN =

| | |
£,(N_,s,) p(N.,s.,N,S) dN. ds 8obs

A(N, s) tre’ t t’™t t t
s N. Ss,

where

P(N. »S,,N,s) =

| | |
E(N Spek Vy) GOIN Spr X pV eoNs SX 1¥0)

xX Y¥.

dx, dy, dx, dy, 9

The integrals in equation 9 are dependent on the geometry of the
array, the selection criteria (through ©€) and the errors in the estimation
of shower parameters (through G). As the evaluation of the function G over
the entire parameter space and subsequent integration takes a lot of
computer time the integrals are replaced by summations and evaluated using
the Monte Carlo method. As before, showers were allowed to be incident
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uniformly over an area, A,, covering the range of x, and y, and extending
up to a distance, r_, from the center of the array where € < 1%, densities
in the triggering detectors calculated, fluctuations imposed. Showers
satisfying the selection criteria were analysed as if they were real
showers and the parageters N, Ss Xo» Yo were estimated. The range of N
covered, from 2.5x10° to 6.4x10°, was divided into 48 equal logarithmicintervals and the range of 0.4 to 1.8 in s was covered in 28 bins of width
0.05 each. For computational convenience, only four values of r

Z 20m,
50m, ,100m and 150m, corresponding to.the size intervals (0.25-1)To » (1-
4)10°, (0.4-1.6)10° and (1.6-6.4)10° respectively - were used. Showers
whose estimated cores were within the area, A(N,s) (see table 5), were then
used for calculating p(N,,s,,N,s). If n(N,,s,,N,s) were the number of
showers so picked (usually 50) with size h anid age s out of n (Ni »S,9N,s)showers generated over an area A. (= 1 ) with size N. and age Sur then

P(N, »8,.Nys) = n(N.,s,,N,s) A. / n (Ni sS,) 10

Substituting this in equation 8, f
b (N) can be estimated from a given: : s : :f(N »S,). Figure 9

shows. the input and output size spectra for an input
sbectrut, £.(N_,s,) =N *". It is seen that the estimated fluxes are
somewhat ovérestimated bhile the exponent remains the same. This has to be
taken into account when the spectrum predicted by theory is compared with
the experimental data.

For any other parameter, g(N,s), of the showers we can generalise
equation 8 and estimate the expected average value of the parameter as

J g(N, 5s.) f£ (Ni 5S.) p(N.»s,.N,s) dN. ds,J
N

Boxp (Ns) = tt
11

x J f
(CN. »S,) p(N.»S,»N,s) dN. ds,

t ot

An example of such a parameter studied in this experiment is the number of
muons of energy > 220 GeV [12,13].

4.6 Analysis of the High Energy Muon Data

Data on high energy muons were provided by the four scintillators and
the Neon Flash Tube telescope located 270 m undergroynd. The overburden of
rock above these detectors corresponds to 815 hg cm “~ of Kolar rock, which
is_gssentially made of Horpblende schist and has a mean density of 3.02 g
em ~, <Z/A> = 0.495 and <Z°/A> = 6.31 [14]. The minimum energy required for
a muon to reach this depth depends upon the energy loss. Thoughfluctuations in the energy loss are not very important at this depth,
Krishnaswamy [15] calculated the survival probability of muons as a
function of energy taking them into account. Figure 10 shows this plot.
Integrating the product of the survival probability and the differentialenergy spectrum of muons in air showers, taken to be « E “~*~, gave the
number of muons arriving at that depth. The energy at which the integral
number of muons is equal to this number is the effective threshold energy
and is estimated to be 220 GeV.

The determination of the lateral distribution of muons requires the
measurement of the distance of the muon from the core. The core location is
determined from the shower parameter analysis to an accuracy of 1 m in the

14



region of the array where the shower detection efficiency is > 90% (seetable 3). The location of the muon in the array coordinate system is given
by the NFT data. From the known positions of the flashed tubes in the
various layers in the NFT telescope, the projected trajectories of the muonin the two orthogonal planes were obtained. The muon trajectory in space,its point of intersection with the array plane and the distance of the muon
from the core in the shower plane, assuming the muon arrival direction and
the shower arrival direction are same (since the energy of the muon is
large the two directions are same within a fraction of a degree - the angle
between the two is ~ p,/E » where Py is ~ 0.3 GeV/c).

The various sources of error in the determination of the distance of
the muon from the shower core are the error due to the finite size of the
NFTs and the geometry of the telescope, multiple coulomb scattering of the
muon in the rock above the underground telescope, the core location errors
and finally the deflection of the muons in the geomagnetic field. The last
source has to be taken into account, if it is large, when one compares the
experimental lateral distribution with theoretical predictions which do not
take this deflection into account. These errors have been estimated bySrikantha Rao [16] and are briefly discussed here.

Because of the finite diameter of the NFTs, several trajectories are
possible for a given configuration of the tubes in the various trays.
However, the error in the projected angles is small since the diameter of
the tubes is small (1 cm and 2 cm), the tubes in each tray are staggered
and the top and bottom trays in each view are separated by 2.25 m and it is
estimated to be 0°.1. The error in the projected angles due to multiple
Coulomb scattering is estimated to be 0.17 taking into account the energyloss of the muons in the rock and the energy spectrum of muons in air
showers. The corresponding error in the location of the muon in surface
array plane due to the combined error in the projected angles, is 0.9 m.
This combined with an error of 1 m in the core location (see table 3)results in an error of 1.9 m in the core distance of the muon in the shower
plane. The deflection of the muons in the geomagnetic field is estimated to
be 1.2 m taking into account their energy spectrum. The effective error for
purposes of comparing the experimental data on the lateral distribution of
muons with theoretical predictions which do not take the magneticdeflection into account is, therefore, 2.2 m. It should be noted that this
error is independent of the core muon distance since the error in core
location is nearly constant over the area where showers are accepted forfinal analysis (efficiency > 90%) and the error in the muon lgcation is
also nearly independent of the zenith angle at least up to 20
(corresponding to a core muon distance of ~ 100 m), the maximum recorded
angle in the data.

5. Conclusions

The extensive air shower array along with an underground neon flash
tube telescope to detect muons of energy > 220 GeV, operated at Kolar Gold
Fields, India, is described. The computerised recording system and the
detector monitoring and calibration procedures are discussed in detail. The
procedure of analysis for obtaining the shower parameters and the distance
of the high energy muon from the shower core is described. An importantfeature of the experiment is the closely packed central region of the
array, where large area detectors were deployed at a mutual separation of 5
m and within which small showers were accepted for final analysis, and the
availability of a large number of density measurements near the threshold
density. This feature enabled the parameters to be estimated accurately forsizes as small as 10° particles. The typical errors for the finally
accepted showers are 1 m in the core location, 30% in shower size, 0.1 in
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the age parameter and 2.2 m in the core-muon distance.
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Table Headings

The different ‘types’ of triggers and information obtained from them.

Fraction of showers with different estimated values of N and gs for
some representative values of N. and

Ss,
in various annular rings ofradii r, and r,.

1 2

RMS deviations of the estimated parameters from the true ones.

Software selection criteria imposed at the time of analysis.
Radii, r of circular areas with efficiency > 90%, over which,
showers af different size and age parameters are accepted for final
analysis.

18



Figure Captions

1.

10.

The Extensive Air Shower array at Kolar Gold Fields. The inset shows
the location of the underground NFT telescope with respect to the
surface array.

Expanded view of the central region of the EAS array showing the
positions of the underground detectors projected on to the plane of
the surface array. Underground detectors 1 and 2 are located inside
the NFT telescope.

Schematic view of the underground neon flash tube telescope. The
staggering of the NFT tubes is also shown in the expanded view.

Block diagram of the computerised recording and monitoring system.

(a) Single particle response of a 2.25 m2 density detector obtained
with minimum ionising cosmic ray muons selected by a narrow angle GM
counter telescope.

(b) A typical log-linear (LL) calibration for one of the 2.25 m?

density detectors.

Distribution of deviations in core location (x_-x,), due to the
fitting procedure, for some typical values of fhe true parameters.

(a) to (£) + N.=10* and (g) to (1) : N, = 8x10°
(a), (b) and (ch 2 ry = Om and ly = 5m
(d), (e) and (f) : ry = 10 m_ and ty = 15 m

(gz), (h) and (i) ry = 5 mand lo = 10 m

(3), (Ck) and (1) : r= 15 m and ly = 20 m

(a), (d), (g) and (j)': s, = 0.6
(b), (e), Ch) and (k) :

Ss,
= 1.0

(c), (£), (i) and (1) : sf = 1.4

Distribution of deviations in the age parameter (s_-s,), due to the
fitting procedure, for some typical values of the frué parameters.
Explanations for the symbols are the same as in figure 6.

Distribution of deviations in shower size ( log(N/N,) ), due to the
fitting procedure, for some typical values of the tue parameters.
Explanations for the symbols are the same as in figure 6.

The assumed (continuous line) and the estimated (dashed line) size
spectra from the shower analysis procedure.

The survival probability at a depth of 815 hg em? of Kolar rock as a
function of the energy of the muon on the surface.
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Table 1. The different types of triggers and information
obtained from them.

Trigger Information obtained Size range

: 4 ,,7S, SD & LS 1. Size spectrum 10,-10,2. Age distribution 10,-1053. Low energy muon density 10°-10

S & SUT 1. Lateral distribution and 10°-3.2x10°
total number of muons of
energy > 220 GeV

SUT 1. Low energy muon density 104-3.210°
2. Correlation between low energy

muon density and the distance
of the high energy muon

S, SD, LS & SU 1. Total number of high energy 104-107
muons
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Table 3. RMS deviations of the estimated parameters
from the true ones.

N s r r oC 0 o. o.

104 0.6 0 5 0.38 0.38 0.028 0.11
10; 1.0 0 5 0.51 0.45 0.081 0.11
10 1.4 0 5 1.05 1.07 0.170 0.14

10%
0.6 10 15 0.47. 0.55 0.066 0.14

10; 1.0 10 15 0.74 0.71 0.075 0.12
10 1.4 10 15 1.50 1.50 0.170 0.17

8x107 0.6 5 10 0.26 0.26 0.018 0.06
8x10; 1.0 5 10 0.36 0.37 0.035 0.06
8x10 1.4 5 10 0.75 0.65 0.078 0.07

8x10; 0.6 15 20 0.66 0.66 0.060 0.09
8x10/ 1.0 15 20 0.87 0.86 0.030 0.08
8x10 1.4 15 20 1.60 1.50 0.080 0.09

Table 4. Software selection criteria imposed at the time of analysis

Size range Coincidence Level Threshold (particles/detector)
Center Corner

(2-4)10/ 4-fold 6 3

(4-8)10, 7-fold 6 6
> 8x10 7-fold 12 6

Table 5. Radii, r (m), of circular areas with efficiency > 902%,
over which showers’ 6f different size and age parameters are accepted

for final analysis
90

s 0.6-0.8 0.8-1.2 1.2-1.4 1.4-1.6
Size

(1-2)107 12.0 15.0 10.0 8.0
(2-4)10, 12.0 15.0 10.6 10.0
(4-8)107 12.0 20.0 14.1 10.6
(8-16)10¢ 12.0 20.0 14.1 12.0
> 1.6x10 12.0 40.0 22.4 20.0
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Figure 1..The Extensive Air Shower array at Kolar Gold Fields. The inset shows the
-location of the underground NFT telescope with respect to the surface
array.
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Figure 2.Expanded view of the central region of the EAS array showing the
positions of the underground detectors projected on to the plane of the
surface array. Underground detectors 1 and 2 are located inside the NFT
telescope.
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Figure 3.Schematic view of the underground neon flash tube telescope. The
staggering of the NFT tubes is also shown in the expanded view.
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BLOCK DIAGRAM OF COMPUTERISED RECORDING
SYSTEM OF EAS EXPERIMENT AT KG.F

a}

or
——_—

Figure 4.Block diagram of the computerised recording and monitoring system.
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An experiment to determine the nature of primary cosmic rays of energy > 10'* eV by studying high energy ( > 220 GeV) muons
and their correlations with other parameters of extensive air showers generated by them, was carried out at Kolar Gold Fields, India
(atmospheric depth of 920 gem”). An accurate estimate of shower parameters in showers as small as 10* particles was achieved by
means of a closely packed array of large area detectors and by employing special methods of analysis. In this paper, the details of the
array, the data recording system, the procedure of data analysis and error estimates are described.

1. Introduction

The study of ultrahigh energy (> 10'4 eV) cosmic
Tays is important to gain knowledge regarding their
origin as well as features of high energy interactions in
an energy region inaccessible to accelerators. Investiga-
tion of extensive air showers (EAS) generated by these
cosmic rays is the only means at present because of low
fluxes. The features of EAS generally depend on the
characteristics of high energy interactions as well as on
the nature of the primary particles. Of the various
components of EAS, the high energy muon component
carries information regarding these two aspects rather

directly because of its origin in the first few generations
of the EAS cascade [1]. We have earlier reported results
on the gross features of high energy muons, in particu-
‘ar the variation of their number with shower size and
their energy spectrum [2-4]. Interpretation of even such
relatively direct information in terms of either the na-
ture of the primary particles or features of high energy
interactions uniquely, is difficult because of its sensitiv-
ity to both these aspects. The situation is even worse
with regard to other EAS parameters, e.g. hadrons, low
energy muons etc. Special methods have to be devel-
oped in order to disentangle the effects due to these two

aspects on EAS parameters; e.g. study of correlations
among properly chosen parameters.

We have shown [5,6] that a study of correlations
between the density of low energy (> 1 GeV) and high
energy (> 220 GeV) muons in showers of ~ 104 par-
ticles (primary energy ~ 10'4 eV) can yield unambigu-

* Now with the National Radio and Electronics Co. Ltd.,
Bombay 400 058, India.

0168-9002 /88/$03.50 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)

ous information regarding the nature of the pnmary
particles. The negative correlation between the density
of low energy muons at a fixed distance from the core
and the number of high energy muons beyond a certain
critical distance, in showers initiated by primaries of the
same mass, can be exploited to discern between a

primary cosmic ray composition that is “mixed” and
one that is dominated by a single species. The correla-
tion between the age parameter of the shower and the
distance at which the high energy muon is detected can
be similarly exploited.

An important feature of cosmic rays to be studied
from the point of view of their origin is their energy
spectrum. Direct measurements with detectors flown in
satellites [7] have shown that the all particle integral
energy spectrum (the spectrum of all species combined
together) follows a power law with an exponent of — 1.7

up to 10'° eV without any change in the exponent.
Beyond this energy, the spectrum has been derived from
EAS studies and the exponent in this energy region is
about — 2.1, suggesting that the primary energy spec-
trum becomes steeper at around a few times 10) eV,
thus forming the famous “knee”. There are very few
measurements from the EAS experiments below the
knee to conclusively show that the knee is real. Models
of the cosmic ray origin and propagation predict the

primary cosmic ray composition to vary with energy in
the neighbourhood of the knee, if it is real, in specific
ways. Thus, it is essential to measure the the energy
spectrum and the composition over a wide energy range
including the knee.

We have carried out an experiment at Kolar Gold
Fields (KGF, atmospheric depth: 920 gcem~*) to
elucidate all these aspects. The experiment is designed
to provide accurate information on the size spectrum
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(the dependence of the intensity of cosmic rays on size,
the total number of particles contained in the showers

generated by them) and the variation of the total num-
ber of muons of energy > 220 GeV with shower size
over the size range 10* to 10’, which covers the knee

region, the lateral distribution of these muons and their
correlations with low energy muons and the age param-
eter in the lower energy region. The array consists of a

large number of scintillation detectors to accurately
measure the electron component, a low energy 1
GeV) muon detector and a neon flash tube telescope
and scintillators located underground to measure muons
of energy > 220 GeV.

An accurate estimate of shower parameters at sizes
as small as 10* particles was achieved by deploying
closely spaced large area detectors up to 20 m from the
center of the array. A computerised recording system
and an.on-hne calibration procedure was used to handle
the large number of detectors. Particular attention was
paid to the analysis of showers with small sizes to
obtain their parameters accurately. In section 2, the
design of the EAS array and the various detectors used
to measure the different shower parameters are de-
scribed. The various triggers used to collect the data, the

recording system and the calibration of the detectors
are described in section 3. The method of analysis used
to estimate the shower parameters and their errors is
described in section 4.

2. Experimental setup

The extensive air shower array was specifically desig-
ned to detect and accurately measure showers as small
as 10‘ particles as well as to collect enough showers of
10’ particles. This was achieved by placing a large
number of closely packed large area detectors at the
center of the array and extending the array up to 100 m
from the center.

The experimental setup consisted of an array of 70
plastic scintillation detectors (density detectors) to de-
tect the showers and to measure the shower particle
densities, five fast liquid scintillation detectors to mea-
sure the arrival direction of the showers, a shielded
plastic scintillation detector (low energy muon detector)
of 9 m? area to measure muons of energy > 1 GeV and
four plastic scintillators (high energy muon detectors)
located 270 m underground, vertically below the EAS

Fig. 1. The extensive air shower array at Kolar Gold Fields. The inset shows the location of the underground NFT telescope with
respect to the surface array.
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Fig. 2. Expanded view of the central region of the EAS array
showing the positions of the underground detectors projected
onto the plane of the surface array. Underground detectors 1

and 2 are located inside the NFT telescope.

array to measure muons of energy > 220 GeV; two of
the four scintillators underground were located inside
and provided the trigger for a neon flash tube (NFT)
telescope which locates the track of the muon. The plan
of the array is shown in fig. 1. The projection of the

underground detectors on to the surface array plane is
shown in fig. 2, where the central part of the array is
shown on an expanded scale. Underground detectors 1

and 2 are located inside the NFT telescope.
The inner 37 detectors were of 2.25 m* area each and

were placed within 15 m from the center with hexagonal
symmetry, the spacing between neighbouring detectors
being 5 m. Six more detectors of the same area each
were placed at 20 m from the center, one toward each
side of the hexagon. This inner concentration of detec-
tors made it possible to detect and locate cores with an

accuracy of less than 1 m, even for showers with sizes as
low as 10%. The remaining detectors, each of 1 m?* area,
were symmetrically placed on concentnc circles with
radii of 40, 60 and 100 m, with 12, 12 and 3 detectors
tespectively on each circle. These helped in the accurate
determination of the lateral distribution of the showers
as well as in eliminating the chance of large showers
landing at large distances from the center, simulating
small flat showers landing inside the array.

2.1. Density detectors

Each density detector of 2.25 m* area consisted of
nine (four in the case of 1 m? detectors) 50 cm x 50
cm x5 cm plastic scintillator blocks viewed by a
Dumont 6364 photomultiplier (cathode diameter 12.7

cm) from a height of 80 cm, all the elements held in a
light tight pyramidal aluminum container. The walls
and the base of the pyramid were coated inside with
TiO, paint for good light reflection. The light emitted
by the scintillator, when ionising particles passed
through it, was thus diffused before reaching the photo-
cathode. Pulses from the photomultiplier were amplified
by a high input impedance preamplifier [8] of gain 10
and transmitted to a central recording room by RG-
11/U_ coaxial cable. Here the pulses were further
amplified by a non-overloading amplifier by a factor of
~ 300, preserving the decay time of the pulses [8]. The
decay time of the pulses from each detector was kept
approximately at 5 us by adjusting the anode resistance
of the photomultiplier and the input capacitance of the
preamplifier. The rise time of the pulses at the output of
the 300 gain amplifiers varied from 100 to 500 ns,
depending on the detector. The 300 gain amplifier was
followed by a discriminator with an adjustable bias. As
the decay time of the pulse was preserved, the width of
the discriminator output was proportional to the loga-
rithm of the height of the input pulse. Whenever certain
tngger requirements were fulfilled (see section 3.1) the
discriminator output was gated to a ramp followed by a

stretching circuit where the ramp height was stored on a

memory capacitor for later digitisation and recording.
The discriminator bias was set such that single mini-
mum ionising particles were detected with an efficiency
of > 95%. The density range covered was from 0.5 to
500 m~? in the case of the 2.25 m? detectors and from 1

to 1000 m~* in the case of the 1 m* detectors. The
calibration of the detectors and the relation of the
recorded pulse width to the density of particles in the
detector will be discussed in section 3.3.

In addition to the logarithmic output, a linear output
after the gain of 300 was provided from each amplifier.
This was to get the integral pulse height spectrum of
cosmic rays to be used for monitoring and calibration
of the detectors.

In order to select EAS, the preamplifier outputs
from the innermost 37 detectors were also fed to another
set of amplifiers, called “selection” amplifiers, with a

gain of 150, followed by a discriminator with adjustable
bias. Two other sets of amplifier—discriminators for

selecting showers in higher size ranges were also pro-
vided (see section 3.1).

2.2. Low energy muon detector

Four plastic scintillation detectors, each of 2.25 m?

area, and identical to the density detectors of the same

area, were placed under a granite stack 2.55 m high. The
shielding of the detectors was good up to ~ 60° from
the vertical and corresponds to a penetration energy of
1 GeV for vertical muons. With a density of 3.02

gcm-?, Z/A of 0.5 and Z?/A of 6.3, the shielding
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provided nearly 30 radiation lengths or 10 nuclear inter-
action lengths of matter for absorbing the soft compo-
nent and hadrons. Pulse processing and recording of
information from these scintillators were identical to

that of the density detectors.

2,3. Energy flow detectors

Two plastic scintillators of 1 m? area each were

placed one below the other with 2.5 cm of lead between
them. The relative pulse heights in the two detectors

gave a measure of the energy flow in the soft compo-
nent. Pulse processing, monitoring, calibration and data
recording were identical to the density detectors. This
pair of detectors was placed 6 m from the center of the
array.

2.4. Fast timing detectors

These were five liquid scintillation detectors, each of
1 m® area, and viewed by a fast RCA 6810 (or Philips
56 AVP) photomultiplier. The liquid used was commer-
cial grade Shellsol-A with paraterphenyl and POPOP as
solutes. The detector had a cylindrical (pill box) geome-
try with a diameter of 1.15 m and a height of 30 cm.
The efficiency for detecting minimum ionising particles
was almost 100% even for edge traversals. One of the
detectors, the central one, was placed 2 m to the north
of the central density detector on the north-south axis,
which was also the y-axis of the array coordinate sys-
tem. The other four were placed ona circle of radius 15
m centered on the central timing detector, one each to
the north, east, west and south of the center. The
difference between the time of arrival of the pulses from
the central detector and each of the other detectors was
measured and stored on memory capacitors as a dc level
to be digitised and recorded for each shower trigger.
The timing accuracy of the electronic system alone was
~2 ns. Due to jitter in the photomultiplier and the
spread in the path lengths traversed by the particles in
the detector the ultimate resolution achieved was ~ 5
ns. With a base line of 15 m this gave an accuracy of
~ 5° in the angle estimates for vertical showers.

2.5. High energy muon detector

High energy muons were detected by four plastic
scintillation detectors, each of 1 m? area, placed under-
ground 270 m vertically below the EAS array. They are
similar to the 1 m* density detectors except that they are
viewed by two Dumont 6364 photomultipliers each. The
pulses from the photomultipliers were fed through an
amplifier and discriminator whose bias and the high
voltage for the photomultiplier tubes were adjusted so
that minimum ionising particles were detected with an
efficiency > 95% by each photomultiplier. At an am-

bient temperature of ~ 32°C this led to a large rate
(~ a few thousand per minute) of pulses from a single
photomultiplier, almost all due to dark current and
some due to background radioactivity. In order to avoid
a large number of accidental associations with the
shower trigger on the surface, a twofold coincidence
between the discriminator outputs belonging to the
same detector was taken, reducing the detector output
rate to 50-150 pulses per minute. Most of these were
due to local radioactivity. The chance association rate
with EAS triggers was thus reduced to approximately
7.5% of the recorded rate of such associations. The
twofold output from each detector was delayed, using
HH-4000 delay cable, by an amount characteristic of
the detector (varying from 2 to 10 ws) and mixed with
the undelayed pulse. Pairs of pulses from all the four
detectors were further mixed and sent to the recording
room on the surface by an RG-11/U cable. On the
surface the pulses were time-sorted and pulses from
individual detectors were tagged and stored to record
the yes/no information in the event of a trigger.

Two of the scintillators were surrounded by a neon
flash tube (NFT) telescope to locate the muon track.
Crossed NFT trays were used to get projections of the
track in two orthogonal vertical planes. The north-south
projection was obtained using two trays of NFT, each
of 2 m? area, separated vertically by 2.25 m with the
scintillators between them. Each NFT was 1 m long and
1 cm in diameter. The east-west projection was ob-
tained using three trays of NFT, each of 2 m’ area.
Each NFT was 2 m long and 2 cm in diameter. Two
trays were placed one below each of the N-S trays and
the third between them, just below the scintillators. A
schematic diagram of the telescope is shown in fig. 3.

Each tray of NFT had four layers of tubes staggered
such that a muon passing through the tray would fire at
least two tubes, except at the very edge of the tray. The
worst case accuracy in the projected angle was 0.25°.
The trays were arranged to be horizontal to better than
0.1° and the orthogonally of the N-S and E-W trays
was also better than 0.1°. The vertical, determined
using a plumb line,was also known to the same accu-

racy.
A coincidence between the pulses from the scintilla-

tors surrounded by the telescope and an air shower
trigger on the surface generated a pulse which was sent
underground through the same cable that was used to

bring the underground pulses to the surface. This pulse
was used to generate a trigger to apply a high voltage
pulse (~ 13 kV) to the NFT trays and photograph them
for later analysis.

A graduated scale, with graduations corresponding
to each of the tubes in the lowest layer of each tray, was
illuminated and photographed in each event. The scale
was placed just below each tray so that for each event
the serial number of each tube that had flashed in the
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Fig. 3. Schematic view of the underground neon flash tube telescope. The staggering of the NFT tubes is also shown in the expanded

lowest layer was known. Knowing the pattern of tubes
in each tray, the serial numbers of tubes that flashed in
the other layers were also easily obtained. A system of
mirrors was used to photograph both the projected
tracks on the same frame of the film. The delay between
the passage of the muon through the telescope and the

application of the high voltage pulse to the flash tubes
was ~ 10 ps (which includes the muon travel time from
surface to the underground detectors and the cable
delay for the pulses from the underground detectors to
travel to the surface laboratory and the trigger pulse to
travel from the surface to the underground laboratory),
sufficiently small to operate the tubes with an efficiency
of ~ 85%. With four layers of tubes per tray, the track
location efficiency was 96%.

3. Data recording

In order to collect an adequate number of showers of
small size, the triggering system was designed to yield a

large area of collection for these showers. This resulted
in a high triggering rate and hence a large relative dead
time. Thus, it became necessary to operate the array
with different triggering systems at different times for
showers of different sizes. Moreover, a separate tri-

ggering system had to be adopted for collecting showers
with a high energy muon in the underground detector
because of the small number of these muons per shower.
The various triggers employed to record the data are

described below.

3.1. Types of triggers

3.1.1. S (surface) trigger
Air showers were selected by a threefold coincidence

between any set of three adjacent detectors forming an

equilateral triangle of side 5 m, among the innermost 37

detectors, with at Jeast three particles in each of them

(for part of the runs only the innermost 19 detectors
were used for this selection). This trigger selected
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showers of 10% particles with good efficiency up to 15

m from the center. Though the rate of these triggers was
~ 30 per minute, the actual rate of recording was ~ 5

per minute because of a dead time of 10 s (see section

3.2). In all, about 35000 such triggers were recorded

during 120 h of operation. Most of the showers col-
lected with this trigger were in the size range 5 x 10° to
105. No other trigger was on when this trigger was

operating.

3.1.2. SD and LS triggers
The SD and LS (large size) triggers were used to

collect showers of medium and large size respectively.
Since the rate of these two triggers was low, dead time
effects were minimum. The SD trigger required 10

particles in the central detector and 6 particles in each
of three symmetrically placed detectors in the 5 m ring.
The size threshold for efficient triggering in this case
was 4X 104 and the trigger rate was 80 per hour. The
LS trigger required 15 particles in each of three sym-

metrically placed detectors in the 20 m ring giving a size
threshold of 1.6 x 10° particles and a trigger rate of 10

per hour.
In all, about 30000 SD showers and about 35000 LS

showers were collected during 400 and 3000 h respec-
tively.

3.1.3. SU trigger
Showers associated with high energy muons were

selected by a coincidence of the S-trigger pulse and any
of the pulses from the underground muon detectors (U
pulses). A 6 ps resolving time was used for this coinci-
dence to accommodate the transit time of the muons
from the surface to the underground level as well as the
pulse transit time through the cable. The rate of U
pulses was approximately 600 per minute, which gave
rise to SU coincidences purely by chance at the rate of
<0.2 per hour. The observed rate of SU coincidences
was ~ 3 per hour. A subset of SU showers, called SUT
showers, had at least one muon passing through the

Fig. 4. Block diagram of the computerised recording and monitoring system.
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telescope. In all, about 30000 SU showers were re-
corded in 10000 h of operation, out of which about
3000 were SUT showers in which the muon track was

unambiguously defined with tracks in all the five NFT
trays.

The LS and SU triggers were run concurrently be-
cause of their low rates, whereas the S and SD showers
were collected in separate runs.

3.2. Recording system and calibration procedures

Any of the triggers outlined above initiated the re-

cording of the shower information. The density infor-
mation from all the detectors, the fast timing informa-
tion, the yes/no information from the underground
detectors, the date and time of arrival of the shower,
information regarding non-working detectors and some

housekeeping information were all recorded on mag-
netic tape using a TDC-12 on-line computer [9]. The
logarithmic output from each detector, available as ana-

log de level on memory capacitors, was sequentially fed
to a 12-bit analog to digital converter (ADC) through a
90-channel analog multiplexer and the digitised output
was read into the memory of the TDC-12 computer
under program control. Once the recording of the shower
data was over, the computer reverted to routine moni-
toring of the surface detectors (see later). The system
dead time was 10 s. A block diagram of the recording
system is shown in fig. 4.

The TDC-12 computer is a second generation, gen-
eral purpose digital computer with a 12-bit word length,
2 ps cycle time, 500 ns access time and a 12 level

priority interrupt, suitable for real time applications.
The processor, an 8K word memory, two magnetic tape
units and an ASR-35 teletype formed the complete
system.

During on-line operation the computer was used in
two modes, the EVENT mode (EM) and the
CALIBRATION mode (CM). In the CM, linear outputs
from the 76 surface scintillators (70 density detectors, 4
low energy muon detectors and 2 energy flow detectors)
were selected sequentially, one at a time, through another
analog multiplexer and fed to a pulse stretching circuit
which sampled and held the pulse height for digitisation
by the ADC under program control. On “tend of con-
version” signal from the ADC, the digital information
was read by the computer and a pulse height histogram
was formed and stored in the memory. The histogram
was formed during a one minute live time for each
detector sequentially. At the end of the one minute

period, the pulse height corresponding to the passage of
two particles through the detector, which corresponds to
an integral counting rate of 3100 pulses per minute
(1330 per minute for the 1 m* area density detectors
and 2700 per minute for the low energy muon detectors)
was estimated by interpolation. The interpolation accu-

racy was 20 mV, the ADC accuracy. The interpolated
pulse height for the current period along with that of
the previous sampling and a message, if these two
differed by more than 20%, were all printed out and the
computer switched to monitoring the next detector. The
current values of the interpolated pulse heights for all
the detectors were always resident in the memory. These
were fed into the memory before the start of the run
and were continuously updated in the CM. The moni-
toring of each detector was, thus, carried out every 1.5 h

assessing its performance. This monitoring routine
formed the background program for on-line operation,
with the EVENT interrupt given top priority. The oc-
currence of any trigger mentioned earlier was termed an
EVENT. When an EVENT occurred the monitoring
was suspended, the data pertaining to the EVENT
recorded and the program reverted back to resume

monitoring from where it was suspended due to the
EVENT interrupt. A crystal clock oscillator provided
clock signals every 100 ms to the computer for time
keeping.

The relation between the logarithmic and linear out-
puts of each of the amplifiers was determined using LL
(log-linear) calibration, which was normally done off-
line, but could be done on-line also. This mode was
selected by a manual switch on the console. An ad-
ditional amplifier, linear over four decades in four stages,
was used to measure the pulse input to the logarithmic
amplifier. The same input was given to the amplifier
under check and the additional amplifier. On command,
the logarithmic output and the four linear outputs from
the additional amplifier were printed out by the com-

puter. The relative gains of the four stages of the
additional amplifier with respect to the linear output of
the amplifier under check were measured and fed to the

computer before each calibration. All linear outputs
were converted to this scale and printed out. The in-

tegral pulse height spectrum measured during routine

monitoring in the CM was also obtained using the same
linear scale.

3.3. Calibration of detectors

The average pulse height due to the passage of
vertical single minimum ionising muons, selected using
a narrow angle (< 12°) GM counter telescope, was
determined for each type (2.25 and 1 m*) of detector

separately. As the average pulse height could depend on
the position at which the muon had traversed the detec-
tor, this average was determined at various distances
from the center of the detector. It was found that the

average pulse height varied from the center to the edge

only by 15%. From these measurements, the average for
the entire detector was estimated and the position in the

detector where the average pulse height would be equal
to the detector average was determined. The mean of
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the pulse height distribution, obtained with the narrow

angle telescope, at this average position was then de-
termined with good accuracy (< 1%) and was thereafter
used as the response of the detector for vertical single
particles. All distributions were truncated at twice the

peak value for determining the averages.
The density spectrum, i.e. the integral pulse height

distribution, for the omnidirectional cosmic rays pass-
ing through the detector, was then determined up to 100

particles. This spectrum could be well approximated by
a power law of slope — 3.0. The rate of pulses above the
two particle pulse height, H, (equal to twice the average
single muon pulse height), was obtained from this spec-
trum and was thereafter used for monitoring the detec-
tor. The level of two particles was chosen as the opti-
mum to keep the noise contribution to a minimum and
to obtain a reasonably accurate density spectrum in that
region during one minute of monitoring time.

The LL calibration was done, for all detectors, at the
beginning of the experiment using a light emitting diode
to cover a dynamic range of four decades. The con-

stancy of the log-linear relation was checked by re-

peating the LL calibration every three months, using
cosmic rays.

From the LL calibration and the monitoring data
(H, values), the logarithmic output recorded in the
events was converted into number of particles in the
detector. The LL relationship was parametrised as

P=A log(L) +B, (1)
where L is the linear pulse height corresponding to a
logarithmic output P. A and B were constants de-
termined for each detector separately. The density, A
(particles m~?), was then given by

4 = (2/H,a)10(?-)/4 (m-2), (2)

where a is the area of the detector. Figs. Sa and b
tespectively show a typical distribution for single par-
ticles and LL calibration for a 2.25 m? detector using
cosmic rays.

For the high energy muon detectors, “in situ”
calibration of the response of the detector using single
muons was not practicable due to the low flux of
muons. A standard detector identical to the ones used
underground was set up on the surface. The photomulti-
plier—-amplifier system to be used underground was
used with this detector and the high voltage for the
photomultipliers and the amplifier gains were adjusted
to yield an efficiency of > 90% for detecting single
muons, selected by the narrow angle GM counter tele-
scope at the average position in the detector. The high
voltage and the twofold counting rates were monitored
underground for constancy. If any detector showed

deviations from constancy, its photomultiplier—-ampli-
fier system was brought up for recalibration. The over-
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Fig. 5. (a) Single particle response of a 2.25 m? density detector
obtained with minimum ionising cosmic ray muons selected by
a narrow angle GM counter telescope. (b) A typical log-linear

(LL) calibration for one of the 2.25 m? density detectors.

all efficiency of the underground detectors for detecting
single particles was ~ 85%.

In the case of the fast timing detectors, the linear
relationship between the delay to be measured and the
digital output as well as the output corresponding to
zero delay were determined by operating all the five
photomultipliers viewing the same scintillator (mount-
ing them on the same scintillator tank) and using the
same set of cables and electronics. Triggering on cosmic
rays through the tank, the output for zero delay was
determined in a straightforward way. The delay—output
relation was obtained by introducing known delays in
the form of known lengths of RG-11/U cable. A delay
range of 100 ns was covered. The photomultiplier high
voltages were set for 95% efficiency for detecting single
muons, using the narrow angle Geiger telescope.

4. Data analysis

4.1. Estimation of shower parameters

The zenith and azimuthal angles of the shower arrival
direction were obtained by fitting the arrival time dif-
ferences to a plane shower front moving along the
shower axis with the velocity of light, using a straight-
forward least-squares procedure.

For each shower, the density information available
in the distance range 2-60 m was fitted to the

T T
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Nishimura—Kamata—Greisen (NKG) function [10],
given by

A(r)= aaants (Ee)
(1+ry (3)

where A(r) is the density of particles at a distance r
meters from the core, s the age parameter, N the
shower size and ry the Moliére unit taken to be 96 m

corresponding to the atmospheric depth of KGF. N, s
and the coordinates xg, Yo of the shower core in the

array plane were determined for each shower by mini-
mising the function

X7(N, 5, Xs Yo)= Le (4o- Aes) (4)
i=l

where

o,= 0; 7= [a,A,,+ (0.24,4,,))] (5)

using the method of steepest descent, similar to the one
used by the MIT group [11]. Here A,, and A,, are the
observed and expected (according to the NKG func-
tion) densities and a, and w, are the area and the

weight factor for the ith detector respectively. The first
term in eq. (5) corresponds to the statistical error and
the second one to the systematic error, which is esti-
mated to be 20%. For computational convenience, only
the first term was included for densities less than 25/a;
and only the second one beyond, as these terms
dominate in the corresponding regions. The minimisa-
tion was carried out on the CDC 3600 computer system
at the Tata Institute of Fundamental Research, using a
FORTRAN program developed for the purpose.

An important feature of the present experiment is
the accuracy with which parameters of showers with
sizes as low as 10% particles have been obtained. At
these sizes the density of particles expected beyond a
few meters from the core, where the bulk of the data
was available, was only a few particles per m’. So a

large number of detectors record no particles due to
fluctuations that carry the observed density below
threshold. If these “zero density” detectors are ignored
during analysis, an unduly flat lateral distribution would
be obtained for the shower as only those detectors
which showed an upward fluctuation would be used.

However, if the number of detectors with near-threshold
densities was small, using them in the analysis would
have steepened the distribution in a large fraction of the
showers, the fraction depending on the smallest ex-

pected density. In the present experiment a fairly large
number (~ 25) of detectors with near-threshold densi-
ties were available for showers of about 10‘ particles
and therefore we could use the “‘zero density” detectors

Table 1

The different types of triggers and information obtained from
them

Trigger Information obtained Size range

S,SD&LS (1) Size spectrum 104-107
(2) Age distribution 104-107
(3) Low energy muon density 104-10’

S&SUT (1) Lateral distribution and 104-3.2« 105
total number of muons of
energy > 220 GeV

SUT (1) Low energy muon density 104-3.2 10°
(2) Correlation between low

energy muon density and
the distance of the high
energy muon

Ss, SD, (1) Total number of high 104-107
LS&SU energy muons

for analysis and estimate the parameters accurately even
for very low sizes. The accuracy of the estimated param-
eters at these low sizes has been determined using
artificial showers, analysed using the same procedure as
for the real showers, to be described in section 4.3.

4.2. Classification of showers

All the data have been primarily classified according
to the estimated size. Table 1 summarises the several

aspects on which information has been obtained from
the present experiment. Since showers are classified

according to size, the migration of showers from one
size group to the other, due to errors in the analysis, has
to be carefully taken into account. This has been done

using the analysis of artificial showers.

4.3. Estimation of errors

The iterative minimisation procedure described
earlier does not lend itself easily to a determination of
the errors in the estimated parameters. An easier and
more straightforward way, for this purpose, is the use of
“artificial showers”. An “artificial shower’ is a set of
“observed”’ densities in the detectors of the EAS array,
constructed from the NKG distribution and the esti-
mated fluctuations, with the shower parameters (size

N,, age s, and coordinates of the core x,, y,) assumed
“a priori”. Estimating the shower parameters using this

set of densities by the iterative procedure gave an esti-
mate of the deviations of the estimated parameters from
the true ones.

The artificial showers were generated using the Monte
Carlo method. Because of the circular symmetry of the

array, the errors on the estimated parameters are ex-
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pected to be dependent only on the distance of the

shower core from the center of the array and not on the

actual core location. The array was, therefore, divided
into a number of annular rings around the array center,
each of 5 m width, up to a distance of 20 m — the

distance up to which most of the real showers were

accepted for final analysis. Showers were allowed to fall
uniformly in each ring. For each set of values of N, and

s,, 400 showers were generated in each annular ring.
For each shower, a set of “observed” densities in all the
detectors were generated by imposing fluctuations, using
the Monte Carlo technique, on the average densities

Table 2

calculated from the NKG function. The fluctuations
were sampled from a Gaussian distribution of width
given by eq. (5). These densities were fed to the shower
minimisation program as if they were from a real shower
and the shower parameters N, s, xg and yg were
estimated. The deviation histograms on 8x = (x9 — x,),
by =(—%). 88=(s—5,) and d(log = (log N—-

log N,), then, gave the standard errors on the estimated
parameters.

Table 2 shows the cross-correlation of the estimated
parameters N and s for some selected values of NV, and
5,. The N, and s, values and the inner and outer radii

Percentage of showers with different estimated values of N and s for some representative values of N, and s, in various annular
rings of radii r, and r,
Table 2(a)

s> 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3

Log(N/10°)
+

0.5

0.4

0.3

-0.

-0.

-0.

-4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4

n,=104 n,=104
8, =0.6 8, =0.6
r20m; to=sm r,710m; roaism

- - - - = - - - - - - = O05

- - - - - - - - - - - - - - - - 0.8 0.8 -

- - - - - 0.3 0.3 - - - - - - - - 0.5 1.0 - -

0.5 - - 1.8 6.5 0.5 0.3 - - 1.0 1.0 0.5 1.8 0.8 1.5 06.5 - - -

4.0 16.0 25.0 36.0 3.0 0.3 - - - 2.8 13.0 26.5 28.0 6.3 0.5 - - - -

0.3 1.0 3.0 2.0 - - - - - - 2.8 4.3 5.8 0.3 - - - - -

n,=8-104 n,=8-104
5.0.6 5,=0.6
25m; rj=10m ry=i5m; r4=20m

3.0 2.3 - - - - - - -

0.5 29.0 47.8 10.8 1.3 23.3 22.5 $.0 0.5

- 1.85 7.8 2.8 0.3 - - - 0.3 1.3:18.5 12.8 2.3 0.5 - - -

- ~ - - - - - - - - - - - 0.86 - - - -

N =104 N, =104

8,=1.0 s.=1.0
r,=0m; rj=5m rj=l0m; roelSm
- - - - - - - - - - - - - - - 0.3 0.5

= - 1.8 4.0 - = = = - - = 0.5 3.0 0.3

- - - - - - 4.817.3 2.0 - - - - - 0.8 9.516.0 3.3) -

- - = = 1.0 16.0 25.6 2.8 - = = 2.3 16.3 28.0 6.0

- - 0.3:11.3 10.8 1.0 - - - - - 1.3 3.5 6.5 1.3 - -

- - - - - - - - - - - 0.3 0.8 - - - - -

N,=8-104 w.=8-104
s =1.0 6,=1.0
rysSm; ronl0m ryalSm; rj=20m

- - - - - - - 3.0 0.3 - - - - 0.3 0.8 1.5 1.3 0.3 90.3

- - - - 0.3 17.3 60.3 5.3) - - - - 0.8 3.3 20.5 42.8 13.3 1.8 0.3

1.3 10.8 1.8 0.5 6.0 6.0 0.8
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Table 2(b)

0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5

Legin/104)
1

0.7

0.6

0.5

-0.

-0.

-0.

-0.

0.8

0.7

(r, and r, respectively) of the annular nng within
which the cores are selected are also shown in the table.
The numbers given in the main body of the table are the

percentage of showers in each bin of N and s. It can be
seen that there is a general trend of N being overesti-
mated when s is overestimated and vice versa, particu-
larly for the smallest and the flattest showers, as ex-

pected. However, the fraction of such showers is not
very large, and for larger and steeper showers this effect
is quite small. Figs. 6, 7 and 8 respectively show the 6x,
6s and 8(log N) distributions for the same group of
showers as in table 2. The sample standard deviations
o,, 9,, 9, and o\,, for these showers are shown in
table 3. It can be seen that o, and a, are less than ay
meter and o, < 0.15 in most of the cases.

4.4. Triggering efficiency of the array

The triggering criteria discussed in section 3.1 set the
threshold for showers to be recorded by the recording
system. For further analysis, additional software selec-
tion criteria were imposed at the time of analysis. The

1.6 1.7 «8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

criterion was size dependent and required a sevenfold
(four-fold for showers in the estimated size between
2x 10* and 4 x 10‘) coincidence of detectors forming

Table 3

Rms deviations of the estimated parameters from the true ones

M Sy ry rn o, a, SlogNn oO,

[m] [m] [m] [m]

104 0.6 ©8600 5 038 038 0.028 0.11
104 10 0 5 0.51 0.45 0.081 0.11
104 14 0 5 2.05 1.07 0.170 0.14

104 06 #10 15 0.47 055 0.066 0.14
104 10 10 15 0.74 0.71 0.075 0.12
104 14 10 15 150 1.50 0.170 0.17

8x104 06 5 10 0.26 0.26 0.018 0.06
8x104 10 5 10 036 037 0.035 0.06
8x104 14 5 10 0.75 0.65 0.078 0.07

8x10 06 15 20 066 0.66 0.060 0.09
8x10* 10 15 20 087 086 0.030 0.08
8x10* 14 15 20 160 1.50 0.080 0.09

N =104 N =i04
s,=1.4 s,=1.4
r,=0m; rj=5m ry=l0m; rj=15m
- - - - - - - - - 0.3 - - - - - - - - -

0.8° - - - - - - - - 1.0

- - - - - - - - 2.6 - - - - - - - - 0.8 0.8

- - - - - - - 3.5 3.5 - - - ~ - - - 2.33.8 0.3

1.5 12.0 0.3 - - - - - - - 1.3 7.3 2.30 -
- - - - - - 17.5 4.8 - - - - - - 2.0 16.0 5.5 - -
- - - - - 3.3:13.3 - - - - O03 - - 0.39 9.0 9.5 - - -
- ~ - - 5.5 15.8 0.3 - - - - 0.3 - 0.3 6.0611.5 0.8 - - -
- - - 3.0 4.8 2.5 - - - - - 0.3 0.3 3.3 7.5 1.0 - - - -
- - 06.8 2.5 0.5 - - - - - - 0.8 1.5 1.3 + - - -

0.3 - O.6 0.3 - - - - - ~ 1.3 0.5 0.30 - - - - - -

N =6-104 N =8-104
s/=1.4 s,=1.4
ryeSm: ro=10m ry=iSm; F5=20m

0.3

- - ~ - - - - - - - - - - 0.3 - -

- ~ - - - - - 3.5 0.3 - - - - - - - 3.0 2.0 -

- - - - - - 13.0 9.8 - - - - - - 0.3 9.314.3 0.5 -

- - - - - 12.5 36.0 —- - - - - - 0.8 14.0 31.0 4.0 ~

- ~ ~ - 1.819.0 1.5 - ~ - 0.3 1.3 4.0 11.8 2.3 0.3 - -

- - - 0.3 2.3 0.30 - - - - - - 0.3 0.55 - - -

FC
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The integrals in eq. (9) are dependent on the geome-

try of the array, the selection criteria (through €) and

the errors in the estimation of shower parameters
(through G). As the evaluation of the function G over

the entire parameter space and subsequent integration
takes a lot of computer time the integrals are replaced
by summations and evaluated using the Monte Carlo
method. As before, showers were allowed to be incident
uniformly over an area, A,, covering the range of x,
and y, and extending up to a distance r,, from the
center of the array where ¢ < 1%, densities in the tri-

ggering detectors calculated, fluctuations imposed.
Showers satisfying the selection criteria were analysed
as if they were real showers and the parameters N, s,

Xo, Yo were estimated. The range of N, covered, from
2.5 X 10? to 6.4 x 10°, was divided into 48 equal loga-
rithmic intervals and the range of 0.4 to 1.8 in s was
covered in 28 bins of width 0.05 each. For computa-
tional convenience, only four values of 7, 20, 50, 100
and 150 m corresponding to the size intervals (0.25-1)
x 104, (1-4) x 104, (0.4-1.6) x 10° and (1.6-6.4) x 10°

respectively — were used. Showers whose estimated cores
were within the area, A(N, s) (see table 5), were then
used for calculating p(N,, s,, VN, 5). Tf n(N,, s,, Ns)
were the number of showers so picked (usually 20) with
size N and age s out of n,(N,, 5,, N, s) showers
generated over an area A,(=r2) with size N, and age
s,, then

P(N, 5, Ns s)= ACN, 5, Ns s)A/mg (Ms 5).
(10)

Substituting this into eq. (8), /o,,() can be estimated
from a given f,(N,, 5,). Fig. 9 shows the input and
output size spectra for an input spectrum, f,(N,, s,) &
N_?4. It is seen that the estimated fluxes are somewhat
overestimated while the exponent remains the same.
This has to be taken into account when the spectrum
predicted by theory is compared with the experimental
data.

For any other parameter, g(N, s), of the showers we
can generalise eq. (8) and estimate the expected average
value of the parameter as

Bexp(N, s)

Jf 80M ACM: PCM: SNe 8) dM ds

J[ANG SPONGY 5) dM, ds,

(11)

An example of such a parameter studied in this experi-
ment is the number of muons of energy > 220 GeV
{12,13}.
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Fig. 9. The assumed (continuous line) and the estimated (dashed
line) size spectra from the shower analysis procedure.

4.6. Analysis of the high energy muon data

Data on high energy muons were provided by the
four scintillators and the neon flash tube telescope
located 270 m underground. The overburden of rock
above these detectors corresponds to 815 hg cm~? of
Kolar rock, which is essentially made of Hornblende
schist and has a mean density of 3.02 gcm7?, (Z/A)
= 0.495 and (Z?/A) = 6.31 [14]. The minimum energy
required for a muon to reach this depth depends upon
the energy loss. Though fluctuations in the energy loss
are not very important at this depth, Krishnaswamy [15]
calculated the survival probability of muons as a func-
tion of energy taking them into account. Fig. 10 shows
this plot. Integrating the product of the survival prob-
ability and the differential energy spectrum of muons in
air showers, taken to be « E~*°, gave the number of
muons arriving at that depth. The energy at which the

integral number of muons is equal to this number is the
effective threshold energy and is estimated to be 220
GeV.

The determination of the lateral distribution of
muons requires the measurement of the distance of the
muon from the core. The core location is determined
from the shower parameter analysis to an accuracy of 1

m in the region of the array where the shower detection
efficiency is > 90% (see table 3). The location of the
muon in the array coordinate system is given by the
NFT data. From the known positions of the flashed
tubes in the various layers in the NFT telescope, the
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Fig. 10. The survival probability at a depth of 815 hg cm~? of
Kolar rock as a function of the energy of the muon on the

surface.

projected trajectories of the muon in the two orthogonal
planes were obtained. The muon trajectory in space, its
point of intersection with the array plane and the dis-
tance of the muon from the core in the shower plane,
assuming the muon arrival direction and the shower
arrival direction are the same (since the energy of the
muon is large the two directions are the same within a
fraction of a degree — the angle between the two is
~pf, where p, is ~ 0.3 GeV/c) were then calcu-
lated in a straightforward way.

The various sources of error in the determination of
the distance of the muon from the shower core are the
error due to the finite size of the NFTs and the geome-
try of the telescope, multiple Coulomb scattering of the
muon in the rock above the underground telescope, the
core location errors and finally the deflection of the
muons in the geomagnetic field. The last source has to
be taken into account, if it is large, when one compares
the experimental lateral distribution with theoretical
predictions which do not take this deflection into
account. These errors have been estimated by Srikantha
Rao [16] and are briefly discussed here.

Because of the finite diameter of the NFTs, several
trajectories are possible for a given configuration of the
tubes in the various trays. However, the error in the
projected angles is small since the diameter of the tubes
is small (1 and 2 cm), the tubes in each tray are
staggered and the top and bottom trays in each view are
separated by 2.25 m and it is estimated to be 0.17. The
error in the projected angles due to multiple Coulomb

scattering is estimated to be 0.17° taking into account
the energy loss of the muons in the rock and the energy
spectrum of muons in air showers. The corresponding
error in the location of the muon (in x and y) in the
surface array plane due to the combined error in the
projected angles is 0.9 m. This, combined with an error
of 1 m in the core location (see table 3), results in an
error of 1.9 m in the core distance of the muon in the
shower plane. The deflection of the muons in the geo-
magnetic field is estimated to be 1.2 m taking into
account their energy spectrum. The effective error for
purposes of comparing the experimental data on the
lateral distribution of muons with theoretical predict-
ions which do not take the magnetic deflection into
account is, therefore, 2.2 m. It should be noted that this
error is independent of the core muon distance since the
error in core location is nearly constant over the area
where showers are accepted for final analysis (efficiency
> 90%) and the error in the muon location is also nearly
independent of the zenith angle at least up to 20°
(corresponding to a core muon distance of ~ 100 m),
the maximum recorded angle in the data.

5. Conclusions

The extensive air shower array along with an under-
ground neon flash tube telescope to detect muons of
energy > 220 GeV, operated at Kolar Gold Fields,
India, is described. The computerised recording system
and the detector monitoring and calibration procedures
are discussed in detail. The procedure of analysis for
obtaining the shower parameters and the distance of the
high energy muon from the shower core is described.
An important feature of the experiment is the closely
packed central region of the array, where large area
detectors were deployed at a mutual separation of 5 m
and within which small showers were accepted for final
analysis, and the availability of a large number of
density measurements near the threshold density. This
feature enabled the parameters to be estimated accu-
rately for sizes as small as 104 particles. The typical
errors for the finally accepted showers are 1 m in the
core location, 30% in shower size, 0.1 in the age parame-
ter and 2.2 m in the core—muon distance.
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