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Synopsis

��� ray astronomy has its origin in a prophetic paper by Phillip Morrison in late 1950s

[116] which painted a hopeful picture of the prospects of observing this high energy ra-

diation from astrophysical sources in � 100 MeV region. However, when observations

were made on a number of galactic sources using detectors flown in balloons, there were

only reports of signals with marginal significance. Later, when new technological progress

was made with the advent of satellites which could reduce the huge amount of cosmic ray

background and also permitted longer exposures, this branch of astronomy was firmly es-

tablished. The successful flights of SAS-2 and COS-B satellites [125] in the seventies and

the launch of Compton Gamma Ray Observatory (CGRO) [52] in 1991 further revolu-

tionised this field. These experiments, which were sensitive to ��� rays of energy below a

few GeV, made the first detailed maps of the ��� ray sky. A large number of point sources

including pulsars, active galactic nuclei(AGN), the Large Magellanic Cloud(LMC), solar

flares and objects that are yet to be identified in other wavelengths were detected along

with diffuse radiation from the galactic plane.

The success of satellite experiments had infused a lot of enthusiasm in trying to un-

derstand these sources at still higher energies, viz. the TeV and PeV energies. Because of

the rapid decrease in photon flux obeying a power law with increase in photon energy, it

was practically impossible to observe these sources at these energies using satellites. The

detection of atmospheric Čerenkov radiation [92] from cosmic ray air showers paved the

way for ground-based studies of Very High Energy (VHE) or TeV ��� rays. However, the

experimental difficulties were greater than anticipated, in particular, the background from

charged cosmic rays and their secondary components was a serious limitation. Only by the

late 1980s, ground based ��� ray astronomy began to produce statistically significant and

reproducible results.
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The Crab nebula, being one of the nearest and most spectacular supernova remnants,

has always been a source of special interest. It is also a bright astronomical source at all

wavelengths. Along with the nebula, Crab consists of a pulsar which is believed to be the

ultimate powerhouse for the nebula’s high energy emission. The emission at wavelengths

from radio to X-rays is nonthermal and strongly polarised and has a synchrotron-type spec-

trum as shown in Figure 1. Emission is seen from the nebula as a whole, implying that it

is filled with a population of energetic relativistic electrons [1]. As early as in 1958,

Hayakawa had suggested the possibility of production of very high energy photons ( �

10
���

eV) in Crab nebula.

Fig. 0.1: Nonthermal Emission Spectrum of the Crab Nebula. The energies shown below the up-

ward arrows indicate the energy of the parent electrons giving rise to synchrotron emission

at that frequency

The details of understanding the energetics of Crab and the mechanism of how the pul-

sar converts its rotational energy into electromagnetic radiation were realised through the
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pioneering work of Rees and Gunn [130] and later by Kennel and Coroniti [105]. As early

as in 1965, Robert Gould had pointed out that since the Crab is a source of synchrotron

radiation, it should be a source of even higher energy radiation due to Inverse Compton(IC)

scattering process [95]. Since the synchrotron spectrum of Crab implies the presence of

electrons with energies upto � 10
���

eV, one expects IC emission at TeV energies or higher.

In subsequent years, these models were further revised by a number of people with inputs

from observations. The flux and energy spectrum of Inverse Compton ��� rays is a sensi-

tive probe of the mean magnetic field of the Crab nebula. Knowledge of the magnetic field

and its distribution within the nebula are required for the calculation of the synchrotron

and inverse Compton emissions from the nebula. Measurement of fluxes in the TeV region

can thus contribute significantly to the accurate estimation of magnetic field in the nebula.

The IC spectrum being strongly related to synchrotron emission has one very important

consequence for TeV astronomy. At TeV energies, the characteristic time scale of radiat-

ing electrons is relatively long. Therefore, the flux of IC photons around 1 TeV should be

essentially constant over times scale of several decades. Thus Crab can be expected to be

a bright, steady source serving as a standard candle in TeV astronomy. This thesis is an

attempt to understand the standard candle nature of Crab. In 1989 the Whipple Observa-

tory, pioneering the use of imaging atmospheric Čerenkov technique, detected TeV gamma

rays at high significance [87]. Confirmation of this detection by other experiments soon

followed and by now about a dozen experiments [127] [120] operating at different energy

thresholds have claimed detections. Chapter 1 of the thesis gives an upto date account of

the observational status of the Crab nebula at TeV energies by various experimental groups

and also discusses the current understanding of the emission of VHE ��� rays from the

Crab nebula.

The experiments employing the imaging technique has been successful in detecting a

handful of TeV ��� ray sources at a very high statistical significance. The underlying prin-

ciple responsible for the phenomenal success of the imaging technique was the ability to

differentiate between ��� ray and cosmic ray showers from the Čerenkov images recorded

at observational level [100]. Subsequently it was shown through detailed Monte Carlo sim-

ulations, that the spatial sampling of Čerenkov photons too is a potentially viable as well as
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an equally powerful technique [13] [139]. This technique, called the wavefront sampling

technique, is used in the present study. Chapter 2 deals with the detection principles of

Čerenkov light and also discusses in some detail the parameters developed to distinguish

between ��� ray and hadron generated showers using the present technique to enhance the

signal-to-noise ratio. A comparison of the imaging and non-imaging technique has also

been carried out.

Chapter 3 deals with the experimental set-up of Pachmarhi Array of Čerenkov Tele-

scopes (PACT) in detail. PACT consists of a
�����

array of atmospheric Čerenkov tele-

scopes deployed in the form of a rectangular matrix with a separation of 25 m in the N-S

direction and 20 m in the E-W direction as shown schematically in Figure 2. Each tele-

scope consists of 7 parabolic mirrors of 0.9 m diameter mounted paraxially and having a

focal length of 90 cm. Each mirror is viewed by a fast photo-multiplier tube (PMT, EMI

9807B) at the focus behind a circular mask of � 3 � diameter. In view of the complexity

of the system, the array has been divided into 4 sectors with six telescopes in each. A

distributed data acquisition system(DDAS) developed for this purpose consists of sector

data acquisition systems along with a master data acquisition system. The entire software

for DDAS was developed in-house along with a large number of hardware modules. The

design features, implementation strategy as well as performance of the whole system are

discussed. A large effort has been devoted to the trigger set-up in order to achieve the best

trigger rate possible and also keep the chance coincidence very low. Systematic studies

of trigger rates as a function of n-fold coincidence have been carried out for the purpose

of choosing the right trigger. The pulses from 7 PMTs in a telescope are added linearly

to form a telescope sum pulse called royal sum. Each royal sum from the 6 telescopes in

a sector are suitably discriminated (typical royal sum rates � 30-50 kHz.) and a trigger

is generated by a coincidence of any 4 of these 6 royal sums. The typical event rate is �

2-5 Hz per sector. For every event, information on the relative arrival times and density of

Čerenkov photons are recorded for the 6 peripheral mirrors/PMT in each telescope in each

sector. The relative arrival times of royal sum pulses are recorded both in the respective

sector and in the central data processing station. Thus, PACT measures the arrival time

of shower front at various locations within the Čerenkov light pool at two distance scales,
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short range (intra-telescope) and long range (inter-telescope) which could be used to dis-

tinguish between ��� rays from the background. The density measurements on the other

hand enable us to estimate the energy of the primary species as well as to reject cosmic ray

background.

Fig. 0.2: A Layout of PACT Array

Chapter 4 deals with the performance studies of PACT set-up. Extensive Monte Carlo

simulations were carried out to understand the performance of the experiment. Various

quantities like the energy threshold, collection area of the array have been estimated for

different trigger conditions from detailed simulations. The sensitivity of PACT has been

estimated using these parameters and taking into account the rejection efficiency of hadron

generated showers. To increase the signal to noise ratio of the experiment, good angular

resolution is required, i.e the arrival direction of the showers has to be determined accu-
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rately as ��� rays are directional and cosmic rays are isotropic. The arrival direction of the

primary is determined by reconstructing the shower front using the relative arrival times

of Čerenkov photons at each telescopes. The Čerenkov front is assumed to be a plane, the

normal to this plane is the direction of shower axis. The angular resolution of the array,

estimated from data, is 0.04 � . It is one of the best among the currently operating Čerenkov

telescopes around the world. The dependence of angular resolution on the distance be-

tween the telescopes (D) and the number of telescopes(n) has been studied. It was found

that the angular resolution depends on the distance between the telescopes as � D �
� � � ����� � � �

and on the number of telescopes as � n �
� � � ����� � � � . An attempt has been made to give a pre-

scription for the estimation of the energy of the shower using simulations for both protons

and ��� rays. Data collected with telescopes pointing to the zenith has been used to get the

differential cosmic ray spectrum and the fluxes have been shown to be in close agreement

with those of other air-shower experiments.

Chapter 5 deals with the observations on the Crab nebula. The observations were car-

ried out over a span of more than two years. The analysis procedure has been outlined in

detail. Reconstruction of shower front and estimation of arrival direction of shower has

been made based upon the timing information from the royal sum and/or individual PMT

pulses for both source and the background regions. Various software cuts applied to clean

the data during analysis have been explained in detail. The space angle distribution for

the background is then subtracted from that of the source distribution to get the amount of

signal events for each run. The left panel of figure 3 shows the space angle distributions of

source and background for one such data-set. The figure in the right panel shows the ex-

cess events from the direction of Crab. Suitable angle cuts have been put to reject off-axis

cosmic ray showers and refine the signal strength. Depending upon the various trigger con-

ditions applied during analysis, flux estimates have been made for various groups of data

sets. The excess rate of events from the direction of Crab has been studied as a function

of time, Julian Day(JD). A comparison of the present flux estimates from Crab nebula has

been made with other experiments as shown in figure 4.

In the sixth and final chapter, a summary of the thesis is presented along with the

conclusions drawn from the observations of the Crab nebula. The feasibility of using a
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Fig. 0.3: Left panel: Space angle distributions of Crab(solid line) and Crab background(broken line) from

timing information of individual mirrors in a sector. Right panel: Excess as a function of space

angle

distributed array of Čerenkov telescopes like PACT to study TeV ��� rays from astrophys-

ical sources has been demonstrated. The Crab nebula has been observed for a span of over

two years with this array. Excess from the direction of Crab has been observed at a high

statistical significance � 10 � . The excess rate of events from Crab has been found to be

constant within errors during the period of observations made. However, the flux of TeV
��� rays from the Crab has been found to be higher than that of the imaging experiments

but closer to that obtained by the extrapolated spectrum of the flux obtained by the Tibet

II experiment which is an air-shower experiment. The systematic effects in flux measure-

ment need to be addressed in future to get a better estimate of the flux. It is known from

simulation studies that the Čerenkov shower front deviates from a plane and is more like
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Fig. 0.4: Integral Energy spectrum of VHE ��� rays from Crab Nebula

spherical. Hence it is clear that a plane front approximation of the Čerenkov light front

will introduce a systematic error in the arrival angle reconstruction at large core distances.

The errors due to plane front approximation for the reconstruction of shower front have

been studied using Monte Carlo simulations. It has been argued that the arrival direction

estimate is expected to improve when showers are reconstructed using spherical front or

suitable corrections are applied to take care of the curvature of the shower front. In the last

section of this chapter, future improvements to PACT experiment has been suggested.
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Chapter 1

Introduction to Very High Energy � �

ray Astronomy

1.1 Motivation

Gamma ray astronomy is the study of the highest energy electromagnetic radiations pro-

duced by celestial objects. Perhaps the youngest field of astronomy, ��� ray research has

its origins in the early 1960’s, but the subject has really only come into its own in the last

decade. Rapid advances in both space based and ground based instrumentation have led

to an explosion of new results, and second and third generation detectors currently being

developed demonstrate that the field is still in its infancy and will continue to expand for

the foreseeable future.
��� ray astronomy started primarily in the context of sources of cosmic ray particles

which are the progenitors of � � rays. The origin of cosmic rays has been a perplexing

issue since its discovery in 1912 by Victor Hess [99]. It is one of the most important

problems in high energy astrophysics. Fifty years ago, there was little evidence to limit

the speculation as to where cosmic radiation might originate. Today, from our knowledge

of its detailed composition, energy spectrum and time variations, we can at least eliminate

many classes of objects as potential cosmic sources. Virtually all astrophysical � � rays are

believed to result from high energy collisions of charged particles accelerated to relativistic

energies under extreme conditions.

1
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Another major goal of � ray astronomy is to understand the underlying particle acceler-

ation mechanisms. Given the difficulty of sustaining a high energy particle beam in a man

made accelerator, it should come as no surprise that cosmic accelerators should be sporadic

emitters of high energy radiation. Even if a source is a steady emitter at lower energies,

high energy � � ray sources are not expected to behave like standard candles. Variability is

a feature that seems characteristic of most high energy sources, be it pulsars, X-ray binaries

or active galactic nuclei (AGN). The lower energy radiation is generally thermal in origin;

such radiation is the averaged end-product of high energy production processes which may

be highly variable in the chaotic conditions that may exist in cosmic accelerators.

A comprehensive overview of the subject of ��� ray astronomy is beyond the scope of

this work. The reader is instead referred to detailed review articles elsewhere [120] [141].

In the following sections, I present a brief general overview of ��� ray astronomy from an

observational standpoint, along with a detailed discussion of ��� ray emission from one

important source, the Crab Nebula and Pulsar system.

1.2 History of ��� ray Astronomy

��� ray astronomy has its origin in a prophetic paper by Phillip Morrison in 1958 [116]

which painted a hopeful picture of the prospects of observing high energy radiation from

astrophysical sources in � 100 MeV region. However, when observations were made on

a number of galactic sources using detectors flown in balloons, there were only reports

of signals with marginal significance. The first experiment with encouraging evidences for

cosmic ��� ray flux were those carried out in 1962 on two Ranger spacecrafts in lunar space

[29]. The most important result of this experiment was the evidence of diffuse celestial ���

ray flux which can be expressed as :

�
�����	��
� ������
�� �

� � � � � � � ��� � � � � � �
�

� �
�

� � � �

where E is the energy in MeV. The experimental difficulties were greater than anticipated;

in particular, the background from charged cosmic rays and their secondary components

was a serious limitation. However, when new technological progress was made with the
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advent of satellites which had larger and bigger experiments and which permitted longer

exposures, one could reduce the huge amount of cosmic ray background [110]. A subse-

quent experiment on OSO-3 satellite in 1968 convincingly demonstrated that photons with

energy greater than 50 ����� were emanating from the Galactic disk in proportion to H gas

concentration [45]. It was believed that this radiation may be a result of decay of �
�

mesons

produced in the interactions of cosmic rays with interstellar gas. These observations finally

heralded the birth of ��� ray astronomy. Barely a few years after the birth of ��� ray astron-

omy, two other types of celestial � � ray phenomena were discovered, namely ��� ray lines

and ��� ray bursts. These are not related to the main theme of the present thesis and so will

not be discussed here. Thus, slowly this branch of astronomy was firmly established. Al-

though there are no sharp boundaries between different energy ranges in the ��� ray region

of the electromagnetic spectrum, a terminology has emerged with a wide consensus over

the past few years. The terminology used at present is as follows :

� 100
� ��� —- 10 ����� : Low Energy ��� rays (Nuclear region)

� 10 ����� ——30 ����� : Medium Energy ��� rays

� 30 ����� —– 10 � ��� : High Energy ��� rays

� 100 ����� —– 100
� ��� : Very High Energy (VHE) � � rays

� 100
� ��� —– 100

� ��� : Ultra High Energy (UHE) ��� rays

� Above 100
� ��� : Extremely High Energy (EHE) ��� rays

As will be seen in the following sections, different detection techniques were developed

for the detection of ��� rays in different energy range.

1.2.1 High Energy ��� ray Astronomy

On October 15 ��� 1972, a ��� ray satellite SAS-2 [48] was launched. Although short-lived,

this experiment contributed much to the advancement of ��� ray astronomy and opened a
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new window for looking at the universe. SAS-2 was the first experiment to detect periodic

emission of ��� rays from Crab and Vela pulsars in the energy range 30-150 ����� . Another

important result was the evidence for the emission of ��� rays from the galactic centre.

Buoyed by the initial success, another spark chamber experiment was launched abroad

a satellite COS-B on 9 ��� August, 1975. This experiment was designed to detect � � rays

in the energy range 100 ����� to 3 ����� [37]. About 26 sources were detected with an

angular accuracy of � 1 � . Out of these sources, four were known sources viz. Crab, Vela,

Geminga and quasar 3C273. Thus these experiments provided the first maps of the ��� ray

sky.

Fig. 1.1: A schematic of EGRET Instrument on board the CGRO. The figure is taken from [120]

In 1991, the Compton Gamma Ray Observatory (CGRO) was carried into orbit by the

Space shuttle Atlantis. It had on board four ��� ray experiments : namely, BATSE, OSSE,

COMPTEL and EGRET [52]. The experiments had different capabilities and covered dif-

ferent energy ranges from 10 ����� to 30 ����� . Figure 1.1 shows a schematic drawing of

EGRET. EGRET, which started its observing program on 16 ��� May, 1991, consisted of a

spark chamber system to track electron-positron pairs and a total absorption calorimeter

made of NaI to measure the track energies [62]. The energy range covered by EGRET is

20 ����� to 30 ����� ; it had an effective area of 0.12 m
�

at 1 GeV. The energy resolution

was 9-12% depending on the energy. The angular resolution was 3.5 � at 100 MeV which

improved to 0.8 � at 1 GeV. The map of the high energy ��� ray sky for point sources ob-
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tained by EGRET is shown in Figure 1.2. The overall achievements of EGRET are very

significant and have been summarized elsewhere [91]. The map from the EGRET catalog

shown in Figure 1.2 includes 271 different point sources, 6 pulsars, 1 solar flare, 66 active

galactic nuclei, 27 sources possibly identified with AGN, 1 radio galaxy (Cen A), 1 normal

galaxy (LMC), and, incredibly, 170 sources which remain unidentified with no counter-

parts at other wavelengths. In comparison to earlier satellite missions, EGRET had more

than an order of magnitude sensitivity for detection of point sources and also better en-

ergy and angular resolution. It also increased the number of high energy source detections

and its improved sensitivity resulted in the extension of energy spectra of many sources to

higher energies. All the four experiments on board the CGRO produced a wealth of data

on ��� ray sources. The most important observations relating to the experiments on CGRO

are as follows :

� Approximately 90% of the gamma rays seen by EGRET is associated with diffuse

radiation. Most of the diffuse radiation is concentrated in the galactic plane.

� There are 6 sources identified as pulsars (and a possible seventh one), all in the

galactic plane [124] .

� Most of the sources in or near the galactic plane are unidentified objects

� Away from the galactic plane, most of the sources are identified as active galactic nu-

clei (AGN) of the blazar class. These sources represent the most important discovery

of EGRET.

� A large number of ��� ray bursts and solar flares were also observed.

However, satellite observations suffer from a serious drawback when one wants to study

these sources at still higher energies. The effective area of a detector is the key factor de-

termining the energy reach of the instrument. The collection aperture of EGRET is phys-

ically small. Because most astrophysical sources of ��� rays have steeply falling power

law spectra (typically falling like �
�

�
� 
 � �

�
where � � 2), at higher energies the number

of particles striking the instrument is greatly reduced, relative to the particle flux at lower
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Fig. 1.2: Third EGRET Catalog of point sources at E � 300 ����� . The figure taken from [74]

energies. Above 10 ����� , the incident flux of � � rays from most EGRET sources is below

the sensitivity of the detector. The spectral reach of EGRET is thus limited to E � 10

����� ( � 30 � ��� for the brightest source). For photon energies � 100 ����� , the extrapo-

lated flux is so low that the size of the detector has to be impractically large and also the

exposure time has to be long enough in order to accumulate enough events to establish a

statistically significant detection. For a flux of ��� rays at 1
� ��� of � � � � �

� � � � �
�

� �
�

,

assuming a detector area of � 50 � �
�

, the collection area of COS-B detector, then the

detector would see one photon at 1
� ��� in 83 years of operation !! Clearly, the detection

method is so inefficient that other means have to be thought of for detection of photons at

higher energies.
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At higher energies ( � 100 � ��� ), another method of detection of ��� rays, though

indirectly, opens up. At these energies ( � 100 ����� to 100
� ��� ) the secondary particles

( electrons and positrons) generated by the primary ��� rays interact with the atmosphere

forming a cascade and are detected on the ground indirectly by Čerenkov light produced

by these secondary particles in the atmosphere (for detailed description see Chapter 2). At

very high energies � 100
� ��� the secondaries can be detected directly at the ground level

using charged particle detectors.

1.3 Very High Energy (VHE) ��� ray Astronomy

Parallel to the rapid developments in satellite based � � ray detectors has been the grow-

ing maturity of ground based ��� ray astronomy. Because the atmosphere is opaque to �

radiation, ground based instruments cannot detect ��� rays directly, but instead look for

extensive air showers produced by high energy ��� rays that are incident at the top of the

atmosphere. This possibility was first suggested by Cocconi in 1959 [15]. The detection

of atmospheric Čerenkov radiation from cosmic ray air showers in 1953 by Galbraith and

Jelley [92] opened the way for ground based studies of VHE ��� rays from astrophysical

sources. However, development of the technique was slow, particularly with regards to

methods for distinguishing air showers initiated by � � rays from those initiated by cosmic

rays. The first systematic VHE ��� ray observations were made by a group from Lebedev

Institute in 1960 [44]. No statistically significant fluxes were observed from a catalog of

source candidates which included Crab nebula, Cas-A, Cygnus-A etc. In the 1970s and

early 1980s, evidence for episodic pulsed emissions lasting over several minutes to several

days were observed from Crab pulsar by various groups giving rise to the belief that VHE

phenomena could be intrinsically transient [85] [58] [53]. The 1980’s saw a flurry of ex-

citement, as a series of air shower arrays and atmospheric Čerenkov telescopes reported

detections of sources, notably Cygnus X3, at energies from 1
� ��� up to 1

� ��� [120] [17].

Ironically, these “detections” have failed to be confirmed by newer experiments with much

greater sensitivities [120]. However, by the late 1980’s ground based ��� ray astronomy

began to produce statistically solid and reproducible results. Improvements in cosmic ray
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rejection for both air shower arrays and atmospheric Čerenkov telescopes had the largest

impact. At ultra high energies, large scintillator arrays with muon detectors for cosmic

ray rejection, such as the CASA [39] and Cygnus [26] arrays, set upper limits on ���

ray emission from sources above 50
� ��� that were orders of magnitude below previous

reported detection. However, at energies of � 1
� ��� , atmospheric Čerenkov telescopes us-

ing imaging techniques (described in chapter 2) have detected sources with high statistical

significance, with good reproducibility, putting ground based ��� ray astronomy on a solid

footing for the first time. The key feature of ground based experiments is their very large

collection area. The sensitive area of an atmospheric Čerenkov telescope is determined by

the radius of the Čerenkov light pool itself, which is about 250
�

. As a result, ground

based experiments are sensitive to much lower ��� ray fluxes than satellite experiments,

and in particular are sensitive to the levels of fluxes seen at energies near 1
� ��� .

In addition to expanded spectral reach, a large collection area also provides better sensi-

tivity to rapid time variability since statistically solid detections can sometimes be achieved

on time scales of hours. In contrast, satellite experiments often require months of integra-

tion time to see a source. Satellite experiments generally have better energy resolution and

the important ability to reject cosmic ray triggers on an event by event basis. Details of

techniques involved in conducting VHE ��� ray astronomy from the ground are discussed

in Chapter 2. Typical energy thresholds for atmospheric Čerenkov telescopes are � 300

����� . The ��� ray sky at
� ��� energies, as illustrated in Figure 1.3, is characterized by a

relative dearth of sources. Out of these, only four (the Crab, Mrk 501, Mrk 421, and PSR

1706 -44) have been seen at high significance by many experiments [142] [121].

In spite of the sparse source catalog, groundbased � ray astronomy has produced very

impressive results in the last decade. The Crab nebula has been shown to be a standard

candle in VHE ��� ray astronomy. Much of the excitement has centered on active galactic

nuclei (AGN), particularly Markarian 421 and Markarian 501. These sources have shown

rapid time variability and intense flaring activity, with peak fluxes reaching several times

the flux of the Crab. As seen in Figure 1.4, rapid changes in flux have occurred on hour time

scales, implying a small emission region of the order of a few lighthours across [69] [65].

On the basis of light travel arguments, the emission region radius is estimated from
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Fig. 1.3: TeV Source Catalog at E � 300 � ��� . Considering the confirmed and probable sources

there is a catalog of sixteen objects. Figure taken from [121]

� � ��� �
� ��� � �

where � t is the observed time variability, z is the redshift of the source and c the speed

of light. For a � t of 1 day which is typically observed in many AGNs and a redshift of

z � 1, the emission region has to be smaller than � 1.3
�

10
� � ��� 1. If the emission

region is moving at highly relativistic speeds, however, the flare may be time dilated, and

the emission region could be larger by the Doppler factor of the emitting region. In addi-

tion, multi-wavelength studies suggest that these sources may emit the bulk of their energy

at TeV energies [42]. The full details of the acceleration process are unknown, but it is

believed that acceleration occurs in shocks inside relativistic jets, ultimately powered by

1typical dimension of our solar system
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Fig. 1.4: TeV Source Variability of Mkn 421. Figure taken from [69].

accretion onto a massive black hole at the center of the active galaxy [97]. The fact that

very high energy � � rays are seen from blazar subclass of AGNs is an important clue to

the nature of blazars and the mechanisms by which radiation is generated within their jets.

Thus high energy ��� ray astronomy will continue to play a critical role in understanding

these extremely compact and energetic objects.
��� rays may also be used indirectly as probes of interstellar radiation fields. � � rays

interact with soft photons and produce electron positron pairs : � ��� �
�

� � . The ex-

tragalactic diffuse photon background, optical photons from stars, infra red (IR) photons

from interstellar/intergalactic dust, the 2.7 � -K cosmological microwave background radi-

ation etc sets a limit on the distance from which ��� rays can reach us. Visible light ( �

1 eV) and microwave background radiation ( 10 �
� eV) absorb TeV and PeV � � rays re-

spectively. The optical depth for 200 TeV photons is about 1 � � � , so ��� rays from our

galaxy or nearby galaxies can be observed at these energies. Unlike the cosmic microwave
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background, the intergalactic infra-red (IR) photon flux is not well understood. The photon

flux from a TeV � � ray source is attenuated depending on the ��� ray energy, the distance

to the source and density of intergalactic IR photons. If the intrinsic source spectra can be

inferred from observations of several sources, the IR photon density can be estimated from

spectral measurements made on sources at different redshifts.

Radio pulsars have played a very important role in the growth of VHE � � ray as-

tronomy. Apart from their ability to accelerate particles to high energies, the detection of

pulsed � � ray emission will have a bearing on the means of probing the neutron star’s en-

vironment itself. Models of particle acceleration in pulsar magneto-spheres can be broadly

classified into two categories, viz. the “Polar Cap” and the “Outer Gap” models. Both

Polar Cap and Outer Gap models have had some success at explaining observed spectra

of pulsed � � rays. Polar Cap models can reproduce some features of the light curves and

phase resolved spectra, however, the emission at GeV energies is not understood in detail

(refer to Figure 1.5). Outer Gap models have also been used to explain observed pulse

profiles, but have difficulty explaining the spectral shapes [9]. � ray measurements above

10 GeV provide an important means for testing, and deciding between, these competing

models. The Polar Cap models produce ��� rays primarily through curvature radiation of

accelerated electrons. Upper limits on the fluxes of pulsed TeV emission from pulsars im-

ply strong spectral cutoffs somewhere above � 10 GeV. In Polar Cap models, these cutoffs

are due to pair production. High energy � � rays emitted near the polar cap region, where

the magnetic field is high, will pair produce off the magnetic field, and so be absorbed.

A spectral cutoff around 10 GeV is thus expected. This conclusion has been in-forced in

the 1990s by experiments with very good sensitivities [41] [107]. In Outer Gap models,

the magnetic field at the acceleration site is much lower, and is thus too weak for pair pro-

duction to play a significant role. Instead, the curvature photons undergo photon photon

pair production with thermal X-rays from the polar caps or non-thermal X-rays produced

by he cascade. The spectral cut-offs may result from absorption of high energy ��� rays

off infrared photons in the magnetosphere [118]. A key prediction of Outer Gap models is

that pulsed gammaray emission should continue to energies � 20 GeV or even higher (see

Figure 1.5). In particular, the detection of pulsed emission at energies above 30 GeV or so
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would be a strong indication of acceleration in outer gaps. Also, recent Outer Gap mod-

els predict an Inverse Compton component due to gap accelerated particles at very high

energies. Results from some experiments from the past and present [50] [85] [86] [140]

[127] suggest the possibility for the presence of this second component in the TeV region.

Thus the precise energy of steepening of pulsar energy spectra remains an issue of serious

debate which can be solved by ground based experiments.

Fig. 1.5: Pulsed Gamma Ray Fluxes and Upper Limits from the Crab. The differential flux of

pulsed emission multiplied by E
�

is plotted ��� Energy. The dashed line is a fit to the

measured EGRET points [72]. The dot-dashed line is a power-law fit with an exponential

cut-off at 60 GeV. The thin solid line is a fit of data to Polar Cap Model and dotted line

a fit to Outer Gap Model. The heavy solid line is an empirical fit to unpulsed emission.

Upper limits of pulsed emission are from WHIPPLE (
�

[67], � [87], � [78]), ASGAT

( � [56]) and CASA (+ [40]). Also included is the claimed detection by Durham group

( � [50]). The figure is taken from [67].
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The Pachmarhi Array of Čerenkov Telescope (PACT) experiment is a novel ground-

based detector using the wavefront sampling technique (explained in detail in Chapter 2)

to study the key issues in VHE � ray astronomy with the anticipation that a consensus will

emerge which will deepen our understanding both of the astronomy and high energy nature

of these sources. This thesis describes in detail the design and construction of PACT, and

presents results from observations of the Crab Nebula and conclusions from this work.

1.4 Overview of the Crab

1.4.1 Historical Start off

The Crab nebula, which is a remnant of a supernova explosion that occurred in 1054 A.D.,

is one of the most fascinating objects in the sky and is extensively studied in all the bands of

electromagnetic spectrum. According to chronicles left by the Royal Astronomer, Yang-

Wei-Te, of the Sung dynasty in China “on a Chi-Chou day of the 5 ��� month of the first

year of the Chi-Ho period, a guest star appeared at the southeast of Thien-Kaun measuring

several inches”. This celestial event according to Julian calendar happened on 4 ��� July 1054

AD in the constellation Taurus. Optical observations taken with present day telescopes

have established Crab nebula to be a hot web of gas with bright reddish filaments. It has

now been estimated that the supernova reached a maximum visual magnitude of -6.5 to 7

and with the distance estimate of � 2
� �	� the absolute magnitude must have been at least

-16.5. The remnant is about 2 �	� in radius [106].

The radiation from the nebula is polarized in the optical and radio region. Schklovsky [133]

pointed out in the early fifties that the high degree of polarization could be accounted for

by synchrotron process requiring the presence of very high energy electrons ( � 10
���

��� )

gyrating round the magnetic fields in the filaments. Cocconi suggested that a mechanism

of acceleration of particles to high energies must be operative in the nebula [15]. Thus

started large scale efforts to look for high energy emission from the Crab. The present

day consensus is that the emission at wavelengths from radio to X-rays is nonthermal and

strongly polarized, and has a synchrotron type spectrum. Emission is seen from the nebula

as a whole, implying that it is filled with a population of energetic relativistic electrons. In
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addition to the nebula, the Crab also contains a pulsar (PSR 0531+21), discovered in 1968,

which is believed to be the ultimate power source for the nebula’s high energy emission.

Surrounding the pulsar is a strong magneto-hydrodynamic shock, where the relativistic

wind from the pulsar encounters the surrounding nebula. The Crab is in fact the prototype

member of the plerion class, consisting of supernova remnants with a “filled center” of rel-

ativistic electrons, powered by a central pulsar. As such, it constitutes a strongly coupled

magneto-hydrodynamic (MHD) system [106].

1.4.2 Energy Source in Crab

Understanding the energetics of the Crab initially met with considerable difficulties. The

Crab has a total luminosity of 10 � � Watts, summed over all wavelengths. The bulk of this

luminosity is due to synchrotron emission, implying a population of relativistic electrons.

However, these electrons should lose energy on rapid time scales. For instance, the elec-

trons which produce synchrotron X-rays in the Crab should lose half of their energy in

a few years [146]. Yet the Crab has remained bright on time scales much longer than a

decade. Clearly some powerful energy source must continuously replenish the plerion’s

relativistic electron supply. A solution to this puzzle was offered by the discovery of the

Crab pulsar. The pulsar is believed to be a rapidly rotating neutron star, with its magnetic

axis displaced from the rotation axis. The pulsar period is observed to increase gradually

wit time. The rate of change of the rotational kinetic energy of the pulsar can be written as

:

� ����� �� � 
 ��� � �
� �

where I is the moment of inertia of the neutron star,
�

the angular velocity. For a ro-

tating sphere of uniform density :
� 
 �

� � � �

. For the Crab pulsar,
�

is 188 rad/sec,

��	
� �

 
 ��
 � � � �� � � � � � � � � . Assuming a neutron star mass of � 
 � � ��� � ���

and R = 10
���

, one gets �
������

� �
��� ��� � � ��� ��� . The change in rotational kinetic energy of the neu-

tron star is just the magnitude needed to match the observed electromagnetic luminosity.

This was first pointed out for the Crab by Gold in 1969 [93]. (Remarkably, the idea that

the energy source of the Crab Nebula might be a rotating neutron star was proposed by
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Wheeler in 1966, two years before the discovery of the first pulsar! [144] Given a mech-

anism for converting rotational energy into electromagnetic particle acceleration (to be

discussed shortly), pulsar spin-down provides a powerful energy source for emission from

the Crab.

1.4.3 Aligned Rotator Model

If the neutron star has an intense magnetic field, then energy may be extracted from the

rotational kinetic energy of a neutron star. The collapse of a main sequence star into a

neutron star will naturally produce a large magnetic field (of the order of 10
���

Gauss), as

the surface field of the progenitor star is frozen by flux conservation into the much smaller

neutron star [134]. The neutron star itself should be an excellent electrical conductor, and

hence the pulsar acts like a rapidly spinning electrical conductor in a strong magnetic field.

The effect can be a “dynamo action”, resulting in an electromotive force. The simplest

version of this principle is the magnetic dipole model [122] [96]. This model supposes

that the neutron star has a magnetic dipole moment oriented at an angle � relative to the

spin axis of the pulsar. The resulting time varying magnetic dipole moment produces

electromagnetic radiation with a power of:

� 

� � ��� � � � � �

�

�
� � �

Here, B is the magnetic field at the magnetic pole of the neutron star, R is the radius of

the star and
�

is the angular velocity of the star’s rotation [134]. The emitted radiation has

a frequency of
�

. Assuming a reasonable value for R, and equating this expression to the

known spin-down luminosity of the Crab Pulsar, implies a B field of the order of B � 10
���

Gauss (for sin � � 1). This magnetic field is in agreement with naive expectations, and

so the magnetic dipole mechanism does explain the magnitude of the pulsar’s energy loss

rate. One shortcoming of the magnetic dipole model is that it does not consider the sur-

rounding pulsar environment, but rather treats the pulsar as an isolated object. Subsequent

researchers have proposed more realistic models which address this difficulty. Goldreich

and Julian have shown that an aligned rotator model in which the spin and magnetic axes

are parallel, can also produce the same magnitude of pulsar spin-down power [134] [94].
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The key insight here is that any rotating neutron star must be accompanied by a dense

magnetosphere of charged particles. Figure 1.6 illustrates the idea. It is assumed that the

magnetic axis of the pulsar is aligned with the spin axis. The magnetic field lines radiat-

ing from the surface of the star may then be divided into “closed” and “open” field lines.

Closed field lines fall completely within the “light cylinder” of the star. The light cylinder

is defined as the radius at which a particle corotating with the star would move at the speed

of light. Charged particles moving along closed field lines are trapped within the magneto-

sphere. These field lines and the plasma corotate with the star. The “open” field lines are

those which cross the light cylinder and do not close. Particles moving along these lines

cannot corotate with the neutron star, since outside the light cylinder their velocity would

exceed the speed of light. The open field lines thus conduct charged particles away from

the pulsar (In actuality, the particles will spiral helically around the field lines. For the im-

mense magnetic fields near a neutron star, however, the gyro radius is very small, and the

particles tend to follow the field lines). The region of the neutron star around the magnetic

pole from which the open field lines originate is called the “polar cap.” Goldreich and Ju-

lian have worked out the magnitude of electrical field in details and for Crab it is estimated

to be � 3
�

10
� �

Volt/cm. This strong field is sufficient to easily rip electrons and ions

from the star’s surface, carrying them into the magnetosphere. Some of these particles will

follow closed magnetic field lines, and rotate with the star, while those stripped from the

polar caps will follow open field lines to infinity. The result is a “pulsar wind” of relativis-

tic charged particles, which carries away kinetic energy and angular momentum from the

neutron star, and causes it to spin down. These conclusions also hold for the case that the

magnetic and spin axes are not aligned. In this case, both electromagnetic radiation at the

pulsar frequency and a pulsar wind may result. The pulsar wind should blow radially away

from the pulsar, and the open field lines tend to have a toroidal configuration outside the

light cylinder, which corresponds to the shape of the pulsar wind outflow. The pulsar wind

is expected to be dominated by electrons and positrons.

The aligned rotator model should be considered as a model that provides insight into

the energy conversion of a rotating neutron star, but the details of the mechanism still re-

main uncertain. For instance, it is unclear what the exact charge distribution is above the
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Fig. 1.6: A schematic Diagram of an aligned rotator model. The shaded areas correspond to closed

magnetic field lines, which rotate together with the neutron star. Charged particles in this

region follow the field lines, and are confined. Open field lines radiate from near the pole

of the rotating star, and pass through the light cylinder (the radius at which a particle

corotating with the neutron star would be moving at velocity c). Charged particles ripped

from the “polar cap” of the neutron star follow these open field lines away from the pulsar,

forming a “pulsar wind.” This pulsar wind escapes from the pulsar environment, carrying

away energy and angular momentum, and resulting in spin-down of the pulsar. Figure

taken from [114]

polar caps, and where exactly particle acceleration occurs in the system. The most im-

portant features of the aligned rotator model are the presence of an accompanying plasma

magnetosphere around the pulsar, and the existence of a relativistic wind blowing away

from the pulsar, which play an important role in the energy transport to the nebula.
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1.4.4 Energy Transport Between the Pulsar and Nebula

Irrespective of the details of how the Crab pulsar converts rotational energy into electro-

magnetic energy, that energy must somehow be transferred to a population of relativistic

electrons in the surrounding plerion, which produces the synchrotron emission that ac-

counts for the bulk of the Crab’s luminosity. Early models supposed that the bulk of the

energy was carried outward by a strong electromagnetic wave [129]. However, recent

theoretical work suggests that a pulsar wave of this sort cannot propagate in the dense

plasma that must surround the neutron star (refer to Figure 1.7). Pioneering work by Rees

and Gunn [130] developed more fully later by Kennel and Coroniti [106], considered en-

ergy transport by the pulsar wind and accompanying magnetic fields. This model starts

with a relativistic pulsar wind, such as that described in the earlier section. The wind and

accompanying magnetic field are then treated using the magneto-hydrodynamic (MHD)

approximation, and the electron and magnetic field distributions for the entire system are

then derived. An elegant byproduct of the model is an explanation for the origin of the

nebula’s magnetic field.

A key feature of this model is that the pulsar wind must be confined within the su-

pernova remnant. This feature is clear from the fact that the equipartition energy density

calculated from synchrotron radio observations yields a pressure far in excess of the pres-

sure of the stellar medium itself. The edge of the surrounding remnant is expanding at a

speed of 5000 Km/sec. From this observation, Rees and Gunn concluded that there must

be a strong hydrodynamic shock inside the nebula which slows the bulk flow of the pulsar

wind. The bulk velocity decreases discontinuously across the shock, and then gradually

decreases towards the edge of the remnant, where it reaches the expansion velocity of �

5000 Km/sec. By equating the ram-pressure of the pulsar wind at the shock radius R �

(given by L/4 � c R
�

� , where L is the pulsar spin-down luminosity ) with the total magnetic

and particle pressure within the bulk of the nebula, Rees and Gunn estimated the radius

of the shock to be R � � 0.1 pc or about 10% of the remnant’s average diameter. They

identified this shock with a small region centered about the pulsar which is underluminous

at all wavelengths 2. Figure 1.7 illustrates the model’s geometry.

2The upstream region is expected to be underluminous because the upstream particles move along the
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Fig. 1.7: Schematic of the Crab nebula and Pulsar. The dot in the center represents the pulsar

with magnetosphere. A relativistic pulsar wind is terminated at a strong reverse magneto-

hydrodynamic shock at a radius of 0.1 ��� . The shock slows the bulk flow of the pulsar

wind, thermalizing and scattering the electrons and positrons. Particles are further accel-

erated to energies above 10
���

� � at the termination shock through shock acceleration.

The bulk speed of the plasma gradually decreases between the termination shock and

the outer nebula, approaching the average expansion velocity of the supernova remnant.

Figure taken from [106].

The details of the pulsar wind formation, in particular its exact geometry, are still quite

unclear. Analysis of the synchrotron emission from the Crab imply that wind electrons at

the shock have a mean Lorentz factor of ��� ��� � � 1.3
�

10 � . This quantity is known to be

within a factor of four [6]. Estimates of the Lorentz factors of the initial wind particles

magnetic field lines with small pitch angles, thus producing little synchrotron radiation. In addition, there

are time dilation effects. An element of flow moving at highly relativistic speeds upstream of the shock will

spend much less proper time upstream than in the decelerated region downstream
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coming from the pulsar give � � 10 � , implying that the wind particles must themselves

experience additional acceleration somewhere between the light cylinder and the pulsar

wind termination shock. The exact acceleration mechanism is not understood, but may be

related to fast dissipation of the toroidal magnetic field with conversion of its energy into

particle acceleration [6] [16]. The termination of the relativistic stellar wind at the standing

reverse shock randomizes the pitch angles of the electrons, converting the bulk flow of

the wind into thermal energy. It is these thermalized electrons which diffuse through the

plerion and result in the observed steady state synchrotron emission. Measurements of

the synchrotron spectrum show continued emission up to energies of 500 MeV. The cutoff

energy E � of synchrotron emission is related to the electron energy E � via [18] :

��� 

���� � � � � �

�
� � � �

The average B field in the Crab Nebula is estimated from its synchrotron spectrum to

be � 3
�

10 � � Gauss. Inserting this value and E � = 500 MeV into the above equation, one

gets E � � 3
�

10
���

��� . This energy is significantly higher than the energy of the particles

in the incident pulsar wind, and implies the need for additional acceleration [19]. The dis-

tributions of the magnetic field and plasma flow between the wind termination shock at 0.1

pc and the outer edge of the remnant at � 2 pc are crucial for interpreting the synchrotron

and higher energy emissions from the nebula. The bulk of the emission occurs from this

region. Kennel and Coroniti have done a detailed treatment of this situation [106] [105].

They assume that the spindown luminosity of the pulsar is carried by the pulsar wind, and is

divided between particle and magnetic energy densities. A parameter called � was defined

which is the ratio of magnetic energy density to the particle energy density just upstream

of the termination shock. Kennel and Coroniti model the magneto-hydrodynamic flow of

the fields and plasma across the shock, and out to the edge of the remnant. An important

boundary condition is that the bulk wind speed at the edge of the nebula must match the

observed expansion velocity. They have shown that this condition alone implies � � 0.01.

Applying the further constraints that the pressure in the nebula agree with bounds from

radio observations, and that the wind termination shock be stable, give a bestfit value of

� = 0.003, with an allowed range from 0.001 to 0.01. The details of these calculations
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are beyond the scope of this thesis, but are given in [106]. Here I will cite the important

consequences.

Fig. 1.8: Magnetic Field Distribution for the Crab nebula. The MHD model of Kennel and Coroniti

predicts the magnitude of the nebula’s magnetic field as a function of distance from the

pulsar wind termination shock. The horizontal axis is the distance from the shock, in

terms of R � , the radius of the wind termination shock. The field is shown for different

values of � (defined in text). Figure taken from [106].

The MHD model of the Crab Nebula is selfconsistent, and for small values of � it

matches basic boundary conditions. One very important prediction of the model is the

distribution of the magnetic field in the nebula. The MHD model implies that the energy

density of the pulsar wind just upstream of the shock should be dominated by the particles’

energy, with just 0.3% of the energy carried by the accompanying magnetic field. However,

in the region between the wind termination shock and the nebula (R � � R � R � ) the MHD

model predicts that the magnetic field grows approximately linearly with radius, eventually
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reaching an equipartition equilibrium near the edge of the remnant (refer to Figure 1.8).

The average magnitude of the magnetic field in this region is in decent agreement with the

average field strength of 30 �
�

which is inferred from the spectral break in the synchrotron

spectrum between radio and optical [19].

The knowledge of the magnetic field distribution is an important ingredient in calculat-

ing the synchrotron and inverse Compton emissions from the nebula. Various researchers

have used the MHD model of the Crab to predict the synchrotron spectrum [105] [2]. It is

assumed that electrons which are accelerated at the wind termination shock have a power

law spectral distribution ( �
�

�
� 
 � �

�

), as is expected for stochastic shock acceleration

processes. One must account for energy loss of the electrons, due to synchrotron losses

and adiabatic expansion of the hot electron gas, as it expands into the nebula. It has been

shown that � is tightly constrained by the dynamics of the nebula’s expansion. Figure 1.10

shows the nonthermal spectrum of the Crab Nebula (omitting the pulsed emission, which

is a small component of the total energy output). A significant spectral break is evident

between the radio and optical, and it is found that a second population of electrons must be

assumed to fit the synchrotron spectrum between the radio and the IR bands. These “radio

synchrotron” electrons are interpreted as an older population of electrons that have been

accumulating for the lifetime of the nebula, but which have lost their energy in synchrotron

processes [2]. The higher energy emission is due to “young electrons” which have been

recently accelerated at the wind termination shock and which have not had time to lose

their energy. The success of this two component model in fitting both the shape and the

overall power of the synchrotron spectrum is impressive, as is clear from Figure 1.10 The

conclusion is that the MHD model of the Crab does a good job of explaining the broad-

band synchrotron spectrum, and that the Crab converts from 10% to 20% of its spindown

energy loss into synchrotron radiation, making the mechanism highly efficient [106]. The

model is insensitive to the details of how the pulsar wind forms, or what the exact acceler-

ation mechanism is for the wind. Given the assumption that such a relativistic wind exists,

however, the magneto-hydrodynamic approximation provides a fairly detailed description

of the outer nebula. Figure 1.9 shows a high resolution X-ray image of the Crab nebula.

Earlier, optical wisps have been observed in the inner nebula at a position interpreted as
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the pulsar wind termination shock and this picture also reveal a distinct ring of emission

as well as a jet emanating from the pulsar. In addition to the jet and inner ring, the X-ray

image shows an outer toroidal structure as well as fine structure correlated with optical po-

larization measurements which indicates that the structures trace the magnetic field [135].

Fig. 1.9: Chandra image of the Crab nebula showing the toroidal structure, the jet and the inner

ring corresponding to the pulsar termination shock

1.4.5 Predictions for Emission at Higher Energies due to Inverse Comp-

ton Process

In 1965 Robert Gould pointed out that since the Crab Nebula is a strong source of syn-

chrotron radiation, it should also be a source of higher energy radiation due to inverse

Compton (IC) scattering process [95]. The phenomenon of IC scattering is that in which

relativistic electrons collide with low energy photons and scatter these photons to higher
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Fig. 1.10: Non Thermal Emission Spectrum from Crab. The quantity L ��� is the power per unit

frequency times the frequency. This quantity gives the power per logarithmic decade of

frequency. The solid line is the best fit synchrotron spectrum, and the dashed line is the

inverse Compton component. The numbers below the synchrotron component indicate

the energy of the electrons giving rise to synchrotron emission at that frequency. Figure

taken from [3]

energies [112]. The cross section for this process is given by the Klein Nishina formula:

� ��
 
 � � �� � � ��� � �
�
�

� 
 � ��� � �
� ��� 
 � �

� ��� � � ��� � � 
 � ��� � � ��� 
 � � � � � � � 
 � � � � � � � � �
� ��� 
 � � � �

Here, r � is is the classical electron radius and � the ratio of the photon to electron

energy, before scattering, in the rest frame of the electron [98]. As � � 0, this expression

reduces to the familiar Thomson scattering cross section given by � � 

��� ���	
� . The energies

of the initial and final state particles are simply related by relativistic kinematics. The

energy of the scattered photon is related to the Lorentz factor � of the scattering electron
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by :

� ��� � � � � � ��� ��� ��� � � ��� � � � �
�

� ��� � � � � �
� � � � � � ��� � �

� �
�

Unlike synchrotron emission, which cuts off at energies above 100 � ��� for the Crab,

emission from the inverse Compton process can extend to very high energies, of the order

of the electron energy itself. Since the synchrotron spectrum of the Crab implies the pres-

ence of electrons with energies up to 10
���

��� , we might expect to see IC emission from

the Crab at TeV energies or higher.

In order to predict the flux of TeV photons from the inverse Compton process, one

must specify the spatial and energy distribution of the relativistic electrons and the spec-

tral and spatial distribution of the low energy target photons. Because the Crab is such

a bright source of synchrotron radiation, many researchers have considered scattering of

synchrotron photons in the Crab to high energies by the same electron population that pro-

duces the synchrotron photons. The IC flux at TeV energies is thus tied to the synchrotron

emission at radio through � ray energies, and the combined model is known as the syn-

chrotron self Compton (SSC) model. Subsequent researchers have emphasized, however,

that the 2.7 � K cosmic background radiation and thermal dust radiation in the Crab are

also sources of target photons which must be accounted for [47] [3]. Therefore, although

the Crab Nebula is often cited as the prototype example of the synchrotron self Compton

model, a significant component of its IC radiation could come from target photons other

than synchrotron photons. The spectral and spatial densities of the target photon fields may

be determined rather straightforwardly from the observed broad-band emission, in a model

independent fashion. Since the electrons themselves are not observed, their spectral and

spatial distribution must be unfolded from the observed synchrotron spectra. Modelling

of the nebula becomes crucially important since the synchrotron emission itself depends

strongly on the magnetic field. The rate at which an electron with energy E loses energy

by synchrotron process is given by :
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� �� � �
� � � �

� � � ��� � � �
The total synchrotron power output of the nebula will be proportional to the product of

the number of radiating electrons and the average energy loss per electron. Thus there is

a degeneracy in the problem between the total electron density and the magnetic field B.

A fixed synchrotron luminosity may correspond to a high magnetic field and low electron

density, or vice versa. In general, the inverse Compton component of the Crab’s radiation

will scale with the total number of electrons. It is therefore clear that in order to predict the

IC flux from the Crab, one must also have an estimate of the magnetic field distribution in

the nebula. From the measured synchrotron spectrum and the estimated B field distribution,

the underlying electron spectrum can be determined.

The inverse Compton spectrum from the Crab Nebula is calculable as [95] :

���
� ��� 
 �


 � � �
� � �

���
� �	� � �

�
��� �
	 ��� � � �

�
� � � �� � �� ���

Here, n� � � � � � � is the number density of target photons in the nebula, d is the distance

from the Earth to the nebula and d � � /d � � is the differential cross section for the production

of a Compton-scattered photon of frequency � � in the scattering of a photon with frequency
� by an electron of energy E. There have been many methods for this computation (refer

to [19] [3] for a full description of the methods). Figure 1.11 shows the inverse Compton

Spectrum calculated by Aharonian and Atoyan [3]. The calculation assumes � =0.005 and

the presence of two populations of relativistic electrons. The first population consists of

“prompt” electrons, recently accelerated by the wind shock, with an energy spectrum of

E �
� � � and a cutoff energy of 2.5

�
10

���

��� . The second population consists of older “ra-

dio” electrons filling the nebula and needed to explain the radio synchrotron emission. In

addition to the total flux, Figure 1.11 shows the individual contributions from the three tar-

get photon fields, namely the synchrotron, far infra-red (FIR) and 2.7 � cosmic microwave

background for a magnetic field of 2
�

10 �
� Gauss. It is seen that the synchrotron target

photons contribute only about half of the total IC flux. The spectral curvature is due to a

combination of factors. First of all, at energies below 100 GeV, the bulk of the IC flux is

actually due to scattering by the radio electron population, which has a harder energy spec-
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trum than the prompt electron population. The sharp steepening above 100 GeV is due

to the steeping of the target synchrotron photons between the radio and optical band. Fi-

nally, at higher energies, the transition between the Thomson regime and the KleinNishina

regime of the IC cross section steepens the slope further [3]. As mentioned previously,

there is a degeneracy between the number density of synchrotron electrons in the nebula

and the magnetic field. A higher B field increases the synchrotron power loss of an individ-

ual electron, and thus fewer electrons are needed to match the observed luminosity. Since

the IC flux is proportional to the electron density N(E), it follows that a higher magnetic

field results in a smaller IC flux. In Aharonian and Atoyan’s model, the integral flux of

gamma rays above 1 TeV is found to vary as:

�
� � � � � ���	� � � ���

where B is the average magnetic field in the X-ray emitting synchrotron region and � is

determined from the slope of the energy spectrum of synchrotron X rays. X-ray emission

is relevant here since the electrons that inverse Compton scatter photons to energies greater

than 1 TeV are the same electrons that emit the bulk of the synchrotron X rays. The

combination of synchrotron measurements and IC ��� ray measurements can thus be used

to determine the magnetic field inside the Crab Nebula. These estimates can be compared

with B fields determined in other ways (i.e. from synchrotron spectral turnovers, MHD

models, etc.), and so test the synchrotron self Compton model for the Crab. (see Figure

1.12).

Since the IC spectrum of the Crab in the TeV range is strongly related to the synchrotron

X-ray emission, it has one very important consequence for TeV astronomy. The time

needed for a relativistic electron to lose half of its energy due to synchrotron losses is given

by [98]:

� ��� � 
���� � � � � � � � �	� �
� 
 � � � �����

� 
 � ��� � �
For

� 
 
 � � � � � � , E = 1 TeV, t ��� � comes out to be � 200 years. Therefore, the flux

of IC photons around 1 TeV should be essentially constant over several decades. Thus, the
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Fig. 1.11: Calculated Inverse Compton Spectrum for Crab. This spectrum is calculated within the

MHD model framework with � = 0.005. The electron spectrum N(E) reproduces the

synchrotron emission spectrum of Figure 1.10. The total flux is shown (heavy solid

line), along with the individual contributions from the three target photon populations

(synchrotron=solid line, far infrared (thermal dust) = dashed line, 2.7 � K cosmic back-

ground=dotted line). Figure taken from [3].

Crab can expected to be a steady, bright source which can serve as a “standard candle” for

TeV astronomy.

1.4.6 Observations of VHE � � ray Emission from Crab

Gould’s prediction that the Crab Nebula should be a source of TeV ��� rays initiated

decades of mostly unsuccessful attempts by ground based instruments to detect this emis-

sion. The Smithsonian Astrophysical Observatory group reported the first detection of

VHE ��� rays from the Crab nebula after three years of observation [51]. The reported
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Fig. 1.12: Variation of Inverse Compton energy for various magnetic fields. As the average mag-

netic field in the nebula increases, the predicted inverse Compton flux goes down. The

vertical axis is the integral numerical flux, multiplied by the energy E. The points on

the left are EGRET measured fluxes. The shaded trapezoid is the TeV spectrum mea-

sured by Whipple, and the upper limits at the right come from air shower arrays ( � ,
�

=

HEGRA; solid triangle = Cygnus; � = CASAMIA). Figure taken from [3].

detection was only at a 3 � significance level. Further evidence for the detection of TeV

emission was reported by the Whipple Observatory Collaboration [43] [104] using the

10
�

Imaging Telescope between 1983 and 1985. Based on differences between images

recorded from ��� rays and protons, a nominal significance of 5 � was achieved. These

efforts were finally vindicated in 1989 when the Whipple Observatory, pioneering the use

of the imaging atmospheric Čerenkov technique, detected TeV ��� rays from the Crab at

high significance ( � 9 � ) [87]. Confirmation of this detection by other experiments soon
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followed [120] and now about a dozen experiments (most of them use imaging technique )

have claimed detections. The Crab Nebula was thus the first ��� ray source to be detected

by ground based experiments, and remains a continuing target for observations.

Fig. 1.13: Differential Spectrum VHE ��� rays from Crab

Figure 1.13 shows the differential flux spectra for the Crab as determined by five recent

experiments: Whipple [60], CANGAROO [82], CAT [33], Tibet [27] and HEGRA IACT [25].

Particularly noteworthy are the higher energy data points from HEGRA, and especially

CANGAROO, acquired by viewing the Crab at large zenith angles. The fluxes seen by the

various experiments are overall quite similar except for the Tibet experiment. This exper-

iment uses a scintillator array at high altitudes to detect charged secondary particles in air

showers, whereas all the other experiments use the atmospheric Čerenkov technique. The

Tibet result is the first credible detection of a � ray source with an air shower array. Further-

more, because Tibet detects ��� rays using a different technique, it has different sources of

systematic error than those of atmospheric Čerenkov telescopes. Preliminary results from
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the upgraded TIBET (III) experiment are also shown where the highest energy points are

in reasonable agreement with the atmospheric Čerenkov telescope results though the low

energy flux point at about 2 TeV is still higher.

Fig. 1.14: Integral Spectrum of VHE ��� rays from Crab nebula. The solid line is the integrated

WHIPPLE spectrum, the dot-dashed line is the CANGAROO spectrum and the dotted

line is the powerlaw extension of the CANGAROO spectrum to higher energies. Both

the TIBET(II) and TIBET(III) fluxes are higher than that measured by the atmospheric

Čerenkov telescopes. The upper limits from air shower arrays are shown by arrows.

Figure redrawn from [120].

Figure 1.14 shows integral flux results for the Crab from a large number of atmospheric

Čerenkov telescopes and air shower arrays. Almost all the data are consistent with a single

power law spectrum with an index of � -1.50. Above 10 TeV, the measurement by the

CANGAROO experiment extends the spectrum to 50 TeV [82]. Among the upper lim-

its reported by air shower arrays, only the results from CASA-MIA are inconsistent with
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a power law extension of the spectrum. The CASA-MIA measurements imply a spec-

tral steepening above � 100 TeV. Table 1.1 summarizes integral flux values from various

atmospheric Čerenkov experiments.

Table 1.1: Integral Flux Results from Crab by Various Experiments

Experiment E ��� I � (E � E ��� ) Slope

(TeV) � � � � �
�

� �
�

Whipple [60] 0.3 8.5 � 1.03
�

10 �
� �

-1.49 � 0.07

Cangaroo [82] 7.0 9.2 � 1.0
�

10 �
� � -1.53 � 0.15

HEGRA [25] 0.5 5.3 � 0.9
�

10 �
� �

-1.59 � 0.06

CAT [33] 0.25 9.0 � 0.8
�

10 �
� �

-1.55 � 0.09

THEMISTOCLE [49] 2.0 4.3 � 1.2
�

10 �
���

-1.50 � 0.20

SHALON-ALATOO [81] 0.8 1.1 � 0.13
�

10 �
���

-1.35

Tibet(II) [27] 3.0 8.5 � 0.2
�

10 �
���

-1.62 � 0.17

Tibet(III) [28] 2.0 1.5
�

10 �
� �

STACEE [74] 0.19 2.2 � 0.6
�

10 �
� �

CELESTE [71] 0.06 6.2
�

10 �
� �

Inverse Compton emission is predicted at not only TeV energies, but also at GeV en-

ergies. The results from EGRET are of special interest, since they span the energy range

in which the transition from synchrotron emission to Inverse Compton emission is ex-

pected to occur. Figure 1.15 shows the combined synchrotron IC ��� ray spectrum for the

Crab Nebula. At EGRET energies, a clear spectral hardening is seen above 0.1 GeV. The

multiwavelength � � ray emission appears overall to be in reasonable agreement with the

synchrotron self Compton model. It is seen from the Figure 1.15 that the EGRET flux near

1 GeV is somewhat higher than what the SSC model predicts. This may be an indication

of an additional ��� ray component, perhaps due to bremsstrahlung radiation of electrons

trapped in nebula gas filaments [2]. However, the uncertainties in the data and models do

not permit any firm conclusion at present. But one should be aware of the fact that the flux

determination from EGRET is fraught with difficulties. The region of the � � ray sky at
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Fig. 1.15: Unpulsed Gamma Ray Emission from Crab. The differential spectrum multiplied by E
�

is plotted as a function of ��� ray energy. Models for both the synchrotron and Inverse

Compton emission (for three values of � ) are shown. The solid straight line through

EGRET points is an empirical fit to the observed flux, and is not part of the model.

Figure taken from [47] [131].

EGRET energies near the Crab nebula is dominated by Galactic diffuse emission as well

as by a few point sources like Crab, Geminga and PKS 0528+134. So the unpulsed spec-

trum has to be separated out very carefully. Also the statistics is poor outside 70 � ���

to 2 ����� range which will add to large errors in flux determination. Another important

aspect of Figure 1.15 is the change in spectral slope between energies of 1 GeV and 1

TeV. This spectral rollover is a firm prediction of all synchrotron self Compton models.

Therefore, � ray flux measurements at 100 GeV or below can provide an important test of

the synchrotron self Compton model that is insensitive to model parameters. Measuring

the � ray flux from the Crab with CELESTE [71] and STACEE has been a key element
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to this feature [74]. Also the flux measurement by CELESTE (not shown in Figure 1.15

but refer to Table 1.1) seems to rule out the proposal that an additional component due

to bremsstrahlung can account for the possible discrepancy between the prediction and

EGRET data around 1 � ��� [71]. It should be noted that the uncertainty in CELESTE

measurement is rather large and many more observations in this energy band are required

before arriving at a conclusion.

As described earlier, inverse Compton ��� rays is a sensitive probe of the mean mag-

netic field of the Crab Nebula. Various researchers have at tempted to determine the mag-

netic field from TeV flux levels. In Figure 1.16 IC fluxes from the Whipple, CANGAROO

and EGRET experiments are compared to the models of Aharonian and Atoyan [3] and

De Jager and Harding [19] for different magnetic field values.

The data from the WHIPPLE group is best fit by a mean magnetic field of 16 �
�

[60]

which is well below the predicted value of equipartition strength of 30 �
�

which suggests

that the assumption of energy equipartition overestimates the magnetic field strength [60].

Also, if this magnetic field is constant, then all the data from 1 GeV to very high energies

can be accounted for by IC scattering and other contributions to the ��� ray flux will be

small. The HEGRA IACT experiment has also determined a mean magnetic field of � (1.7

� 0.3)
�

10 � � Gauss [25] which is in close agreement with the WHIPPLE results.

The Crab nebula is an important source for the newly commissioned Pachmarhi Array

of Čerenkov Telescope (PACT) project. The main aim of the thesis is to measure the flux

of ��� rays from Crab using the PACT array and to study the standard candle nature of

the source. It will also help to test the validity of synchrotron self- Compton models for

unpulsed � � ray emission from Crab. At the same time, the aim of the thesis will be

to establish the feasibility of using an array of Čerenkov telescopes using the wavefront

sampling technique ( to be discussed in detail in the subsequent chapters) to study very

high energy ��� ray sources.
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Fig. 1.16: Determining the Mean magnetic field from TeV spectra. The figure shows the predicted

IC spectrum (both de Jager and Harding [19] and Aharonian and Atoyan’s models [3]

are included ) with data inputs from WHIPPLE, CANGAROO and EGRET experiments.

The methods 1 and 2 refer to determination of TeV spectra from various data sets using

two separate analysis methods by the WHIPPLE group. A mean magnetic field of about

16 �
�

is arrived at which is well below the equipartition level of 30 �
�

. The dotted line

is the parabolic fit to the data. Figure taken from [60].
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Atmospheric Čerenkov Technique

2.1 Introduction

Astronomers can make their observations from the Earth’s surface in the optical or radio

regions of the electromagnetic spectrum with minimal hindrance from the atmosphere.

However, at higher frequencies, detectors must be flown in balloons and satellites as the

ultraviolet, X-rays and ��� rays are seriously attenuated by the atmosphere. At even higher

energies ( � 10 GeV and higher), the flux of photons is so low ( � 1 m �
�

year �
�

) that no

significant data can be acquired with typical detector sizes in satellites. However, at these

energies, the interaction of ��� rays with the atmosphere can be exploited to indirectly

detect these photons using ground based observatories.

A sufficiently energetic ��� ray can initiate an electromagnetic cascade in the atmo-

sphere, often referred to as an extensive air shower (EAS), which can instead be detected.

The air shower itself consists of a large number of electrons, positrons, and photons which

propagate through the atmosphere at relativistic speeds. Relativistic particles in the air

shower can exceed the speed of light in air, resulting in Čerenkov emission of optical and

UV photons. The resulting Čerenkov photons are beamed to the ground in a fast ( � 5 � � )

pulse forming a light pool 250
�

in radius. Mirrors with photo-detectors placed at their

focii and fast electronics can collect Čerenkov light from extensive air showers and detect

the Čerenkov pulses against the night sky background light. The effective collection area

of the detector is thus greatly increased since the shower can be detected anywhere within

the area of lateral spread. This is the Atmospheric Čerenkov Technique [92] [103] [7], cov-

36
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ering the energy range from about 10 GeV to 100 TeV known as the Very High Energy

(VHE) or the TeV energy range. Measured properties of the Čerenkov light distribution

can then be used to determine the energy, composition, and arrival direction of the incident

primary particle. An instrument capable of doing this is often referred to as an atmospheric

Čerenkov telescope (ACT). However, in addition to showers initiated by ��� rays, EAS

may be initiated by the more abundant cosmic rays which contain high energy protons,

helium nuclei and other heavier nuclei. These showers constitute a random ‘noise’ which

constitute the background to the ‘signal’ from ��� ray showers. In order to increase the

signal to noise ratio it is essential to distinguish between these two types of showers. In

this chapter, I will discuss the production of Čerenkov light by ultra-relativistic particles,

in particular in relation to its creation in the atmosphere by particles such as those from

EAS. Also, the underlying principles of distinguishing between the two types of showers

are also discussed.

2.2 Physics of Extensive Air Showers (EAS)

It was not until 1927 that all doubt was removed about the existence of what initially was

called cosmic rays and not until 1948 when the nature of such a radiation began to be

understood [90]. By Cosmic Rays (CR) we understand all kinds of particles and high

energetic radiation reaching the Earth from the outer space. In terms of numbers, cosmic

rays constitute of 98% protons and other nuclei and 2% of electrons. Of the protons and

nuclei, about 87% are protons, 12% are He nuclei and the remaining 1% other heavier

nuclei.

The cosmic rays travel from the source of emission towards the Earth. On its way

through the outer space some interactions with the intergalactic or interstellar medium can

take place, as for example fragmentation of the nuclei, ionization, particle production and

many more. These subproducts of the original cosmic particles along with the “primary”

cosmic rays are the ones that reach the earth’s atmosphere. When the cosmic rays enter

the earth’s atmosphere they give rise to a number of processes through the interaction

with atmospheric nuclei that gives rise to a certain number of secondary particles turning
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into what is called Extensive Air Shower or EAS [128]. The secondary particles passing

through the atmosphere undergo more interactions which are of two kinds depending on

the nature of the particles; viz., interaction of charged particle with matter and interaction of

radiation with matter. Two principle features characterize the passage of charged particles

through matter: (1) a loss of energy by the particle and (2) a deflection of the particle from

its incident direction. These effects are primarily the result of two processes:

(a) inelastic collisions with the atomic electrons of the material where energy is trans-

ferred from the particle to the atom causing an ionization or excitation of the latter.

(b) elastic scattering from nuclei, where the charged particle undergoes successive elastic

collision in the field of nuclei. In general very little energy is transfered in these

collisions.

These, however, are not the only reactions which can occur. Other processes include,

� emission of Čerenkov radiation

� nuclear reactions

� bremsstrahlung

For the interaction of radiation with matter, three effects can take place:

� Photoelectric effect. Dominant at energies E � 100 KeV

� Compton scattering. Dominant at energies around 1 MeV

� e
�

� � Pair production. Begins to be important at energies higher than 1 MeV and it

is the dominant effect at energies higher than 25 MeV

The final result of all these processes that take place in the atmosphere with the arrival

of a cosmic ray is a shower of particles that travels through the atmosphere. At each stage,

the number of particles increase while their energies decrease. The resulting avalanche of
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electrons, photons and other particles is called a “cascade”. It has to be mentioned that the

shower does not keep growing until it reaches the ground. The number of particles initially

increases with depth, reaches a maximum and then decreases. The most striking feature of

the cosmic rays is the fact that their energy spectra span a very wide range of energies. The

energy spectra can be well represented by a power law energy distribution of the form

�
� � � � � 
 � � �

� � �
where the energy E is expressed in terms of kinetic energy per nucleon and the exponent

� lies in the range 2.5-2.7. However, there are some differences in the development of an

air shower depending on the primary particle originating the shower. I will discuss these in

the following sections.

2.2.1 Photon Initiated Showers (Electromagnetic Cascades)

Amongst the high energy particles reaching the Earth there is small flux of ��� rays, about

1 out 1000 air showers produced in the atmosphere are gamma initiated. The dominant

process of absorption of high energy ��� rays above 20 MeV in the atmosphere is pair

production. The mean free path, ��� , for this interaction in air is 48.5
� � � � �

�

, compared

to the vertical atmospheric depth at sea level of 1.033
� � � � �

�

, so virtually no high energy
��� rays can reach the ground level. The electron or positron so produced in the interaction,

if it has energy above a critical value, say E � ( � 84.2 MeV in air), will lose more of its

energy by bremsstrahlung. We can define a cascade unit or radiation length in a medium,

X � , as that length in the medium over which an electron’s energy falls by a factor of e �
�

due to bremsstrahlung. This length in air is about 37.7
� � � � �

�

and is related to the

mean free path by the expression ��� 
���� � ��� . So very high energy � � rays produce

relativistic electrons and positrons which in turn produce high energy ��� rays and so on,

giving rise to a cascade of ��� rays, electrons and positrons. Muons are also produced,

but by a relatively low cross-section process called photo-pion process in which � � rays

interact with the nuclei in the atmosphere. The cascade continues to increase in size until

the average energy of the particles in the shower falls below the critical energy. Beyond this

the electrons lose more of their energy by ionization and the number of particles decreases
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as the shower energy dissipates. At very high ��� ray energies ( � 100 TeV), the tail end

of the electromagnetic cascade may penetrate deep enough into the atmosphere so that the

relativistic electrons and positrons can be directly detected on the ground. We are going to

take a closer look at the � � ray initiated shower. A simple model could be made to explain

the processes that take place when a ��� ray reaches the top of the atmosphere.

Fig. 2.1: Simple Model of a pure electromagnetic shower. The figure has been redrawn from [112]

Figure 2.1 shows a schematic simple model of an electromagnetic shower. Let us as-

sume that an incident photon of energy E � traverses a distance R before creating an elec-

tron positron pair. This distance can be expressed in terms of radiation length. At these

high energies this is also the distance ��� rays must traverse so that all but 1/e of them have

produced an �
�

pair. The probability of a photon or electron to interact along a distance R

is therefore : e 	 ��� ����� � = 1/2. It can be easily seen that R = X � ln 2, in terms of radiation

lengths where X � = 37.7
� � � � �

�

. It is considered that in each interaction the energy is

equally divided between �
�

and ��� ray. Then in the first interaction each particle has half
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of the initial energy on the average. After traveling another distance R, each particle will

bremsstrahlung and produce a photon of average energy E � /4. At a distance nR into the

shower, there will then be 2 n particles created, each with an average energy E � /2 � . This

multiplicative process continues until the average energy of the particle drops bellow E � ,

the critical energy. This energy is defined as the energy below which the dominant energy

loss is by ionization, via atomic collisions, rather than by bremsstrahlung emission, thus

halting the cascade. At this point, no further multiplication occurs except for very low

energy electron-positron pair production.

2.2.2 Proton Initiated Showers

Most energetic particles striking the atmosphere are not ��� rays, of course, but rather

charged cosmic rays, especially relativistic nuclei. These particles also initiate extensive

air showers, and showers from high energy cosmic rays form the principal background to

the � � ray signal in an atmospheric Čerenkov telescope. The first interaction of a rela-

tivistic nucleus in the atmosphere generally is to collide with a nucleus of an air molecule,

most likely with either nitrogen or oxygen. Pions are produced in this interaction. Kaons

and baryon-antibaryon pairs are also produced if the energy is high enough, but in smaller

numbers. These particles interact further as they travel down. Some of them, such as pions

and kaons, are unstable and hence decay. By isospin symmetry, positive, negative, and

neutral pions are produced in the air shower in approximately equal numbers. Their decay

products are shown below :

�
�
� 2 �

�
�
� � � + ��� ( ��� )

� � � �
�

+ �
� ( �

� ) + ��� ( ��� )
� �

� � � + � ( � )
� �

�
+ �

�

The decay of the �
�

into two high energy ��� rays starts the electromagnetic component

of the shower because from here on only electrons and ��� rays will be produced by the
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processes of bremsstrahlung and pair production. The charged pions decay to muons and �
neutrinos with a proper lifetime of approximately 26 ns. However, due to relativistic time

dilation effects, the charged pions more often survive to collide with air nuclei, produc-

ing additional pions. As the total energy in the pionic cascade gets divided among an ever

increasing number of pions, however, the average energy per pion rapidly decreases. Even-

tually, the charged pions reach an energy at which they are more likely to decay to leptons

than to produce additional pions, and the pionic cascade dies out. The neutrinos, which

take part in weak interactions only, carry away a significant fraction of primary energy. As

the shower propagates down in the atmosphere, the hadron and the electromagnetic com-

ponents increase in size, reach a maximum and then decrease while the muon component

does not suffer significant attenuation after reaching maximum as the muons lose energy

primarily by ionization and a small fraction of them are lost by decay. The general picture

for a hadron initiated air shower is therefore one of three overlapping cascades as shown

in Figure 2.2.

The first is the nuclear cascade, consisting of nuclei and heavy hadrons, which produces

additional hadrons and pions. As the nuclear cascade develops, an increasing amount of

its total energy is lost to pion production. The second one is the pionic cascade, which

is initiated and fed by pions produced in the nuclear cascade. The pionic cascade pro-

duces additional pions via pion nucleon interactions in air, and also produces muons and

neutrinos through charged pion decay, and ��� rays through the decay of the neutral pi-

ons. The third cascade is the electromagnetic cascade initiated by ��� rays from decaying

neutral pions. This component of the air shower develops through pair production and

bremsstrahlung processes as described previously. In general the net energy flow within

the shower is from the nuclear cascade to the pionic cascade, and from the pionic cascade

to the electromagnetic cascade (see Figure 2.2). The end result of the shower is an electro-

magnetic cascade, consisting of electrons, positrons, and photons, along with a penetrating

component of energetic muons and neutrinos. It is worth emphasizing that relativistic elec-

trons impinging on the atmosphere also produce electromagnetic cascades, in exactly the

same fashion as ��� rays. These air showers are entirely indistinguishable from air showers

initiated by ��� rays and could constitute a major background for atmospheric Čerenkov
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Fig. 2.2: Simple Model of a Nucleonic shower. The figure is redrawn from [112]

telescopes. (For a point source of ��� rays, however, a cut on the arrival direction of the

air shower can partially separate the � ray signal from the isotropic electron background.)

Fortunately the flux of cosmic ray electrons is low, and is a rapidly falling function of

energy. Thus the electron background is not very significant for atmospheric Čerenkov

telescopes operating at thresholds above 40 GeV or so. Extensive air showers initiated by

hadrons can also closely resemble showers initiated by ��� rays if a large component of

the primary particle’s energy goes into a neutral pion produced in the first interaction. In

this case the resulting air shower is primarily electromagnetic, and develops much like an

EAS initiated by a � � ray. These showers can be partially suppressed through cuts on the

arrival direction, just as in the case of electron initiated air showers.
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2.3 Čerenkov Radiation in EAS

When a charged particle passes through a dielectric medium with a velocity greater than

the phase velocity of light in the medium ( c � = c/n, where n is the refractive index of

the medium ), radiation is emitted from the track of the particle. This emission is known

as Čerenkov radiation. The medium becomes electrically polarized by the particle and

the atoms in the medium behave like elementary dipoles. For particles with great enough

speed, comparable to c � , there is an axial symmetry in the polarization field., analogous

to a supersonic shock wave. which gives rise to a resultant variable electric field. So, each

element of the track will emit an electromagnetic pulse which is propagated with a phase

velocity of c � . In general, the pulses from successive elements of the track will interfere

destructively, but if the particle’s velocity is greater than c we get the possibility of con-

structive interference at one angle � with respect to the track (see Figure 2.3), given by :

[18]

� � � � 
 �
� � (2.1)

where � c is the particle velocity v.

From this basic equation we can deduce some important characteristics of Čerenkov

radiation. It has a threshold velocity � � 

�

� below which there is no radiation. The

corresponding threshold energy is E � ��� = �
�
� � �

�

, where � � 

�

� �

�
� �� and

� � is the

particle mass. It has a maximum angle of emission ������� 
 � � � � � � ��� � � which occurs when

� =1. The radiation occurs mainly in the visible and near-visible regions of the spectrum.

For emission in X-rays and ��� rays, n has to be less than unity and equation 2.1 cannot be

satisfied. The number of Čerenkov photons produced per unit path length can be given by

: [103]

� �
� � 
 
 � �

� �
� �

� �
� � 


�
� � �

� �

�
�	�

in the wavelength band bounded by � � and � � and � is fine structure constant. One sees that

the wavelength spectrum goes as 1/ �
�

. The bulk of Čerenkov light produced in the atmo-
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Fig. 2.3: (a) Huygens construction to illustrate coherence in the plane containing the track of the

particle; (b) The Čerenkov cone showing the disposition of the electric and magnetic field

vectors; (c) Illustration of dispersion of the Čerenkov cone. The figure is taken from [113]

sphere is in the ultraviolet and blue parts of the spectrum. In considering Čerenkov radia-

tion from EAS we must take into account the variation in characteristics of the atmosphere

as a function of height. The relationship between pressure at depth x � and vertical height

above sea level h, for an idealized isothermal atmosphere is given by : � � 
�� � � � � � � � ,
where x � , atmospheric depth at sea level � 1033 gm cm �

�

and h � , scale height is 7.1 Km

and the density is : � 
 � � � ��� ��� . The refractive index n is written as : � 
 � ��� , where �

is proportional to the density, giving a decrease in � with height according to � 
�� � � � � � � �
where � � = 2.9

�
10 � � .

For Čerenkov emission in air ( where �
	 1 ) it follows that the threshold energy

and the maximum angle, respectively, are given by : � � � ��� � � � � ��� and � � ����� � 
��
radians. We find that the threshold energies at sea level for Čerenkov radiation for electrons

is 21 MeV, for muons 4.4 GeV and for protons 39 GeV. The Čerenkov emission angle at

sea level is 1.3 � , decreasing with altitude.

To get an idea of the intensity of Čerenkov light one encounters in a cascade shower,
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we attempt a crude calculation below.

Assume that a primary ��� ray of energy E � is incident at the top of the atmosphere

and produces a cascade shower. Total track length, in units of radiation length, of e
�

in the

shower can be given by the expression [117] :

� 
 � �� � (2.2)

where � � is 84.2 MeV, the critical energy for e
�

in the air. Number of Čerenkov photons

produced per unit length in air, in the wavelength region 300-500 nm, at sea level is:

� �
� � 
��� � ��� ���������
	���

�
�

(2.3)

Thus, number of photons produced per cm at a depth of �
� � � � �

�

is: 0.36( � /x � )

where x � is the depth at sea level. Now, one radiation length is about 37.7
� � � � �

�

in air

and so at a depth of � � � � � �
�

, number of centimeters in one radiation length is :

� �

�	� 

�
� �

� �
� � � �
� 
 (2.4)

Here, �	� is the air density at atmospheric depth � , X � is one radiation length in the

atmosphere and � � the air density at sea level. The number of Čerenkov photons produced

in one radiation length is then :

�

 � � � �

�
� �

� �
� (2.5)

All the e
�

whose energy falls below the threshold kinetic energy cannot produce Čerenkov

radiation. So we first estimate the fraction of total track-length where the particle energy is

more than the threshold kinetic energy.

Shower maximum where the number of electrons is maximum in the shower produced

by the primary ��� ray of energy E � is at � �
� ���� ��� radiation lengths from the top of the

atmosphere.

For a primary � � ray of energy � 1 TeV, this distance turns out to be � 8 radiation

lengths from the top of the atmosphere. At this point the atmospheric depth is � 300
� � � � �

�

. The kinetic threshold energy of the electrons at this depth is thus :
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� ��� 
 
 � ��� � � � �� � � �
� � �����

The fraction of total track length for which the energy of electron is still more than E ���
is given by :

� 

� � � � � ���� � 


For � � = 84.2 MeV and E ��� = 21 MeV, f is 0.54

The number of Čerenkov photons emitted in the shower is then :

�

 ��� � � �

�
� �

� �
� � � �� � 
 (2.6)

Total number of photons arriving at the site of observation, Pachmarhi (914
� � � � �

�

)

is

�
� � � 
 ��� � � � �

�
� �

� �
� � � �� � 
 (2.7)

where T is the weighted mean transmission coefficient of the atmosphere. Substituting

E � = 1 TeV, � � = 84.2 MeV, X � = 37.7
� � � � �

�

, � � = 1.239
�

10 � � � � � � � � , f = 0.54, T

= 0.606, one gets N � � � = 4.25
�

10 � photons. These Čerenkov photons, when they arrive

at the ground level, are spread over a very large area and form a sort of circular pool of

an approximately 300
�

from the core of the shower. Taking a circle of radius 300
�

with a uniform photon density, one finds the mean Čerenkov photon density to be � 150

����� � � � � � �
�

. The size of this light pool is determined by the altitude at which the emission

occurs, and by the Čerenkov emission angle at that altitude.

Figure 2.4 illustrates the geometry of Čerenkov rays in air showers and also the fo-

cusing effect caused by varying density profile of the atmosphere. Because the Čerenkov

emission angle increases as the shower penetrates lower into the atmosphere, Čerenkov

light produced in the upper part of the shower tends to be focused at a radius of about

120-150
�

on the ground resulting in a ring-like enhancement in the Čerenkov density at

this radius. This ring is smeared out to some extent by multiple scattering of electrons in

the shower. Čerenkov production in the air shower is dominated by electrons and positrons

in the electromagnetic cascade, since these are by far the most numerous charged particles
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in the shower. Particles at all depths in the shower produce Čerenkov light, and the total

amount of Čerenkov light reaching the ground is therefore proportional to the total number

of electronpositron pairs produced in the entire shower. In this sense Čerenkov light is a

calorimetric measurement, in that the total number of particle pairs produced, and hence

the total Čerenkov light yield, is proportional to the primary particle’s total energy.

Fig. 2.4: Geometry of Čerenkov rays in air showers. The stippled box contains the main region of

emission of light in � � ray showers. 25% is emitted at the top of the box and 25% below

the bottom. The median altitude is 8.1 ��� . The dashed box indicates the corresponding

main region of emission in proton showers of same energy. Čerenkov light is emitted from

fast ultra-relativistic particles travelling along the axis at angles shown (with exaggerated

horizontal scale), resulting in a peak intensity on the ground beyond 100 � from the

centre. Figure taken from [101]

Čerenkov light reaches the ground in a narrow time window, forming a wavefront ap-

proximately 5 � � in duration. Because light striking at large radii on the ground had to
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travel a longer distance than light near the center of the Čerenkov light pool, the Čerenkov

wavefront has a concave timing profile, with light near the center of the shower arriving

first. At relatively low primary energies (E� ��� � � 100 GeV), for which the length of the

electromagnetic cascade through the atmosphere is short compared to the altitude of the

cascade itself, the shower may be approximated as a point source of Čerenkov light, and

the timing profile on the ground is generally spherical in shape. At higher energies, the

air shower penetrates deeper into the atmosphere. It then approximates a line source of

Čerenkov light, and produces a more conical shower front. Slightly lower energy showers

have timing profiles which are intermediate in shape between spherical and conical.

2.4 � /hadron differences at TeV energies

While the basic emission mechanisms for Čerenkov light are identical in extensive air

showers initiated by gamma rays and by nuclei, underlying differences in the development

of the air showers themselves result in important distinctions in the resulting Čerenkov

light distributions on the ground [145] [101] [89]. The interaction length for a primary

proton in the atmosphere is about 80
� � � � �

�

compared to that of 37.7
� � � � �

�

for
��� rays. Therefore proton showers develop deeper into the atmosphere. By propagating

much further into the atmosphere the proton induced shower carries a Čerenkov component

much closer to the ground level than ��� ray induced showers and this is reflected in a

more intense light pool close to the shower axis. The most important difference is in

the total Čerenkov yield produced by the two types of showers. In a � ray air shower,

all of the primary’s energy goes into the electromagnetic cascade, and is spread over a

large number of electrons and positrons which produce the Čerenkov light. In a hadronic

shower, however, a proportion of the total energy goes into energetic muons, which as

heavy penetrating particles can carry significant energy while producing relatively little

Čerenkov light. Some of the shower energy also goes into neutrinos, which produce no

Čerenkov light at all. Finally, because hadrons are all much heavier than electrons, a

hadron at a given energy will have a smaller value of � than will an electron at the same

energy. Since they have higher energy thresholds for Čerenkov production than electrons,
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hadrons produce less Čerenkov light than electrons. The net result is that an extensive air

shower initiated by a nucleus will produce significantly less Čerenkov light than a � ray

air shower with the same initial energy. Furthermore, as illustrated in Figure 2.5, the total

Čerenkov yield as a function of energy actually starts to cut off as one goes lower in energy

for hadrons, whereas the yield for ��� ray showers is roughly proportional to the primary

energy.

Fig. 2.5: Čerenkov light yield as a function of energy and composition Plotted is the average

Čerenkov photon density within 125 � of the core for vertically incident ��� ray and

cosmic ray showers of various energies. Only photons with wavelengths between 300 and

550 � � and which land within a 10 � � window centered around the peak arrival time

are included. The Čerenkov density at a given energy drops rapidly with the mass of the

primary. Figure taken from [120]

Figure 2.6 shows the longitudinal growth profile of both ��� ray and proton induced
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Fig. 2.6: Longitudinal Development of � and proton induced showers. The figure adapted from

[20]

showers. For a purely electromagnetic shower, the transverse momentum � � carried by

electrons is �
�
� �

�

and so the spread of the Čerenkov light is :

� � �

�
� �

�

� ���
� ��� ��� �� � � � � �

at the shower maxima. While for a proton shower, the angular spread is :

� � �

� � � �
� � � ��� � � �� � � � � �

as the rest mass of pion is � 139 MeV and typically for a pion of energy � 3 GeV at

hadron cascade maximum. Hence pions themselves spread out to much larger angles in a

proton induced shower and so the Čerenkov radiation produced by them also spreads out

more. This is not the case in a pure electromagnetic shower. Therefore, the ring structure

that is seen in a ��� ray shower is not present in a proton shower (refer to Figure 2.7).
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Fig. 2.7: Lateral density profile for ��� ray and proton showers. Shown at the left is the lateral

density profile of Čerenkov light reaching the ground from a simulated 50 GeV ��� ray.

Compare to the simulated 200 GeV proton shower on the right, which has significantly

irregular lateral profile. Figure taken from [120]

In addition to differences in the total yield, there are also substantial differences in the

lateral density profiles of � ray air showers and hadronic air showers. In � ray showers, in

which the secondary particles are almost all electrons, positrons, and photons, the shower

energy tends to be distributed evenly across a large number of particles, none of which

will carry a large fraction of the momentum, and virtually all of which travel parallel to

the original primary’s direction. The result is a smooth, uniform, and circular ‘pancake’ of

Čerenkov photons in the light pool. In a hadronic shower, however, nuclear collisions can

generate hadronic fragments with large transverse momenta � � . Particularly at early stages

of shower development, much of the shower’s energy may be contained in a small number

of heavy hadrons moving at relatively large angles to the original primary’s direction. Each

of these high p � particles can create independent subshowers of widely different energies.

When the Čerenkov light from these subshowers reaches the ground, the result is often an

irregular lateral density profile for photons, consisting of individually discernible arcs and
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patches of light, as shown in Figure 2.7.

There have been numerous simulation studies [8] carried out which show that proton

and ��� ray showers have different lateral distributions at near sea level [126] [102]. The

most significant aspect of the lateral distribution of Čerenkov radiation is that the � � ray

showers have a hump at distances of 120-140
�

from the shower core which is not present

in proton showers. For an unscattered particle travelling vertically downwards, the increase

in Čerenkov angle due to increased refractive index approximately cancels the change in

altitude. The core distance � at which the Čerenkov photons arrive is equal to � � where �

is the height of production of Čerenkov photons and � the Čerenkov emission angle. The

increase in � is largely compensated by the decrease in � . Photons produced at altitudes

7-20
���

arrive at a distance of 120-140
�

from the core. It has been argued that the hump

is due to the radiation given out by the high energy electrons. In proton showers, the high

energy electrons cannot give rise to such a hump because of the transverse momentum

of pions. The average lateral distributions clearly show that the � showers have a flat

photon density distribution up to the hump region whereas the proton showers a steeper

distribution [10] [102] (see Figure 2.8).

Similarly, � ray showers differ from cosmic ray showers in their lateral timing profiles.

Figure 2.9 shows the arrival time of the Čerenkov wavefront as a function of the position

on the ground, for simulated � ray and proton showers. The overall concave shape of the

timing profile is evident in each case. However, whereas � ray showers have smooth timing

profiles, proton showers are irregular, showing much substructure in the timing profile due

to the differing development and arrival directions of hadronic subshowers.

Besides the above mentioned differences, it has been found out that there are differ-

ences in the UV fraction in Čerenkov light generated by the two types of primaries. Since

the Čerenkov light generated by cosmic ray primaries traverse lesser air mass compared

to that due to ��� ray primaries of the same energy, cosmic ray initiated showers are ex-

pected to have larger UV content. This property could be exploited to discriminate against

hadronic showers [88] by the use of UV filters. Use of UV filters also helps to reduce

night sky background [55]. Figure 2.10 shows the ratio of photons in UV range to that in

the visible range for three different observation altitudes both for ��� ray and proton pri-
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Fig. 2.8: Lateral distribution of Čerenkov photon densities from (a) � and (b) proton induced show-

ers of various energies. The figure taken from [14]

maries. The fraction of UV content in the Čerenkov spectrum when estimated at different

altitudes shows that hadron primaries are richer in UV light especially at higher altitudes.

Also, the relative strength of UV content increases at higher primary energies. However,

the relative excess of UV photons in proton showers compared to ��� ray initiated show-

ers decreases with primary energy. Hence, hadron discrimination efficiency based on UV

content of Čerenkov light is relatively better at lower primaries. Thus, relative UV content

of a shower could be a good parameter for rejecting cosmic ray showers for ground based

arrays with low energy thresholds ( � 50 � ��� ). However, for this technique to be suc-

cessful, it is necessary to measure UV and visible content of the Čerenkov spectrum in a

shower very accurately [76].
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Fig. 2.9: Lateral timing profile for � ray and proton showers. The arrival times of the shower

wavefronts at different locations on the ground are shown. Proton initiated showers have

more irregular timing profiles. The horizontal axes are positions on the ground and the

vertical axis is the arrival time in � � . Figure taken from [131]

2.5 Design Considerations for Atmospheric Čerenkov

Telescope and detecting Čerenkov Flashes

It has been estimated that 10 � � of the total light of the dark night-sky comes from Čerenkov

light from cosmic ray particles [5]. Due to the 1/ �
�

dependence of the Čerenkov emission

spectrum (modulated by the changing index of refraction of air, and atmospheric attenua-

tion), the Čerenkov emission occurs chiefly in the ultraviolet and blue parts of the spectrum.

Though this light is a faint one, it is possible to detect the optical pulse resulting from air

showers because it has a short duration (a ‘flash’ of light lasting for � 3-5 � � ). There is no

known atmospheric or astrophysical background of light pulses on these time scales; the



Chapter 2. Atmospheric Čerenkov Technique 56

Fig. 2.10: Variation of ratio of UV to visible fraction in Čerenkov light generated by proton( � ) and

� � rays (+) as a function of primary energy at three different observational levels:(a) sea

level, (b) Pachmarhi and (c) 2 ��� a.s.l (d) The relative excess in UV content in hadron

primaries as a function of primary energy expected at three different observational levels,

in the same order from top to bottom. The figure has been taken from [76]

ability to detect the weak pulse is limited only by the fluctuations in the general night-sky

background (dominated by starlight and airglow), ambient lights in cities. That is why

places where the city lights are less are preferred while conducting atmospheric Čerenkov

experiments. This directional Čerenkov ‘flash’ is detected on the ground by conventional

optical light detectors during moon-less clear nights. Taking advantage of the fact that the

Čerenkov flash is highly collimated, within a cone of half angle � � � , along the direc-

tion of the incident particle, most experiments simply limit the optical field of view of the

Čerenkov telescopes to a small region of the sky.

An Atmospheric Čerenkov Telescope (ACT) must be able to trigger on the brief Čerenkov
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flash, distinguishing it from fluctuations in night sky background light. A simple schematic

of an ACT is shown in Figure 2.11. Typically, it consists of a mirror with a photomultiplier

tube at its focus. The phototube has fast time response at the nanosecond level, which al-

lows the fast Čerenkov pulses to be detected against the fluctuations in the steady night sky

light, and against slower optical transients in the atmosphere (e.g. airplanes, atmospheric

discharge, etc). The typical night sky background (NSB) at Pachmarhi altitude has been es-

timated to be �
� � � � � � � � � � � � � � � � �

�

��� � �
�

��� � �

for the wavelength range between 300

and 650 �
�

. Demanding coincident Čerenkov pulses in multiple photomultiplier tubes

(PMT), which either collect light from different locations on the ground or from different

directions from the sky, allows one to reject other fast signals (e.g. phototube noise, statis-

tical fluctuations in the night sky light) that might otherwise mimic a Čerenkov signal. The

spectral response of a phototube with a bialkali photocathode is well matched to the peak

Čerenkov emission in the UV and blue bands. The photons incident on the photocathode

of the PMT are mostly due to NSB which arrive randomly in time. The PMTs together

with the front-end electronic components employed have integration times of typically 5

� � . The number of photoelectrons emitted during one integration interval is quite small

( � 5 to 10). These photoelectrons are subject to considerable statistical fluctuations which

can be described by Poisson statistics. In addition, there are fluctuations to the number of

secondary photoelectrons emitted in successive stages of the dynode in the PMT, but the

effects are small to be ignored. The PMT output is fed to a discriminator set at a certain

bias. The minimum pulse height required to trigger the discriminator corresponds to a cer-

tain number of photoelectrons at the photocathode. Generally the threshold photoelectron

number is much bigger than the average photoelectron number per integration interval to

limit triggers due to NSB.

In an ACT, the individual reflectors are operated at a photon threshold which is very

low in order to have a greater sensitivity in detecting lower energy showers, which results

in high counting rates due to NSB. Since NSB photons are random in nature, and Čerenkov

photons being correlated arriving in a ‘flash’ lasting for only a few � � , a photon detector

having a short integration time can record these flashes because over this short interval of

time the intensity of Čerenkov flash exceeds that of NSB photons.
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In any atmospheric Čerenkov experiment, the isotropic flux of cosmic rays will over-

whelm the � � ray signal from a source. The integral flux of cosmic ray particles above

1 TeV is � 1.7
�

10 �
�

� � �
�

� � � �
�

��� � �

[73]. In a circular angular bin of radius 0.5 � ,

the cosmic ray rate is � 4
�

10 �� particles cm �
�

� � � �
�

, which is almost 400 times higher

than the integral ��� ray flux from the Crab nebula above 1
� � � . Hence it is necessary to

reject a significant fraction of air showers initiated by cosmic ray primaries while maintain-

ing a high efficiency for those showers initiated by ��� rays. Numerous efforts to develop

methods to distinguish the Čerenkov light pool produced by cosmic � � rays from that by

the cosmic rays led to two important techniques based on complementary ways of viewing

the cascade, viz. the angular sampling or the imaging technique and spatial sampling or

the wavefront sampling technique (WFS). Both these techniques are currently being em-

ployed by different groups around the world [17 , 80 , 89 , 120]. We will discuss these two

techniques in detail in later sections.

Fig. 2.11: A schematic diagram of an ACT.
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2.5.1 Signal To Noise Ratio of ACT

The two major difficulties of a VHE ��� ray experiment are low flux of cosmic ��� rays and

large background of cosmic ray showers. The signal to noise ratio in such an experiment

is given by [22]:

��
� � � �

� � � � � � � ��� � �
�

� (2.8)

where
�
� and

�
� are the fluxes of omni-directional cosmic rays and ��� rays from a

point source respectively. A is the collection area of the array, T is the time of observations,

� is the solid angle of acceptance, � � is the fraction of showers due to cosmic rays that are

identified and rejected as background and � � is the fraction of showers due to ��� rays that

are identified as signal and hence retained. In order to achieve high �� apart from increasing

� � and � � one could either increase the collection area and the observation time or decrease

the solid angle of acceptance. For a given exposure time and available hardware resources

one can possibly increase S/N by only reducing
�

as celestial ��� rays from point sources

are directional while cosmic rays are isotropic. Due to the finite opening angle of the

Čerenkov cone and the spread in the arrival angle of Čerenkov photons the aperture of the

telescopes has to be restricted to few degrees, which sets a lower limit to � . However, it is

possible to improve the �� for point sources without losing Čerenkov light if the direction

of arrival of primary particles is estimated accurately. We will the discuss the angular

resolution of an ACT in details in a later chapter.

2.6 Imaging v/s the Wavefront Sampling Technique

Atmospheric Čerenkov Telescopes may be divided into two classes according to the meth-

ods which they use to reconstruct detected air showers and reject cosmic ray background

events. Imaging atmospheric Čerenkov telescopes, which have traditionally dominated the

field, use a single collecting mirror (or large number of small mirrors) to form an image

in the focal plane of the camera. In a wavefront sampling, or lateral array, multiple col-

lectors sample light from across the entire Čerenkov wavefront. Figure 2.12 illustrates the

differences between an imaging telescope and a lateral array.
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Fig. 2.12: Imaging and WFS Telescope. On the left an imaging ACT views a Čerenkov shower

from an incident � � ray. The telescope collects light at a single location within the

wavefront, and images the showers longitudinal profile as seen in the sky onto its photo-

tube camera. On the right, a lateral array of telescopes samples light at several locations

from across the Čerenkov front.

2.6.1 Imaging Atmospheric Čerenkov Telescope

An Imaging Atmospheric Čerenkov Telescope (IACT) typically consists of a large parabolic

mirror with a pixellated phototube camera mounted at its focus [143]. The IACT tracks a

potential � ray source, and triggers when multiple tubes in the camera fire in close time

coincidence. Each phototube actually receives light from a different portion of the sky, and

together the phototube camera forms a coarsely pixellated image of the night sky. (Each

phototube typically sees a 0.1 � to 0.25 � field of view on the sky depending on the pixel size

of the camera). An air shower appears to an IACT as an elongated cylinder of light high

in the atmosphere which is viewed almost endon by the telescope. When imaged into the
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focal plane, it appears as an elongated blob (see Figure 2.13). IACTs use the shape and

orientation of the air shower image in the camera plane to distinguish between � ray and

cosmic ray air showers. When the telescope is pointed directly at a point source of ��� rays,
� ray events in the camera will point towards the center of the camera. Cosmic ray events,

however, will have a random orientation in the camera (see Figure 2.13). Simulations have

shown that ��� ray events are characterized by narrow and compact images in contrast with

cosmic ray generated hadronic showers with wider and more diffuse images [100]. If the

axes of the shower are aligned parallel with the optic axis of the detector, as will always

be true for ��� rays emanating from a point source located at the center of the telescope

field of view, then the major axes of the images will be orientated so as to point radially

at, or close to, the center of the detector. Showers that arrive parallel to the optic axis but

displaced from the telescope by a certain distance on the ground (i.e impact parameter)

produce approximately elliptical images in the focal plane with the major axis of the el-

lipse pointing towards the centre of the camera. In contrast, hadronic showers can arrive

isotropically distributed within the field of view and with random shower axis orientation

relative to the optic axis of the reflector. The major axes of hadronic images left in the

detector will therefore show no preferential radial pointing characteristic but rather will be

distributed isotropically. Furthermore, since the hadronic showers images are, on average,

considerably broader and longer than their � ray counterparts, then the � /hadron separation

becomes feasible on the basis of both shower shape and shower orientation. Thus selection

of � rays might be possible on the basis of such differences.

The azimuthal orientation of the shower axis relative to the radial direction is usually

referred to as the alpha parameter. The length and width of the shower image in the camera

plane also provide a means of rejecting cosmic ray events. Combined cuts on the shower

width, length, and orientation (alpha parameter) can be used to reject cosmic rays by a large

factor. After event cuts have been applied, the incident direction of candidate � ray events

can be determined from the shower orientation, and the primary particle’s energy can be

found from the size of the image and the total charge collected in phototubes in an event.

This can be correlated with the total Čerenkov yield in the shower. Figure 2.14 shows the

picture of the 10
�

diameter WHIPPLE Telescope. It is one of the first imaging telescope
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Fig. 2.13: Shapes of � � ray and proton showers on the focal plane of the PMT. The shaded images

are for protons. The figure is taken from [101]

developed and is being successfully operated at the Whipple Observatory, Mount Hopkins,

Arizona.

2.6.2 Image Parameters for � /hadron separation

It has been stated that a typical image that results from a ��� ray shower can be fitted to

an ellipse and is compact with an orientation that points towards the center of the field of

view. Detailed simulations have been carried out by Hillas whose pioneering work has

led to the parametrization of shower images in order to distinguish between ��� ray and

hadron initiated showers [100]. The parameters of elliptical image can be classified as

shape parameters which characterize the size of the image and orientation parameters. (see

Figure 2.15)

A number of parameters for the orientation and shape of the images can be defined

which are outlined below :

(a) Size: Carries information about the total integrated light content of the shower.

Sometimes another parameter similar to size called ‘Conc’ is used, that represents the
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Fig. 2.14: A picture of the 10 � diameter WHIPPLE imaging Telescope being operated at Mt.

Hopkins, Arizona, USA.

degree of light concentration as determined from the ratio of the two largest pixel signals to

the sum of all signals. Electromagnetic showers are much more compact and uniform than

the hadronic ones which show more diffuse images. For the same energy, electromagnetic

showers show more concentration than hadronic showers because in the latter ones more

energy dissipation takes place to particles other than e
�

, so there is less particles as in

electromagnetic showers to give rise to the Čerenkov radiation.

(b) Length: The rms spread of light along the major axis of the image. Carries in-
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Fig. 2.15: Image Parameters exploited in the imaging technique for � /hadron separation

formation of the longitudinal development of the shower. In electromagnetic showers the

maximum shower development is well localized; for the hadronic showers it is not true

due to greater fluctuations in these showers. This results in a wider distribution of length

parameters for the latter ones.

(c) Width: The rms spread of light along the minor axis of the image. Carries informa-

tion about the lateral development of the shower. As already mentioned electromagnetic

showers are more compact than the hadronic ones. This also results in more compact im-

ages. As happens with the length parameter the distribution in width for hadron showers is

much wider and can be used to distinguish between both types of showers.

(d) Distance: The angular distance from the centre of field of view to the centroid of the
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image. When it is compared with the distance of the brightest point of the image, it relates

to skewness of the image. Images that comes from showers with big impact parameter are

cut out in the camera because they lay too close of the edge. On the other hand, showers

with impact parameter too close to the detector produces circular images, thus making the

estimation of the orientation parameters of the image rather uncertain. So upper and lower

cuts have to be use to discriminate these images with the implication of rejecting showers

too close to the detector or showers far from the detector thus limiting the collection area of

the telescope. Figure 2.16 shows the image parameters for both ��� ray and proton events.

Fig. 2.16: Typical parameter distributions for simulated ��� rays (dark shades) and hadrons (light

shades). The figure has been taken from [89]

(e) Miss: The perpendicular distance between the major axis of the image and the

center of the field of view of the camera. Its a measure of the shower orientation. Because

hadronic showers arrive isotropically, their images are distributed randomly in orientation

over the camera. ‘Miss’ parameter is flat for hadron events. For ��� events the distribution
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is much narrow because the orientation tends to be towards the center of the field of view

(center of the camera) as ��� rays arrive from a direction parallel to the telescope axis.

(f) Azwidth: The rms spread of light perpendicular to the line connecting the centroid

of the image to the center of the field of view. In other words it is the projection of ‘Width’

along a line which is perpendicular to a line joining the center of the camera and the cen-

ter of the image which contains the centroid. This is a measure of both the shape and

orientation of the image.

(g) Alpha: It is the angle between the major axis of the image and the radius drawn

from the center of the camera to the center of the image. It is related to the angle between

the shower axis and the axis of the telescope. This is the most important and significant

parameter and is the pillar of a good � /hadron separation technique. The alpha parame-

ter for gamma events is expected to be distributed around zero degrees, while for hadron

showers it should present a flat distribution on the basis of their random orientation. The

main reason to explain the broadened alpha distribution for � -s is the the pixel size that

limits the resolution in which image parameters are estimated. For a good estimation of

‘Alpha’ it is important to limit the distance parameter in order not to have cut images or

too circular images. For a detailed review of the image parameters, the reader is requested

to go through the review article by Fegan [89] and references therein.

Recently, refined cut procedures were developed by various groups. The combination

of several cuts in various parameters are called ‘Supercuts’. This was developed by the

Whipple collaboration [78]. The � /hadron rejection achieved by ‘Supercuts’ discriminates

very efficiently against background on the basis of exploitation of angular resolution, im-

age intensity (‘Size’) and intrinsic parameter differences based upon both image shape and

orientation characteristics. However, the events which pass the ‘Supercuts’ are biased to-

wards lower energies (see Figure 2.17) and could possibly throw out higher energy ��� ray

events [113] [123]. The effectiveness of a � /hadron separation method is characterized by

what is called Quality Factor, Q. It is defined as :

� 

�

�

� � �
where � � is the efficiency in accepting � events, defined by:
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Fig. 2.17: Collection Area � � Energy. The dashed line shows collection area for raw triggers only,

the solid line after putting supercuts and dot-dashed line is a fit to the latter. The figure

taken from [113]

�
� 


� � � � � � � � � � � � � � �
� ��� �	� � � � � � � �

and � � is the suppression factor for hadronic background, given by :

� � 
 � � � � � � � � � � � � � � � � � � � �
� ��� �	� � � � �� � � � � � � �

Thus Q is the factor in which the strategy enhances the signal, i.e, it is a measure of

signal to noise ratio. But it should also be mentioned that there is a difficulty in comparison

of Q factors estimated by different experiments owing to the uncertainties associated with

the cross calibrations of different experiments and instrumental systematics.
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2.7 Wavefront Sampling Atmospheric Čerenkov

Telescopes

The Pachmarhi Array of Čerenkov Telescopes(PACT) instrument described in this thesis is

a non imaging detector, or lateral Čerenkov array. In a lateral array, several individual mir-

rors spaced across large baselines sample light from across the Čerenkov wavefront. Each

mirror in the array reflects light to a single phototube. Whereas an imaging telescope actu-

ally measures the angular distribution of light coming from the air shower, a lateral array

instead measures the distribution of light on the ground. Fast timing electronics can be used

to measure the arrival time of the Čerenkov wavefront at each mirror, and from this infor-

mation the arrival direction of the shower can be determined. Pulse height measurements

from each phototube can be used to reconstruct the lateral density profile of Čerenkov light

in the shower, and hence the shower’s total Čerenkov yield. This lateral Čerenkov array

uses different parameters to reject cosmic ray background events. The spatial and tempo-

ral properties of the Čerenkov photons contain valuable information on the development

and propagation of extensive air showers in the atmosphere. Systematic Monte Carlo stud-

ies of these photons as received at the observational level have led to the development of

techniques to distinguish between hadronic and photon primaries. Based on extensive sim-

ulation studies as well as from preliminary experimental results the wavefront sampling

technique is also expected to be a powerful technique [4]. We will discuss some of the pa-

rameters that can be exploited in this technique for � /hadron separation in the next section.

Currently there are three lateral sampling arrays around the world including PACT [120].

2.8 Characteristics of Wavefront Sampling Technique

It has been mentioned that in a typical wavefront sampling experiment, density and arrival

time of Čerenkov photons are sampled at several locations in the Čerenkov light pool at

the observational level.

Measurement of Čerenkov photon densities at spatially separated points enable us to

(a) measure the lateral distributions of Čerenkov photons, (b) estimate the energy of the
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primary and (c) measure the relative spatial fluctuations. Extensive studies have been car-

ried out on the temporal structure of the Čerenkov photons arriving at the observational

level. The potential of the temporal structure is that it gives an insight into the longitudinal

cascade development. Photon arrival time measurements can lead to the estimation of the

following parameters : (a) timing jitter, (b) pulse shape and (c) wavefront curvature. While

the first two parameters can be used to reject cosmic ray background, the third one can be

exploited to estimate the vital shower parameters like the height of the shower maximum,

arrival direction and core of the shower [12].

2.9 � /hadron separation techniques in WFS method

2.9.1 Rejection of Off-Axis events

An atmospheric Čerenkov telescope generally has a limited field of view (say � FWHM)

in order to limit the dilution of signal due to background light. Cosmic rays bombard the

top of the atmosphere isotropically whereas ��� rays preserve the sense of direction from

where they are coming. Thus, if one can estimate the arrival direction of each event to

an accuracy of say, � ��� � � � , then one can reject events arriving at angle � than ��� from

the direction of the source. This is defined as off-axis rejection technique. The fraction

of off-axis events rejected would be (1 - �
�

� / �
�

). Thus angular resolution plays a very

important role in rejecting off-axis background. This technique was also used by various

earlier groups [137] [59]. For example, if ��� �� � � � , � = 
 � , off-axis rejection factor is �

400.

2.9.2 Rejection of On-Axis events

Detailed simulations have been performed by Chitnis and Bhat to develop various param-

eters to separate ��� rays and hadrons [11] [13] [12] [14]. CORSIKA (version 5.60) [108]

has been used to simulate Čerenkov light emission in the earth’s atmosphere by the sec-

ondaries of the extensive air showers generated by cosmic ray primaries or � � rays. This

program simulates interactions of nuclei, hadrons, muons, electrons and photons as well
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as decays of unstable secondaries in the atmosphere. It uses EGS4 code [119] for the

electromagnetic component of the air shower simulation and the dual parton model for

the simulation of hadronic interactions at TeV energies. The Čerenkov radiation produced

within the specified band width (300-650 nm) by the charged secondaries is propagated to

the ground. The US standard atmosphere parameterized by Linsley [111] has been used.

The position, angle, time (with respect to the first interaction) and production height of

each photon hitting the detector on the observation level are recorded. Chitnis and Bhat

have mainly used 1
���

as the observation level, the altitude of Pachmarhi for their cal-

culations. They have assumed 17 telescopes in the E-W direction with a separation of 25
�

and 21 telescopes in the N-S direction with a separation of 20
�

. This configuration,

similar to PACT, is much larger and has been so chosen to study the core distance depen-

dence of various observable parameters. The resulting Čerenkov pool is sampled by all the

357 fictitious telescopes. For practical considerations PACT has been divided into 4 sectors

each of 6 telescopes 1. The physical size of a sector is 20
� �

50
�

.

The Quality factor is defined as :

� � 

�

���
�

�

� � � ��� � �
�
� �

��� �
where

�
�� is the number of ��� rays accepted,

�
�

� is the total number of ��� rays,
� � ��

is the number of protons accepted and
� � �

� is the total number of protons. Thus, larger

the quality factor, better is the cosmic ray rejection. We shall discuss the various rejection

parameters in detail in next section.

Local Density Fluctuations

Local Density Fluctuations(LDF) is the density jitter [13] defined as ratio of the RMS

variations to the mean number of photons in the mirrors of a telescope. In the particular

configuration chosen in the present study, the mirrors in a telescope form a compact pat-

tern. Hence LDF, in this context, represents the short range ( � 1 m) photon jitter. The

photon density jitter at the observational level is higher for proton primaries than for ���

ray primaries. (refer to Figure 2.18)

1Each telescope has 7 mirrors, in total there are 168 mirrors
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Fig. 2.18: Distributions of LDF for ��� ray and proton (dotted line) primaries for various sets of

energies. The dashed vertical lines show the threshold values chosen to yield maximum

quality factors in each case. The figure is taken from [13]

Medium Range Density Fluctuations

Medium range density fluctuation (MDF) [13] is defined as the ratio of the RMS variations

of the total number of photons detected in each of the telescope 2 of the array to the av-

erage number of photons incident on the telescope. Like LDF, MDF is higher for proton

primaries than for � � ray primaries. (refer to Figure 2.19)

2which is the sum of the photons incident on all the mirrors of the telescope
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Fig. 2.19: Distributions of MDF for ��� ray and proton (dotted line) primaries for various sets of

energies. The dashed vertical lines show the threshold values chosen to yield maximum

quality factors in each case. The figure is taken from [13]

Flatness Parameter

Flatness Parameter( � ) [13] [139] is defined as the average variance of the total number

of Čerenkov photons incident on each of the telescopes in the array. It is a long-range

parameter which measures the smoothness of the lateral distribution of Čerenkov photons.

It is defined as :

� 
 �� �
�

��� �

� � � � � � � �
� �

where N: number of telescopes triggered, �	� is the photon density measured by individual

telescopes and � � is the average density. Since the lateral distribution of Čerenkov photons



Chapter 2. Atmospheric Čerenkov Technique 73

is smoother for ��� ray primaries, it results in a lower value of � . (refer to Figure 2.20)

Fig. 2.20: Distributions of � for ��� ray and proton (dotted line) primaries for various sets of en-

ergies. The dashed vertical lines show the threshold values chosen to yield maximum

quality factors in each case. The figure is taken from [13]

Čerenkov Arrival Time Jitter

The timing jitter [11] is defined as the ratio of RMS to mean arrival time of photons at

each telescope. It is a species sensitive parameter and is particularly suitable against heavy

primaries. It is well known that after the shower maximum, ��� ray showers attenuate

progressively faster with atmospheric depth than do hadronic showers. In addition, the

lateral spread also is larger for hadron initiated showers. Hence, the RMS spread in the

time arrival of photons at observational level is expected to be larger for hadronic showers.

(refer to Figure 2.21)
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Fig. 2.21: Distributions of mean relative jitter for ��� rays and protons or Iron nuclei (dotted lines)

of different primary energies. The range of energies for the spectrum (panel (d)) is 500

GeV to 10 TeV for � � rays and 1 TeV to 20 TeV for protons. The vertical lines represent

the threshold values. The figure is taken from [11]

Table 2.1 shows a summary of the quality factors that can be achieved for the various

parameters described above. The second column of the table shows the threshold value

for differentiating ��� rays and hadrons. The fourth and fifth columns refer to the fraction

of � � ray showers accepted ( � � ) and fraction of protons accepted ( � � ) respectively. The

quality factors for each case is shown in third column of the table.

A new atmospheric Čerenkov array has been built at Pachmarhi in Central India to

study cosmic sources of VHE ��� rays. The main aim of the array has been to use the

spatial and temporal distributions of Čerenkov photons to distinguish between ��� ray and

proton showers for increase of sensitivity. I will discuss the various design features of the
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Table 2.1: Quality factors of various � /hadron separation parameters. � � ray and proton primaries

are selected from a power law distribution of slope -2.65

Parameter Threshold Quality factor � � � �
value

Off-Axis 1.5 0.91 0.37

LDF 0.15 1.19 � 0.02 0.91 0.59

MDF 0.083 1.26 � 0.07 0.37 0.09

� 0.38 1.02 � 0.11 0.398 0.152

Jitter 0.08 1.85 � 0.02 0.81 0.19

array, data acquisition system and its performance in the subsequent chapters.



Chapter 3

Pachmarhi Array of Čerenkov

Telescopes

3.1 PACT Array

Pachmarhi Array of Čerenkov Telescopes [35] is an array of Čerenkov telescopes for

ground based atmospheric Čerenkov experiment designed to study VHE ��� ray emission

from celestial sources. The experiment, located at Pachmarhi in Central India, (longi-

tude: 78 � 26
�
E, latitude: 22 � 28

�
�

and altitude: 1075
�

) is based on wavefront sampling

technique and consists of an array of 25 telescopes 1 spread over an area of 80 m
�

100

m. Spacing between neighbouring telescopes is 20
�

in E-W direction and 25
�

in N-S

direction. Figure 3.1 shows a layout of the PACT array.

Each telescope (see Figure 3.2 consists of 7 para-axially mounted parabolic mirrors of

diameter 0.9 m (f/d � 1) with a fast photo-tube (PMT, EMI 9807B) at the focus of each

mirror behind a circular mask of � 3 � diameter. However the field of view is limited by the

diameter of the PMT photo-cathode to � 2.9 � FWHM. The image size of a point source is
�

1 � . The total reflector area is � 4.45
� �

per telescope.

Each telescope is equatorially mounted and its movement is remotely controlled and

monitored in the control room. In this chapter we will discuss some of the design features

and performance of the auxiliary control systems and the data acquisition system used in

1At present it consists of 24 telescopes which have been used for the present study

76
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Fig. 3.1: A Layout of PACT Array

this experiment.

3.2 Auxiliary Control Systems for PACT

All the telescopes of PACT are equatorially mounted and each telescope is independently

steerable in both E-W and N-S directions within ��
 � � . The observation cycle consists of

orienting and aligning the telescopes in the direction of a celestial source of interest, expos-

ing the PMTs to the night sky and applying the proper voltages to them. The high voltage

for a PMT depends on several parameters like the reflectivity of the mirror, gain of the

individual PMT, clarity of the atmosphere and brightness of the very region of sky under

observation. During the observation one has to monitor the tracking of all telescopes and
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Fig. 3.2: View of a PACT Telescope with its seven mirrors

apply corrections if necessary, monitor the rates and high voltages of all PMT’s. In case of

manual tracking of the telescopes, failure, if any, will go unnoticed resulting in erroneous

pointing. Manual operation of all these activities would be laborious and time consuming,

especially since there are a large number of telescopes and photo-tubes and the observation

time per source is limited. This results in the loss of precious observation time. Thus pre-

cise and automated control systems are needed to carry out these tasks. Inexpensive control

systems have been developed for these purposes, viz. Automated Computerized Telescope

Orientation System (ACTOS) [57], Automated Photo-multiplier Exposure System (APES)

and Computerized Automated Rate Adjustment and Monitoring System (CARAMS).

In the following section I will describe the design features and performances of these

systems in detail.
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Fig. 3.3: Side View of a telescope mount

3.2.1 Automated Computerized Telescope Orientation System (AC-

TOS)

ACTOS is a PC-based system for remotely controlling the movement of telescopes. The

side view of the mount (telescope) is shown in Figure 3.3. The telescope is on an equato-

rial mount and is properly counter-balanced and can be steered using motor drive systems

attached to right ascension (RA) and declination (DEC) drives. Since it is an equatorial

mount, the source angle in N-S direction can be assumed to be practically constant over

the observation period. The control system consists of an angle transducer (called ‘cli-

nometers’) that converts telescope angle information into electrical signals, stepper mo-

tors, motor controller, signal processing electronics, a host computer and control software.

Each motor-drive system consists of a stepper motor and a gear box. The stepper motor

is coupled with the gears which in turn is coupled with the main axle of rotation. Elec-
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tronic motor drive circuits drive the stepper motors by supplying electrical square pulses

at desired frequencies. The step angle of motor is 1.8 � , i.e the motor shaft will move by

1.8 � per count. The RA gear ratio is 3270 to 1 and the DEC gear ratio is 432 to 1. Since a

celestial source moves with a speed of 1 degree per 4 minutes, to track the source the RA

shaft should move by (1/240) degree in 1 sec; hence, the RA motor shaft should move by

(3270/240) degree in 1 second. Thus the required number of counts to RA motor per sec-

ond = ((3270/240)/1.8) = 7.569 which is the tracking frequency. The hardware designed

in-house consists of a semi-intelligent closed loop feedback system with built-in safety

features. The ‘clinometer’ is a gravity based low cost angle sensor which is used as an

absolute angle encoder to infer telescope angle. The ‘clinometer’ when rotated about its

axis produces a signed dc voltage proportional to the angular displacement with respect

to the local vertical, about � � � � � per degree. Figure 3.4 shows the schematic view of a

clinometer and its related angles.

Fig. 3.4: Schematic View of a clinometer and related angles

Two clinometers are mounted on each telescope to get the angles in E-W ( � � � ) and N-

S ( � � � � )directions. Clinometer outputs are fed to a low-pass filter and an integrating type

ADC which is read by the host PC. The clinometers are calibrated against the telescope
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angles using a simple but reliable method wherein one aligns the telescopes manually to

bright stars and measures the clinometer voltages. The star positions can be accurately

computed from the source coordinates and time. Figure 3.5 shows the typical calibration

for RA clinometer. A linear fit obtained from the observed data of output voltage V � � and

� � � is given by

� � � 
 � � � � � � � � � � � (3.1)

where
� � � and � � � are the calibration constants.

Fig. 3.5: Left panel: Clinometer Voltage as a function of
��� �

. The straight line is the least squares fit to the

observed readings. Right panel: The residual plot

It can be noticed that the residuals are in the range � 3mV which amounts to an error

in � � � equal to � � � .05 approximately.

In case of calibration of DEC clinometer, the cross axis angle � (see Figure 3.4) of

the DEC clinometer does not remain constant as the telescope rotates from east to west.

This gives rise to cross axis error in � � � � . Also due to equatorial design of the mount, the
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null axis in the plane of the DEC clinometer (which is nothing but the component of the

local vertical line in the plane of the DEC clinometer) goes on shifting with change in � � � .
Because of these reasons a linear fit was found to be insufficient and a quadratic fit of the

form

� � � � 

� � � � � � � ��� � � � � � � � (3.2)

was used where A is given by the relation:

� 
 � � � �
� � � � � � � � � �

The constants m � � � and c � � � are obtained using a linear fit from the DEC clinometer ���

declination angle plot. (see Figure 3.6). A typical plot of V � � � versus � � � for fixed � � � � is

shown in Figure 3.7. It is seen that these residuals are again in the range � 3mV which

amounts to error of � � � .05 approximately.

Fig. 3.6: Left panel: Clinometer Voltage as a function of
� �	�


for a fixed
� � �

. The straight line is the least

squares fit to the observed readings. Right panel: The residual plot
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Fig. 3.7: Left panel: Clinometer Voltage as a function of
�����

for a fixed
� �	��


. The curve is the least squares

fit to the observed readings. Right panel: The residual plot

The motor controller, an interface between the host-PC and the stepper motor carries

out the actual task of controlling the stepper motor movement according to the motion

parameters like number of correction counts, motor slew speed, direction etc. which are

received from the PC under program control. Variable slew speeds are used to deceler-

ate the speeding telescope in steps. At present 3 different speeds are used, viz., fast (70

Hz), slow (30 Hz) and tracking (7.569 Hz). In the process of sequential scanning of all

the telescopes, the control program doesn’t have to wait for any corrective action to get

executed as that task is handled completely by the motor controllers and thus the whole

control operation takes place in virtually parallel mode.
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3.2.2 Computerized Automated Rate Adjustment and Monitoring Sys-

tem (CARAMS)

The main aim of CARAMS is to set and control the voltages of PMTs such that the gains

of all PMT - mirror systems are more or less equal. This is achieved by setting the volt-

ages on each PMT by demanding approximately equal pulse rates due to ambient night sky

background light. The high voltage (HV) for a PMT depends on several parameters like

the reflectivity of the mirror, voltage - gain characteristics of individual PMTs, clarity of

the atmosphere, ambient temperature, light pollution and brightness of the region of sky

under observation. CARAMS is developed for adjusting individual rates/HV and monitor-

ing the parameters. It makes use of microprocessor-based 64 channel high voltage divider

units (C.A.E.N. model SY170A) which in turn are controlled by a CAMAC based Con-

troller Module (C.A.E.N. model CY117B). The 64 channels in a given crate (SY170A)

are grouped into 4 different boards each catering to 16 PMTs. All channels in a board

are fed with same input voltage. The output voltage from each channel is adjusted using

a variable resistance divider network driven by a micro-motor. The HV control software

developed for the purpose can read the voltages, set or change voltages to PMTs giving

proper CAMAC commands to the Controller module. PMT count rates are measured by

scaler modules and are supplied to CARAMS by the system manager PC through a serial

link. As the ‘Rate vs Voltage’ curve for a given PMT shows day to day variations owing

to the factors mentioned above it is essential to know the average behavior of each PMT-

mirror combination. This is done by obtaining global fits to the ‘Rate vs Voltage’ curve for

every PMT, by varying the voltages over a wide region in steps and reading the correspond-

ing rates. These fits are obtained for different regions of the sky of our interest and the fit

parameters are stored. In the beginning the HV control software computes the necessary

voltage to get the required count rate for a PMT using the fit parameters. Later the control

software uses the ‘Successive Approximation Logic’ for the fine tuning of HV. The system

reports the faulty channels, if any, so that the user can fix the problem. An option to adjust

the voltages manually is also provided for. The entire software is developed in Turbo-C

under MS-DOS environment. Most of the HV adjustment takes less than 5 iterations dur-



Chapter 3. Pachmarhi Array of Čerenkov Telescopes 85

ing the fine tuning process of the HV control software. The typical time taken to adjust the

HVs of all the 168 PMTs is about 30 minutes.

3.3 Automatic Photo-multiplier Exposure System

(APES)

The Automatic Photo-multiplier Exposure System (APES) is developed to protect the

photo-cathode of PMTs and expose them to night sky only during observations. This is

accomplished by the help of a remotely controlled moving shutter operated by a geared

motor system. The shutter is opened at the start of an Observation and closed at the end.

The motor (model: 49TYJ-30/500; make: Ningbo shenjiang Electromotor and Appliances)

operates on 220V AC at 50Hz. The extreme positions of the shutter are defined by limit

switches. Actuating of the limit switch causes the motor to stop by cutting off the supply

to motor and activate a remote display which indicates the current status (open or close)

of the shutter. Manual switches are used for ease and simple operation to control every 42

shutters. This system controlled at each of the field signal processing stations by way of

simple switch set-up protect the photo-cathodes during the day as well as provide an effort-

less and quick way to expose them during night observations. The system is implemented

for 168 PMTs on 24 telescopes in the field. It takes about 1 minute to either open or close

all the shutters.

3.4 Design Considerations for Data Acquisition System

for PACT

As mentioned above PACT consists of an array of 24 telescopes deployed over an area of

100 m
�

80 m with 168 PMTs to collect Čerenkov photons and convert them to electrical

signals. The amplitude and the arrival time of these signals, which are tiny ( � few tens

of mV), are to be recorded and processed in a short time. It is necessary to preserve the

shape and size of the Čerenkov pulses to improve the angular resolution as well as energy
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resolution. This is accomplished by using a low-loss coaxial cables to transport signals to

and from the PMT’s to the signal processing centres. In addition to recording the timing

and density information, one needs to record other housekeeping information and also

monitor a large number of counting rates periodically.

In view of the complexity of the system, time critical nature of the measurements and

fast analog signals involved, ( the rise time of Čerenkov pulse is typically � 2-3 ns) special

care is taken at all levels including design, fabrication and implementation of data acquisi-

tion system. As a result, PACT is divided into four subgroups or sectors of six telescopes

each (see Figure 3.1). Each sector can be operated as an independent unit. At the centre

of each sector there is a station housing field signal processing centre (FSPC). Pulses from

phototubes are brought to the respective centre through low attenuation RG 213 cables of

length � 40
�

each. Since the array is split into the sectors, length of pulse cable is reduced

thereby minimizing the distortion and attenuation of weak pulses from phototubes during

their transmission through cables (attenuation is � 20%). Pulses from individual mirrors

are processed and the informations regarding pulse height and arrival time of shower front

at mirrors is recorded by FSPC. At the centre of the array there is a control room which

houses master signal processing centre (MSPC). Information relevant to the entire array

such as arrival time of shower front at individual telescopes, absolute arrival time of the

event along with other housekeeping information are recorded by the MSPC.

3.5 Distributed Data Acquisition System (DDAS)

DDAS consists of a Sector Data Acquisition System (SDAS) [36] [84] in four stations and

a Master Data Acquisition System (MDAS) in the main control room. A PC functioning

as a System Manager in MSPC receives the monitoring data of various counting rates

from SDASs and transfers them to the CARAMS (described earlier). Several other PCs

connected to the network carry out online/offline analysis of recorded data. Most of the

hardware in DDAS except a few fast digitization modules are all designed and fabricated

in-house. The entire real time software for DDAS is developed in C language in Linux

environment. The data acquisition system has the following features : (a) modular in
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design concept, (b) a fast CAMAC controller with data throughput rate of 1 Mbytes/sec,

(c) low cost modules with built-in flexibility. Figure 3.8 shows the schematic block diagram

of the distributed data acquisition system for PACT. In the following sections I’ll describe

the experimental set-up of Sector Data Acquisition system and Master Data Acquisition

system in detail.

Fig. 3.8: Schematic diagram of distributed data acquisition system (DDAS) of PACT
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Fig. 3.9: Block diagram of sector data acquisition system (SDAS) for PACT. Details are shown for

one telescope from sector

3.5.1 Sector Data Acquisition System (SDAS)

Trigger Generation

SDAS is designed to process the pulses from phototubes, generate a trigger and record the

required information locally. Two types of data are recorded by SDAS. On the arrival of the

event trigger, event arrival time, arrival time of the Čerenkov shower front and the photon

density at individual mirrors are recorded. For the monitor trigger, which is periodic, count

rates from various mirrors as well as telescope trigger rates are recorded. A block diagram
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of SDAS is shown in Figure 3.9. Considerable effort has been devoted to the trigger set-up

in order to achieve the best trigger rate possible and also keep the chance coincidence very

low. Systematic studies of the trigger rates as a function of n-fold coincidence have been

carried out for the purpose of choosing the right trigger.

Fig. 3.10: A typical Rate � � Bias curve for PMT on a single mirror.

Figure 3.10 shows the rate ��� discriminator threshold curve for a single photomultiplier

tube. It is seen that at very low thresholds, the curve is dominated by night sky background

whereas the Čerenkov light from air showers takes over at a threshold of � 100
� � . Also,

NSB photons do not arrive together, whereas Čerenkov light is correlated and arrives in

a flash lasting for 2 to 5 � � . So, if a large number of PMTs are operated in coincidence,

the effect of NSB can be cut down and the system can be operated at a lower threshold.

A narrow coincidence of pulses from PMTs drastically reduces the contribution due to

night sky background (NSB). Contribution to coincidence rate due to NSB, photomultiplier

noise etc. is termed as chance coincidence. If the photo-electron counting rates of n input

channels for which coincidence is taken is R Hz each and if the coincidence width is �

seconds, then the chance coincidence rate is given by the expression :

� � 
 � ��� � ��� � � �

(3.3)

The chance coincidence rate depends on the PMT rates and coincidence time window.
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Chance coincidence rates are monitored during the experiment by delaying successive in-

put channels by different delays before feeding them into another coincidence unit ( a

majority logic unit is used for this purpose). The difference in total coincidence rate and

the chance rate provides the genuine rate of events. Too many chance coincidence events

dilutes the data to a large extent. Hence it is important to know the chance coincidence rate

during the experiment.

The pulses from phototubes are given to linear fan-out unit which produces three replica

of the input pulse. One set of outputs from this module are given to Fan-in-fan-out unit

which adds all the 7 analog pulses from phototubes of a telescope. These analog sums are

called Royal Sums.

Fig. 3.11: Left panel: Trigger Rate as a function of n-fold coincidence Right panel: Trigger Rate as a

function of royal sum rate for 4-fold coincidence

The left panel Figure 3.11 shows the variation of trigger rates with n-fold coincidence

of royal sum pulses and the right panel shows the variation of trigger rate with royal sum

rate for 4-fold trigger. A high trigger rate can be obtained for 3-fold coincidence but the

chance coincidence rate is also very high in such a case. Also, for 4-fold coincidence, the

trigger rate increases from 4 to 16 Hz as royal sum increases from 40 KHz to 200 KHz

(right panel of Figure 3.11), but the chance coincidence also increases from � 1% to 18%.

Thus, the royal-sum rates of the telescopes are kept in between 30 to 50
��� � and any 4

out of 6 telescope trigger was decided upon.
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Each royal sum from the 6 telescopes in a sector is suitably discriminated (typical royal

sum rates � 30-50 kHz.) and a trigger is generated by a coincidence of any 4 of these

6 royal sums. This is called an “Inclusive OR” trigger. The trigger rate of 2-5 Hz was

achieved during the observations and the chance coincidence was kept at a very low rate

(
�

2%).

Other set of outputs from fan-out unit are suitably discriminated for further processing

as explained later. Once a trigger is generated, the CAMAC controller initiates the data

recording process. Each data acquisition system requires a controller and PC IO card. The

controller is a 16 bit data based module with throughput rate of 1 MBytes/sec in auto repeat

mode. The auto repeat mode is used whenever same CAMAC commands are to be issued

for a series of successive channels. In this mode while the data of the current channel

is readout the channel address is automatically incremented and the READ command is

issued. This feature and the use of 16-bit data path made it possible to achieve the high

throughput rate.

There are various other mechanisms by which one can get a 4-fold trigger. One such

method is to put each of the two adjoining telescope pulses of a sector in coincidence and

then take a final 2-fold coincidence of the 3 groups of these pulses. Table 3.1 shows a

comparison of this set-up with the “Inclusive OR” set-up. It is seen that a higher trigger

rate was achieved in the “Inclusive OR” set-up. This is because the trigger conditions

imposed are much more strict in the latter case. The trigger rate in the experiment would

give an idea of the energy threshold of the experiment. Finally the “Inclusive OR” set-up,

which gave the best possible trigger rate, was chosen so that the experiment could operate

at the lowest energy threshold possible without diluting the data due to chance coincidence.

It should be mentioned that chance coincidence rate for both the cases was very low.

Table 3.1: Study of Various 4-fold coincidence set-ups

Set-Up Trigger Rate (Hz)

Inclusive OR 4.88 � 0.26

New Set up 3.79 � 0.21
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Data Recording

Information regarding pulse height or photon density using Analog to Digital Converters

(ADCs), relative arrival times of pulses using Time to Digital Converters (TDCs), abso-

lute arrival time of an event ( accurate to microsecond using a Real Time Clock, RTC),

Latch information showing the telescopes which have participated during the event, vari-

ous counting rates reflecting the sensitivity of telescopes, etc are to be recorded. A RTC

is a CAMAC based module which records the event arrival time precisely from 0.2 � s

to 4 digits of day with time resolution of 200 ns. RTCs of all stations are synchronised

to a GPS clock by clearing the micro and milli second counters at every second. It has

several features like local/remote loading capability, SYNC fail detection, internal/external

basic clock selection, user selectable calibration triggers and optional visual display. As

it takes some time to generate a trigger pulse, some of the PMT pulses arrive earlier to

the trigger pulse and some arrive much later. Thus the PMT signals have to be suitably

delayed and fed as TDC stops so that they arrive later than the TDC start pulse. The typical

delay needed is 200 ns, dictated by the size of the array. The conventional technique to

delay a pulse is by co-axial cable. This method is not suitable especially when large delays

are involved because the signals get distorted due to propagation in lengthy cables. So,

an ECL based variable digital delay generator has been designed in-house which is NIM

module with 8 channels. The delay for each channel could be independently set using a

front panel potentiometer within the range 50-600 ns. The set delay is stable within �

0.2 ns. The other set of discriminator outputs goes to CAMAC scalers which measure the

count rates. Third set of outputs from fan-out is given to integrating type ADCs. The TDC

start pulse is generated from the event trigger and individual TDC channels are stopped

by appropriately delayed signals from delay circuit. So TDC readings are the measure of

relative delay in arrival of shower front at various mirrors. Following the trigger, ADC

gate is generated and pulses from various mirrors are digitized by the ADCs. One of the

basic reasons for dividing the array into 4 independent sectors is to reduce the gate width

for ADC. Finally the CAMAC controller interrupts � � � � � based PC which initiates the data

recording process. Recorded data are the � � � � � information which tells us which telescopes

have participated in the trigger, absolute time of the event arrival correct to � � in addition
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to TDC and ADC’s. At present, information related to ADC’s and TDC’s corresponding

to six peripheral mirrors of each telescope are stored.

In addition to the above mentioned event data, monitor data are also recorded periodi-

cally. Monitor interrupts are generated at MSPC and fed to each of FSPC’s which initiates

recording of data comprising of mirror rates and royal sums along with absolute time from

RTC.

3.5.2 Master Data Acquisition System (MDAS)

MDAS records data relevant to the entire array. There are two types of data recorded

corresponding to two types of triggers as in the case of SDAS. Royal sums from all the

stations are brought to the control room. Whenever an event trigger is generated at any

station, MDAS CAMAC controller is interrupted and the TDC delays, event arrival time

from RTC, latch indicating the sectors participating in trigger, number of events recorded

in various stations are read and stored. Following each periodic monitor interrupt, royal

sum rates are recorded. Using data recorded by MDAS, data from stations can be collated

during off-line analysis. Figure 3.12 shows the block diagram of MDAS of PACT.

3.5.3 Preliminary Health Check of Data

Once the data recording process is initiated during an observational run, a large number of

online programs keep checking the health of the data being recorded both in the sector as

well as in the master control room. In this paragraph, I will try to explain a few of them.

Figure 3.13 shows the trigger rates recorded as a function of time in the master control

room (top panel) and that recorded in any of the sectors (bottom panel) during a typical

run. The trigger rate in the control room is higher than that in a sector owing to the fact

that the master trigger is an ‘OR’ed output of all the sector triggers. Figure 3.15 shows

the TDC difference distributions of any two telescopes in a sector (left panel) and a similar

distribution from mirrors (right panel). This is an important quantity as the width of the

difference distribution of respective TDC channels is an indication of the limiting accuracy

of the timing measurement. It is seen that the width of the TDC difference distribution
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Fig. 3.12: Block diagram of master data acquisition system (MDAS) for PACT. Details are shown

for triggers coming from two sectors of the array

for mirrors is narrower than that for royal sum pulses. Details of measurements of these

quantities will be taken up in a later chapter. Figure 3.16 shows a typical ADC distribution

for a mirror. The total ADC counts in an event will give an idea of the total number

of photons incident on the mirror and hence will help in the estimation of energy of the

shower. Details of deriving cosmic ray spectrum from ADC information will be taken up

in a later chapter. Figure 3.14 shows a typical telescope distribution plot for a single sector.

It is seen here that all the telescopes have equal participation in the trigger and there is no

preferential bias towards any telescope. All these and many other health check-ups of the
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data are carried out every night during an observation before the data is further processed

offline.

3.5.4 Software

The software developed for PACT can be classified into four groups.

1. System software consisting of

a. Data acquisition software which initiates the data recording process following

top priority event interrupt. It also records RTC latched by event trigger and

starts reading the latched data from various CAMAC modules. The data read

are stored in hard disc using double buffer scheme in order to reduce the system

dead time. Checksum word is used at the end of each event data to improve the

data reliability. Data acquisition software is divided into several sub-tasks as

follows :

(i) Device drive module (DDM)

(ii) Device drive control module (DDCM)

(iii) Data display module (DDSP) and

(iv) Data server module

b. Monitoring interrupt servicing routine which latches and reads all the scalers

which count the various phototube and royal sum counting rates during the

time interval between two consecutive interrupts. Monitoring data are stored in

a different file for off-line analysis.

2. Utility software like

a. software to preset and synchronize the various RTC’s,

b. software to feed counting rate information to CARAMS through serial port.

This is accomplished by a System Manager PC in MSPC which receives moni-

toring data from the SDAS’s through LAN and routing them to the PC running

CARAMS.
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Fig. 3.13: Top panel: Trigger rate recorded in the master control room Bottom panel: Trigger rate

in a sector. It is seen that the trigger rates were very steady throughout the run.



Chapter 3. Pachmarhi Array of Čerenkov Telescopes 97

Fig. 3.14: Telescope trigger distribution for a sector from TDC (green line) as well as from latch

(yellow line)

c. on-line quick-look analysis program to check the data fidelity and other checks.

3. Online monitoring and display routines like

a. read and display count and chance coincidence rates for all the sectors,

b. read and display royal sum rates online.

These tasks exploit the � � � � � networking capabilities since all the PC’s under � � � � �
are networked.

4. Several off-line data handling routines which read and check each and every aspect of

the data and produce a test report for each run, produce various types of distributions

to ensure the general health of the data.

Software under (1) and (2) are developed in � while (3) and (4) are designed under

IDL. All the software except CARAMS work under � � � � � while the latter works under

DOS environment.



Chapter 3. Pachmarhi Array of Čerenkov Telescopes 98

Fig. 3.15: Left panel: TDC difference distribution for royal sum pulses Right panel: TDC difference dis-

tribution for mirror. It is clearly seen that the TDC difference distribution for a mirror is better

than that for a royal sum

3.6 Alignment of Mirrors and Telescope

As the seven mirrors of a telescope are mounted on a single mount it is necessary to ensure

that all their optic axes are parallel to each other so that all mirrors of a telescope view

the same part of the sky at any given time. This alignment of mirrors is done by visually

looking at the stellar image of bright stars at the focal plane of the mirrors. These images

have a bright central spot and could be seen with the unaided eye.

A reasonably bright star is aligned at the crosswire of the guiding telescope attached to

the northern end of the telescope. The three struts (ball and socket arrangement in the case

of new mounts & threaded bolts in case of older mounts) on which the mirror holder is

fastened to the aluminium tray is adjusted such that the star reflection is seen at the centre

of the circular mask at the focal point of each mirror. This is a tedious and time consuming

procedure and takes a good part if not the entire night for each telescope.

In order to estimate the source pointing error of the system, the telescopes were oriented
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Fig. 3.16: Typical ADC distribution for a mirror

to different bright stars at random positions in the sky and the offsets in right ascension and

declination with respect to the star were noted. Using this data it is concluded that the

system can orient the telescopes to the putative source with a mean offset of � � � � � � � � � � � .
The source pointing is monitored constantly at an accuracy of � � ��� � � and corrected in real

time. If the offset is more than the above mentioned value suitable corrections are given

and the telescope is brought back to the source.

To check the accuracy of alignment of the mirrors and telescopes a bright star drift

scan [68] is carried out. The telescope is aligned to an isolated bright star (typically of

visual magnitude 2 to 3). Then the telescope is moved to the west by 
 � and at a suitable

time the telescope tracking is switched off. The counting rates from each of the PMTs are

monitored every second and recorded. The count rates stay reasonably constant until the

star walks into the field of view when they increase, go through a maximum and return to

the background value as shown in Figure 1.13. The background count rates before and after

the star transit are fitted to a linear function. The background is subtracted from the count
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rates during the star transit by interpolation. The background corrected count rates are then

fitted to a quadratic function. Figure 1.13 shows one such fit to a typical count rate profile

of a mirror. Table 3.2 shows the summary of results of a typical bright star scan. Column

3 shows the FWHM of the drift scan profile of the count rates due to the star. The offset

of the centroid of this profile with respect to the centre of the field of view (i.e. expected

transit time) is shown in the last column. This offset is the error in the alignment in the

E-W direction. The relative FWHM’s of the profiles could indicate the misalignment in the

N-S direction, if any. On the other hand the absolute values of FWHM of the count rate

profiles are a function of the PMT gains, image quality (point source image size
� � � ),

� � � . Using this method, it is ensured that the optical axes of all the 7 mirrors in a telescope

are parallel to each other within an error of � � � 
 or less. If the error exceeds this value the

particular mirror is re-aligned and re-checked. This method of alignment is similar to that

adapted for aligning the imaging telescope arrays [64].

Fig. 3.17: Bright Star Scan Results on � � Ursa Major: The counting rates are shown as a function

of time (UTC). The vertical lines around the peak of the profile are (i) expected transit

time (solid line) (ii) centroid of the count rate profile (dot dashed line) defined by two

dashed lines on either side. The baseline and the FWHM are also shown.
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Table 3.2: Bright Star Scan Results of � � Ursa Major for a telescope

Mirror Peak Count rate (
� � ) FWHM (deg.) Offset (deg.)

A 9430 2.29 -0.23

B 1260 2.46 0.03

C 847 2.50 -0.14

D 781 2.80 0.09

E 493 2.67 -0.07

F 616 2.18 -0.19

G 2070 2.38 0.24

Table 3.3 summarizes the key properties of the PACT detector system.
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Table 3.3: PACT detector electronics assembly at a glance

Location 22 � 28
�
�

, 78 � 26
�
E

Altitude 1075
�

Field Area 80
�

100
�

Number of telescopes 24

Detector Spacing 20
�

in E-W, 25
�

in N-S

Number of mirrors per telescope 7

Single Telescope Area 4.45
� �

Mirror Reflectivity � 50% to 60%

Mirror Diameter 0.9
�

Focal Length 0.9
�

Field of View 3 �

Telescope Tracking resolution � 0.05 �

Tracking Frequency 7.561 Hz

Pointing accuracy � � � � � � � � � � � � ���
Mirror Alignment accuracy � 0.2 �

PMT EMI 9807B / RCA 8575

Quantum efficiency (300 to 650 �
�

) 26% at 380 �
�

PMT rise time � 2 � �

Pulse width 3 � �

Transit time jitter 1.9 � � (FWHM)

High Voltage Distribution Board CAEN Model # SY170A

PMT to Control room Cables RG 213 make

Lecroy TDC Model # 2228A 0.25 � � per count

Phillips TDC Model # 7186 0.2 � � per count

Trigger Level 4/6 telescopes in a sector

ADC Model # 2249SG 0.25 pC/count

Delay Generator stability � 0.1 � �

GPS Clock resolution � 1 � s

Real Time Clock time resolution 200 � �

Dead Time of system � 1
� �



Chapter 4

Performance Studies for the PACT

Experiment

4.1 Introduction

Monte Carlo calculations have been carried out to understand various characteristics of

PACT like the sensitivity, energy threshold, collection area, trigger rate and efficiency of

the array. The angular resolution of the array, estimated from data, is found to be � 
 ��
 �

for ��� ray primaries of energy � � � ��� . The dependence of the angular resolution on

the separation between the telescopes and the number of detectors is also obtained from

the data. The energy threshold has been estimated to be � 800 ����� for ��� rays and 1650

����� for protons. The calibration of time to digital converters (TDC) and analog to digital

converters (ADC) are discussed. Also the cosmic ray spectrum is derived from the data. In

this chapter, I will discuss the various performance studies done for the PACT array.

4.2 High Angular Resolution of ACT

It has been discussed in earlier chapters that the major hindrance in detecting TeV ���

rays from celestial sources is the presence of more abundant cosmic ray background which

severely limit the sensitivity of an ACT. Therefore, numerous efforts have been taken up

to reject cosmic ray background. The possibility of timing the Čerenkov light front for the

estimation of arrival direction of the primary had been realized as early as 1968 by Torn-

103
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abene and Cusimano [137]. It was later demonstrated by the Durham group [50] that while

viewing Crab pulsar the on-axis events were richer in � -rays than off-axis events. It was

also used by Gupta et al. [59] to improve the signal to noise ratio of atmospheric Čerenkov

telescopes consisting of large mirrors. The basic principle of all these experiments is the

fast timing technique using spatially separated Čerenkov telescopes. It is possible to im-

prove the �� for point sources without losing Čerenkov light if the direction of arrival of

primary particles is estimated accurately [137 , 59 , 136 , 138]. The shower axis retains

the original direction of the primary.

To estimate the arrival direction accurately, the error in the reconstructed direction, i.e.

the angular resolution has to be very small. The two dominant factors which contribute

to the angular resolution are the average distance, D, between the telescopes and � t, the

uncertainty in the measurement of arrival time of photons at the telescopes. For example,

the angular resolution in the zenith angle, � for � detectors is given by [59]:

�� 
 ��� ������
��� � 


�
(4.1)

Therefore, a large number of telescopes with instrumentation to measure the relative ar-

rival time of photons and separated by large distances are needed to reconstruct the shower

front and estimate the direction of arrival of the shower fairly accurately. The improvement

in the signal to noise ratio by restricting the angle of acceptance to �� would be:

�

� �
� � � �

where
�

is the solid angle of acceptance. This is a very significant advantage of non-

imaging arrays with high angular resolution. Moreover, this method of reducing back-

ground is independent of the primary species. It is very useful also at very low primary

energies where the cosmic ray electrons form a significant source of background. Electrons

cannot be discriminated easily, unlike hadrons, since they too undergo electromagnetic in-

teractions in the atmosphere akin to ��� rays.
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4.3 Estimation of Timing Resolution

In order to estimate the angular resolution one has to estimate the error in timing measure-

ment. To determine the arrival time of photons accurately, the PMT should have a fast

response time and low dispersion in the photo-electron transit times. We use a low noise,

high gain tube having rise-time of � 2 ns, pulse width of 3 ns and transit time jitter of

1.9 ns (FWHM). The PMT signals are brought to the recording stations through low loss

coaxial cables (RG 213) (refer to chapter 3). The intrinsic timing jitter of the signals from

the PMTs limit the accuracy of timing measurements.

The timing resolution is estimated from the data. The relative delays of 6 periph-

eral PMT’s of each telescope and royal sum pulses with respect to the trigger pulse were

recorded using the fast time to digital converters(TDC). The signals were delayed suitably

using ECL based delay generators having an intrinsic stability of � ��� � � � . The LeCroy(Model

# 2228A) and Philips Scientific(Model # 7186) TDC modules that are used in the experi-

ment are set to a conversion of 0.25 and 0.2 ns per count, respectively. Linearity of TDCs

was monitored by periodically calibrating them with standard cable delays. Calibration of

TDCs was done in the following way : A pulse generator was used to generate trigger and

a ‘start pulse’. The TDC ‘start pulse’ was delayed using ‘lemo’ cables (RG 174) of known

length and then fed to individual TDC stops. Delay between the ‘start’ and ‘stop’ pulse

was noted down using an oscilloscope. The delay ��� TDC readings is then plotted and a

functional form is fitted which gives :

� ��� � � 
 � � � � � � � ��� � � �
� � � �

where m and c are the slope and intercept.

Data are collected with all telescopes pointing to zenith. The width of the distribution

of differences in arrival times of signals ( � � ��� ) of two TDC channels is an indication of

the limiting accuracy of timing measurement, provided the signals originate from PMT’s

located nearby. While calculating � � ��� distributions, a two step procedure was followed to

clean the data. At first, � ��� for the � � ��� distribution is calculated using all possible events.

In the second step, � ��� is re-calculated by accepting only those � � � � which lie within � � � � �
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of mean � � ��� .
The distribution of � � ��� tends to broaden due to one or more reasons mentioned below:

(a) fluctuations in the arrival time and density of Čerenkov photons.

(b) errors in mirror pointing result in sampling different angular regions.

(c) spatial separation between the mirrors/telescopes. The mean arrival time as well as its

fluctuations is a function of core distance [14].

(d) fluctuations in electron transit time in PMT’s, the differences in the cable delays and

the propagation delays in the electronic circuits.

Delays, due to unequal cable lengths, and propagation delays in the electronic circuits

have been matched to an accuracy of about 0.25 ns. Mirrors are aligned to within � � � � 

as mentioned earlier (refer to figure and alignment procedure of mirrors using Bright Star

scan method in earlier chapter).

In the case of signals from individual PMT’s of a telescope the distances between the

detectors is of the order of a metre. Only those combinations corresponding to neighboring

PMT’s are considered in order to minimize the contributions from fluctuations in the arrival

time of Čerenkov photons and distance dependent effects, to the uncertainty in timing

measurement. The results are shown in the table 4.1. The limiting accuracy of timing

measurement is about 1 � � for individual PMT signals [68]. The royal sum pulse is formed

by the analog addition of individual PMT pulses. The timing resolution of royal sum pulses

are inferior owing to the fact that the individual analog pulses from mirrors do not add very

well to make the royal sum. This would broaden the � � ��� distributions and hence the timing

resolution becomes worse than that of the individual PMT.

To remove the distance dependent effect, the standard deviation � ��� are plotted as a

function of separation between the telescopes, � and
�

and is shown in Figure 4.1. From

the figure it can be seen that the error ����� clearly increases with the separation as expected.

The FWHM for two telescopes side by side is estimated by extrapolation, thus removing

the effect of finite separation between the telescopes on the � ��� distribution.
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Table 4.1: Timing Resolution of PACT Array

Timing Sector Timing

Information # Resolution( � � ns)

Royal Sum 3 2.3 � 0.1

Royal Sum 4 2.1 � 0.2

Royal Sum 3+4 2.2 � 0.1

Individual PMT 3 1.1 � 0.1

Individual PMT 4 0.8 � 0.1

4.4 Estimation of Arrival Direction of Shower

The arrival direction of a shower is determined by reconstructing the shower front using the

relative arrival time of Čerenkov photons at each telescopes. We fit the Čerenkov photon

front to a plane using the measured arrival times, the normal to this plane gives the direction

of shower axis.

4.4.1 Calculation of Time-offsets

The relative arrival time of pulses as measured in the experiment is not the relative arrival

time of Čerenkov photons at the PMT, needed for reconstructing the shower front. A finite

but constant delay between pulses from different PMT’s arise due to unequal cable lengths,

differences in electronic propagation delays and differences in photo-multiplier transit time

etc. These are termed as T0 or time-offsets. Thus the measured relative arrival times have

to be corrected for these time-offsets to get the relative arrival time of Čerenkov photons

at the PMT. In the absence of a calibration light source which could generate pulses in all

PMT’s simultaneously, these time-offsets have been determined from the data itself [132].

The time difference between Čerenkov photons arriving at PMT’s (or telescopes) lo-

cated side by side should be zero on the average for vertical showers. Thus the average

of time delays between two PMT’s, from a large sample of data, is entirely due to differ-

ence between the two time-offsets. Showers from vertical direction were chosen in order

to eliminate the errors in the estimation of offsets due to finite telescope separations for
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Fig. 4.1: Figure shows the variation of � � ��� � ��� �
, derived from the TDC difference distribu-

tions of royal sum pulses, as a function of detector separation for (a) single sector (# 3)

and (b) for 2 sectors. Fitted straight lines extrapolated to zero separation yield the required

timing resolution independent of telescope separation

inclined showers.

If
� �� and

� � � are the time offsets for the PMTs i and j, we can write an equation of

the form

� � �� � � � � ��
 � ��� (4.2)

where � ��� is the mean delay between a pair of PMT’s i and j after correcting for the

time difference due to differences in height (z-coordinates) of PMT’s(or telescopes) .

The total �
�

can be expressed as

�
� 


��

� � � � ��� ���� �
� ��� � � �� � � � � � � ��� � � (4.3)

where � is the total number of PMT’s,
� ��� ’s are the statistical weight factors, � � ��� 


��� �
	 ���
�

, where �
	 � � is the uncertainty in determining � ��� ). � �

minimization will give a set

of � equations of the form

��

� � ��� ���� �
� ��� � � �� � � � � ��


��

� � ��� ���� �
� ��� � ��� 
 � �� (4.4)
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Thus we have a set of simultaneous equations involving W, T0 and �
�
. All these sets of

equations can be written in the form of matrix equation

� � � 
 � �
(4.5)

Solving this matrix equation one gets an estimate of time-offsets for (n-1) detectors

with respect to � ��� detector. It is to be noted that the differences in time delays due to the

differences in the heights of the telescopes were taken off while calculating these time-

offsets, as already mentioned.

4.4.2 Reconstruction of Arrival Direction

Using the plane front approximation the arrival direction of the shower is estimated as

follows [132 , 22]. If � � , �� , ��� are the coordinates of the � ��� PMT, �  �  � the direction

cosines of the shower axis and � � the arrival time of the photons at this PMT then the

equation relating them is given by

� � � � � �� � � ��� � � � � � � � � ��
 � (4.6)

where � � is the time at which the shower front passes through the origin of the coordi-

nate system. Then the arrival direction of the shower can be estimated by a �
�

minimization

where

�
� 


��

��� �
� � � � � � � � � � � � ��� � � � � � � � � � � � (4.7)

where � � ’s are the statistical weight factors for the � ��� timing measurement(= 1/ �
��

where � � is the uncertainty in the timing measurement for the � ��� detector). The values of

�  �  � and � � are calculated using the equations � �
� ��� � 
 � , � � � ��� � 
 � , ��� � ��� � � 
 �

and � � � � �

� �
� 
 � . Terms containing � � ��� � and � � ��� � have been ignored as these

are small. The contribution to the error in angle determination is negligibly small up to an

angle of � � � � under this assumption.

In the first iteration all PMT’s with valid TDC information are used for the fit and

the observed - expected delays are calculated for each. In the subsequent iteration, the

PMT with the largest deviation is rejected if the absolute difference between observed

and expected delays is greater than 3 ns. The standard deviation of observed - expected
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delay � � � � . A � � � cut has been put beyond which a telescope is rejected. This

is to minimize the effect of isolated large fluctuations in the photon arrival times [115].

Figure 4.2 shows the observed - expected delay distributions for various telescopes, based

on royal sum pulses. It is seen that for some telescopes the mean value of observed -

expected distribution deviates from zero. This is due to the fact that the pointing accuracy

of some of the telescopes during the run may have got disturbed or there could be a lot

of noise present in the data due to chance coincidence. Another factor could be that there

were errors in the calculation of time-offsets from � � ��� distributions. This process of fitting

is continued until there are no more large deviations or the number of available PMT’s have

become less than 4, in which case the shower front reconstruction process is aborted.

Fig. 4.2: Observed - Expected Delay Distributions for various telescopes in a sector, based on royal

sum pulses. It is seen that the � of the delay distribution is about 1 ns.

Figure 4.3 shows the zenith and azimuthal angle distributions of the reconstructed ar-

rival directions using the procedure explained above. The reconstruction of the shower

front was carried out using 24 telescope data collected with telescopes in the vertical posi-

tion. The observed distributions are consistent with the geometry of the array.

Further, it has to be ascertained that the telescopes are pointing to the true zenith direc-

tion. A tilt in the observer’s co-ordinate system will imply a systematic error in pointing to
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Fig. 4.3: Distribution of zenith and azimuth angles estimated from ��������� �
	 � timing informations

from all telescopes.

the source direction. It is ensured that the assumed horizontal plane is really perpendicular

to the direction of true zenith from the projected angle distributions of the fitted directions.

The projected angles � and � are related to the zenith angle � and azimuth � by

� � � ��
 � � � � � � � �

and

� � � ��
 � � � � � � � �

where � and � are the projected angles in the N-S and E-W plane respectively. The fre-

quency distributions of � and � are shown in Figure 4.4. The ratio of the number of events

above and below zero are 1.0 � 0.03 and 0.96 � 0.03 for � and � respectively. The sym-

metry of these distributions thus verify the orthogonality of the telescope pointing direction

to the horizontal.
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Fig. 4.4: Distribution of Projected Angles, � and � , in the (a) N-S and (b) E-W planes.

4.5 Angular Resolution of PACT

The angular resolution of PACT has been estimated by using the split array method. The

array is divided into two independent parts and the arrival direction is estimated for each

shower from these two sub-arrays. The distribution of space angle ( � ) between these two

estimates is a measure of the angular resolution, i.e. the accuracy with which one can

estimate the arrival direction. Since there are two independent estimates of the direction,

the angular resolution is given by the peak1 of the distribution of space angle between the

two directions as � � ��� � .

Similarly, the uncertainties in the zenith angle � and azimuth � are estimated from

the distributions of ��� and ��� , the differences between the corresponding angles from

two independent estimates for a shower. Figure 4.5 shows these distributions for ��� and

� � � � � ��� , respectively.

1for small angle approximation ��� of the point spread function coincides with the peak of the space angle

( � ) distribution



Chapter 4. Performance Studies for the PACT Experiment 113

Fig. 4.5: The differences of two independent estimates ���������	� and ��
 distributions using 6 Odd-

Even telescopes of two sectors for each estimate.

4.5.1 Using Royal Sum pulses

The array is divided into two independent parts of equal number of telescopes, say 12

telescopes from sectors 1,2 and sectors 3,4. The arrival direction is estimated for each

shower from these two independent arrays using the relative arrival times of royal sum

pulses. The distribution of the space angle between the two estimated directions is shown

in figure 4.6. Several combinations were tried to understand the dependence of angular

resolution on the separation between the telescopes and/or the number of detectors. The

results are summarized in table 4.2. The term ‘odd-even’ refers to 3 telescopes each from

Sector 3 and 4 grouped into one set of 6 telescopes and the remaining 6 grouped into

another.

It is seen from table 4.2 that the angular resolution improves as the separation between

the detectors increases and also as the number of detectors increases, as expected. The

dependence of angular resolution on D, the distance between telescopes and n, the number

of telescopes used in the fit are shown in figure 4.7. The panel (a) of the figure shows

the variation of angular resolution with D for (i) 4 telescopes and (ii) 12 telescopes ( � and

� respectively). The dependence on D is calculated to be � � �
�

�
� � � � ��� � ��� and � � �
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Table 4.2: Angular Resolution of PACT using Royal Sum pulses.

No.of Combination of Average Peak of Space Angular

telescopes Detectors fitted detector Angle Difference Resolution

separation (m) Distribution(deg.) (deg.)

6 Sector 3 vs 4 31.8 0.88 0.62

6 Odd vs Even 48.8 0.64 0.45

12 Sector 3 and 4 vs

Sector 1 and 2 40.1 0.59 0.42

12 Sector 1 and 3 vs

Sector 2 and 4 52.0 0.47 0.33

�
�
� � � ����� � � � respectively, which is compliant with theoretically expected 1/D dependence.

Once the 1/D dependence is established, the angular resolution is then corrected for the

distance to extract the dependence on the number of degrees of freedom. This is shown

in the panel (b) of Figure 4.7. It is seen that � � � � �
� � � ����� � � � , consistent with what one

expects, on a simple statistical basis, that ��� will decrease as
� � .

It is seen from table 4.2 that the best value of angular resolution, obtained using 12

royal sum pulse information, is � ��� ��� . Since we have 24 telescopes, there will be a fur-

ther improvement in the angular resolution by a factor of � 
 when the arrival direction

is estimated using all the telescopes in the array. Thus the angular resolution of the

array is estimated to be � � � 
 
 , from the royal sum information of all telescopes. The

corresponding threshold energy of the primary ��� ray is � 1.6
� ��� .

4.5.2 Using Individual PMT timing pulses

The information on the relative arrival times of Čerenkov photons at the individual PMT’s

are available only within a sector. Only those events with information in all 6 telescopes in

sectors 3 and/or 4 are used for estimating angular resolution. It is obtained by dividing the

data from the sectors into 2 subsets and obtaining the space angle between the two arrival

direction estimates from the two subsets of data. The distributions of deviations of zenith
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Fig. 4.6: Distribution of space angle between two measured directions. The estimates are made

with 12 telescopes from sector 1,2 and 12 from Sector 3,4. The dot-dashed line is a fit to

the observed distribution.

and azimuth angle estimates are shown in Figure 4.8 which corresponds to data from sector

3.

Information for the 3 PMT’s(labelled A, C and E) are grouped into one set while those

for the remaining 3 PMT’s of a telescope(B, D and F) are grouped into another set. The

results are summarized in table 4.3 . The rows 1 and 4 correspond to the cases in which two

subsets are obtained by demanding all A PMT’s of 6 telescopes, all B PMT’s etc. Rows

2 and 5 correspond to cases in which the 1st group consists of at least one valid TDC

information in any of 3 A, C, E PMT’ and the second group from any one of 3 B, D, F

PMT’s. Similarly the rows 3 and 6 correspond to two sets with at least 2 valid TDC’s

in each telescope. Finally, row 7 refers to the case in which the arrival directions are

obtained separately from sector 3 and sector 4 events and collating event arrival times to

pick common events. Column 2 shows the corresponding number of detectors used in the

fit for all cases. Figure 4.9 shows the distribution of space angle between the two direction

estimates made using individual PMT signals in a sector.

A better estimate of arrival direction of the shower is possible with the use of individual
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Fig. 4.7: Dependence of angular resolution � � , as a function of (a) separation between detectors

and (b) the number of telescopes.

Fig. 4.8: The differences of two independent estimates � ��� � �	� and ����� ��� ��
 distributions using

individual mirrors of sector 3.

PMT signals as seen in table 4.3. The angular resolution obtained using individual PMT’s

of just one sector is � � � 
 
 (row 6 of table 4.3). When one considers the entire array the aver-
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age separation doubles while the number of degrees of freedom quadruples. Consequently,

there will be an improvement by a factor 4 in the accuracy of the arrival angle estimate.

Based on these considerations, the angular resolution of the entire array is estimated to be,

� � �� � ��� � � , for � 2 active PMT’s per telescope2.

We have 6 timing information from each telescope. If we use the timing information

from a totality of 150 PMT’s in the entire array, then the angular resolution works out to

be:

� � � � � ��� 

The same figure is arrived at when we use row 7 of table 4.3. This estimate is based on

the fact that � 4 PMTs have valid TDC information in a telescope. The primary energy

threshold for such events is relatively higher, about 3
� ��� .

From the results of the present study it is seen that two independent measurements

of the angular resolutions are � � � � 
 
 and � � � � � resulting from the timing measurements

of telescopes and mirrors of the entire array respectively for similar energy events. The

essential difference between the two measurements is an increase in the number of degrees

of freedom by a factor of � 
 � � in the latter case. From this consideration the expected

angular resolution for individual mirrors is � � 
 
 ��� 
 � � 
 � � � � � which is almost twice the

value of � � ����� mentioned above. These are consistent since the timing uncertainty for royal

sums is higher by the same factor. It should be noted that timing resolution of individual

pulses would be better than that of royal sum pulse. The individual pulses which add up

to form the royal sum pulse may not be adding properly and hence would make the timing

resolution of royal sum pulse worse.

4.6 Comparison of Angular Resolution of PACT with

Other ACTs

Table 4.4 summarizes the angular resolution of imaging as well as non-imaging atmo-

spheric Čerenkov telescopes currently in operation and under construction. In case of

2It may be noted that the average number of timing signals from individual mirrors in a sector is 15 when

we demand � 2 PMT’s and 27 when we demand � 4 PMT’s in each telescope.
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Table 4.3: Angular Resolution of PACT using Individual PMT Information

Sector No. of PMTs Combination of Peak of Space Angular

# used in the fit Detectors Angle Distri- Resol-

bution (deg) ution (deg.)

3 6 all A, all B, etc 0.46 0.33

3 � 6 at least 1 in 0.45 0.32

each telescope

3 � 12 � 2 in a telescope 0.43 0.3

4 6 all A, all B, etc 0.48 0.34

4 � 6 at least 1 in

each telescope 0.39 0.28

4 � 12 � 2 in a telescope 0.34 0.24

3 and 4 � 25 � 5 in a telescope 0.2 0.14

Fig. 4.9: Distribution of space angle obtained from Sector 4 data, at least 2 PMT in a telescope

have to have valid TDC

imaging telescopes, the angular resolution is mainly decided by the size of the photo-

tubes in the imaging camera at the focal point. The future imaging telescope arrays are
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expected to achieve unprecedented angular resolution by employing the stereoscopic tech-

nique. They are able to reconstruct the shower in 3-dimensions using the multiple images in

3 or more imaging telescopes. From table 4.4 it can be seen that both the HEGRA and the

SHALON-ALATOO arrays are able to improve the angular resolution of their single imag-

ing telescopes by a factor of � 
 by using 2 or more of them in stereoscopic mode. It may

be mentioned here that the quoted angular resolutions for the future projects listed in the

table are from simulation results for � -ray primaries while the rest are derived from mea-

surements from cosmic ray events. While the angular resolution of the imaging telescopes

are limited by the PMT sizes, only the future imaging telescope arrays (like VERITAS [38]

or HESS [24]) will be able to achieve a better angular resolution. For a wavefront sampling

experiment like PACT, the technique by which off-axis events are rejected efficiently us-

ing their fine angular resolution is vital. Hence considerable effort has gone in to improve

the angular resolutions of such arrays. PACT is able to achieve a reasonably high angular

resolution because it is a distributed array with multiple sampling of Čerenkov light pool.

4.7 Aperture of PACT

Figure 4.10 shows differential plots of the number of events per solid angle �
�

��	 as a function

of the zenith angle. The panel � � � shows plots for events whose arrival directions have

been estimated using timing signals from royal sums while the panel ��� � shows the same

for individual PMT timing information. The two curves shown in panel � � � correspond to

events detected simultaneously in all the 4 sectors (solid line) and in one sector(# 3) only

(dashed line). This provides a method of measuring the effective opening angle of the array

[55]. From these plots it can be seen that the array field of view is around 
 � � � , 
 � ��� for a

single sector and 
 � ��� if one uses the individual PMT’s. This is significantly lower than the

geometric opening angle of � 
 � � � . It may be noted that the effective field of view of the

array is expected to be lower than the geometric value primarily because the event trigger

efficiency falls with increasing core distance and zenith angle. The other possible factors

which could potentially reduce the effective field of view are the residual alignment errors

and non-ideal optical quality of the mirrors.
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Table 4.4: Angular resolutions of various atmospheric Čerenkov experiments in the world. The

asterisk indicates that the quoted angular resolution refers to this primary energy. In

the rest of the cases the quoted angular resolutions are not necessarily applicable at the

� -ray threshold energies shown in column 4. In the case of imaging telescopes it may be

noted that the actual angular resolution could be worse than the pixel size quoted here.

Observatory Angular � -ray Energy Reference

Name Resolution (
� � � � ) Threshold ( � ��� )

Imaging Whipple 0.14 ( � � � � ) 500 [66]

Čerenkov CAT 0.11 250 [75]

Telescopes HEGRA(CT1) 0.14 ( � � � � ) 1700 [109]

CANGAROO 0.12 1000 [83]

TACTIC 0.31 700 � 200 [79]

SHALON 0.4 � � � ��� [81]

ALATOO I or II

Stereoscopic HEGRA 0.1 500 [54 , 46]

System SHALON 0.1 � � � � � [81]

ALATOO

Non-Imaging THEMISTOCLE 0.16 ( � � � � ) 3000 [32]

Čerenkov STACEE 0.25 ( � � � � ) 190 � 60 [74]

Telescope CELESTE 0.2 60 � 20 [71]

Arrays GRAAL 0.7 ( � � � � ) 250 � 110 [30]

PACT � ����
 � ( � � � � ) � � � � �
AIROBICC ��� 
 � � � ��� � ( � � � � ) 30,000 [63]

EAS MILAGRO 1.0 1000 [31]

TIBET III 0.87 ( �
� � � ) 3000 [28]

Proposed VERITAS ��� ��
 � ( � � � � ) � � � � � [38]

Imaging MAGIC 0.1, 0.2 ( � � � � ) 10 [34]

Arrays HESS 0.1 ( � � � � ) 40 [24]

CANGAROO III 0.1 100 [70]
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Fig. 4.10: A differential plot of the number of events per solid angle as a function of zenith an-

gle using estimates from (a) royal sum timing signals and (b) individual mirror timing

signals. The solid line histogram in (a) corresponds to royal sum events detected simul-

taneously in all the 4 sectors while that in dotted line corresponds to royal sum events

detected in sector 3 only. (See text for details.)

4.8 Simulations

Precise measurement of fluxes and energy spectra of TeV ��� rays is a challenging task.

There are several important steps involved in obtaining the fluxes and energy spectra. The

collection area of the telescope array has to be estimated accurately. The telescope pa-

rameters like reflectivity, PMT gains etc must be directly measured or indirectly estimated.

In the absence of calibrated very high energy ��� ray beam, the instrument response and

energy calibration has to be derived indirectly. Detailed Monte Carlo simulations are usu-

ally used for design as well as performance studies of atmospheric Čerenkov telescopes.

Predictive powers of the Monte Carlo techniques are often checked with measurements

leading to a better understanding of the system response. In this section I’ll discuss the

procedure and results of the detailed Monte Carlo simulations for PACT.

In the present studies we have used 1
���

as the observation level, the altitude of Pach-



Chapter 4. Performance Studies for the PACT Experiment 122

marhi. We have assumed 17 telescopes in the E-W direction with a separation of 25
�

and

21 telescopes in the N-S direction with a separation of 20
�

. This configuration, similar

to PACT, is much larger and has been so chosen to study the core distance dependence of

various observable parameters. Primaries consisting of ��� rays and protons are incident

in a direction parallel to telescope axis on the top of the atmosphere with their cores at

the center of the array. The resulting Čerenkov pool is sampled by all the 357 fictitious

telescopes which are used for the present study. For practical considerations PACT has

been divided into 4 sectors each of 6 telescopes. The physical size of a sector is 20
� �

50
�

. Thus there are 48 such independent sectors in the fictitious array of 357 telescopes.

Figure 4.11 shows a schematic of the array chosen for simulations. CORSIKA (version

5.60) [108] has been used to simulate Čerenkov light emission in the earth’s atmosphere

by the secondaries of the extensive air showers generated by cosmic ray primaries or � �

rays.

4.8.1 Atmospheric Modelling

An important input to calculations is the amount of atmospheric transmission of Čerenkov

light. The development of the shower depends on the density profile of the atmosphere.

The attenuation of the Čerenkov photons depends on the local refractive index. Elterman’s

attenuation model [21], which provides the attenuation coefficients for the Rayleigh and

aerosol scattering as well as ozone absorption in an altitude dependent form for the wave-

length range 270-1260 �
�

is used to calculate the transmission for the Čerenkov photons.

A functional dependence of atmospheric transmission coefficients on wavelength at Pach-

marhi altitude has been used to get the transmitted Čerenkov photons at each mirror.

4.8.2 Detector Simulations

Rahman and Bhat have done extensive calculations to understand the response of the de-

tector and estimate various quantities like the energy threshold, collection area, trigger ef-

ficiency etc [77]. The detector simulation procedure accounts for all efficiencies involved

in the process of the Čerenkov light propagation which starts with emission of a Čerenkov
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Fig. 4.11: Schematic of a fictitious array as used in simulations. This array preserves the inter-

telescope geometry of PACT

photon and ends with an analog output voltage pulse from the PMT. The factors which are

important in this respect are mirror reflectivity, the solid angle, photon-to-photo-electron

conversion inside the PMT, PMT gains, and attenuation of PMT pulse in the cable.

Events were generated with shower cores uniformly distributed inside a circle of 300
�

radius from the centre of the array. Protons were generated from a power-law differential

energy spectrum of index -2.65 and ��� rays were generated with the energy spectrum of
��� rays from Crab which has a differential spectrum of 3.2

�
10 �

� � �
(E/1 TeV) �

� � � �
� � �

�

� �
�

TeV �
�

[60]. The energy range for the calculations were 100 ����� and 20
� ���

for ��� rays and 250 � ��� and 20
� ��� for protons. The overall efficiency � for the

conversion of Čerenkov light to photoelectrons may be estimated through the relation :
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� 

� � � � � � � � � � � � � � � � � � � � �

� � � � � � �
where Reflec is the reflectivity of the mirrors, Q( � ) is the quantum efficiency of the

PMT, S( � ) is the spectrum of Čerenkov light from air showers at PACT altitude and T( � )

is the transmission for Čerenkov light with wavelength � at PACT altitude. To get an idea

of the quantum efficiency, a functional fit to the manufacturer provided data for quantum

efficiency with wavelength has been used.

For an atmospheric Čerenkov telescope, the energy threshold depends on the night sky

background (NSB). This has been measured directly at Pachmarhi altitude using the EMI

9807 PMT. The NSB value at Pachmarhi is 3.3
�

10
�
����� � � � � � � �

�

� �
�

��� � �

for the

wavelength range 300 to 650 �
�

. For a mirror of area 0.636
� �

(typical area of a single

mirror used in PACT experiment), solid angle of acceptance of 0.00215 radians and an

integration time of 5 � � , one gets average number of photons falling on the mirror due

to NSB to be � 23. Assuming a reflectivity of 0.5 and an average quantum efficiency of

20%, the average number of photoelectrons due to NSB is � 2. A uniform distribution in

time of NSB photons is used to sample the arrival of NSB photons and store the arrival

times in histograms with a bin size of 0.2 � � . The width of the histogram is 5.71 ns, which

corresponds to the integration time of the photomultiplier. The wavelength spectrum of

NSB is used to assign wavelengths to photons in the wavelength range of 300 to 650 nm.

It is then folded with quantum efficiency of the PMT to generate the photoelectrons due to

NSB (refer to Figure 4.12).

The number of Čerenkov photons and their relative arrival times as obtained from sim-

ulations, at each mirror are considered for generating the photo-electrons by PMT. For

each photon, the Čerenkov spectrum (
�

� � ) is used to assign wavelength. The atmospheric

transmission spectrum is folded to get the transmitted Čerenkov spectrum at PACT site

(refer to Figure 4.13). Along with reflectivity (an average value of 50% was used for the

visible light range of 300 to 650 �
�

), the Čerenkov spectrum is again folded with the

quantum efficiency of the PMT to get the number of photoelectrons (refer to Figure 4.14).

These photoelectrons were then added to the fluctuated NSB photoelectrons to get the total

number of photoelectrons at each mirror.
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Fig. 4.12: Spectral response of photo-tube reflector system to night sky background. The scale on

the left refers to the response of the PMT-reflector system. The scale on the right refers

to the number of photoelectrons generated due to NSB.

The modulating response function of the PMT is obtained using the experimentally

observed value for the parameters and manufacturer provided data. The manufacturer pro-

vided rise time of the PMT is 2 � � . The decay time, which is a function of capacitances

in the output circuit of the PMT, is measured experimentally by recording a typical NSB

pulse in an oscilloscope. Several NSB pulses are recorded and the average pulse profile is

obtained as :

� 
 �
� ��
 � 
 � � � 	 � �

� � � � � � ��� � � � �

The pulse has a rise-time of 2.2 � � , full width of 3.25 � � at half of the maximum

amplitude and decay time of 2.4 � � . For single photo-electron the PMT generates a pulse

characterized by its response function parameters.

The time profile of the photo-electrons generated by the photo-cathode due to the

Čerenkov light and NSB is convolved with the PMT response function to simulate the

pulse in the form of a voltage-time profile. PMT’s are operated at voltages (typically -1700

V in the experiment) such that a pulse rate of 5 KHz above the 30 mV discriminator bias
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Fig. 4.13: Čerenkov photon spectrum at altitude of Pachmarhi. The scale on the left refers to the

transmission coefficient at Pachmarhi level (solid line). The scale on the right refers to

the the number of Čerenkov photons produced at Pachmarhi altitude (dotted line).

is obtained. Manufacturer provided gain curve is used to obtain the gain at the operating

voltages of PMTs. The estimated gain for the typical operating voltage is around 1.53
�

10 � .

The PMT pulse for each mirror in a telescope is transmitted through a distance of

40 meters through RG 213 cable before it is electronically processed. Since these cable

lengths were not exactly equal, RG 174 cables were used to compensate for the delays

before the pulses reach the front-end electronics. The distortion and the attenuation of

the pulse (signal) by these cables are simulated by using the informations provided by

manufacturer. Functional fit to the manufacturer provided frequency response functions of

these cables are used to apply the attenuation to the various frequency components present

in the pulse. The average attenuation measured by RG 213 cable is 25% and it is 2-3% for

2 meter long RG 174 cable.

With integration time of 5.71 � � (BW=0.35/t � ), PMT can produce maximum of 1.75
�

10
�

pulses per second. Once the PMT pulses for each mirror are generated, they are

added together to form the “royal-sum” telescope pulses and rate of pulses are recorded
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Fig. 4.14: Spectral Response of phototube reflector system to Čerenkov photons. The scale on the

left refers to the quantum response of the PMT-reflector system. The scale on the right

refers to the the number of photoelectrons generated due to Čerenkov photons.

against various discriminator thresholds to give the rate ��� bias curve. Figure 4.15 shows

the observed and simulated curve for a typical PACT telescope. These “royal-sum” pulses

are then discriminated (threshold of 40
� � has been kept ) and a coincidence of any 4

out of 6 pulses generates the trigger (coincidence window is 75 � � which is similar to that

was kept in the experiment). This trigger is used to record the TDC, ADC information

along with other housekeeping information. The triggers from each sector are added (‘OR’

output) to generate the trigger in the control room.

Figure 4.16 shows the experimental trigger rates when the number of sectors increased

from 1 to 4. It is seen that the trigger rate increases from 4 Hz to 8 Hz when the number

of sectors increased from 1 to 4. The two solid lines in the figure refer to the expectations

from simulations for thresholds of 50 and 60 photoelectrons per telescope.
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Fig. 4.15: Rate ��� Bias curve for a PACT telescope. The experimental points are shown in (+)

and the simulated one is the solid line. The region below 80 mV is dominated by noise

whereas the curve above 80 mV is due to Čerenkov light due to cosmic ray showers.

It is seen that there is good agreement between experimentally observed rate and the

simulated one.

4.8.3 Estimation of Trigger Efficiency, Collection Area and Energy

Threshold

Trigger Efficiency

A coincidence of any 4 out of 6 telescopes in a sector generates an event trigger in the

experiment. Similar criteria as that of the experiment has been put in the simulations also.

In case of simulations, there are 48 independent PACT-like sectors. The whole array is

divided into annular bins of separation 25 meters apart. Each annular bin accommodates

few sectors (say there are N � sectors in the i ��� annular bin), and when showers land, some

of them trigger the sector. If the number of sectors triggered in i ��� annular bins are, say,

N � , then the efficiency of trigger for the i ��� annular bin is defined as : � � 
 � �
��� . This

gives the efficiency of trigger with core distance for each shower. A look-up table of

trigger efficiencies with core distances for various primary energies is formed and used to
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Fig. 4.16: Variation of trigger rate with number of sectors. The solid lines are the Monte Carlo

expectations for threshold of 50 and 60 photoelectrons

calculate the effective collection area. The physical area of the i ��� annular bin is multiplied

with � � to get the effective collection area in that annular bin. Average efficiency for the

given shower is the ratio of total effective collection area to total physical area. This gives

the detection efficiency for a shower of particular energy.

Effective Collection Area

The effective collection area is an energy dependent quantity which depends on the details

of the detector elements and trigger criteria. The effective area at an energy E is defined as

:

�
� � � � � ��


� � � �  �	� � �
where � is the trigger efficiency at a core distance r for showers of energy E. Once the

detection efficiency is estimated, the average effective collection area is estimated in the

energy range of 100 GeV to 20 TeV for ��� ray primaries and 250 GeV to 20 TeV for

proton primaries respectively by grouping showers into various energy bins. Figure 4.17
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shows the effective collection area for ��� ray and proton primaries as a function of primary

energies.

Fig. 4.17: Effective collection area for � � ray (diamond) and proton (+) primaries as a function of

primary energies.

Energy Threshold and Differential Count Rate Spectrum

The energy threshold in an atmospheric Čerenkov experiment is determined by the mini-

mum signal-to-noise ratio required to detect Čerenkov photons in the presence of night sky

background. The count rate spectrum enables one to estimate the energy threshold of the

experiment. It is defined as that energy where the count rate is maximum. The expected

trigger rate is calculated as :

� � 

���
�

� � � �  �	� � � � � � �
���

�� �
� �

for ��� rays and

� 	 � 
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for cosmic rays, where � � is the solid angle of acceptance, and �
� and �

	 � are the

detection efficiencies at a core distance r for ��� rays and cosmic rays respectively, E is

the reconstructed energy for ��� ray and cosmic ray induced showers, �
� �

�
� and �

�����

�
� are the

differential flux for � � rays and cosmic rays respectively. Event rate for � � ray shower

is calculated using a Crab like source in the vertical direction having energy spectrum

of �
� �

�
� 
 � � 
 � � � � � � � �

� � � � � � at 1 TeV. Figure 4.18 shows the differential count rate

spectrum for ��� ray primaries. A polynomial fit to the data gives the peak to be � 800

GeV which is the ��� ray threshold for the experiment.

Fig. 4.18: Differential count rate spectrum for � � ray primaries with spectral index of -2.49 and

flux of 3.2 � 10 �
� �

� � � � �
�

� �
�

at 1 TeV. The peak of the distribution at 800 GeV

indicates the energy threshold of PACT.

The differential counting rate due to cosmic rays is estimated from the expression :

� 
 � �
� � � � � � ��
 � � � � � � � �

� � �
� � �

where � is the solid angle subtended by the telescope and is equal to 2.153
�

10 � � sr,

A(E) is the effective collection area and E is the energy of the primary. The differential

counting rate spectrum for proton primary for a single sector peaks at 1.65 TeV as shown

in Figure 4.19. This is the threshold energy for protons in the experiment.
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Fig. 4.19: Differential count rate spectrum for proton primaries. The peak of the distribution is at

1650 GeV.

Trigger Rate Spectrum

The trigger rate for a single sector is observed in the experiment to be about 2-5 Hz. In

simulations, the cosmic ray trigger rate calculated by integrating the differential counting

rate over all energies for a single sector is estimated to be 4.3 Hz. The trigger rate of 4

Hz is obtained in the experiment by pointing the telescopes to the zenith (“vertical run”).

This is in close agreement with the simulations. The daily variation of observed trigger

rate is due to changes in night sky conditions and it also depends on the region which the

telescopes are tracking (see Figure 4.20).

4.8.4 ADC Conversion, Energy Reconstruction and Cosmic Ray Spec-

trum

In the PACT array, the energy of each event is estimated from ADC. The ADC records the

charge collected at each PMT which is proportional to the photon density at each mirror.

Here also we have resorted to simulations for ADC calibration. Monoenergetic showers

of energy 500 GeV, 750 GeV, 1, 2, 5, 7.5 and 10 TeV were generated using CORSIKA.
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Fig. 4.20: The integral count rate spectrum for proton primaries. The calculated rate is in close

agreement with that of the observed rate in the experiment.

Detector response and similar trigger criteria as has been explained earlier have been put

into the simulations. For each event, the ADC information from each PMT has been added

to get the total ADC information of the sector. This will contain the information regarding

the total number of photons present in that shower and hence the energy of the shower.

The total ADC is then averaged over all core distances and the mean ADC value is plotted

against the input energy. Figure 4.21 shows the ADC calibration plots for both � � ray

and proton primaries obtained from simulations. The pedestal value of ADC is obtained

from simulation by switching off the Čerenkov input keeping the NSB fluctuations. In the

experiment, whenever there is no pulse due to Čerenkov, the ADC will record the pedestal

value. Those events which give ADC gate but contain no valid TDC information ( i.e. TDC

will give saturated readings) are selected in the data. An average over all such events gives

the mean pedestal. But these are not purely due to NSB photons. Since the ADC pedestal

is estimated from recorded events, there is every possibility of contamination of Čerenkov

pulses along with the night sky photons. In the experiment the discriminator threshold for

TDC to ‘fire’ is kept at 30
� � . But pulses which are less than 30

� � can also ride over

NSB even when valid TDC information may not be present in the event. Thus the ADC
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pedestal estimated from data in this method will always be slightly overestimated.
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Fig. 4.21: Total ADC ��� Input Energy in a sector for various monoenergetic showers of protons

(left panel) and � (right panel).

It is seen that a fit to the data gives the relation between ADC� , E� , ADC � and E � to

be :

� � � � � � � � �
� � � ��� ��� � � � � � ������� � � � �

for proton showers and

� � � � � � � � �
� � � � � ��� � � � � � � ����� � � � �

for ��� ray showers.

An important cross-check of the ADC calibration can be done by directly measuring

the cosmic ray spectrum. The cosmic ray spectrum has been derived from the data using

showers collected by pointing the telescopes towards zenith (“vertical run”). For each

event, the energy of the primary has been estimated using the prescription described above.

Figure 4.22 shows the cosmic ray spectrum derived from this “vertical” run data. It is seen

that the flux estimates are in close agreement with that of the Sokol experiment [61]. A fit

to the energy spectrum between 3 to 10 TeV gives a slope of -2.71 � 0.23. The peak of the

distribution is at 1704 GeV which is the threshold energy of the experiment. It is interesting

to note that this value is in close agreement with that obtained from the simulations as
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Fig. 4.22: Cosmic Ray spectrum estimated from data. A fit to the data between 3 and 10 TeV

gives a slope of -2.71 � 0.23. The distribution peaks at 1704 GeV which is close to the

threshold energy of the experiment derived from simulations

mentioned earlier. The spectrum can be represented in the energy range between 3 to 10

TeV as :

� 
� ��� � � � � � � � ��� � � � ��� � � � � � � � � � � � � �
�

� � � �

� � � �
� � ��� �

�

4.9 Sensitivity of PACT

Sensitivity of the experiment is minimum detectable flux of ��� rays in presence of back-

ground of cosmic rays. It is related to the signal to noise ratio which is given by

��
� � � � �

� � � � � �
�

�

where � is the ��� ray spectral index,
� � the effective collection area,

�
observation
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duration and � the solid angle of the telescope. For PACT,
�

� sensitivity for an observation

duration of 50 hours above 1 TeV energy threshold, has been estimated as described below.

Assuming that a hypothetical source emits � rays and that the background contains cosmic

rays, for 5 � detection we can write an equation of the form

� � � � � � � � � � ��
 ��� � � � � � � � � � � ��� � (4.8)

where � is the ‘signal’, � the cosmic ray background and � the time of observation in secs.

The integral collection radii for both � and proton primaries have been estimated from sim-

ulations. Solving the above equation for � the sensitivity for 50 hours observation with no

background rejection is estimated to be � 3.7
�

10 �
� �

��� � � �
�

� �
�

. This is for obser-

vations using a single sector. We assume that 99% of the cosmic ray background can be

rejected from direction information alone. From simulation studies, it has been shown to

be possible to reject a significant fraction of cosmic ray showers based on the information

about arrival time of shower front [11] and fluctuations in density of Čerenkov photons at

different telescopes [13]. We assume that at least 75% of the on-axis background show-

ers can be rejected using simulation based cuts. Assuming this figure of hadron rejection

efficiency, at least 99.75% of the cosmic ray showers entering the field of view could be

rejected. Accordingly, the sensitivity improves to � 4.4
�

10 �
���

� � � � �
�

� �
�

. The ef-

ficiency of retaining ��� ray showers while exercising cuts for rejecting hadronic showers

is estimated to be � 44%. Based on these conservative estimates, the minimum duration

of observation required to detect Crab nebula at a significance level of 5 � is � 6 hours

(3 hours ON source and 3 hours OFF source). Figure 4.23 shows the sensitivity of PACT

along with other present and future detectors.

PACT array is complete and is taking data on a number of potential ��� ray sources. In

the next chapter, I will discuss the observations on Crab nebula using this array, analysis

procedure and results from the data.
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Fig. 4.23: Sensitivity of PACT along with present and future detectors.



Chapter 5

Search for Point Sources of TeV � � rays

5.1 Introduction

The Crab nebula has been observed for a span of over two years from 1999 to 2002 with

the Pachmarhi array. In this chapter I will outline the details of analysis procedure and

present the results of ��� ray emission from the Crab nebula during this period.

5.2 Observations on Crab Nebula

Between November 1999 to January 2002, the PACT collaboration observed the Crab Neb-

ula using the Pachmarhi Array of Čerenkov Telescopes with different trigger conditions.

The source has been observed for a total 95 hrs ( 52 runs ) and several background regions

for about 50 hrs ( 31 runs ). Observations were done on dark moonless clear nights. The

background regions were chosen such that they should have the same declination as that

of Crab. The background runs were taken either before or after the Crab run. There were

quite a few Crab runs for which there was no background data on the same night because of

time constraints like moonset, moonrise etc. Data were recorded in the individual sectors

as well as in the main control room. To minimize the errors in pointing of telescopes the

following strategy was adopted. The RA and DEC calibrations ( explained in Chapter 3) of

the telescopes were done by using a star with the right ascension and declination as close as

that of Crab. Also, before the start of each observation run all the telescopes were pointed

to this star and the telescope offsets, if any, were noted down. Suitable offset corrections

138
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were applied to the telescopes and then the telescopes were pointed to the direction of Crab.

Similar exercises were performed for the background runs. This strategy ensured that the

pointing errors of the telescopes were kept to a minimum ( � 0.05 � ) during the observation

periods.

Once the data were collected, all the runs were checked according to the following

criteria :

(a) only runs during good weather conditions are accepted; sky conditions are noted down

during each run and later those runs which were taken with cloudy skies were re-

jected

(b) runs with technical problems concerning the telescopes and electronics were rejected.

We were then left with 70 hrs of ON source data and 41 hrs of OFF source data which were

subjected to further analysis.

5.2.1 Data Sample

The data acquired on the Crab nebula has been divided into 4 different sets on the basis

of the observation season in which the source was observed, namely Data Set I (Novem-

ber 1999 to February 2000), Data Set II (October 2000 to December 2000), Data Set III

(November 2001 to January 2002) and Data Set IV (January 2001). 12 telescopes were

operative during first three data-sets while 18 telescopes were used during the observations

of Data Set IV. In most of the runs, the two sectors ( 12 telescopes) in the southern part of

the array were used. In January 2002, when the full array started its operation, observations

were done with two sectors looking at the source and the other two tracking a background

region which has a different RA but same declination as that of Crab. The above mentioned

data sets are later classified into various subsets, A to E, depending upon various trigger

conditions applied during offline analysis. Table 5.1 gives an account of offline trigger

conditions while the basic hardware trigger remained the same in all cases (i.e., any 4 out

of 6 telescope trigger).
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Table 5.1: Trigger Imposed on Data during Offline Analysis

Data Period Data Set Trigger

Nov 99- Dec 2000 A any 4 out of 6 telescopes

(single sector)

Nov 99-January 2002 B � 8 out of 12 telescopes

(control room data)

January 2001 C 18 telescopes

Nov 99-January 2002 D � 1 PMT in each telescope

in a sector

Nov 99-January 2002 E � 18 PMTs in a sector

5.2.2 Analysis Procedure

The space angle is defined as the angle between the direction of the arrival of the shower

and the telescope axis. In the present analysis, reconstruction of the shower front and

estimation of the direction of the shower has been made based upon timing information of

the royal sum pulses and/or the individual PMT pulses. This method has been described in

an earlier chapter in detail. The space angle distributions from source and background are

then compared over the same zenith angle range. Both the source and background regions

need to cover the same range of zenith angles to ensure that the trigger rates have same

zenith angle dependence. Two types of software cuts are put during the analysis,

(a) A cut on the number of degrees of freedom (ndf) to ensure that both source and back-

ground have similar ndf distributions

(b) Rejection of events with �
�

� 5% CL for mean ndf for royal sum pulses and �
�

� 1%

CL for the cases in which individual PMTs were used in analysis. It should be noted

that mean ndf for royal sum pulses is � 10 and �
�

� 5% CL means that a value of �
�

�
� 1.85 can be expected 5% of the time for mean ndf of 10. Similarly, for individual



Chapter 5. Search for Point Sources of TeV ��� rays 141

PMT pulses, mean ndf is 15 to 18 in an event and �
�

� 1% CL refers to a value of

�
� �

� 2.0 which can occur 1% of the time for mean ndf of 15.

Fig. 5.1: Typical �
�

Distribution for angle fit of a Crab run. The broken line is for royal sum pulses

and solid line is for individual PMT pulses.

A typical �
�

distribution for plane front fit on arrival direction of shower both royal sum

pulses and individual PMT pulses for a Crab run is shown in Figure 5.1. The �
�

distribution

for the case of individual PMT pulses is much narrower owing to the fact that the timing

resolution of individual PMT’s are better than those of royal sum pulses and also there are

higher degrees of freedom available for angle reconstruction.

Since the trigger rates for source and background runs are often different, the two

space angle distributions need to be normalized before one looks for any signal. Figure

5.2 shows a typical space angle distribution for un-normalised distributions for source and

background. It is seen that the trigger rates for two distributions are dissimilar are hence

need to be normalised. The space angle distributions of source and background are nor-

malised in the space angle region � 3 � for royal sum pulses (Data Sets A, B and C) and �

2 � for individual PMT pulses (Data Sets D and E). This normalisation is carried out in the

region which is beyond 5 � of the angular resolution for the particular Data Set used 1. The

1the angular resolution for royal sum is worse than than of individual PMTs
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Fig. 5.2: Typical unnormalized space angle distribution for Source and Background. The source is

shown by dotted line whereas the background is shown by broken line.

background distribution is then subtracted from the source distribution to get the amount

of signal events.

To check that this method of analysis does not give rise to spurious signals, background

runs are used as fake sources. Data taken with all the telescopes pointing towards the

zenith (vertical run) is divided to two halves of equal time and then the arrival direction

of showers is estimated using the procedure outlined before. Figure 5.3 shows the space

angle distributions for such a run (refer to left panel of the Figure). The right panel shows

the excess events as a function of space angle. It is seen that there is no excess from any

preferred direction (refer to right panel of Figure 5.3).

The method of analysis described above is followed for a series of Crab background

runs. Figure 5.4 shows the space angle distributions for Crab background runs and the

excess events calculated as a function of space angle. The rate of excess events is shown

in Figure 5.5 for many combinations of background runs taken in different seasons. The

mean rate is calculated to be 0.06 � 0.26 which shows that no spurious signal is seen in any

of the background runs which have been compared. This result gives confidence in the

analysis procedures.
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Fig. 5.3: Left panel: Space angle distributions of events with telescopes pointing towards the

zenith. The solid line refers to first half of data and dotted line to the second half (re-

fer to text for details). Right panel: Excess events as a function of space angle. The

excess amounts to -11 � 151.

5.2.3 Analysis of Crab Data

As said earlier, the Crab data sets have been further classified into various groups depend-

ing upon various trigger conditions applied. In the present study, we have only considered

those runs for analysis in which there was a source and background run taken on the same

night. This criteria was chosen such that the parameters like atmospheric transparency,

high voltages to PMTs, etc would be roughly similar on a night and runs were taken un-

der similar night sky conditions. After putting zenith angle cuts on both the source and

background runs which passed the above criteria, we are left with 30 hrs of data which

were subjected for further analysis. Table 5.2 shows the preliminary reduction of data after

putting zenith angle cuts and software cuts on the data (no normalisation of distributions

have been done till now).

The top panels of Figures 5.8 5.9 5.10 5.11 5.12 show the the space angle distributions

of events arriving from the direction of the Crab nebula and the normalised distributions

for the background regions over the same zenith angles as that of source respectively for

sets A to E. The background distribution is then subtracted from the source distribution to

get the amount of signal events. The bottom panels show the excess events as a function
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Fig. 5.4: Top panel: Space angle distributions of events from Crab background runs. The solid and

the broken lines refer to two background distributions using royal sum pulses. Bottom

panel: Excess events as a function of space angle.

of space angle. It is seen that the excess events peak at � 1.5 � for Data Set A, 1.25 � for

Data Set B, 1.0 � for Data Sets C, 0.85 � for Data Sets D and E. The improvement in the

space angle distributions for higher degrees of freedom is clearly seen. Table 5.3 shows the

results of the analysis for various data sets after normalising the space angle distributions
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Fig. 5.5: Rate/minute of excess events from background runs on various nights

of both source and background and without putting any cut on the arrival angle direction

information (we will refer to this as angle cuts in the rest of the sections of the chapter).

Figure 5.6 shows the significance as a function of observation time for Data Set B. It is

seen that significance varies as T
� � ������� � � � which is close to what is expected. Suitable angle

cuts have been put to reject cosmic ray background and refine the signal. The excess events

are calculated within the angle which is � 3 � of the angular resolution obtained for various

Data Sets. Figure 5.7 shows the cosmic ray rejection and ��� ray retaining efficiencies for

a typical Crab run for Data Set B when an angle cut is put. Depending upon the ��� ray

retaining efficiency, the excess rate has to be suitably corrected for to estimate the ‘true’

rate. This method of off-axis rejection is expected to reduce the cosmic ray background

in the data while the signal strength is expected to improve. Table 5.4 lists the fraction of

cosmic rays rejected (f� ) and also the fraction of ��� rays (f � ) retained in the analysis after

putting the angle cuts. Table 5.5 lists the results from the various data sets after angle cuts.

It is clearly seen from Table 5.3 and Table 5.5 that the significance of the signal increases

after putting angle cuts. However, the errors quoted in the estimation of ��� ray rate are

only statistical. We will discuss the sources and effects of systematic errors arising from
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Table 5.2: Reduction of Data for Crab

Data Period Combination of Region Total Number of Events

Detectors Raw ndf cut �
�

cut

Nov 99-Dec 2000 any 4 out of ON 147816 134189 126390

Data Set A 6 telescopes OFF 150838 135131 128349

Nov 99-Jan 2002 � 8 out of ON 169236 156918 150620

Data Set B 12 telescopes OFF 188709 168067 161205

January 2001 18 telescopes ON 2441 2414 2230

Data Set C OFF 3638 3630 3335

Nov 99 - Jan 2002 at least 1 mirror ON 76668 72072 71255

Data Set D in each telescope OFF 88273 83716 81955

Nov 99 - Jan 2002 � 18 mirrors ON 33683 31252 30908

Data Set E in an event OFF 38587 36309 35510

simulations and data analysis along with the final results in the next section.

We have looked for possible variations in the excess event rate from the direction of

Crab as a function of time, Julian Day (JD). The signal event rate for a given trigger is

almost constant during the span of two years of observation. Figures 5.13 and 5.14 show

the ��� ray rates for Crab as a function of Crab for Data Sets B and D respectively. Figures

5.15 and 5.16 show the histogram for the excess event rate from Crab for all the runs used.

Figure 5.13 shows some small variations in the excess event rate from Crab because

the runs have been taken over all zenith angle ranges. To scrutinize the variation of excess

rate as a function of time carefully, runs from different days have been selected which have

the same zenith angle coverages. Figure 5.17 shows the variation of excess rate for Data

Set B for those runs within the same hour angle coverages. Even with the same hour angle

coverages, the excess rate is seen to vary. This is because the excess rate is related to the

trigger rate of the system. Figure 5.18 shows the excess rate from the direction of Crab as a
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Table 5.3: Results on Crab Nebula for Various Data Without Angle Cuts

Data Duration Excess � ray Significance

(mins) events rate/min �

Data Set A 1092.1 3526 � 540 3.23 � 0.49 6.5

Data Set B 1715.7 5919 � 577 3.45 � 0.34 10.3

Data Set C 80.2 149 � 66 2.03 � 0.89 2.3

Data Set D 1817.0 2611 � 388 1.44 � 0.21 6.7

Data Set E 1817.0 1348 � 246 0.74 � 0.14 5.5

function of trigger rate for all the runs for three different trigger conditions (see caption of

Figure 5.18 for details). It is seen that for a higher trigger rate, the excess rate is also high.

This is because on different nights, the trigger rate varies from 2 to 5 Hz depending upon

sky conditions, efficiencies at which the experiment is running etc and hence the energy

thresholds on different nights would be different. This would result in a variation of excess

rate even within the same hour angle coverages for runs taken on different nights.

5.3 Estimation of Systematic Errors

Atmospheric Čerenkov telescopes cannot be calibrated with a known test beam of gamma

rays, and so the various detector elements must be calibrated piece by piece in order to

determine the detector’s response to gamma rays. These calibrations include such aspects

as reflectivity measurements, air shower simulations, photo-tube gains, etc. Uncertainties

in any of these factors will result in systematic errors in the calculated energy threshold

and effective area curves, and constitute sources of error in the derived energy threshold

and fluxes.

The most important among the uncertainties are those which affect the energy thresh-

olds and effective collection area. The number of photoelectrons is related to the photon

density on the ground through a variety of transfer functions, including reflectivity curves,
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Fig. 5.6: Significance ��� Observation time for Data Set B. It is seen that ��� T
� � ������� � � �

quantum efficiency curves, and collection efficiencies in the optics. Errors in these factors,

or in the photo-tube/electronics calibrations, will change the conversion factor between the

discriminator threshold and the photon density on the ground at threshold. What follows is

a list of the relevant uncertainties in each part of the experiment :

(a) Uncertainty in Čerenkov light production by a shower due to simulation packages

used. STACEE estimates an difference of 6% between MOCCA and CORSIKA

[131].

(b) Reflectivity of mirrors. In our experiment, the reflectivity is not very well known.

Preliminary spectrograph measurements in laboratory show the reflectivity to be �

50% to 60% above 400 �
�

. However, the mirrors tend to degrade due to exposure

to weather. It has been estimated that a 10% change in reflectivity of mirrors will

affect the energy threshold by � 100 to 150 ����� .

(c) Difference in atmospheric transmission models. STACEE estimated that the extreme

models of Čerenkov light transmission differ by 10% [131].
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Fig. 5.7: Fraction of events ( � for ��� rays � for cosmic rays) as a function of space angle in a

typical Crab run for Data Set B. It is seen that an angle cut of 1.65 � will reject 56% of

cosmic rays while retaining 91.5% of signal. Also see Table 5.4

(d) uncertainty in photo-tube gains and electronic simulations used to determine the con-

version between a discriminator threshold setting and PMT threshold in photoelec-

trons.

(e) systematic errors in the estimation of arrival direction of a shower. In the present

study this error has not been incorporated. The error encountered in this arrival

angle estimation will be taken up in Chapter 6.

(f) systematic errors arising in excess ��� ray rate measurements due to choice of normal-

ising regions.

The systematic error in the collection area and energy threshold is estimated to be �

10% and 15% respectively. The systematic errors in excess ��� ray rate has been estimated

from data. The background distributions have been normalised to source distributions at

several different space angle regions from � 2.5 � to � 5 � . Figure 5.19 shows a typical

unnormalised space angle distribution for source over background. It is seen from the plot
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Table 5.4: Cosmic Ray Rejection and ��� ray Retaining Efficiencies

Data f� f �

Data Set A 55% 87.7%

Data Set B 56% 91.5%

Data Set C 57% 80%

Data Set D 63% 91.7%

Data Set E 67% 80%

that the ratio S/B in the figure fluctuates about the value of 0.94 � 0.16 for space angle �

3 � since one does not expect any signal from that region. To get an estimate of the errors

one would encounter if one normalises at a different space angle region, we normalised

the source and background distributions at space angle regions from � 2.5 � to � 5 � . Table

5.6 gives a summary of systematic errors one encounters due to normalisation in different

regions only. This error has to be incorporated in the flux calculations. Table 5.7 tabulates

a summary of the results from the Crab data analysis after incorporating both the statistical

and systematic errors. The energy thresholds (E ��� ) and effective collection area have been

estimated from simulations [77]. (E ��� ), (A � ) and fluxes for the various data sets are shown

in columns 4, 5 and 6 of the table.

However, it has been found from simulations 2that almost 25% � 5% of the events lie

below the threshold for various Data Sets considered here in the analysis. Since we defined

our energy threshold to be the peak of the count rate spectrum, the flux quoted in Table

5.7 is overestimated and thus will have to be suitably corrected for. Table 5.8 tabulates the

final summary of the flux results after suitable corrections have been made.

Figure 5.20 shows a RA-DEC plot of reconstructed showers from the direction of Crab

for a typical run for Date Set D. Only those events have been selected whose space angle

2see the differential count rate spectrum for ��� ray primaries in the previous Chapter
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Fig. 5.8: Top panel: Space angle distributions of events from Crab for Data Set A. The solid line

refers to the source and the broken line refers to normalised background distributions.

Bottom panel: Excess events as a function of space angle.

is below 1 � . This cut is put so that only those events are selected which lie within 3 � of the

angular resolution achieved for this particular set of data. The source position is shown by

the intersection of the dotted lines in the figure.

Figure 5.21 shows the expected - observed distributions for RA and DEC for a typical
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Fig. 5.9: Top panel: Space angle distributions of events from Crab for Data Set B. The solid line

refers to the source and the broken line refers to normalised background distributions.

Bottom panel: Excess events as a function of space angle.

Crab run. It is seen that the mean value of the deviation is very close to zero which shows

that the PACT telescopes have reasonably good point source localization capabilities. Fig-

ure 5.22 shows the integral energy spectrum of VHE ��� rays from Crab nebula along with

measurements from other experiments. A simple power law fit has been done on the PACT
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Fig. 5.10: Top panel: Space angle distributions of events from Crab for Data Set C. The solid line

refers to the source and the broken line refers to normalised background distributions.

Bottom panel: Excess events as a function of space angle.

data points. The best fit to the slope of the energy spectrum is found to be -1.45 � 0.15.

The integral flux (F) above the energy threshold (E ��� ) of 1000 GeV is given by :

� � � � � ��� ��
 � � � � 
 � � ��� � � � � � � � �

� � � � �
�

� � � �
�
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Fig. 5.11: Top panel: Space angle distributions of events from Crab for Data Set D. The solid line

refers to the source and the broken line refers to normalised background distributions.

Bottom panel: Excess events as a function of space angle.

5.4 Discussions

The flux estimate from PACT is consistently higher than the standard Crab spectrum given

by Whipple group [60] at all energies from 800 GeV to 2.5 TeV. The Whipple group quotes

an integral flux of 3
�

10 �
� �

� � � � �
�

� � � �
�

at energy � 800 GeV. The PACT flux is about
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Fig. 5.12: Top panel: Space angle distributions of events from Crab for Data Set E. The solid line

refers to the source and the broken line refers to normalised background distributions.

Bottom panel: Excess events as a function of space angle.

2 times higher than Whipple and is off by 2.28 � . It is to be noted that the HEGRA group

quotes a slightly lower flux than Whipple 1.75
�

10 �
� �

� � � � �
�

��� � �
�

above 1
� ��� .

Among the imaging experiments, SHALON-ALATOO quotes an extremely low flux (refer

to Figure 5.22). Thus the “standard” spectrum of Crab is still an open question though
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Table 5.5: Results on Crab Nebula for Various Data after Angle Cuts

Data Duration � ray Significance

(mins) rate/min �

Data Set A 1092.1 3.23 � 0.39 8.3

Data Set B 1715.7 3.45 � 0.24 14.4

Data Set C 80.2 2.03 � 0.75 2.7

Data Set D 1817.0 1.44 � 0.14 10.3

Data Set E 1817.0 0.73 � 0.11 6.6

most imaging experiments do agree on flux measurements within errors. On the other

hand, PACT employing the wavefront sampling technique and TIBET air-shower array

both measure a flux higher than that given by the imaging counterparts. The PACT flux

results agree closely with the TIBET (III) results [28]. We compare the integral flux at �

2.0 TeV where we find that TIBET (III) gives a flux of 1.45
�

10 �
� �

��� � � �
�

��� � �
�

, in

close agreement with PACT flux of 1.97
�

10 �
� �

� � � � �
�

��� � �
�

.

There are three possible reasons for the discrepancy between the PACT results and the

results from the imaging telescopes :

It is seen from Table 5.4 that the cosmic ray rejection factors using off-axis technique

are still low, i.e., the percentage of cosmic rays accepted is still high. Imaging tech-

nique claims 99% purity in signal based on their image analysis and ‘supercuts’ technique.

Hence, it is possible that there is still a sizable cosmic ray component present in the data

and hence the flux from PACT is high. Hence the signal needs more refinement.

The second possibility is that the rate measured by PACT is correct but the energy

threshold estimated from simulations is overestimated. For example, if the reflectivity of

the mirrors is lower than that has been assumed, the energy threshold will be lower as

has been said earlier. At the same time, the trigger efficiency and the collection area will

also change and hence the flux will have to be suitably corrected for. A better estimate
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Fig. 5.13: Excess event rate per minute from Crab as a function of Julian Day for royal sum pulses

(Data Set B)

of reflectivity, PMT gains and other telescope parameters is required in future to address

this issue. Another point to be noted is that the PACT site has a lot of city lights which

will add to the NSB. If the background is higher than that is expected, then also the energy

threshold will be lower as fewer Čerenkov photons will be required to trigger the system.

Thus these effects need to be understood and addressed better in future.

There is a third possibility that the fluxes measured by both PACT and TIBET air

shower array are correct and the imaging experiments measure a lower flux of VHE ���

rays from Crab. The TIBET array uses a different technique (EAS method) and is not prone
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Fig. 5.14: Excess event rate per minute from Crab as a function of Julian Day for Data Set D

to possible biases in the imaging technique. Hence is an important result. Further, the data

taken on the Crab pulsar with PACT array show significant excess of events at the Radio

Main pulse phase. A detailed discussion of the implications of this observation is beyond

the scope of this thesis and the reader is requested to go through the following articles

[140] [23]. However, if VHE ��� ray emission from the pulsar is confirmed, the flux from

Crab would be indeed higher since the imaging telescopes do not see any pulsed emission

from Crab [120]. But it should also be noted that the collection area falls off with energy

for the supercuts procedures used in imaging technique [123]. The “supercuts” proce-

dure is optimized for low energy thresholds and hence there could be biases in the imaging

technique at higher energies which could possibly throw out higher energy events.
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Fig. 5.15: Distribution of excess event rate from Crab for royal sum pulses

Fig. 5.16: Distribution of excess event rate from Crab for individual PMT pulses
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Fig. 5.17: Excess event rate per minute from Crab as a function of Julian Day. Here only those

runs have been shown which have common zenith angle coverages but taken on different

nights

Table 5.6: Estimation of Systematic errors from Data

Data Systematic Errors

in rate/min

Data Set A 0.53

Data Set B 0.27

Data Set C 1.28

Data Set D 0.17

Data Set E 0.13
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Fig. 5.18: Excess event rate per minute from Crab as a function of trigger rate for runs taken on

various nights for three different trigger conditions. The ( � ) is for individual pulses

(Data Set D), the ( � ) is for royal sum pulses from a sector (Data Set A) and the ( � )

is for the royal sum pulses from control room (Data Set B). It is seen that for a higher

trigger rate, the excess rate is also high. The correlation coefficient is 0.74.

Fig. 5.19: Unnormalised S/B plot as a function of space angle. It is seen S/B is 0.94 � 0.16 above

the space angle of 3 � .
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Table 5.7: Results on Crab Nebula for Various Data

Data Duration � ray E ��� A � Flux � 10 �����

(mins) rate/min (GeV) (m
�
) ph cm � ��� ���

Data Set A 1092.1 3.23 � 0.66 800 � 150 61575.2 8.74 � 2.00

Data Set B 1715.7 3.45 � 0.36 1100 � 165 77437.1 7.43 � 1.07

Data Set C 80.2 2.03 � 1.48 1300 � 200 63347.1 5.34 � 3.42

Data Set D 1817.0 1.44 � 0.22 1700 � 250 70685.8 3.39 � 0.62

Data Set E 1817.0 0.73 � 0.17 2500 � 375 63347.1 1.95 � 0.50

Table 5.8: Summary of Results on Crab Nebula for Various Data

Data Duration E ��� Flux � 10 �����

(mins) (GeV) ph cm � � � ���

Data Set A 1092.1 800 � 150 6.56 � 1.56

Data Set B 1715.7 1100 � 150 5.36 � 0.85

Data Set C 80.2 1300 � 200 3.86 � 2.49

Data Set D 1817.0 1700 � 250 2.54 � 0.49

Data Set E 1817.0 2500 � 375 1.46 � 0.39
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Fig. 5.20: A RA-DEC plot for reconstructed showers from the direction of Crab for a typical Crab

run. The source position is denoted by the intersection of dotted lines. Those events

coming within 1 � of the source are selected
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Fig. 5.21: The (Expected - Reconstructed ) crab positions for RA (left panel) and DEC (right

panel). The mean value of deviation is 0.05 � and 0.03 � respectively. The dotted lines

are a Gaussian fit to the data.
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Fig. 5.22: Integral energy spectrum of VHE � � rays from Crab nebula



Chapter 6

Summary and Conclusions

The thesis presented here is based on an experimental investigation of VHE ��� rays from

Crab nebula carried out during 1999 to 2002 at Pachmarhi, India. I have briefly described

the motivations for carrying out such a study. A basic description of Čerenkov radiation

from primary � (hadron) in air showers relevant to present work has been included. The

feasibility of using a distributed array of Čerenkov telescopes like PACT to study TeV ���

rays from astrophysical sources has been demonstrated. A detailed description of the PACT

experimental set-up has also been given. A distributed data acquisition system has been

developed which consists of independent sector data acquisition system along with a master

data acquisition system. The design features of the system have been discussed in detail.

Systematic studies of trigger rates as a function of threshold and n-fold coincidence have

been carried out for the purpose of choosing the right trigger. Monte Carlo calculations

have been done to estimate the energy threshold and the collection area of the experiment.

The energy threshold and the collection area have been estimated to be 800 GeV and �

10
� � �

respectively. The collection area of PACT is significantly larger than that of an

imaging telescope or an array of imaging telescopes. However, the systematics associated

with the various parameters in estimating the energy threshold and the collection area need

to be addressed in detail in future to get a better estimate of these quantities. The angular

resolution has been estimated from data by the ‘split-array’ method which is a standard

method followed in EAS studies. It has been shown that using this distributed array a

reasonably high angular resolution can be achieved. The sensitivity of PACT has also been

compared with other experiments.

166
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The Crab nebula has been observed for a span of over two years with this array. The

excess events from the Crab nebula has been observed at a high statistical significance (

� 14 � ). This thesis reports the first detection of VHE � � rays from the Crab nebula

with a new instrument using the wavefront sampling technique. The significance is higher

than either THEMISTOCLE or the currently operating wavefront sampling arrays in the

world. It has been shown that PACT has been able to observe VHE � � rays from Crab

at a much higher significance by using off-axis cuts only. Thus it is demonstrated that the

analysis technique can reject a large fraction of cosmic rays and increase the sensitivity of

the experiment. The significance of the signal is expected to improve further when ADC

information will be used.

Table 6.1 shows the relative capabilities of different atmospheric Čerenkov telescopes

using the wavefront sampling technique. THEMISTOCLE had a very high energy thresh-

old while STACEE, CELESTE and GRAAL which all use solar heliostats have much lower

energy thresholds ( � 50 to 250 GeV) and a much larger collection area. PACT is the only

wavefront sampling experiment operating at an energy threshold in between the above

mentioned ones which is similar to that of many imaging experiments.

The Crab nebula is one of the most comprehensively studied celestial objects and is

also a unique cosmic laboratory for exploration of non-thermal relativistic processes in as-

trophysical settings. The measured flux of ��� rays from Crab by PACT validates the Syn-

chrotron Self-Compton (SSC) model in which TeV � � rays are produced by IC scattering

of electrons responsible for synchrotron emission. The slope of the spectrum measured by

PACT also agrees within errors with other atmospheric Čerenkov experiments. The excess

rate of events from Crab has been found to be constant within errors during the period of

observations made. However, the flux of TeV ��� rays from the Crab has been found to

be higher than that measured by the imaging experiments whereas it is closer to the flux

measured by the TIBET (III) experiment. Some of the reasons and its implications have

been discussed in the last chapter. Here I will discuss the implication of high IC flux on the

magnetic field. The average magnetic field estimated by he Whipple collaboration from

their data is � 16 �
�

. The HEGRA also estimates a similar value of about 17 �
�

. How-

ever, the Whipple group measured the flux of ��� rays to be � 2.5
�

10 �
� �

� � � � �
�

��� � �
�
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Table 6.1: A comparative table showing the relative capabilities of different atmospheric Čerenkov

telescope arrays using the wavefront sampling technique.

PACT THEMISTOCLE STACEE CELESTE GRAAL

Latitude 22 � 28
�
�

42 � 30
�
�

34 � 58
�
�

42 � 30
�
�

37 � 5
�
�

Longitude 78 � 26
�
E 1 � 58

�
E 106 � 36

�
E 1 � 58

�
E 2 � 21

�
E

Altitude (
�

) 1075 1650 1705 1650 505

# of Telescopes 25 18 32 40 63

Area per

telescope (m
�

) 4.45 0.465 37 54 39.7

Trigger Logic 4/6 10/18 5/8 8 telescope 3/4

summed cone

Energy

Threshold 800 3000 190 60 250

(GeV)

Angular 0.24 �

Resolution (telescope)

0.04 � 0.16 � 0.25 � 0.2 � 0.25 �

( ind. PMT )

� /hadron Off-axis Off-axis �
�

cut on Off-axis Hadron-

Cuts used Hadronicity Č front Flatness city

Observations on

Crab nebula 28.6 162 43 14.3 7.2

(hours)

Crab Nebula 14 5.8 6.75 6.9 4.5

Significance

at � 1 TeV 1 in their observation campaign of 1988-1989. This points to a lower magnetic

field of about 10 �
�

[60]. The PACT flux is still higher than the Whipple flux by a factor of

1This is the highest flux quoted by Whipple in all their data sets from 1988 to 1998
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about 2. If the IC flux is indeed high, it would point to a even slightly lower magnetic field.

But, then the ultra-high energy ��� ray experiments should be able to see ��� rays from the

Crab nebula unless there is a strong spectral steepening at very high energies ( � 100 TeV).

All the upper limits of the ultra-high energy ��� ray experiments are very high only with

the exception of AIROBICC and CASA-MIA. Aharonian and Atoyan [2] have argued that

there are three different photon fields which play principal roles in in the production of the

IC ��� rays in the Crab nebula : namely

(a) synchrotron radiation of nebula

(b) IR radiation

(c) 2.7 � K background radiation

If all these processes are considered, then it could lead to a slightly higher flux of ���

rays than what the present imaging telescopes measure. Thus the possibility that the mag-

netic field can be lower than that estimated by Whipple cannot be ruled out. Aharonian

and Atoyan present an overall IC spectrum with differential spectral index of 2.4 at 1 TeV

which gradually steepens to 2.7 at � 10 TeV. Also, the expected flux at E � 100 TeV is

close to the flux upper limits reported by various air-shower groups. The detection of Crab

beyond 10 TeV by the CANGAROO group is very encouraging, but it is very important

to have many more independent observations at still higher energies to resolve the issue.

The future VHE � � ray observations from TIBET (III) array and observations from CAN-

GAROO at large zenith angles will have an immense impact on this issue. In the present

analysis, timing information from royal sum pulses of the array and the individual PMT

pulses from a single sector have been used. It is possible to use all the individual PMT

information 2 from the whole array by collating data from all sectors. The energy thresh-

old of such an event will be quite high. Thus, even without ADC information, PACT will

be able to extend the Crab spectrum to higher energies in future. Also, at energies below

100 GeV, other processes connected with the interaction of the relativistic particles with

2there are 144 mirrors in the array
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the nebular gas might contribute to the production of ��� rays as much as IC does. Pre-

liminary flux measurements from CELESTE however do not point to such a contribution

who conclude that IC scattering is only responsible for the production of TeV � � rays

in Crab nebula. Therefore, an accurate determination of magnetic field based on ��� ray

fluxes in this energy region is required to separate the IC contribution from the possible

contamination due to ��� rays of other origin. Future measurements by GLAST at lower

energies ( � 1 to 10 GeV) and other ground based detectors operating at higher energies

( � 100 GeV and more ) should hopefully be able to resolve some of these issues. Thus

the sensitivities of current and future experiments need to be increased to ensure further

significant progress in the understanding of these complex processes.

It has been already mentioned that the background could be still quite high in PACT

data. The density parameters like LDF, MDF and flatness parameters need to be exploited

in future to refine the signal. Simulation studies have shown that the photon density jitter,

flatness parameter and relative timing jitter are useful parameters to discriminate between
��� rays and hadrons. These fluctuation parameters need to be used to reject the back-

ground in the data and hence improve the signal to noise ratio. One major drawback in the

analysis procedure adopted in the thesis is the assumption of a plane wavefront in the esti-

mation of the arrival direction of a shower. It is well known that the Čerenkov light front

has a curvature. (refer to Figure 6.1. It was seen that when two well separated Čerenkov

telescopes were tilted towards each other by about a degree the coincidence rate increased

and also reduced the spread in the time separation between them [137 , 59]. This indicated,

as claimed by the authors, the presence of curvature in the photon front. It was also shown

later that the radius of curvature of the front is equal to the height of the shower maximum

from the observation altitude [14]. In the absence of any knowledge of the core in our ex-

periment, we have assumed the shower front to be a plane, but a plane front approximation

of the Čerenkov light front will introduce a systematic error in the arrival angle reconstruc-

tion. To understand this effect, we resorted to simulations. A shower front was generated

from the direction of Crab ( � = 15 � and � =270 � ) with a curvature ( H = 10.017 Km) of the

form

� � � ��
 ��� � � � � � �

� � � � � � �
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where f(r) is the relative time delays at a core distance r and the shower core was assumed

to be within � 150 m in x,y direction with respect to the centre of the array. Gaussian

fluctuation of 1 � � was imposed on the delays. In one case a plane front was generated

and fitted with a plane front whereas in another case the spherical front was generated and

fitted with a plane front.

Fig. 6.1: Variation of mean arrival time of Čerenkov shower front with core distance for � � rays,

protons and Fe nuclei of various energies. The smooth curve corresponds to the best fit

spherical wavefront. Also shown in each plot are the relative shower to shower fluctua-

tions of arrival times as a function of core distance. Figure taken from [14]

Figure 6.2 shows the corresponding space angle distributions for the two cases. The

figure shows that the space angle distribution in the latter case is far worse than the former

owing to the fact that a plane wavefront fit to a spherical Čerenkov front will introduce

a systematic error in the arrival angle estimation. Thus the development of a spherical

wavefront fitting algorithm is necessary to improve the angular resolution. The angular

resolution of the array can be improved if corrections to the wavefront curvature are suit-

ably made.
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Fig. 6.2: Space angle distributions when a plane front was generated and fitted with a plane front

(solid line) and spherical front was generated and fitted with a plane front (broken line).

6.1 Future Directions : Moving Towards the “Unopened

Window”

In spite of rapid parallel progress in both satellite experiments and groundbased detectors,

our picture of the � ray sky remains incomplete. Whereas existing satellite experiments

have appreciable sensitivity only up to � 10 GeV, groundbased detectors using the atmo-

spheric Čerenkov technique have energy thresholds near � 300 GeV (refer to Figure 6.3

with the exception of STACEE and CELESTE experiments which use solar heliostats and

have increased their collection area to go down in energy thresholds enormously ( � 100

GeV).

The major thrust in ��� ray astronomy in the last few years has been to cover this “un-

opened window” and is one of the last parts of the electromagnetic energy spectrum to be

opened to astronomy. One approach being pursued is by developing a new, larger satellite

experiment (for example, GLAST) that would have sensitivity to lower fluxes. However,

a satellite experiment will have weaker point source sensitivity at higher energies than at-

mospheric Čerenkov telescopes. This is bourne out in Figure 4.23 in Chapter 4 where the
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Fig. 6.3: Spectral Coverage of Existing Experiments. The energy regime between 10 GeV and 300

GeV remains largely unexplored. However STACEE and CELESTE which are operating

at energy thresholds of � 100 GeV have somewhat closed the gap recently.

relative flux sensitivities as a function of energy are shown. The sensitivity for EGRET

and GLAST is for 1 year while that for ACTs is 50 hours; in all the cases a 5 � point

source detection is required. So, a complementary approach would be to try to extend the

energy range of atmospheric Čerenkov telescopes to lower energies, to close the energy

gap from above. The upcoming HESS and VERITAS projects would use arrays of imag-

ing atmospheric Čerenkov telescopes to achieve low energy thresholds and also improve

their sensitivities. The MAGIC and MACE projects will use a very large reflector (17 m

diameter) to reach a very low threshold. Experiments like EGRET and GLAST are wide

field instruments and are therefore ideally suited for all sky surveys, whereas VERITAS,

MAGIC and others would have limited field of view, excellent angular resolution and thus

very good point source localization capabilities. Future upgradation plan of PACT is also
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underway. It has been estimated from preliminary simulations that energy thresholds can

be lowered significantly if pulses from all telescopes are added together and a master trig-

ger ( Grand Royal Sum ) generates the events. A preliminary idea of Rate ��� bias curve

by pointing all telescopes towards zenith was obtained. The energy threshold using such a

trigger is estimated to be � 300-400 � ��� . Buoyed by the initial success of PACT an ex-

periment to achieve a low threshold using similar technique is also being planned at Hanle.

Thus the future of VHE � � ray astronomy looks bright enough and will continue to be an

exciting field as new generation of atmospheric Čerenkov telescopes are expected to throw

many new insights to various astrophysical sources.
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