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ABSTRACT 

This project is to search for Very High Energy (VHE) 

(10" eV to 1014 eV ) gamma rays from the Crab nebula and 

pulsar using the atmospheric Cherenkov imaging technique. The 

technique uses an array of 37 photomultiplier tubes to record 

the images of the Cherenkov light pulses generated by 

energetic particles in the air showers initiated by VHE gamma 

rays or charged cosmic rays. Gamma-ray-like events are 

selected from numerous cosmic-ray events based on the 

predicted properties of the image, such as the size, shape, 

and orientation with respect to the axis of the detector. A 

steady weak flux of VHE gamma rays from the Crab is detected 

at high statistical significance (9 sigma), which is not 

usually achieved in VHE gamma-ray astronomy. No strong 

evidence of pulsed emission is found when the same data is 

folded at the Crab pulsar's radio periods. The angular 

resolution of the technique cannot separate the emission 

coming from the nebula from that from the pulsar. Although it 

is generally believed that the unpulsed emission is coming 

from the nebula, there may be an unpulsed component coming at 

only a couple of light cylinder radii away from the pulsar 

too. Using the outer gap model of pulsar, the spectrum is 

derived and is found to be compatible with the observations. 



CHAPTER 1 

INTRODUCTION 

1.1 Very High Energy Gamma Ray Astronomy 

14 

The detection of gamma rays from extraterrestrial 

sources has been a challenge for astronomers for years 

because gamma rays cannot penetrate through the earth's 

atmosphere. The gamma rays lose their energy by producing 

secondary particles in the atmosphere. In the MeV to GeV 

energy region, the gamma rays can be observed by detectors 

such as spark chambers placed on satellites flying above the 

atmosphere. However the observations are severely limited 

by the short exposure time because of the finite lifetime of 

the satellite and the small collection areas of the 

detectors. The first major satellite experiment, SAS-2 

(Derdeyn et ale 1972 ; Fichtel et ale 1975), dedicated to 

the study of gamma rays, lasted for 7 months from 1972-73. 

The second experiment, COS-B (Bignami et ale 1975 ; Scarsi 

et ale 1977) had an unexpected long lifetime of 6.7 years 

from 1975-82 but the observation time for each object was 

only about a month at one time and the collection area was 

only 50 cm2
• The most recently planned Gamma Ray 
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Observatory (GRO) mission (Kanbach et al. 1988) is expected 

to have a lifetime of at least 2 years, with a possible 

extension of up to 6 years. Again the time spent on a 

particular object is limited and the effective collection 

area is - 1000 cm2
• 

The other difficulty is that the photon flux from 

cosmic sources decreases rapidly as the photon energy 

increases. For photon energy greater than 100 GeV, the flux 

is so low that the collection area of the satellite 

experiment has to be impractically large and the exposure 

time has to be very long in order to accumulate enough 

events to establish a statistically significant detection. 

Take the flux of gamma rays at a TeV to be 10- 11 cm- 2s- 1 , a 

typical value of claimed detection or upper limit, and 

assume the collection area to be 50 cm2
, the collection area 

of the COS-B detector, then the detector would only see one 

photon at a TeV in 83 years of operation! The detection is 

so inefficient that other means have to be used. 

Fortunately, at these energies the secondary particles 

(electrons and positrons) generated by the primary gamma 

rays' interaction with the atmosphere are numerous enough 

that at energies> 10 11 eV the secondaries may be detected 

indirectly by the Cherenkov light, which is induced by them 
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in the atmosphere. At energies> 1014 eV the secondaries can 

be detected directly at ground level. 

Following the convention of Weekes (1988), we divide 

the energy ranges according to the technique used. From 

1011 eV to 1014 eV, the secondary particles in the air shower 

generated by the primary gamma rays cannot reach ground 

level, but they can still be detected by the Cherenkov light 

induced by the secondary particles. We define this range to 

be "Very High Energy" (VHE). From 1014 eV to 1017 eV the 

secondary particles can be detected directly at ground 

level; we call this range "Ultra High Energy" (UHE). 

However the charged primary cosmic rays (mainly protons) can 

also generate air showers of particles such as electrons, 

positrons and muons, when they interact with the atmosphere. 

These air showers are similar to the air showers produced by 

gamma rays, and the charged cosmic-ray showers are in much 

greater number. The high background rate of cosmic rays and 

the great similarity between the air showers produced by 

primary gamma rays and charged cosmic rays makes detection 

of gamma rays very difficult. 

The gamma rays in the MeV to GeV energy ranges have 

been explored by satellite experiments. Objects like the 
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galactic plane and pulsars were found to be strong source of 

gamma rays in these energy ranges (Ramana Murthy and 

Wolfendale 1986). It is very natural to study the higher end 

of the spectrum to see whether these objects will continue 

to radiate at energies above 10" eVe This information will 

constrain the models that explain the radiation from these 

objects. 

The technique used to detect gamma rays at Very High 

Energy is the atmospheric Cherenkov technique. This 

technique was first developed by Galbraith and Jelley 

(1953), but there has been very little improvement of 

signal-to-noise ratio over the years. The significance of 

the present work is that a great improvement in detection 

sensitivity is achieved by differentiating the background 

cosmic rays from the gamma rays based on the differences of 

the angular size and the orientation of the Cherenkov light 

image. This imaging technique is proved to be very effective 

by this work in the detection of VHE gamma rays from the 

Crab nebula and pulsar. The result of this work will be 

presented in Chapter 3, while the imaging technique will be 

described in more detail in Chapter 2. 

There are several types of objects that are studied in 
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the VHE region: radio pulsars, x-ray binaries, supernova 

remnants, the galactic plane and extra-galactic sources. A 

review of the present observational status of these objects 

is given by Weekes (1988). Generally speaking, there are not 

many sources that have been detected in VHE. A list of 

sources with good creditability is shown in Table 1.1. The 

emission of VHE gamma rays is often sporadic. For example, 

the episode of emission for Her X-I is only about a few 

minutes. This makes it difficult to establish an 

unequivocally detection and confirmation by later 

observations are sometimes unavailable. Furthermore, the 

claimed detections of VHE gamma-ray sources are usually 

marginal. Therefore the list is only a personal choice and 

somewhat subjective. 

Among the sources listed in Table 1.1, Cyg X-) and Her 

X-I have drawn much attention. Cyg X-) was first discovered 

as an X-ray source in 1966 and it became well known after 

the giant radio burst in September 1972. Since then, it has 

been seen at wavelengths from infrared, radio, X-ray, to VHE 

and UHE gamma-ray. Recent observation (Cassiday et ale 

1989) indicated that it also gave gamma rays with energy up 

to 1018 eVe Skepticism on the claimed detections at 

energies above 10 MeV has been raised by Chardin (1987). 
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Table 1.1 

TeV Gamma-ray Sources 

Source 

Pulsars: 

Crab Pulsa~ 

Vela Pulsar 

X-Ray Binaries: 

4UOl15+63 

Cygnus X-3 

Hercules X-1 

Other Galactic 

Crab Nebula 

Energy 
(TeV) 

1 

0.5 

1 

0.5 

1 

Source: 

0.7 

Extragalactic Source: 

Cen A 0.3 

0.8 X 10- 11 

1. 5 X 10- 11 

7 x 10- 11 

8 x 10- 11 

3 x 10- 11 

1. 8 X 10- 11 

4.4 X 10- 11 

Reference 

Dowthwaite et ale 1984a 

Bhat et ale 1980 

Chadwick et al. 1985 

Lamb et ale 1982 

Dowthwaite et ale 1984b 

Weekes et ale 1989 

Grindlay et ale 1975 
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The criticisms are (i) the detections are marginal; (2) the 

background levels are not consistent with the detected 

signal; (3) the fluxes reported by different experiments 

contradict each other. Also, the muon content in the air 

showers is higher than what one expects if the showers are 

thought to be initiated by gamma rays from Cyg X-3 (Samorski 

and stamm 1983). For many years, the muon content of the 

gamma ray initiated showers is believed to be much less than 

that of cosmic ray showers (Wdowczyk 1965). 

Her X-I is another object of great interest. Among 

those claimed detections, the sporadic emission on April 4, 

1984 is particularly important because it was observed 

simultaneously by the Durham group (Chadwick et ale 1987) 

and the Whipple group (Gorham et ale 1986a). In 1986, 

another important result was obtained. A periodic signal, 

whose period is blue-shifted from the X-ray periodic signal 

by 0.17%, was seen by the Whipple group (Lamb et ale 1988) 

and the Haleakala group (Resvanis et ale 1988) at VHE and 

the Los Alamos group (Dingus et ale 1988) at UHE. Again the 

muon content observed at UHE is found to be richer than 

expected if the signal is gamma-ray. Overall the field of 

VHE and UHE gamma ray astronomy is rather controversial and 

the results are often unexpected. 
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since this project is the test of a new technique, we 

picked the source that would be most promising to be 

detectable. The Crab nebula and pulsar have been the most 

extensively studied objects in the sky virtually at all 

wavelengths up to 100 MeV gamma rays. Because the pulsar 

has a high spin rate (period -33 ms) and intense magnetic 

field (10 12 Gauss), it is generally believed (Orford 1987) 

that there is no difficulty in explaining how the electrons, 

which are responsible for the pulsar emission and fuel the 

nebula emission, can be accelerated up to at least a TeV 

(voltage drop is proportional to w2B, where w is the angular 

frequency of the pulsar and B is the magnetic field at the 

surface of the pulsar). 

1.2 Previous Observations of the Crab Nebula and Pulsar at 

~E 

There are some early observations of the Crab nebula, 

which are summarized in Table 1.2. Note that there are 3 

detections, the rest are only upper limits. Although the 

first result (Chudakov et al. 1965) is an upper limit, it 

had significance in aiding our understanding of the emission 



22 

Table 1.2 

Crab Nebula Observation Summary 

t;12och t;n~;rgy (Cm~ B~fe;r~D~~ 
(TeV) 

1960-63 5 < 5 X 10. 11 Chudakov et ale 1965 

1969-72 0.14 (5.7±1.8) x 10. 11 Fazio et al. 1972 

1979-81 2 (5.7±1.3) x 10. 11 Mukanov 1983 

1981 1 < 3 X 10. 11 Chadwick et ale 
1985b 

1983-85 0.4 6 x 10. 11 Gibbs 1987 
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from the nebula. Before the pulsar was discovered, Cocconi 

(1959) had suggested that the gamma ray emission from the 

nebula was the pion decay product of the proton-proton 

collisions. The protons are the relic of the supernova 

explosion. The upper limit set by Chudakov et ale (1965) is 

almost 4 orders of magnitude lower than the flux predicted 

by this explanation, thus ruling it out. At present, it is 

generally believed that the source of energetic electrons 

which produce the gamma rays is the pulsar. 

There was no detection of gamma-ray flux from the Crab 

nebula until 1972 (Fazio et ale 1972). The observations 

were taken at Mt. Hopkins using the 10-m reflector with a 

single photomultiplier tube in the focal plane. After 3 

years of observation, with 150 hours "ON" source data, the 

detection was only at the 3 sigma level. The energy 

threshold and collection area (determined by Monte Carlo 

simulation) led to a flux of (5.7 ± 1.8) X 10- 11 cm-2 
S-1 

above 0.14 TeV. There was some indication of a variation of 

the steady emission associated with glitches of the pulsar 

period. 

Mukanov (1981) at Tien Shan, used three 60-cm aperture 

parabolic mirrors operating in 3-fold coincidence in drift 
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scan mode to observe the Crab. There were 108 scans 

accepted for analysis after initial filtering of noise. An 

excess from the direction of the Crab nebula at 4.4 sigma 

was seen, but the excess is 3.8% of the cosmic rays which is 

much higher than the excess 0.3% seen by Fazio et ale The 

arrival time of the events were not recorded and it is 

assumed that the emission was coming from the nebula. The 

flux was determined to be (5.7 ± 1.3) x 10- 11 cm- 2 s-1 at 

energy above 2 TeV. These observations were not repeated or 

verified. 

A more recent (1983-85) observation (Gibbs 1987) was 

carried out at the Whipple Observatory on Mt. Hopkins during 

the initial phase of the implementation of the imaging 

technique using the 37-element detector. The detector 

system is similar to the one used in this work which will be 

described in Chapter 2. There were some unknown drifts 

associated with the electronic system making the data more 

susceptible to noise contamination. Also the data were 

taken with two different trigger configurations of the 

hardware, 1-fold or above trigger of the 7 elements at the 

center of the detector and 2-fold or above trigger of the 19 

elements at the center of the detector (see section 2.6). 

Despite these problems, which make the detection less 
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reliable, a steady flux of (1.47 ± 0.28) x 10- 11 cm- 2 
S-1 at 

energy above 0.55 TeV was seen at the 5.3 sigma level. The 

result was so encouraging that it warranted further 

investigation. This work is a follow-up of this 

observation. A detailed analysis to look for a net excess 

from the direction of the Crab nebula and pulsar is 

presented in Chapter 3. 

The angular size of the Crab nebula is about 6 arc 

minutes and the pulsar is practically a point source at the 

center of the nebula. The atmospheric Cherenkov technique 

does not have the angular resolution to separate the 

emission from the nebula from that from the pulsar. 

Usually, if a signal has the same temporal characteristic as 

the pulsar in the radio observation, the gamma rays are 

assumed to be coming from the pulsar. Because greater 

sensitivity can be achieved by synchronizing the signal with 

the radio emission, interest switched to the search for 

periodic signals rather than a search for a net excess from 

the source region. 

The observational status of the Crab pulsar at VHE has 

been reviewed by Ramana Murthy (1986), Weekes (1988) and 

Protheroe (1987). The overall situation is rather confusing 
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(Table 1.3) because there is no consensus about the emission 

characteristics. Although better time keeping and ephemeris 

are maintained in recent years to improve the quality of the 

observations, the flux sensitivity of the technique has not 

changed. Therefore there is still no undisputed result. The 

reported detections can be divided into transient emission 

and steady pulsed emission. 

The Durham group (Gibson et al. 1982) and the Tata 

group (Bhat et al. 1986) reported outbursts of VHE gamma 

rays on time scales of 15 minutes. This kind of transient 

emission, similar to that seen in Her X-1 (Dowthwaite et al. 

1984ai Gorham et al. 1986b), has not been seen in the Crab 

at lower energy. However the outbursts were not seen again 

in subsequent observations by the same groups and also there 

is no independent confirmation by other groups. The Whipple 

Observatory has also searched for outbursts in their data 

base (1969-72) (Helmken et al. 1973) and (1983-85) (Gibbs 

1987), but no evidence of this kind of burst was found. 

The Durham group (Dowthwaite et al. 1984b) also 

reported a steady pulsed signal with a narrow peak at the 

same phase as the radio main peak. The University of 

California group (Tumer 1985) saw a similar signal but with 
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upper limit 

in phase 

variable in 
phase and flux 

not in phase, 
variable 

in phase 

15 minute 
duration 

15 minute 
duration 

< 30 minutes 
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a different pulse width. However, the Tata group (Vishwanath 

1985), the Haleakala group (Resvanis 1985) and the Whipple 

Observatory (Gibbs 1987) saw no such steady pulsed signal. 

The search for a periodic signal will be described in 

Chapter 4. It was found that there was no strong evidence 

for a periodic signal. 

The production of such high energy gamma rays is an 

interesting astrophysical problem. It will be addressed in 

Chapter 5. Finally in Chapter 6 we will discuss the 

significance of this work and some of the future prospects. 



CHAPTER 2 

ATMOSPHERIC CHERENKOV TECHNIQUE 
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The atmospheric Cherenkov technique was first developed 

by Galbraith and Jelley (1953). Since then development has 

been slow because of the difficulty of increasing the 

sensitivity and angular resolution in order to distinguish 

the gamma-ray events from the more numerous cosmic rays 

events. There is no attempt here to give a thorough 

treatment of the technique but rather to give a general 

picture to assist the reader in understanding the results of 

the observation presented in the next chapter. Readers 

interested in this technique are referred to the reviews by 

Porter & Weekes (1978) and Weekes (1988) which have 

extensive references to the earlier works. 

2.1 Air Showers and Atmospheric Cherenkov Light 

To detect extraterrestrial gamma rays of energy greater 

than 10" eV, a technique different from those used in 

satellites is needed. This is partly due to the very low 

gamma-ray flux as a result of the steepening of the source 
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spectra and partly due to technological as well as budget 

constrains in launching a very large detector to operate for 

a long period of time. The earth's atmosphere is an 

excellent detector medium because of its large volume, good 

amplification factor, and zero operating cost. Ground based 

observation can be carried out for years with relatively low 

costs. However, there is no control over the atmosphere and 

there is an ambiguity about the nature of the primary 

radiation. 

When very energetic gamma rays reach the atmosphere, 

they interact with the atomic nuclei and lose their energy 

by pair production of electrons and positrons. The 

electrons and positrons lose their energy by bremsstrahlung 

radiation which in turn creates the next generation of 

electrons and positrons. The cascade continues until the 

numbers of particles increases to a maximum, at which the 

energies of the particles are too low to double the next 

generation of particles by bremsstrahlung and pair 

production. Ionization loss to the atmosphere then becomes 

more important as the shower encounters the denser 

atmosphere and moves downward to the earth. Most of the 

particles, which are generated by 1 TeV primary gamma rays, 

cannot survive to sea level. However, if the secondary 
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electrons and positrons are energetic enough, they will 

cause atmospheric Cherenkov radiation which can be detected 

down to sea level. For primary energy greater than 1014 eV, 

the secondary particles can survive at least down to 

mountain altitude where they can be detected by air shower 

arrays. 

The radiation length of electron in air at STP is 37.8 

g cm- 2
• After about 10 radiation lengths from the start of 

the cascade, the average energy of the particles in the 

shower of primary gamma ray energy of 1012 eV decreases to 

about 84 MeV, which is the critical energy of 

bremsstrahlung. There are about 103 particles at the shower 

maximum. These particles are above the threshold of 

Cherenkov emission which is 21 MeV for electron at standard 

pressure and temperature, 35 MeV at an altitude of 7.5 kID. 

More of the Cherenkov light observed on the ground is from 

the numerous secondary particles closer to the shower 

maximum than the particles developed earlier in the shower. 

As the shower develops, it spreads out laterally 

because of Coulomb scattering. The scattering angles are 

often larger than the Cherenkov light cone angle Be which is , 

given by 
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9 c = cos·, COn)·' (2.1) 

and it is about 1° if the particle velocity, ~ = vic - 1, 

and the refractive index of the medium (air at sea level), 

n, is 1.0003. Despite the scattering, the secondary 

particles are strongly beamed in the original direction. 

Thus the showers preserve the original direction of the 

primary. The Cherenkov light that reaches the detector 

level will cover an area as far as 150 m away from the 

shower axis. It is this large extent of the light pool that 

makes the effective area far greater than the physical area 

of the detector. 

Blackett (1948) pointed out that the average flux of 

Cherenkov light from all cosmic rays is 1/10,000 of the 

total background light of the night sky. However, the 

duration of the Cherenkov light pulse from a shower is only 

about 10 ns, which is due to the spread in time of arrival 

of Cherenkov photons produced at different altitude. If the 

detector has time resolution of ns, the Cherenkov light 

pulse can be detected against the night-sky background. 

There is no known atmospheric or astrophysical light 

background of this time scale. The spread in duration is 
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caused by the different arrival times of the Cherenkov light 

emitted in different stages of the shower development. 

Those Cherenkov photons emitted earlier in the shower 

development arrive at the detector at a later time than 

those emitted later in the shower development because the 

particles move faster than the velocity of light in the 

atmosphere. 

Figure 2.1 illustrates the simplest form of atmospheric 

Cherenkov light detector. The mirror reflects the Cherenkov 

light onto a photomultiplier tube at the focus. Fast pulse 

counting electronics is used to pick up the Cherenkov light 

pulse seen by the photomultiplier tube. Assuming Poisson 

fluctuations, the night sky background light will give a 

noise level 

N = ( B ret A )~ (2.2) 

where B = background light flux 

r = solid angle of the mirror + phototube 

e = quantum efficiency of the photomultiplier tube 

t = integration time 

A = area of the mirror 
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Figure 2.1 A typical apparatus to detect the Cherenkov 
light pulses from air showers 



The shower signal Cherenkov light is 

S = C e A (2.3) 

where C = Cherenkov light flux 

It is assumed that the integration time is longer than the 

Cherenkov light pulse. Then the signal to noise ratio is 

SIN = C ( e A I B r t )~ ( 2 .4) 

Most of the Cherenkov light pulses detected, however, are 

not produced by photon-initiated showers but rather by 

nucleon-initiated background showers. 
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2.2 Photon-initiated Showers vs. Nucleon-initiated Showers 

Nucleons in the cosmic rays generate air showers which 

produce Cherenkov light pulses that look similar to those by 

photon-initiated showers. However, the nucleon-initiated 

showers are more complicated because they also involve 

hadronic cascades. Pions, charged or neutral, are produced 
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when the nucleons interact with the atmosphere. Neutral 

pions will decay to give two photons causing electromagnetic 

cascades as described above. The charged pions will decay 

to give muons and neutrinos. The large angles of pion 

production makes the shower broader and more diffuse than 

photon-initiated shower. This difference, which will be 

discussed in detail later, is used to distinguish the 

photon-initiated showers from nucleon-initiated showers. 

Primary cosmic electrons can also generate showers that 

look identical with the photon-initiated showers. However 

the electron component of the cosmic rays at 10'2 eV are 

only 0.05% of the total (Ryan et ale 1972 ; Nishimura et ale 

1985) and they are isotropic in contrast to the highly 

directional primary gamma rays. 

There are features that can be used to distinguish the 

two kinds of shower. The muon content of nucleon-initiated 

showers is richer than photon-initiated showers because of 

the hadronic cascade (Grindlay 1971). Since very few muons 

are created in showers with energy below 10'2 eV, this 

method is not effective at the threshold energy (10" eV) of 

this experiment. 
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The ultra-violet component (200-300 nm) of the nucleon

initiated showers is stronger (Stepanian et ale 1983). This 

is because for a given primary energy nucleon-initiated 

showers develop lower in the atmosphere. The electrons and 

the penetrating muons can reach closer to the detector 

level. The Cherenkov light that is produced suffers less 

atmospheric absorption. This method is now under 

investigation on Ht. Hopkins. When the experiment is 

completed, it will provide additional information of the 

showers selected by the imaging technique. Hopefully, it 

will make the selection of gamma rays less ambiguous. 

The time spread of the Cherenkov light pulse from 

photon-initiated showers (2-3 ns) is shorter than the time 

spread of the nucleon-initiated shower (4-5 ns). However, 

the optical properties of the 10-m reflector introduce a 

time spread of 6 ns for an infinitely short pulse, smearing 

the temporal characteristics of the showers. Therefore, 

this approach is not applicable to the reflector used in 

this experiment. 

In this work, we only make use of the differences in 

the shape of the images to distinguish the two kinds of 

showers. This approach is shown to be the most promising 



technique as demonstrated here. 

2.3 Imaging 

The first photographic picture of Cherenkov light 

pulses was successfully taken by Hill and Porter (1961) 

using an image intensifier camera. However, the technique 

was difficult to implement and the energy threshold was 

high. The technique was not followed up. Recently Mattox 

(1988) proposed a new approach to this technique. 

The Cherenkov light image reflects the shower 

development and hence the nature of the primary. By 

exploiting the differences between the two kinds of shower 

image, we can increase the signal-to-noise ratio by 

rejecting the background nucleons. 
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The early attempts to calculate the angular and lateral 

distribution of the Cherenkov light were done in analytic 

form (Zatsepin and Chudakov 1962; Zatsepin 1965). Later 

studies rely on Monte Carlo simulations (Rieke 1969; 

Browning and Turver 1977; Plyasheshnikov and Bignami 1985). 

These works have been reviewed by Porter & Weekes (1978) and 
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Weekes (1988). Although there are some disagreements among 

their results, there are many common features. 

The lateral distribution of the Cherenkov light is 

quite flat up to about 120 m from the shower axis (Figure 

2.2a). It then falls off more rapidly. There is a small 

hump near the edge of the plateau due to the focusing effect 

of the atmosphere. This is because the Cherenkov light 

emission angle is smaller at higher altitude. The angular 

distribution of the light as seen by a detector looking up 

is in general an elliptical comet-like shape (for 

explanation, see Appendix 1). Figure 2.2b shows the angular 

distribution of the Cherenkov light. The maximum of the 

light intensity of the image is displaced from the center of 

field of view in proportion to the distance of the shower 

core from the detector axis. The image becomes more 

elongated as the shower moves further away from the detector 

axis. The major axis of the image gives the direction of 

the shower. 

2.4 Hillas simulations 

In this work, the simulations were done by our 
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Figure 2.2b Angular distributions of Cherenkov light 
pulses from air shower initiated by a 10" eV photon as a 
function of distance from the shower core, D:(a) 0 m, (b) 50 
m, (c) 100 m, (d) 150 m, (e) 200 m. Each isophote represents 
a reduction of intensity by a factor of J10. The cross 
indicates the detector axis pointing at vertical direction. 
The solid lines represent full pulse intensity; the dotted 
lines represent integration time of 2.5 ns. (Rieke 1969) 
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collaborator A. M. Hillas (1985). The simulations were done 

on both the nucleon-initiated showers and photon-initiated 

showers emphasizing the differences in the images formed at 

the focus of the 10-m reflector. At the focus of the 10-m 

reflector, a 37-element photomultiplier array is used to 

record the images (Figure 2.3). More details about the 

detector system will be discussed later. 

In the simulations, all the gamma rays are coming from 

the direction of the center of field of view whereas the 

cosmic background nucleons are isotropic. Only showers 

initiated by protons and some oxygen nuclei are included in 

the background. The gamma rays are sampled from a spectrum 

E- 2
•
25 dE from 0.25 TeV upwards and the protons are sampled 

from a spectrum E- 2
.
65 dE (Hillas 1985). For the detector to 

trigger, the shower should be able to give at least 40 

photoelectrons in at least each of the 2 of the innermost 19 

tubes of the array. 

Other factors included in the simulations are (a) the 

geomagnetic effect; (b) loss of Cherenkov light by Rayleigh 

and aerosol scattering; (c) 66\ reflectivity of the 10-m 

reflector; (d) 50\ of the light lost in the gap between the 

tubes; (e) fluctuations in conversion of photons to 
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Figure 2.3 The 37-element detector. 



photoelectrons: (f) altitude (2320 m) of Mt. Hopkins: (g) 

measured point spread function of the 10-m reflector. In 

the observation of the Crab nebula and pulsar, some tubes 

have to be turned off during the observation or removed in 

data reduction processes because of the presence of stars. 

These missing tubes have not been considered in the 

simulations. 
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A typical simulated shower image recorded by the 37-

element photomultiplier array is shown in Figure 2.4. The 

numbers are photoelectrons. Because of the poor resolution 

of the image and fluctuations in the shower, simple moment 

fitting is adequate to characterize the image. Those tubes 

that have signal below 1% of the total strength are ignored. 

The image can be approximated in the simplest form as an 

ellipse. To describe the image, Hillas defines six 

parameters which are determined using moment fitting 

(Appendix 2 and Figure 2.5): 

(i) LENGTH -- the r.m.s. angular length of the major axis of 

the image. It is a measure of the longitudinal development 

of the shower. 

(ii) WIDTH -- the r.m.s. angular length of the minor axis of 

the image. It is a measure of the lateral extent of the 
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Figure 2.4 A Simulated event with image parameters 
WIDTH = 0.15° 

LENGTH = 0.29° 
MISS = 0.15° 

DISTANCE = 0.5° 
AZWIDTH = 0.16° 

CONCENTRATION = 0.77 
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Center of 
field of view 

LENGTH 

c: centroid of the image 

WIDTH 

Fig~re 2.5 Definition of image parameters in the image 
plane 
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shower. 

(iii) MISS -- the perpendicular angular distance from the 

center of field of view to the major axis. It is a measure 

of the shower orientation. 

(iv) DISTANCE the angular distance from the center of 

field of view to the centroid of the image. When it is 

compared with the distance of the brightest point of the 

image, it relates to the skewness of the image. 

(v) AZIMUTHAL-WIDTH (abbreviated as AZWIDTH) -- the r.m.s. 

angular width of the image with respect to an axis from the 

center of field of view to the centroid. It is in essence a 

combination of WIDTH and MISS. 

(vi) CONCENTRATION-- the ratio of the sum of the 2 largest 

tube signals to the sum of all 37 tube signals. It is a 

measure of the light concentration. 

The images are also classified into zones according to 

the location of the maximum tube. Zone 0 is the center 

tube; zone 1 is the inner ring of 6 tubes; zone 2 is the 

next outer ring of 12 tubes; zone 3 is the outer most ring 

of 18 tubes. Hillas worked out the distributions of all six 

parameters for zone 1 and zone 2 images for proton-initiated 

and photon-initiated showers (Figure 2.6). Zone 0 is 

e.((:luded because both kinds of shower will give symmetric 
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arrows indicate the gamma domains. Solid lines are gamma-ray 
events; dotted lines are proton events. (continued on next 
page) 
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images which show little differences. Zone 3 is excluded 

because a significant portion of the image is lost beyond 

zone 3 and also no gamma rays are expected. 
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From the distribution of the parameters, one can find 

that the proton-initiated showers are generally more 

diffused and larger in size because of the large pion 

production angles. They are randomly oriented because of 

the isotropy of the primary protons. On the other hand, the 

photon-initiated showers are radially oriented from the 

center of field of view when the detector is pointing at the 

source. Hillas defines a 'gamma' domain in which there is 

maximum acceptance of photon-initiated showers with the 

least contamination of proton-initiated showers (Table 2.1). 

The domain boundary depends on the zenith angle of the 

shower as well as the location of the maximum of the light 

intensity of the maximum. Hillas also suggested multiple 

parameter selection (e.g. 4 out of 6 of the parameters 

falling in the gamma-ray domains) to discriminate gamma-ray

like showers from proton-like showers. However, the 

parameters are not completely independent from each other 

and it is more difficult to assess the selection criterion. 

As demonstrated in this work, the parameter AZWIDTH 



Parameter 

WIDTH 

LENGTH 

(deg) 

(deg) 

MISS (deg) 

DISTANCE (deg) 

CONCENTRATION 

AZWIDTH (deg) 

x = sec(z) - 1 

Table 2.1 

Parameter Cut-offs 

Zone 1 

< 0.21 - 0.17x 

< 0.35 - 0.13x 

< 0.17 

> 0.65 

> 0.72 + 0.28x 

< 0.21 - O.llx 
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Zone 2 

< 0.19 - 0.20x 

< 0.33 - 0.13x 

< 0.22 

> 0.83 + 0.04x 

> 0.72 + 0.31x 

< 0.20 - O.llx 

and z = zenith angle 
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alone is very efficient in selecting gamma-ray-like events; 

this is what was expected because it combines both MISS and 

WIDTH. Nevertheless, the other parameters and multiple 

parameter selection should give supporting evidence of the 

effect seen in the AZWIDTH. The confidence in the 

simulations rests upon the excellent agreement between the 

simulated distributions of the parameters of the proton

initiated showers and the obserJc; distributions. 

2.5 The Whipple Observatory Gamma Ray Telescope 

The Whipple Observatory 10-m optical reflector (Figure 

2.7) is located on Mt. Hopkins (2320 m elevation; longitude 

110° 53.1' W, latitude 31° 41.3' N) in Southern Arizona. 

Since fall 1983, it was used as an imaging Cherenkov 

detector with 37 photomultiplier tubes installed at the 

focus of the reflector in a hexagonal array. The 

characteristics of the 10-m reflector are summarized in 

Table 2.2. Although the resolution (0.15°) is crude by 

optical astronomy standards, nonetheless it matches the 

structure of the Cherenkov images for gamma rays predicted 

by the Hillas simulations. The point spread function (the 

intensity of the image due to a point source at infinity as 

a function of the position in the image) has been calculated 
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Figure 2.7 Picture of the lO-m reflector. The 37-element 
detector is inside the box (upper left corner), which is at 
the focus of the reflector. 
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Table 2.2 

Details of the Whipple Observatory 10-meter Reflector 

Aperture: 10 m (75 m2 collection area) 

structure: Tesselated, 248 hexagonal mirror elements mounted 
on a spherical frame (7.4 m radius of 
curvature) . 

Mirror Elements: 60 cm wide, ground glass, 1 cm thick with 
a spherical figure (14.8 m radius of 
curvature), front aluminized with Si02 
overcoating. 

optical characteristics: 7.4 m focal length, f/0.7, 12.5 cm
degree- 1 plate scale, angular 
resolution - 0.2°. 

Mount: Altitude over azimuth, 0.04° digital shaft 
encoders, tracking to ± 0.1° under computer control. 

Comment: Due to the spherical structure of the reflector, 
the minimum pulse width is 6 ns, the typical mirror 
reflectance is 60 to 80%. 
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and agrees with the measured values for both axial rays and 

rays 1.5° off axis (Lewis et ale 1987). The FWHM of the 

point spread functions of both kinds of ray are 0.15°, but 

the off-axis rays point spread function is skewed with the 

longer tail pointing away from the center of the field of 

view. This is caused by the outer mirrors whose pointing is 

not optimized for off-axis rays. A typical plot of the 

point spread function is shown in Figure 2.8. 

At the focus of the 10-m reflector, there is a camera 

consisting of 37 photomultiplier tubes arranged in hexagonal 

array to record the Cherenkov image. The tubes are 5-cm RCA 

6342A/V1 (Sll photo-cathode) spaced at 0.5° center-to

center. There are dead spaces between photocathodes partly 

due to circular cross-section and partly due to the magnetic 

shield cylinders. About 50% of the light is lost in the 

dead spaces. This pixel scale is bigger than the angular 

resolution of the 10-m reflector. Despite the crudeness of 

the camera, it is very effective in differentiating the two 

kinds of showers based on the angular distribution of the 

Cherenkov light as demonstrated by this work. The camera 

has been upgraded to better match the angular resolution of 

the 10-m reflector by reducing the angular spacing to 0.25° 

using 109 smaller photomultiplier tubes (Lewis et ale 1987) 
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(top) and at the edge of the mirror (bottom). The x-axis is 
the azimuthal angle between the axis of the mirror and the 
Polaris. 
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since April 1988. The data in this work were taken with the 

original 37-element camera. other characteristics of the 

this camera are listed in Table 2.3. 

2.6 Data Acquisition Electronics 

The signals from the photomultiplier tubes go through 

50 m long RG58 coaxial cables from the 10-m reflector to a 

nearby control room. The d.c. components of the signal go 

to a servo control circuit (see below) whereas the fast 

pulse components go through amplifiers (LeCroy 612) before 

processing. A schematic diagram of the processing 

electronics is shown in Figure 2.9. All the electronics 

are CAMAC controlled. 

One of the two outputs of each amplifier passes through 

a 50 ns delay cable before the pulse signal is digitized by 

an analog-to-digital converter (ADC) (LeCroy 2249A). The 

gate of the ADC is opened whenever the trigger condition ( 

> 1-fold coincidence of the inner 19 channels) is satisfied. 

To determine the trigger condition, the second outputs of 

the inner 19 channels of the amplifiers are fed into 

discriminators (LeCroy 6238) which send logic pulses to a 

multiplicity logic unit (HLU) (LeCroy 4532) whenever the 



Table 2.3 

Details of the 37-element Detector. 

Configuration: 37 two-inch photomultiplier tubes in a 
hexagonal array, 0.5° center-to-center 
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Detectors: RCA 6342A/V1 (511 photo-cathode), sensitive area 
0.36°, quantum efficiency 17% (380 nm) 

Spectral response: 300 nm to 660nm, peak at 440 nm. 

Performance: Gain - 1.6 x 105
, rise time - 3 ns. 

Comment: Due to the use of individual magnetic shields and 
the limited photo-cathode sensitive area - 50% of 
the light falling on the image plane is not 
detected. 
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outputs from the amplifiers exceed the preset discriminator 

trigger levels. The discriminator trigger levels are set at 

just above the intersection of the night-sky noise spectrum 

with the Cherenkov light spectrum from the background 

showers. The triggering level corresponds to about 50 

photoelectrons. A typical spectrum is shown in Figure 2.10. 

The MLU is set at > 1 coincidence level within 10 ns 

duration. Whenever an event satisfies the trigger 

condition, an event trigger pulse is generated by the MLU 

and is fanned out to the gates of the ADCs. All 37-channel 

signals are then read in by the ADCs. The 10-bit ADC has a 

gate period of 45 ns which is long enough to include the 

whole Cherenkov light pulse without accepting too much night 

sky background. The second outputs from the discriminators 

will go to the scalers (LeCroy 4434) which count the number 

of events exceeding the 50 photoelectrons threshold for each 

channel. 

Relative timing information together with the digitized 

ADC signals of each channel are read into a Digital 

Equipment Corporation LSI 11/73 computer. Absolute timing 

pulses from a sidereal clock and a WWVB radio receiver are 

recorded at sidereal minute interval and Coordinated 

Universal Time (UTC) minute interval respectively. At each 
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sidereal minute mark, the values of the scalers of each 

channel are also loaded into the computer. In spring 1987, a 

rubidium clock was added to cross check the WWVB radio 

receiver. The arrival times of the events are kept with 

absolute timing accuracy better than 0.5 ms and the relative 

timing is better than 1 ~s. 

To compensate the brightness of different parts of the 

sky and to maintain a stable trigger condition, the d.c. 

component of the signal from each photomultiplier tube is 

used for servo control of the current of the tube by 

adjusting the brightness of a LED on the window of the tube. 

with the servo LED, the current of the photomultiplier tube 

is fairly constant regardless the brightness of the night 

sky. Without the servo LED, the current of the tube due to 

the night sky background is about 6.8 ~A. The servo LED adds 

about 20% more current. The servo LED is necessary for 

unbiased comparison between the source region sky (ON) and a 

control region sky (OFF). However, the LED introduces more 

noise. stars brighter than +3 magnitude exceed the ability 

of the servo LED to control the current. In that case, that 

tube is turned off in the ON scan and the corresponding OFF 

scan. Otherwise the high count rate due to the bright star 

would overflow the buffer of the data acquisition 



electronics and would cause the computer to crash. 

2.7 Performance of the Data Acquisition System 

It is essential to understand the gains and noise of 

the system in order to make good simulations and to make a 

comparison with the measured parameters. 
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The simulated images are expressed in number of 

photoelectrons whereas the measured images are in digital 

counts given by the ADCs. The conversion factor can be 

found by following the signals through the data acquisition 

system. First, the fast pulse signals from photomultiplier 

tubes suffer about 30% loss when they pass through the 50 m 

long RG58 cable. They are then amplified 10 times before 

going to the ADC. The average current gain of the RCA 

6342A/V1 at typical working voltage of 1200 V is 0.155 X 

106
• The full scale output (1024 digital counts) of the ADC 

corresponds to 256 pC. Therefore the conversion factor, a, 

is given by 

a = G x (1.6 X 10'19 C / electron) x 10 x 0.7 

x (1024 / 256 pC ) (2.4) 
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where G = current gain of photomultiplier tube. The number 

of digital counts Ej recorded in channel i consisted of 

(2.5) 

where Ej = counts recorded in an event in channel i 

Sj = counts due to Cherenkov light signal of the 

shower in channel i 

Bj = counts due to night sky light in channel i 

P j = counts due to pedestal (residual counts of 

the ADC in the absence of analog input) in 

channel i 

Since each part is independent, the variation, 2 a , 

2 2 + a 
2 2 (2.6) a = a S- + a p_ Ej 1 Bj 1 

2 is due to electronic noise of the system. It is a p_ 
I 

determined by measuring the standard deviation of the 

pedestal which is the residual counts present when the high 

voltage of the tube is turned off. It is found to be 0.5 

digital counts and is negligible. 02B_ is due to night sky 
1 

light fluctuations. It is measured by the standard 
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deviation of the digital counts when the camera is 

artificially triggered by 10 Hz square pulses and is looking 

at the sky with high voltage turned on. Because the camera 

is artificially triggered at regular intervals with lout of 

19 coincidence level, most of the events are just night sky 

light with a very small chance of recording a Cherenkov 

shower. These counts are referred to as sky pedestals. The 

standard deviation is found to be 4.7 digital counts and is 

about 1.5 times the Poisson value. 02S' is caused by the , 
fluctuation of the signal. It can be determined in the 

following way. A fast nitrogen flash lamp uniformly 

illuminates the tubes (The nitrogen flash lamp resembles the 

spectral content of the Cherenkov light and provides a 

higher degree of uniformity and control ability). About a 

thousand events are accumulated so that there are enough 

statistics for the fluctuations. The deviation in the 

signal of an individual tube from the average of all 37 

tubes is a measure of the fluctuation of that tube. It is 

found that most channels have a standard deviation of about 

1.3 times the Poisson deviation of the photoelectrons. 

Both the sky noise and the signal noise are bigger than 

the Poisson deviations as expected. This is because the 

secondary emission at the dynodes contributes additional 
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fluctuations. It was shown that the secondary electrons 

emitted from the dynodes follow a distribution called the 

Polya or compound Poisson distribution which has a Poisson 

distribution at the limit of minimum fluctuations and 

exponential distribution at the other end (RCA 

photomultiplier handbook 1980; Prescott 1966; Dietz 1967). 

Mainly, there are two contributing factors to the non-ideal 

Poisson fluctuations at the anode. The first one is that 

the cascade of the event introduces non-Poisson fluctuations 

even though the secondary emission at each dynode follows 

Poisson statistic. The other factor is that the dynode is 

usually not physically uniform. Each small element of the 

dynode may have Poisson distributed secondary emission but 

each element has different mean values. The total emission 

is then a compound Poisson distribution consisting of 

different mean values. The limits of the standard 

deviations should be between 1.1 and 1.9 times the deviation 

due to the Poisson deviation at photocathode only. 

When the camera is operated with a 2-fold coincidence 

trigger at the zenith, the typical trigger rate is about 3 

Hz. The events are mostly nucleon-initiated showers. The 

rate then decreases as (sec (z» ·2.5 where z is the zenith 

angle. This is because the threshold energy of the detector 
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increases as zenith angle increases. There are occasional 

events triggered by cosmic-ray particles passing through two 

adjacent tubes at only 0.01-0.03 Hz. 

2.8 Operation 

At the beginning of the nightly routine observation, 

the timing and the pointing accuracy are checked. Then 

calibration files are taken. These files enable one to 

produce pedestal values and relative gain factors of all the 

tubes for use in data reduction as well as providing a 

monitor of the performance of the system on a nightly basis. 

To record the pedestal values, a pedestal file is taken with 

the system artificially triggered by 10 Hz square pulses and 

with high voltage turned off. Then a sky pedestal file is 

taken the same way as the pedestal file but the high voltage 

is turned on and the camera is pointed up at the sky. This 

file records the fluctuation of the signal due to night sky 

light. A nitrogen file is taken with an Optitron nitrogen 

flash lamp which gives very short light pulses of uniform 

intensity to flatfield the 37-element detector. This file 

will be used for compensating the different responses of the 

tubes in the calibration procedures. Finally, a 15-minute 

run at the zenith is taken with the camera in its normal 
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coincidence mode. This gives a reference rate for each night 

of operation. These files are analyzed on-line so as to 

alert the operators immediately for any system malfunction. 

The 10-m reflector is then moved on to the source for 

data taking. There are three modes of observation. 

(a) ON/OFF mode: The source is tracked, usually for 28 

sidereal minutes. Then in 2 minutes, the reflector is 

slewed back to a control background region of the sky which 

is 30 sidereal minutes away from the source. The 'OFF' 

region is tracked for the same duration and covers the same 

range of azimuth and zenith angles so that the rates have 

the same zenith angle dependence. This mode is best for 

D.C. excess analysis. However, the duty factor is less than 

50%. 

(b) Tracking mode: The source is tracked continuously for 

one or two hours. In this mode, it is difficult to have a 

reliable measure of the background rates. The sensitivity of 

detection of gamma rays depends on the periodic nature of 

the gamma rays. This mode works efficiently for periodic 

sources. The duty factor is 100%. 
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(d) Drift scan mode: The reflector is kept fixed and the 

earth's rotation lets the reflector sweep across the source 

region of the sky. Because the source is not always at the 

center of field of view of the reflector, this mode is 

difficult to use for the imaging technique and therefore it 

is not used. 

Observations are done only on clear nights without 

moonlight. The source is observed as long as the zenith 

angle is smaller than 45°. At larger zenith angle, the 

rates are too low and the imaging technique is less 

efficient for differentiating the two kinds of shower. The 

data acquisition is monitored by an on-line computer 

program. 

2.9 Data Processing 

Preliminary raw data are processed in the following 

steps: (a) image calibration; (b) noise reduction; (c) image 

parameterization and (d) candidate gamma-ray event selection 

(Figure 2.11). The resulting images are then used to look 

for an excess from the source direction or to search for 

periodicity in the data. 
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Figure 2.11 Succe •• ive step. in data processing 
(continued on next page) 
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(a) The pedestal values are subtracted from each pixel of 

the raw image. Gain factors are applied to all tubes to 

compensate for the slightly different response of the tubes. 

The gain factors are derived by normalizing the integral 

pulse height spectra of the shower events of each tube in a 

given ring and by normalizing the response of each ring 

using the mean pulse heights of the nitrogen file (Gibbs, 

1987). The use of shower events in normalizing the gain is 

to compensate for the spectral difference between Cherenkov 

light and the nitrogen flash lamp. The nitrogen flash lamp 

provides uniform illumination, which is ideal for 

normalizing the gains of all tubes. However, the shower 

event pulse height spectra are expected to be the same only 

for tubes in a given ring because of azimuthal symmetry in 

the focal plane; this is not true for tubes in different 

rings because the tubes near the center are biased to be 

more sensitive to the showers due to the triggering 

geometry. Therefore, the nitrogen events are needed to 

normalize the gains of the different rings. 

(b) The night sky light is recorded together with the 

Cherenkov light pulse. It contaminates the shower image and 

distorts the image parameters. This effect can be reduced 

by eliminating the pixels that have digital counts less than 



10 (14 photoelectrons) or 1% of the total. These criteria 

are suggested by simulations. 

(c) The parameters of the cleansed image are found as 

prescribed in Appendix 2. 
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(d) They are tested for gamma-ray candidacy as in Table 2.1. 
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CHAPTER 3 

ANALYSIS OF DATA FOR STEADY EMISSION 

3.1 Data Base 

The Crab Nebula was observed with the Whipple 

Observatory 10 meter gamma ray telescope during two 

successive moonless periods from December 1986 to February 

1987 and five successive moonless ~eriods from October 1987 

to February 1988 using the 37-element array camera. A total 

of 213 pairs of ON/OFF scans data were accumulated. The ON 

scans and OFF scans are 28 minutes each. A preliminary 

analysis was done to look at the minute by minute 

coincidence rates, the singles rate of each tube, the actual 

duration of the scan, and the pulse height distribution of 

all 37 tubes. This information, together with the nightly 

log sheets, enables one to discover any anomaly in the data 

due to error in operation, computer and electronic 

malfunction, or weather condition deterioration during a 

scan. As a result 38 pairs were rejected before more 

detailed analysis, including parameterization and imaging 

selection, was carried out. This objective selection 

removes any known bias that may cause systematic effects in 



subsequent analysis. The remaining data are summarized in 

Table 3.1. 

3.2 statistics of D.C. Analysis 
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The detection of steady (D.C.) flux from a source 

requires a reliable measure of background noise so that 

excess flux from the source region can be identified without 

ambiguity. However in Very High Energy gamma-ray astronomy, 

the gamma rays are detected against the more numerous cosmic 

ray background even in the ON source region. In order to 

evaluate the reliability of the positive detection, 

statistical methods are needed to quantify the detection. 

The statistics has been discussed by Li and Ma (1985). 

Here, we only give a brief review of the special case in 

which the durations of the ON scan and OFF scan are equal. 

Let Non and Noff be the number of events in the ON scan 

and OFF scan respectively. Then the signal is 

(3.1) 
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Table 3.1 

Observation Summary 

Date ON/OFF ON scan OFF scan Diff- Significance 
pairs events events erence S 

Non Noff N.=Non-Noff in sigma 

Dec, 1986 21 97,306 97,782 -476 -1. 08 

Jan, 1987 32 123,292 122,917 +375 +0.76 

Oct, 1987 10 34,534 34,689 -155 -0.59 

Nov, 1987 52 182,790 182,308 +482 +0.80 

Dec, 1987 12 46,191 45,847 +344 +1.13 

Jan, 1988 16 59,643 59,471 +172 +0.50 

Feb, 1988 32 109,218 108,787 +431 +0.92 

All 175 652,974 651,801 +1,173 +1. 03 



The variance of the signal 02N is 
s 

(3.2) 

where 02N and 0
2 are given by Non and Noff, respectively, 

on Noff 

assuming Poisson statistics. Then the standard deviation 

ON of the signal is 
5 

ON 
5 

(3.3) 

The statistical significance, S in number of standard 

deviations oN (sigma), is defined as 
5 

(3.4) 

If both Non and Noff are bigger than 10, then S is 

approximately distributed as a Gaussian distribution with 

zero mean and unit variance. A statistically significant 

detection has large value of S. For example, a 1 sigma 

level detection has a probability of only 68.3% of being 

77 

true, whereas a 3 sigma level detection has a probability of 

99.7% of being true. 
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3.3 Raw Data Analysis 

In the 175 ON/OFF pairs, there are 652,974 raw (no 

image selection) events in the ON scans and 651,801 in the 

OFF scans before imaging was applied. The excess from the ON 

region is 1,173. Using (3.4) the statistical significant is 

1.03 standard deviations, which is not significant. A 

breakdown by dark periods also shows no sign of a 

significant excess (see also Table 3.1). 

The raw events were separated into different zones. 

Only tubes in zones 0, 1 and 2 are involved in the trigger. 

All zones show a net excess except zone 3 (Table 3.2). In 

the image selection, only events with maximum intensity in 

zone 1 and zone 2 are used as explained in section 2.4. It 

is interesting to note that the ratio of zone 0 events to 

zone 1 events is almost exactly 1:6 as expected from the 

ratio of the number of tubes in these two zones. Zone 2 

events are less than the number of events if it is scaled up 

by the number of tubes. This is because zone 3 is not in 

the trigger. Events falling on the outer edge of zone 2 will 

less likely be registered. Again zone 3 events are far less 

than the number scaled up by the number of tubes. The 

events there probably have their tails of the images 
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Table 3.2 

contribution by Image Zones 

Image Zone Non Noff Ns Significance 

0 32,758 32,661 +97 +0.38 

1 197,120 196,859 +261 +0.42 

2 280,498 279,130 +1,368 +1.83 

3 142,598 143,151 -553 -1.03 
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extended to zone 2 in which the events are triggered. 

3.4 Image Selection 

3.4.1 Parameter AZWIDTH 

The data was first gone through noise rejection, and 

parameterization as described in section 2.10. The AZWIDTH 

of the parameterized events is used to select whether the 

event is gamma-like or proton-like according to the 

criterion determined by simulation. The result of this 

selection is summarized in Table 3.3. There are a total of 

9,092 gamma-like events in the ON runs and 7,929 in the OFF 

runs with statistical significance of 8.91 standard 

deviations. This highly statistical significance result is 

not generally reached in VHE gamma ray source detection. 

To ensure the integrity of the result, it was checked 

in the following ways: 

(1) 98% of the raw events are rejected by the AZWIDTH 

selection criterion in agreement with the simulations. 
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Table 3.3 

Discrimination by AZWIDTH for 1986-88 epoch 

Non Noff % Raw + % • Significance Ns Noff 

No Selection (Raw) 

652,974 651,801 100.0 +1,173 0.2 +1. 03 

AZWIDTH Selection 

9,092 7,929 1.2 +1,163 14.7 +8.91 

Noff (selected) 
+ % Raw = x 100% 

Noff (raw) 

• Ns (selected) 
% Noff = x 100% 

Noff (selected) 
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(2) The distribution of the parameter AZWIDTH of the data 

agrees with the distribution of the simulated events. This 

gives us confidence in the simulations. Figure 3.1 shows 

the distribution of AZWIDTH of all the ON and OFF runs 

events together with the difference of the distribution of 

AZWIDTH values from 0° to 3.5°. The difference of the ON 

and OFF values is also shown in the number of standard 

deviations throughout the whole range of the AZWIDTH values 

in Figure 3.2. 

(3) The total number of excess events of 175 pairs is 

broken down by individual run. The distribution of the 

excess in each pair in terms of the number of standard 

deviations is plotted in Figure 3.3(a). It can be seen that 

the overall excess is not concentrated in only a few pairs 

but it is normally distributed with the mean at about one 

sigma. 

(4) The gamma domain is at the lower AZWIDTH end of the 

distribution. The number of events in this end of the 

distribution is small (only -2\). Any statistical 

fluctuation in the whole distribution may cause this end of 

the distribution to be unstable and the detection that 

depends on this lower end could be a statistical fraud. It 
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Figure 3.1 The distributions of events in AZWIDTH (zone 
1 and zone 2 combined, zenith angle < 30°). The difference of 
Non and Noff is ,shown in the inset. 



(fj 

c: 
0 

..,....l 

cO 

> 
Q) 

~ 

u 
~ 

cD 
U 
c: 
~iJ 

..,....l 

cn 

f) 

11 

.) 
I I~ 

0 

21 
o 

84 

! 1 , : r r I 

,I 

'J . (~ .il .f) .B 1 1 .:~ 
i\/.WIDTII (degrees) 

Figure 3.2 The distribution of the excess (Non - Noff) 
events selected by AZWIDTH expressed in standard deviations 



85 

G5 

r 
I 

GO I (a) 

Vl 
~ ..... 15 til 
0.. 

'-' 
0 

0 
10 

'/. 

: , 
[") 

! . 
I 

() j _.1 L .. 

,1 .) () .) ,1 ,~ ,~ 

'il~rnit 

H 

f). (b) 

u; 
~ 

til 
0.. 

'-' ;1 I 

0 

0 
Z 

'~ I '-' 

I 

()l .. j l .. : I 

() 

'ilglIlil 

Figure 3.3 The distributions of significance of each 
ON/OFF scan in sigma using AZWIDTH selected events. AZWIDTH 
< 0.210 (solid lines). AZWIDTH > 0.7 0 (dotted lines). (a) all 
175 ON/OFF pairs on the Crab. (b) 36 ON/OFF pairs on the 
control region. 



86 

is important to see how stable both ends of the distribution 

are. We have used a cut (AZWIDTH > 0.7°), to select 

approximately the same percentage of events in the upper end 

as the gamma-ray domain cut (AZWIDTH < 0.2°) did in the 

lower end. The result is summarized in Table 3.4. There is 

no significant excess (0.56 sigma) in the upper end of the 

distribution. The result is plotted in Figure 3.3(a) the 

same way as the gamma domain events did in (3). The excess 

of events, using the upper end cut, expressed in number of 

standard deviations, is again normally distributed but the 

mean is at about zero. 

(5) The wide field of view (3.5°) of the detector also 

includes the star Zeta Tau (magnitude V = 3.00) about 1° 

from the Crab in the ON region. To eliminate the effect of 

the star, we turn off the high voltage supply to the tubes 

that see the star. The same tube is turned off in the 

corresponding OFF scan. Hore details about the effect of 

turning off the tubes will be discussed in (6). To further 

assure that the gamma-ray signal is not caused by some 

second order effect due to the star, from Dec 1987 to Feb 

1988 we also observed two control regions of the sky, each 

of which had a star of comparable magnitude and same 

relative orientation as Zeta Tau, on the same nights that we 
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Table 3.4(a) 

Selection at large and small values of AZWIDTH 

Crab result summary: 

(1) Database 175 ON/OFF pairs reported 

(2) Raw events Noo = 652,974 

AZWIDTH < 0.2 0 

Zone 1 

Non 5,715 

Noff 5,126 

Zone 2 

3,377 

2,803 

Sum 

9,092 

7,929 

Ns = 1163 

Significance = 8.91 

% Raw = 1.22 

Noff = 651,801 

AZWIDTH > 0.7 0 

Zone 1 

6,607 

6,540 

Zone 2 Sum 

8,556 15,163 

8,526 15,066 

Ns = 97 

Significance = 0.56 

% Raw = 2.31 
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Table 3.4(b) 

Selection at large and small values of AZWIDTH 

Control sources result summary: 

(1) Database 36 ON/OFF pairs reported 

(2) Raw events Noo = 126,460 N off = 125, 146 

AZWIDTH < 0.2 0 AZWIDTH > 0.7 0 

Zone 1 

1,082 

1,039 

Zone 2 

579 

583 

~ 

1,661 

1,622 

Ns = 39 

Significance = 0.68 

% Raw = 1.30 

Zone 1 Zone 2 

1,636 1,741 

1,579 1,752 

Ns 

Significance 

% Raw 

SJ.lm 

3,376 

3,331 

= 45 

= 0.55 

= 2.66 
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observed the Crab using the same operating conditions. 

43 ON/OFF pairs of data were accumulated. After 

initial inspection of the quality of the data, 36 pairs were 

accepted for imaging analysis. The result is summarized in 

Table 3.4(b). There is no significant excess in either the 

raw data or the cut data indicating no gamma ray signal as 

expected. This set of control data is also subjected to the 

same tests described in (3) and (4). The test results are 

summarized in Table 3.4(b), and they are plotted in Figure 

3.3(b). All these tests show that the star light of Zeta 

Tau does not bias the selection of the gamma-like events. 

(6) The star will sweep across the tubes in zone 2 because 

of altitude-azimuth mount tracking. The tubes, that see the 

star light, fire at very high rates overflowing the data 

acquisition buffer. The high voltage supply to the tubes was 

turned off before the scan started to ensure normal data 

acquisition. There are a maximum of two tubes turned off at 

anyone time and always the same tubes were turned off in 

the corresponding OFF run. 

Zone 3 tubes occasionally have a very dim star, which 

is not bright enough to overflow the buffer but is bright 
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enough to show up as a noisy pulse height spectrum at small 

pulse heights because there is no servo light in zone 3. 

These tubes were not turned off during the observations but 

they were ignored in the parameterization. Up to a maximum 

of six tubes, mainly in zone 3 and including those that were 

turned off during observation, were ignored. In most cases 

only 2-3 tubes were ignored. The tubes that were ignored in 

the ON scan were also ignored in the corresponding OFF scan. 

The blank tubes in the image may first make one think 

that it will bias the selection of compact showers which is 

more likely to be a gamma-shower. However, the inclusion of 

the noisy tube will distort the reconstruction of the 

direction of the showers. The radial orientation of the 

gamma showers may be randomized. We tested the importance 

of these two factors first by ignoring all the tubes in zone 

3 and then ignoring only those tubes that were turned off 

during observations. 

We chose the Oct and Nov 87 dark periods for this test. 

The results are summarized in Table 3.5. It can be seen 

that the inclusion of the noisy tubes diminishes the 

selection of the gamma-like events. On the other hand 

excluding tubes that are not noisy has the same diminishing 
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Table 3.5 

Effect of blank tubes in the image 

Epoch: Oct 1987 to Nov 1987; ON/OFF pairs: 62 

% Raw Significance 

No selection (Raw) 

217,324 216,997 100.0 327 0.2 0.50 

AZWIDTH selection 
(Only noisy tubes in Zone 3 and tubes which were not used 
during observation are excluded) 

3,278 2,852 1.3 426 14.9 5.44 

AZWIDTH selection 
(Only tubes which were not used during observation are 
excluded) 

2,754 2,524 1.1 230 9.1 3.17 

AZWIDTH selection 
(All tubes in Zone 3 and tubes which were not used during 
observation are excluded) 

6,236 5,805 7.4 431 7.4 3.93 



effect which is probably due to throwing away too much 

information on the shower. Only ignoring the noisy tubes 

will have the optimum selection efficiency. 
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(7) The comparison of the ON and OFF regions using a single 

reflector requires the observing choice of doing ON before 

OFF or OFF before ON. In order to avoid systematic bias or 

drift in the detection system both modes of observation are 

used. In the final 175 pairs of the final data base, 46 

pairs were taken with OFF scan before ON scan. The result 

is shown in Table 3.6. One can see that the excess is quite 

significant and is independent of the order of ON scans and 

OFF scans. 

(8) From the distribution of the parameter AZWIDTH, one can 

note a small hump at the beginning of the distribution (see 

Figure 3.1 inset). It is most likely caused by cosmic rays 

going through the photomultiplier tubes. Cuts were made to 

eliminate those cosmic-ray events to see what effect they 

caused in the detection of gamma rays from the Crab. From 

the distribution of the parameter, we can define empirically 

the cosmic-ray domain to be AZWIDTH < 0.02°. A sample of 

the data was re-analyzed in the same fashion as before 

except for the inclusion of the cosmic-ray cut. The result 
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Table 3.6 

Effect of the sequence of ON scan and OFF scan 

Epoch: Nov 1987 to Feb 1988: ON/OFF pairs: 46 

% Raw Significance 

No selection 

161,641 161,163 100.0 478 0.3 0.84 

AZWIDTH selection 

2,427 2,163 1.3 263 12.2 3.88 

Table 3.7 

Effect of cosmic-ray cut 

Epoch: Oct 1987 to Nov 1987: ON/OFF pairs: 62 

Zone 1 Zone 2 

Non Noff Non Noff significance 

With cosmic- 1,817 1,612 1,030 874 4.9 
ray Cut 

without cosmic- 2,117 1,866 1,161 986 5.4 
ray cut 
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of Oct and Nov dark periods of 1987 is summarized in Table 

3.7. About 14% of the events passed in zone 1 and 11.3% in 

zone 2 are cosmic-ray-like events. The percentages are 

roughly the same in both ON and OFF. Although the 

significance is decreased, it is only by about half sigma. 

From this test, we can see that the cosmic ray events did 

contaminate the gamma-ray signals seen in the Crab. 

However, the elimination of the cosmic-ray-like events also 

eliminates some of the gamma-ray events. Parameters like 

WIDTH, LENGTH, and CONCENTRATION are also affected by the 

cosmic-ray events, but again, the effect is small. The 

parameters, MISS and DISTANCE, are not affected by the 

cosmic ray events because of the nature of the parameters. 

(9) There are hundreds of thousands of events to be 

analyzed, all of which are analyzed without actually seeing 

the images. To ensure that there is no bug in the analysis, 

some of the events were printed out in hardcopy for visual 

inspection. 

3.4.2 Other Parameters 

The simulations run by Hillas (1985) also suggest other 

parameters for discriminating the proton-like showers from 
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the gamma-like showers. The discrimination is seen in other 

parameters and in the combination of the parameters. The 

results are summarized in Table 3.8. 

The AZWIDTH is a combination of WIDTH and MISS, 

therefore any real effect should also be seen in WIDTH and 

MISS. This is shown to be the case although MISS is not as 

effective as the WIDTH. Nevertheless, the number of excess 

events using MISS is comparable to that of AZWIDTH. 

The parameter LENGTH is related to the longitudinal 

development of the shower. It is independent of WIDTH which 

is related to the lateral development of the showers. The 

discrimination by LENGTH provides further evidence that the 

excess is photonic in nature. 

The parameter CONCENTRATION is a combination of WIDTH 

and LENGTH. The excess seen here is no surprise. The 

parameter DISTANCE is the weakest parameter to differentiate 

the two kinds of shower in the simUlations. It is shown to 

be the case here. 

The simUlation also predicts good selection efficiency 

if the event satisfies more than one parameter criterion. 



Table 3.8 

Discrimination by other parameters and 
multiple parameters 

Epoch: 1986-1988; ON/OFF pairs: 175 

Parameter % Raw 

WIDTH 73,191 71,907 11.03 +1,284 1. 79 

MISS 91,737 90,631 13.90 +1,106 1. 22 

LENGTH 25,868 24,931 3.83 +937 3.76 

CONC. 15,222 14,206 2.18 +1,016 7.15 

DISTANCE 153,860 153,063 23 .. 48 +797 0.52 

4/6 8,256 7,285 1.12 +971 13.33 

2/3 (AZWIDTH 10,439 9,485 1.46 +954 10.06 
LENGTH, CONC. ) 

2/3 (AZWIDTH 18,789 17,538 2.69 +1,251 7.13 
LENGTH, WIDTH) 

4/5 (except 4,379 3,623 0.56 +756 20.87 
DISTANCE) 
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Signif. 

+3.37 

+2.59 

+4.16 

+5.92 

+1. 44 

+7.79 

+6.76 

+6.56 

+8.45 
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Indeed the 4/6 selection gives quite good discrimination. 

An empirical 4/5 selection excluding DISTANCE gives an even 

better discrimination. Two other combinations have been 

tried: 2/3 (LENGTH, AZWIDTH, CONCENTRATION) and 2/3 (LENGTH, 

AZWIDTH, WIDTH). They both show a significant excess. 

However, the combinations of the parameters are quasi

independent. It is difficult to assess the contribution 

from each parameter. Therefore they are not used in the 

final assessment of the detection. 

3.5 Further Analysis 

(1) The data are separated according to the zenith angle of 

observation. One group is greater than 30° and the other is 

less than 30°. The result is shown in Table 3.9. After 

normalization of the time of observation, the significance 

of the group with zenith angle greater than 30° is 2.59 

sigma and the other group is 9.32 sigma. Clearly, the 

selection by AZWIDTH is more efficient at smaller zenith 

angles. This is easy to understand. For a shower at larger 

zenith angle, the distance between the detector and the main 

source of Cherenkov light emitting region (the region close 

to the shower maximum) is longer. Therefore the angular 
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Table 3.9 

Distribution with zenith angle (1986-88) 

Selection Significance 

(a) Zenith angle < 300 (116 ON/OFF pairs) 

No (raw) 472,426 47i,445 +981 +1. 01 

AZWIDTH 6,708 5,671 +1,037 +9.32 

(b) Zenith angle > 30° (59 ON/OFF pairs) 

No (raw) 186,548 189,356 +192 +0.32 

AZWIDTH 2,384 2,258 +126 +1.85 
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size of the shower seen by the detector is smaller. If the 

angular resolution of the detector is not good enough to 

resolve the details of these large zenith angular showers, 

the detector is less likely to be triggered because the 

showers have smaller angular size; the ability of the 

imaging technique to discriminate the two types of shower 

also decreases because the detector cannot resolve the 

details of the showers. 

(2) The whole database (175 ON/OFF pairs) is broken down by 

the total digital counts (d.c.) in the image. This is shown 

in Table 3.10(a). Notice that the biggest effect is seen in 

the range 300 d.c. to 1000 d.c. indicating that the signal 

is not caused by events close to the triggering level which 

are more likely influenced by noise. 

A similar check was done on a smaller sample of the 

data. We simply split the data into two groups according to 

their size. One group has about 15% of the total unselected 

events at the smaller end of the size distribution and the 

other group has the other 85%. The boundary is at about 200 

d.c. The result is shown in Table 3.10(b). The larger size 

group has significance of 2.8 sigma whereas the smaller size 

group has only 1.8 sigma. Again the effect is not 



Table 3.10 

Breakdown by the size of the shower 

( a) Epoch: 1986-88; ON/OFF pairs: 175 

No selection AZWIDTH selection 

Non Noff Ns Signif. Non Noff Ns Signif. 

Size < 300 d.c. 

163,057 161,813 +1,244 +2.2 6,719 5,996 +723 +6.4 

300 d.c. < Size < 1000 d.c. 

339,693 339,937 +244 -0.3 1,929 1,535 +394 +6.7 

1000 d.c. < Size < 3000 d.c. 

119,924 119,523 +401 +0.8 401 370 +31 +1.1 

Size > 3000 d.c. 

30,000 30,528 -228 -0.9 43 28 +15 +1.8 

* 
Non (AZWIDTH) 

R = 
Noff (AZWIDTH) 

(b) Epoch: Dec 1987 ON/OFF pairs: 12 

AZWIDTH selection 

Size Distribution 

top 85% 

bottom 15% 

total 

356 

648 

1,004 

284 

583 

867 

Ns Significance 

72 2.85 

65 1. 83 

137 3.11 

100 

* R 

1.12 

1. 26 

1. 08 

1. 53 
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contributed to by the events close to the trigger level. 

The other information that we can extract is the gamma

ray spectrum of the source. Showers with larger total 

digital counts are related to more energetic primary gamma 

rays but the exact relation is not known until better 

simulations become available. But even with that, the 

problem is complicated by the effect of changing zenith 

angle. 

3.6 Discussion 

(1) In the early TeV gamma-ray observations of the Crab 

Nebula (Fazio et ale 1972), the observed flux had indicated 

some variability that could be associated with the glitch, 

the discontinuous change in rotation speed, of the pulsar 

period with a time delay of about six weeks. There was only 

one large glitch (in August 1986) between 1983 and 1988 

(Lyne and Pritchard 1987). 

We searched for variability on timescale of months (one 

dark period) in our data. Using AZWIDTH as discriminator, 
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the result is in Table 3.11 and is plotted in Figure 3.4. 

There is no evidence of variability on this time scale 

supporting the idea that the flux is steady over the period 

of observation. Our observations were started more than six 

weeks after the glitch in 1986. Therefore the possibility 

that the glitch is associated with the variation of the flux 

is still unproved. 

(2) The energy threshold and the collection area are 

determined by Monte Carlo simulations (Hillas 1985) for the 

response of the telescope at the zenith to a power-law 

gamma-ray source spectrum with differential exponent -2.25. 

The effective energy threshold is 0.5 TeV for zone 1 and 0.9 

TeV for zone 2. This is a factor of 1.25 greater than the 

values originally given in Hillas's simulations where an 

operating threshold of 40 photoelectrons was assumed instead 

of a later measured value of 50 photoelectrons. The 

collection area is (,.. x 882) m2 for zone 1 and (,.. x 1172) m2 

for zone 2. Both the threshold energy and collection area 

vary with zenith angle. To derive the flux, we choose the 

net excess selected by AZWIDTH for observations taken with 

zenith angles z < 30°. with 567 excess events in zone 1 and 

467 in zone 2, the flux is 1.8 x 10- 11 photons cm- 2 
S-l and 

the primary photon energy threshold is taken to be 0.7 TeV. 
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Table 3.11 

Monthly variation with AZWIDTH 

Month Non Noff % Raw N. % Noff Signif. 

Dec 1986 994 861 0.88 +133 15. 45± 5.03 +3.09 

Jan 1987 1,471 1,370 1.11 +101 7.37±3.90 +1.89 

Oct 1987 493 416 1. 20 +77 18.51±7.30 +2.55 

Nov 1987 2,785 2,436 1. 34 +349 14.33±2.98 +4.83 

Dec 1987 839 695 1. 52 +144 20.72±5.69 +3.68 

Jan 1988 791 704 1.18 +87 12.36±5.51 +2.25 

Feb 1988 1,719 1,447 1. 33 +272 18.88±3.92 +4.83 
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Figure 3.4 Monthly variation of (Non - Noff) /Noff 
of unselected (raw) and AZWIDTH selected events 
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The uncertainty of both values is estimated to be of order 

of 1.5, which is larger than the error due to statistical 

fluctuations of the data. 

(3) The results are compatible with an earlier observation 

(Gibbs 1987) in 1983 to 1985 in which a flux of (1.47 ± 

0.28) x 10- 11 photons cm- 2 s-1 above the threshold energy of 

0.6 TeV is seen but with a lower statistical significance of 

3.7 sigma. Again the threshold energy and the flux have an 

uncertainty of a factor of 1.5. In this early observation, 

some of the data were taken with a trigger configuration of 

one out of the seven inner tubes while the technique was 

still in the early stage of implementation. There were also 

drift problems in the earlier custom made electronics which 

is not as reliable as the present one that uses all 

commercial products. Although this earlier result did not 

have high statistical significant, nevertheless this earlier 

attempt was sufficient to encourage this later work. 
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CHAPTER 4 

ANALYSIS FOR PULSED EMISSION 

The Crab pulsar (a point source) is at the center of 

the nebula which has angular size of about 6 minutes of arc. 

Because they are so small, the angular resolution of the 

atmospheric Cherenkov imaging technique is not good enough 

to resolve them. However, if the emission has a periodic 

component with characteristic frequency of that of the 

pulsar, then the emission can be assumed to be coming from 

the pulsar. 

4.1 Data Base 

The data base for the periodicity analysis consists of 

175 ON scans that have already been included in the D.C. 

analysis. In addition to that, those ON scans, which are 

excluded in the D.C. analysis because the OFF scans are not 

matched, and some tracking scans with less clear sky are 

also included in this analysis. A total of 208 scans (5934 

minutes) of data are accumUlated. Table 4.1 summarizes the 

data base. 
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Table 4.1 

Observation Summary 

Date Scans Duration (min) 

Dec, 1986 26 728 

Jan, 1987 48 1,450 

Oct, 1987 10 280 

Nov, 1987 57 1,599 

Dec, 1987 15 421 

Jan, 1988 18 504 

Feb, 1988 34 952 

Total 208 5,934 



108 

4.2 Arrival Times 

The arrival times of the events recorded have to be 

corrected for the relative motion of the sun and the earth 

before their phases are calculated. This process, called 

barycentering (Figure 4.1), is to transform the arrival 

times on earth to an inertial reference frame at the center 

of ma~s of the solar system by adding or subtracting delay. 

To reduce computation times and to maintain reasonable 

accuracy, only one event in every 5 minutes is barycentered. 

The delays of the events in between are found by 

interpolation. 

The arrival times relative to the start of each scan 

are recorded by a fast clock of 1 MHz which gives 

microsecond accuracy together with a 1 Hz clock that keeps 

track of the rollover of the fast clock. At every sidereal 

minute and Coordinated Universal Time (UTC) minute, 

artificial events are injected into the system to mark 

absolute reference points of the relative timing. The UTC 

minute marks are provided by a WWVB radio receiver which 

picks up the signal broadcast from Fort Collins, Colorado. 

There is a delay of 3.73 ms from the broadcast station to 

the receiver. The UTC minute marks have an accuracy of 0.5 
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Figure 4.1 (a) The annual variation in pulse arrival 
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time due to the Earth's orbital motion round the Sun. (b) 
The amplitude of the variation is cos ~ s, where ~ is the 
ecliptic latitude of the pulsar. The phase of the sinusoid 
is used to determine ecliptic longitude. (Smith 1977) 
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ms. In the second observing season, a rubidium clock was 

added to cross check the WWVB receiver and to give an 

additional minute mark at the 30th sec of each UTC minute. 

The rubidium clock was physically brought to a nearby US 

Army base, Fort Huachuca, in Arizona for cross checking with 

a cesium atomic clock with an accuracy of < 100 ~s. The 

checking was done monthly and the clock drifts were well 

characterized. The accuracy of the absolute timing is well 

above the requirement of the Crab pulsar which has a spin 

period of about 33 ms. 

The event arrival time is then barycentered with the 

M.I.T. (PEP311) ephemeris (Ash et al., 1967). Then the 

phase ~ of the event at time t, measured with respect to the 

time when the phase of the pulsed emission is ~o, is given 

by 

t 
+ pz - (4.1) 

P 

where initial phases ~o, periods P, period derivatives Pare 

provided by the radio ephemeris of the pulsar (Lyne and 

Pritchard, 1988). 

To check the correctness of all these procedures, in 
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December 1987, we used an 61-cm optical telescope, situated 

about 100 m from the 10-m reflector, to observe the Crab 

pulsar. At the focus of the optical telescope, we put a 

photometer to record the optical signal of the pulsar and 

the signals were sent to the data acquisition system of the 

10-m reflector as if they were Cherenkov light pulse 

signals. The same procedures were used to record the 

optical signals and they were analyzed in the same way using 

the same software package used in the gamma-ray data. 

Figure 4.2 shows the light curves of the optical signal 

from the Crab pulsar in 6 detections each lasting for about 

10 minutes. The phase of the radio main pulse is at 0.2. 

The good agreement of the optical signal with the radio 

signal shows that the way we analyze the gamma ray data is 

correct. 

4.3 Analysis 

The real shower data are analyzed in the same way first 

without gamma-ray-like event selection (796694 events), and 

then with selection using AZWIDTH (10835 events). The phase 

of each event is calculated and they are plotted in a 50-bin 

light curve (Figure 4.3). To smooth out some of the 
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Figure 4.2 Six optical observations of the Crab pulsar. 
The radio main pulse is at phase = 0.2 
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Figure 4.3 Light curves from air shower data. 
AZWIDTH selected events: (a) 25 bins, (b) 50 bins 
Unselected events (raw) : ( c) 25 bins, (b) 50 bins 
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fluctuations, the same light curves are plotted again in 25 

bins. For the non-selected data, no peak can be found with 

sufficient statistical significance ( < 2 sigma). For the 

AZWIDTH selected data, a small broad peak is found but it 

does not coincide with the radio main peak. The chi-square 

test shows that the light curves conform to a random 

distributed light curve (Table 4.2). Making the same 

assumption as Wills et ale (1982) to define the pulsed 

emission phase, we can set the upper limits on the flux of 

the pulsed emission (Table 4.3). From the table we can see 

that there is not strong evidence of pulsed emission of TeV 

gamma rays from the direction of the Crab pulsar. 
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Table 4.2 

Chi-Square Test 

25 bins 50 bins 

AZWIDTH x2 = 23.34 x2 = 44.03 

Prob (> x2
) = 0.50 Prob (> x2

) = 0.62 

No Selection x2 = 21. 25 x 2 = 41. 88 

Prob (> x2
) = 0.67 Prob (> x2

) = 0.75 
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Table 4.3 

Periodicity Analysis Summary 

First Interpulse Second Background 
pulse pulse 

bin 9-13 14-27 28-34 35-8 

Azwidth total 
events 1,133 3,068 1,490 5,144 10,835 

Case I X X X 

Case II X X 

Case III X 

'Excess 2S igni f icance 
(sigma) 

2 Sigma 
1 imi ts (10-'2cm-2s -') 

Case I 118.3 1.1 1. 86 

Case II 55.0 0.5 1. 00 

Case III 29.7 1.6 0.58 

'Excess = NaN on - off 

ON time (pulse) 
where a = 

OFF time (background) 

2Significance = Excess / ( a (Non + NOff»~ 

(Li and Ma 1985). 



CHAPTER 5 

INTERPRETATION 

5.1 Present understanding of unpulsed emission mechanism 
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Having detected such high energy gamma rays from the 

Crab, it is interesting to know how these gamma rays are 

produced. Before the pulsar was discovered, the most likely 

source of gamma ray emission was thought to be from the 

nebula. Cocconi (1959) suggested that the source of the 

energetic emission was the decay product of neutral pions 

from proton-proton collisions. The protons were thought to 

be the relic of the supernova explosion. The predicted flux 

was 10-7 cm- 2 s-1 at energy> 1 TeV. Later the upper limits 

of the flux observed by Chudakov et ale (1965) was only 5 x 

10- 11 cm- 1 s-1 at energy > 5 TeV. Thus this production 

mechanism was ruled out. 

Another mechanism was proposed by Gould (1965); this 

is based on the observed synchrotron emission from the 

nebula from radio to X-ray which suggests the presence of 

relativistic electrons. The ~ynchrotron radiated photons 

will also inverse Compton scatter with the radiating 
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electrons, boosting the energy of the photons up to TeV. A 

flux of gamma rays of 4 x 10-10 cm-2 s-1 was predicted at 

energies greater than 0.5 TeV. Rieke and Weekes (1969) 

refined the Compton synchrotron model for the Crab Nebula 

and other objects. They obtained the gamma ray spectrum 

with the magnetic field as a free parameter. Figure 5.1 

shows the spectrum with two different values of magnetic 

field 10-4 or 3 x 10-4 Gauss. The strength of the magnetic 

field has important consequences for the synchrotron 

radiating electrons. Too weak a field will be unable to 

confine the large density of the relativistic electrons; too 

large a field will make the lifetime of the radiating 

electrons so short that a copious supply of electrons is 

needed to sustain the emission. Ginzburg and Syrovatskii 

(1964) estimated the field strength, which would give 

equipartition of energy between the field and the electrons 

for non-thermal emission of most galactic and extragalactic 

sources, in the range from 10-5 to 10-3 Gauss. Gamma ray 

observations will be able to narrow down these wide ranges 

of field strength. The Compton-synchrotron calculation was 

later refined by Grindlay and Hoffman (1971). Taking into 

account a radial magnetic field (rather than an average 

value) , they predict a flux of 5 x 10- 12 cm-2 s-1 above 0.5 

TeV. 
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Figure 5.1 Gamma-ray spectrum of the Crab nebula using 
Compton synchrotron model; (a) 10'4 Gauss, (b) 3 x 10'4 
Gauss (Rieke and Weekes 1969). Also shown here are the 
extrapolated flux from COS-8 measurements (Clear 1987) 
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If unpulsed gamma ray emission is detected from the 

direction of the Crab, it is usually associated with the 

nebula and the Compton-synchrotron production mechanism is 

assumed responsible for the emission. with the discovery of 

the pulsar at the center of the nebula, it is now generally 

believed that the radiation of the nebula is continuously 

fueled by the pulsar. Here we propose a mechanism for the 

production of TeV gamma rays which is related directly to 

the pulsar. Let us first summarize some of the important 

features of the pulsar that are relevant to our calculation. 

More detailed discussions of pulsar models can be found in 

Manchester and Taylor (1977), Smith(1977), and Taylor and 

stinebring (1986). 

5.2 Standard picture of the Pulsar 

After more than 20 years since radio pulsars were first 

discovered, there is still no self-consistent model that can 

explain all the observed properties of the pulsars. It 

remains a major challenge for theoretical astrophysics. 

Nevertheless, there are some basic features of the pulsar 

that are believed to be well understood. 

A pulsar is a fast spinning neutron star of radius 
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about 10 km. It has very intense magnetic field ~ (about 

10'2 gauss). Under these conditions, it can be shown that a 

strong electric field exists along the magnetic field 

(Goldreich and Julian 1969). The electric field is much 

stronger than the gravitational force or the binding energy 

at the stellar surface. Therefore the space surrounding the 

neutron star of spin 0 cannot be a vacuum but must be filled 

with charge-separated plasma of density given by 

o . ~ 
Po = (5.1) 

(Goldreich and Julian 1969; Mestel 1971). At the null 

surface, where 0 . ~ = 0, the charges change sign (Figure 

5.2) • 

The magnetic field of the neutron star is assumed to be 

a dipole and the field lines can be divided into two groups; 

the ones that are closed within the light cylinder, at which 

point the tangential velocity of an imaginary cylinder with 

its axis parallel to the spin axis of the neutron star, 

attains the speed of light; and the others that penetrate 

through the light cylinder. The radius of the light 

cylinder, R is 
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R = c I 0 (5.2) 

The magnetic field is so intense that the kinetic 

energy of the charged particle is less than the field 

energy. Therefore the particles are confined to move along 

the field lines. Charged particles which are attached to 

the field lines within the light cylinder, corotate with the 

neutron star, and those particles, threaded by the open 

field lines, can stream out beyond the light cylinder. Far 

away from the light cylinder, the open field lines connect 

to the interstellar medium and become a radiation field that 

drops off as 1/r. 

The potential drop along the open field lines can 

accelerate the particles to very high energy. Assuming the 

electric potential of the interstellar medium is constant, 

we can estimate the maximum potential drop available for 

accelerating the particles by equating it to the potential 

difference between the potential at the magnetic pole and at 

the last closed field line. The potential difference is 

found to be 

(5.3) 
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For the Crab pulsar, this potential difference is up to 1015 

volts. 

The exact behavior of the field just beyond the light 

cylinder is so complicated that there is still no consensus 

of what the field lines look like, but certainly the charged 

particles that move along the open field lines beyond the 

light cylinder (magnetic energy still bigger than kinetic 

energy) do not corotate with the neutron star, otherwise 

their speed would exceed the speed of light. Therefore the 

directions of the particles will be randomized as the field 

structure changes from a dipole field to a more swirling 

structure. 

Whenever the charge density differs from the 

equilibrium value, Po, a very large component of electric 

field along the magnetic field will be developed and the 

charge-depleted region will soon be replenished by charges 

drawn from other regions. Only in a certain region in the 

magnetosphere will the charge-depleted region be sustained 

without quenching and this provides the site for 

accelerating charges to ultra relativistic speed. A possible 

gap formation in the outer magnetosphere is discussed in the 

next section. 
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5.3 The outer gap model 

The outer gap model of Cheng, Ho and Ruderman (1986 

a,b) hereafter CHR (Figure. 5.3) has been very successful in 

explaining the pulsed emission of the Crab and Vela pulsars 

from infrared to GeV gamma-rays. The attractive feature of 

this model is that the gamma radiation is emitted at a 

distance, a fraction of the light cylinder radius, away from 

the stellar surface so that it avoids attenuation due to 

magnetic pair production by the intense magnetic field at 

the stellar surface. However, this model also has the same 

problem as others in that the current flow pattern is 

presumed to be plausible without justifying the basic 

physics. 

The following discussion is based on CHR. In the outer 

gap model, there are mainly three regions in the steady 

state of the magnetosphere. These three regions in the Crab 

pulsar will be discussed below. Details about these three 

regions are given by CHR. The three regions are shown in 

Figure. 5.4. 

(1) The gap (the charge void region) is bounded by the last 

closed field lines from below, by a boundary charge layer 
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Figure 5.4 Three different regions in the magnetosphere 
of a pulsar in the outer gap model with charge density, 
Po > 0 above the polar cap of the pulsar. For pulsar 
spinning in opposite direction such that Po < 0, the sign of 
the charges would be reversed. 

In region (1) E·S is large; region (2) E·S is small; 

- -region (3) E·S is almost zero. o-s is zero on null surface. 



128 

from the top, by the null surface from inside, and by the 

light cylinder from outside. The strong electric field 

along the magnetic field inside the gap can accelerate the 

(primary) e+/e- whose energy is limited by radiation loss by 

curvature radiation. The primary photons are emitted 

tangentially to the field lines along which the primary 

particles are moving. The primary photons are moving away 

from the gap. (Remember that the magnetic field lines are 

convex). Some of the primary photons will make more e+/e- in 

the gap by annihilation with the X-ray photons from region 

(2). These e+/e- can only replenish the charge void region 

above where they are emitted but not below, thus keeping the 

gap from quenching. The e+/e- 's leaving the gap through the 

light cylinder will take part in the generation of VHE gamma 

rays which will be discussed later. 

(2) This boundary charge layer on the top of the gap is 

formed by the e+/e- 's produced in the gap which quench the 

growth of the gap. A fraction of the secondary pairs, 

created by the primary gamma rays from the gap in the 

boundary charge layer, are separated by a small remnant 

electric field and produce another charge roof. The 

secondary pairs are energetic enough to emit secondary 

photons up to GeV through synchrotron radiation. The 
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secondary photons may penetrate further into the 

magnetosphere and produce tertiary pairs. A small fraction 

of the secondary X-ray photons with sufficient momentum 

perpendicular to the magnetic field feed back to the gap and 

sustain further photon-photon collisions there. 

(3) Tertiary pairs created beyond region (2) do not have 

enough energy to produce photon of energy greater than X

rays by synchrotron radiation. The soft photons, mainly 

infrared, will fill the whole magnetosphere. In the next 

section, we will show that the interaction of these infrared 

photons with the energetic primary charged particles could 

give the VHE gamma rays seen by this work. 

5.4 The production of unpulsed VHE gamma rays 

Figure 5.5 summarizes the different radiation processes 

in the production of unpulsed VHE gamma rays. As the 

energetic e+/e" from the gap pass through the light cylinder, 

they will gradually randomize in direction as explained in 

section 5.2. At a distance of about (2 ± 1) R , these 

primary e+/e" start seeing the low energy photons (infrared) 

which fill the entire magnetosphere. [Note: The meaning of 

primary and secondary in this section refer to the 
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production mechanism of VHE gamma rays beyond the light 

cylinder. It is different from the meaning used in previous 

section in discussing the different regions in the 

magnetosphere inside the light cylinder.] These infrared 

photons will be boosted up to energies > 10'2 eV by inverse 

Compton scattering with the primary e+/e- . 

The density net) of low energy photons of energy t, can 

be obtained from the observed spectrum (Knight 1985) (Figure 

5.6). Since the synchrotron self-absorption will take place 

when the photon energy t < to = 0.8 eV, it can be 

approximated as 

{ t /t 0 
) 1.5 . t < to , 

n ({ ) = 8.4 X 1028 x cm-3 ergO' 
t /t 0 

) -1.2 . f > t 0 , 

(5.4) 

Also from the model, the primary e+/e- flow ~ is estimated to 

be about 1033 so, , and with energy -YMX mc2
, where -YIIIIIX = (1 ± 

0.5) x 3 x 107 (CHR). The spectrum dNp(E-y)/(dE-ydt) of 

primary gamma rays of energy E-y is given by (Blumenthal and 

Gould 1970) 
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where 

r = 

and 

E, = 

4 f "YIIIIX 

mc2 

E"Y 

"Ymax mc2 

+(1+2q) (1-q)+~(rq)2(1-q)/(1+rq)] 

(5.5) 

q = 
r (1 - E,) 

Also 0,= Thomson cross-section = 6.65 x 10"~ cm2 
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L = distance from the pulsar to where the primary e+/e" 

meet the IR photons = (1 ± 0.5) x 3 x 108 cm 

m = electron mass 

c = speed of light 

fa = 0.01 eV and fb = 100 eV 

Here we have used Klein-Nishina limit ( hv > mc2 
) 

Part of these primary photons will be attenuated by the 

same infrared photons to produce (secondary) e+/e" pairs. 

The observed primary photon spectrum F,(E"Y) will be modified 

to 
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F,(E..,) = (5.6) 
dE.., dt 

where T (E..,) is the attenuation depth due to pair production. 

T (E..,) is given by (Jauch and Rohrlich 1976) 

(5.7) 

where a = (3/16) (1 - v2
) «3 - v4

) 1n[ (1 + v)/ (1 - v)] 

- 2v (2 - v 2
) } 

V = [1 - (m2 c 4 
/ E.., f ) ] ~ 

f min = m
2 

C
4 

/ E..,. 

These secondary e+/e- will give gamma rays (secondary 

photons) via synchrotron radiation or inverse Compton 

scattering with the infrared photons. Before we find the 

secondary photon spectra, let us first calculate the energy 

distribution dN(Ee)/dEe of the secondary pairs with energy 

Ee . It is again given by (Blumenthal and Gould 1970) 

(5.8) 

where 2 = ~max me /2 
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, 
6(Ee') = 2 [ 1 - e-T (Ee)] [dNp(Ee')/(dEe'dt)] 

T (Ee') = T (El = 2 Ee' ) 

and = 

, 
dNp (El = 2Ee ) 

dEl dt 
is given by equation (5.5). , 

dEe dt 

The total energy loss of secondary e+/e- is 

(5.9) 

°T C E 2 a2 

(te) syn = 
e 

where 
4 11' m2 c 4 

B = (1 ± 0.5) x 5 X 105 Gauss, (5.10) 

is the energy loss due to synchrotron radiation 

11 
and ] (5.11) 

6 

is the energy loss due to inverse Compton scattering. 

Once the spectrum of the secondary pairs is found, the 

secondary gamma ray spectrum of synchrotron radiation is 

(5. 12) 
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where Ec(Ee) = h3eBE//(4 m3c 5
), h = Planck constant, and e = 

electronic charge. K~3(e) is the modified Bessel function. 

The tabulated values and the asymptotic forms of the 

function are given by Ginzburg and Syrovatskii (1965). The 

secondary gamma ray spectrum of inverse compton scattering 

is 

(5.13) 

where F(E1 ,Ee) is given by equation (5.5), with 1NX replaced 

by Ee/mc2 

The observed gamma ray spectrum Ftot (E1 ) is then the sum 

of the primary gamma ray spectrum and secondary gamma ray 

spectrum. 

Finally, the photon flux observed on the earth is 

I = 1/(4 • 0') r F,.d E,) dE 

Eth 

(5.14) 

(5.15) 

where 0 is the distance of Crab from the earth and Eth is 

the threshold energy of the detection. 
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5.5 Discussion 

The integral spectrum of the sum of all radiation 

processes is shown in Figure 5.7. Also shown there are the 

observational results. Figure 5.8 shows the relative 

contribution of inverse compton scattering of the primary 

e+/e- and the synchrotron radiation of the secondary e+/e- . 

Above 3 TeV, inverse compton scattering is the dominant 

process whereas synchrotron radiation is the major 

contributor below 3 TeV. The gamma-ray flux of inverse 

compton scattering of the secondary e+/e- is a few orders of 

magnitude less than those from the above two processes and 

is negligible. 

The spectrum index in the energy range where detections 

have been made is about -1.1, which is quite flat. When the 

calculation is extrapolated down to 100 MeV range, it does 

not agree with the observation of unpulsed emission of the 

Crab (integral index -1.7) by COS-B (Clear 1986). Probably 

the radiation at GeV and TeV energies are of different 

origin. Above 1013 eV, there is a sharp cut off, which is 

determined by the energy of the primary e+/e-. Their energy 

is approximately equal to the maximum potential drop along 

the gap. 



N 
I 

if) 

E 
CJ 

.~ 

W 
i\ 

N 

X 
::J 

tUJ 
o 

11) 

E 
CJ 

tUJ 
o 

1 1 

12 
10 

D I 

10 

II I 

12 
10 

Figure 5.7 

T r r -r 
7~) X 

f")O X 
'~ c: 
1-.,.;. ,,) X 

• This work 

-1 

1 U" 
10

5 

10
5 

T 1 I 

Ga uss-I 
Gauss 

Gaussl 

• Fazio el al ( 1972) 

'-
'-

'
'-

1 1 1 2 1 :3 
log ( C; il III rn i1 r it y I< n ( ~ r' g y / (' V ) 

y : ~ f") 

Y :3.0 

Y 
') c. 
t...., . ... ) 

• ThiS work 

x 10
7 

x 10
7 

x 1 () 
7 

• I,' a Z 10 et a I (1 D 7 2 ) 

\ 

-·~",--c..0-'-
, \ 

1 II 

1 1 1 2 1 :3 
log(GillIlfIld ray i<rH'rgy / eV) 

spectrum of ,he outer gap model with 
~ = 3.0 x 10 (top) and magnetic 
field = 5.0 x 105 Gauss (bottom). 

138 



N 
I 

E 
u 

D! 

10 

1 1 

1 .) : 
,~ 

10 

Figure 5.8 

I 1 
IOg(CiltllIllil 

"-
\ 

r T 

\ 
\ 

1 \ 

. r T T r - T . T -T 
I 

lolal 
pri mary ICS 
secondary syn. 

• This work 
• Fazio el at. (1972) 

\ 
, ~ I 

1'~ 1:3 
r'iiy Energy / cV) 

139 

I -1 

contribution of different radiatiop processes 
to the total spectrum. 'Y = 3 x 10 and 
magnetic field = 5 x 105 Gauss 



140 

At the threshold energy of the detector the flux 

predicted by the calculation used in this work is about 10- 11 

cm- 2 s-'. Both the observational result and the parameters 

used in the calculation are uncertain to a factor of 2. The 

agreement between the calculated spectrum and the 

observations is quite good. Although the two observational 

results are not sufficient to rule out the Compton

synchrotron model definitely, the pulsar origin is by far 

the more favorable explanation. Only when we have better 

information on the spectrum either by more independent 

measurements or by deriving the spectrum from the integral 

distribution of the showers in a single experiment can we 

definitely determine the underlying mechanism of the 

radiation. 



6.1 Conclusions 

CHAPTER 6 

CONCLUSIONS 

141 

For years, the lack of sensitivity in detection 

technique has been a handicap to the development of VHE 

gamma-ray astronomy. The detection of VHE gamma rays from 

the direction of the Crab with high statistical significance 

(9 sigma) using atmospheric Cherenkov imaging that is 

reported here has had a sUbstantial impact in this field 

(Kazanas 1989). It demonstrates a technique that can 

significantly increase the sensitivity by a factor of 4 over 

a non-imaging system. (The statistical significance 

increases as square root of the observation time. 

Therefore, after normalizing the observation time to 150 

hours on-source, a 9 sigma detection in 87.5 hours on-source 

using imaging will become a 11.8 sigma detection, a factor 

of 4 improvement over 3 sigma detection in 150 hours on

source using non-imaging (Fazio et al 1972». The flux from 

the Crab is 1.8 X 10- 11 cm- 2 s-1 at energy greater than 0.7 

TeV. Although the flux is weak, it is steady and is 

different from other sources (e.g. Her X-I , Cyg X-3) which 
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are reported to be highly variable. Thus it can be used as 

a "standard candle" for calibrating other experiments as 

well as testing other techniques in this energy range. 

The signal behaves in the same way as predicted by the 

simulations which assume the primary to be gamma-ray. The 

simulations are based on the physics extrapolated from lower 

energy (particles produced by man-made accelerator have not 

reached these energies). The excellent agreement between 

the signal and the simulations suggests that there is no new 

physics in the electromagnetic interactions at these 

energies and that the primaries are indeed photons. This 

contrasts with the observation of anomalies (excess muon 

content in the air showers) in the presumed gamma-ray signal 

at UHE from Cyg X-3 (Samorski and stamm 1983) and Her X-1 

(Dingus et ale 1988). 

Besides better flux sensitivity, the present 

measurement also has other improvements over the previous 

measurements such as, the use of a better clock to record 

more accurately the arrival time of the events; a 

continuously updated ephemeris derived from regular radio 

observations; optical observations in a nearby telescope to 

cross-check the data taking and data analysis procedures; 
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the use of the state-of-the-art electronics to maintain a 

stable system; extensive checks on the signal to verify the 

detection. with all these precautions, the quality of the 

result can be maintained at a high standard. Despite these 

improvements, the collection area and the energy threshold 

are still not well determined. This is a problem common to 

all measurements in these energy ranges because there is no 

suitable man-made calibration source of gamma rays at TeV 

energy ranges that can be used to calibrate the detector. 

The collection area and threshold energy are determined by 

simUlations. The dependence of these quantities on zenith 

angle makes it somewhat complicated to assess the accuracy 

of the simUlations. Usually, the errors of these quantities 

are greater than the statistical errors of the signal by a 

factor of 1.5 to 2. Using a similar imaging technique, a 

preliminary confi~~ation of our detection is obtained by a 

group at the University of Michigan using two solar 

reflectors at Sandia National Laboratories (Akerlof et ale 

1989). 

The unpulsed emission from the Crab is usually 

associated with the nebula but as suggested in Chapter 5, it 

may also originate from the pulsar. From the data obtained 

so far, the pulsar origin is a more favorable explanation to 
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the spectrum. Only when we have better information about 

the spectrum of the unpulsed emissions can we differentiate 

the origin. 

6.2 Future Prospects 

This is the first significant improvement in flux 

sensitivity of the atmospheric Cherenkov technique over the 

past 30 years. The imaging technique has already aroused 

the interest of the community. At the Whipple Observatory, 

the first generation 37-element imaging camera, upon which 

this work is based, has already been upgraded to a 109-

element imaging camera with a factor of 2 improvement in 

angular resolution (the characteristics of the noise and 

gains of the high resolution camera are discussed in 

Appendix 3). This will enhance the ability to discriminate 

the gamma rays against the background of charged cosmic 

rays. Preliminary results from the Crab taken during the 

1988-89 observing season using this high resolution camera 

show a factor of 2.5 improvement (a 15 sigma detection in 33 

hours of on-source observation) in sensitivity over the 

first generation imaging camera (Lang et ale 1989). Further 

improvements in sensitivity can be achieved by stereoscopic 
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viewing of the showers by two reflectors separated by about 

120 m (Weekes, Lamb and Hillas 1986). By simultaneously 

recording the image in two cameras, the arrival direction 

can be fixed to high precision and the gamma-ray initiated 

showers from a point source can be identified without 

ambiguity. This has already been planned in the next stage 

of development beyond the high resolution camera. 

outside the Whipple group, the interest in imaging ha~ 

increased; this is apparent by the focus of attention in the 

recent Crimean workshop on VHE gamma-ray astronomy in the 

soviet Union in April 1989. At least three groups (two 

groups in the soviet union and one collaboration from Japan

Australia-New Zealand) are pursuing the idea of imaging. 

Different schemes of image selections have been proposed 

such as multidimensional analysis (similar to the multiple 

parameter selections discussed in Chapter 3), self

clustering (the selection domain is not pre-determined) and 

new definitions of image parameters. The imaging technique 

still has much room for improvement. Together with the 

measurements of other shower information such as temporal 

characteristics and spectral characteristics discussed in 

Chapter 2, it is one of the best hopes of VHE gamma ray 

astronomy. 
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On both ends of the VHE spectrum, new experiments have 

been planned or are ready for operation. The Gamma Ray 

Observatory will be launched in July 1989 to observe gamma 

rays from MeV to GeV energies and the new CASA air shower 

array (Gibbs 1988) is going to be in operation by 1990 to 

detect UHE gamma rays. This new generation of experiments 

has better flux detection sensitivity and spatial angular 

resolution. Together with the information from VHE, a 

complete picture of high energy gamma radiation of 

extraterrestrial sources can be obtained; our understanding 

of the origin of cosmic rays is close at hand. 



147 

APPENDIX 1 

IMAGE SHAPE OF THE CHERENKOV LIGHT FROM AIR SHOWER 

It is not trivial at first sight to understand why the 

images of the Cherenkov light from air showers are of 

generally elliptical shape. Of course, detailed calculations 

of the response of the detector to the Cherenkov light from 

individual particles in the air showers will give the 

answer. However, it is easy to get lost in such tedious 

calculations. Here, a qualitative treatment is presented to 

bring out the essential features of the shower image. 

Figure A1.1 shows a hypothetical shower image produced 

by a photon-initiated shower. The axis of the detector is 

assumed pointing at a distant point source of gamma rays so 

that all the gamma rays are parallel to the detector axis. 

Most of the gamma rays will come along the optical axis and 

produce circular images because the Cherenkov light from the 

shower is axial symmetric. Some of showers will fall at a 

d1stance from the center and for~ elliptical images such as 

the one in Figure A1.1 The numbers in Figure A1.1 represent 

the photons seen by each element (pixel) of the detector. 
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Figure A1.2(a) shows the 3-dimensional view of the 

detector and the relative orientation of the shower. Figure 

A1.2(b) is a vertical section view along the X-axis. The 

Coulomb scattering angles are usually larger than the 

Cherenkov light cone angles. Therefore the directions of 

the Cherenkov light are determined mainly by the directions 

of the particles. Not all the Cherenkov light is seen by 

the detector. The pixel only sees the light rays when they 

are within the pixel view cone. Figure A1.2(b) illustrates 

some of the light rays satisfying this condition. Rays a 

and e are not seen by the detector. Rays b, c, and dare 

intercepted by different pixels inclined at different angles 

with the vertical. The pixel that sees light ray b is more 

likely to detect Cherenkov light generated higher in the air 

shower, whereas the pixel in the outermost ring of the 

detector is more likely to detect light generated closer to 

the ground level. From the photon density distribution, the 

pixel that sees light rays c probably looks at the altitude 

at which the shower is at its maximum because that is where 

most of the Cherenkov light is generated. The angular 

distance of the image along the X-axis is the length of the 

major axis of the ellipse. It is one of the Hillas's 

parameters that are used to characterize the image. As 

explained above, the parameter LENGTH is a record of the 
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history of the development of the shower. 

Figure A1.2(c) is the view along the Y-axis. The 

pixels along the Y-axis are approximately inclined at the 

same angle with the vertical. Therefore they are looking at 

about the same altitude. From the way the diagram is drawn, 

these pixels look at the part of the shower that is between 

ray b and ray c in Figure A1.2(b). To simplify the diagram, 

only the tracks of the particles at that altitude are drawn. 

This view is a slice of the shower at that altitude and it 

tells the lateral extent of the shower. The angular 

distance along Y-axis is just the WIDTH of the Hillas 

parameter. 

Figure Al.3 shows the side view of a photon-initiated 

shower and a proton-initiated shower. If one looks at the 

shower in the same way as Figure A1.2(b) and Figure A1.2(c), 

it is not difficult to see why the image of the Cherenkov 

light pulses from the shower has an elliptical shape. Also 

if the shower axes are parallel to the detector axis as 

shown in Figure A1.2, the orientations of the images will 

always point radially at the center of the detector. For 

showers generated by isotropic cosmic rays the orientations 

of the images will be randomly distributed. The cosmic ray 
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Figure AI.) Monte Carlo simulation of the development of 
air showers from a 250 GeV proton and a 250 GeV gamma-ray 
photon. (Sembrowski 1987) 
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showers will also give elliptical images although the images 

are more diffused and less well defined. In general the 

cosmic ray shower images will be wider and longer than gamma 

ray showers. This is because the scattering angles of the 

hadronic cascades in the cosmic ray shower are larger, hence 

the width is greater. Also the cosmic ray showers can 

penetrate further down the atmosphere; hence the length is 

longer. 



APPENDIX 2 

DEFINITION OF IMAGE PARAMETERS 

Suppose the ith photomultiplier tube is given by 

coordinates x;, y; (in degrees) and registers a signal s;. 

The origin of the coordinates will be the center of the 

array of photomultiplier tubes. The axis of an image is 

expressed by the equation: 

y = ax + b. 

Then defining (as usual) 

<x> = Is;x; / Is; , <x2> = Is;x/ / Is; 

<y> = Is;y; / Is; , <l> = Is;y;2 / Is; 

<xy> = Is;x;y; / Is; , and 

s 2 = <x2> - <X>2, S 2 = <y2> - <y>2, x y 

s~ = <xy> - <x><y>. 

If d = s; - s!, then 

a = 2 2 ~ [d + ( d + 4 (sxy) } ] / 2 Sxy, 

b = <y> - a <x>, 

2 2 2 2 2 (WIDTH) = [ Sy + a Sx - 2asxy ] / ( 1 + a ), 

(LENGTH)2 = [s! + a 2s; + 2asxy ] / (1 + a 2 ), 

MISS = I b / ( 1 + a 2 ) ~ I 

DISTANCE = r = «x>2 + <y>2) ~ . 
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To obtain the Azimuthal-width (AZWIDTH), we first transform 
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to coordinates (p,q) aligned along and perpendicular to the 

radial direction to the centroid. Then if 

sin 8 = <y> / r 

and cos 8 = <x> / r, 

q = <x> - x ) sin 8 + (y - <y> ) cos 8 

Then AZWIDTH is the r.m.s. spread in q, 

(AZWIDTH)2 = <q>2 _ <q>2. 

The means being weighted by the signal in the 

photomultiplier tubes at coordinate (p,q), as in the 

original calculation of <x>, etc. 
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APPENDIX 3 

NOISE AND GAINS OF THE HIGH RESOLUTION CAMERA 

A3.1 The High Resolution Camera 

To characterize the noise and gain of the 

photomultiplier tubes, a series of measurements were made at 

the conclusion of the Crab observations. At that time the 

37-element camera had been replaced by one with greater 

angular resolution. However it included half of the 2" 

tubes in the original camera. 

The new camera consists of 109 tubes arranged as shown 

in Figure A3.1. There are 91, 29 mm (1") diameter Hamamatsu 

R1398 photomultiplier tubes (PMT) at the center of the 

array, with 18, 5 cm (2") diameter RCA 6342A/V1 tubes on the 

edge. The angular spacing between the smaller tubes is 

0.25° and the total field of view is 3.5°, same as the 37-

element camera described in Chapter 2. 

It is important to understand the noise level and the 

gains of the existing camera in order to assess its 

performance and compare the images with those from 
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Figure A3.1 37-element camera (top) and 109-
element high resolution camera (bottom) 



simulation. First, we start with the noise level. The 

noise here refers to the night sky light fluctuation, 

electronic noise, and signal fluctuation itself. 

A3.2 Noise 

(a) Night sky light fluctuation 
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The night sky light will be recorded together with the 

genuine shower by the camera. This night sky light 

component can be isolated and eliminated if we know their 

contribution to the signal. We can estimate the night sky 

light contribution by folding the night sky spectrum 

contribution (Allen 1962) to the quantum efficiency of the 

photomultiplier tube. In one gate period (25 ns) of the 

analog-to-digital (ADC) converter, the average numbers of 

photoelectrons (p.e.) expected are 

n, = 4.2 p.e. 

nz = 8.3 p.e. 

in the 1" tube and 

in the 2" tube. 

The calculated standard deviations (S.D.) are 

S.D. of n, = 2.0 p.e. 

S.D. of nz = 2.9 p.e. 
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The night sky light fluctuation can be found by taking 

a sky pedestal file (Section 2.7 and 2.8). The standard 

deviation of the sky pedestals, a measure of the night sky 

light fluctuation, of these two kinds of tube were found to 

be 

<S.D. of 1" tube> = 3.0 d.c. 

<S.D. of 2" tube> = 2.5 d.c. 

where d.c. is the digital counts of the ADC output. To 

compare the calculated values and the measured values, we 

need to know the conversion factor from p.e. to d.c. which 

will be discussed later. 

(b) Electronic noise 

The electronic noise is measured by the S.D. of the 

pedestals. It was found to be approximately 

<S.D. of the peds> = 0.8 d.c. 

It can be seen that the electronic noise is 

insignificant when it is compared with the large shower 

signal but it may not be the case for small signal. 

(c) signal noise 
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The digital counts recorded in an event is the sum of 

the Cherenkov shower signal, the night sky light and the 

electronic noise. 

E j = counts recorded in an event in tube i 

Sj = counts due to actual shower signal in tube i 

Bj = counts due to night sky light in tube i 

P j = counts due to pedestal (residual counts) in tube i 

section A3.2(b) has already shown that variance of P j is 

negligible and since Sj and Bj are not correlated, the 

variance of Ej is the sum of the variances of Sj and Bj . The 

variance of Bj was determined in A3.2(a). The measure of the 

variance of Sj will be discussed later. 

The noise in E j can be studied in this way. If the 

photomultiplier tubes are uniformly illuminated by the 

optitron nitrogen flash lamp, the signal (in d.c.) recorded 

by the tube (with pedestals removed) is proportional to the 

intensity of the light. A plot of pmt d.c. against light 

intensity will give a straight line with deviation due to 

noise. As there is no independent measurement of the light 
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intensity, we take the average d.c. of all 109 tubes of that 

event to be the light intensity for every tube in that 

event. 

i = tube label 

j = event label 

qij = d.c. for event j in tube i with pedestal removed 

qj avg = average d. c. for event j 

An example is shown in Figure A3.2. The number of 

events that fallon a particular pixel on the plot is 

labelled with 1-10, a-z, A-Z up to 61 events. 

We can find the deviation from the straight line by 

calculating the Chi-square (X2) value of each tube assuming 

linear response. 

1 ( qij - gi qt
Vg ) 2 

2 = L Xi 
N - 1 j eij 2 + b· 2 

1 

i = tube label 

j = event label 
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Figure AJ.2 An example of the response of the 
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photomultiplier tube (y-axis) in d.c. to the intensity of 
the Optiron nitrogen flash lamp, which is measured by the 
average PMT d.c. of all the tubes (x-axis). Pedestals have 
been removed from both axes. 
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qij = d.c. for event j in tube i with pedestal removed 

q/VII = average d. c. for event j 

gi = relative gain of tube i with respect to qj8~ of 

all events 

N = number of events in the file 

eij = noise in event j in the tube i (i. e. square root 

of variance of Si in event j) 

b i
2 variance of night sky light (Bd in tube i 

determined as before 

eij2 can be approximated by a qij. a can then be adjusted to 

make X2 close to 1. 

2 
Xi = 

1 

N - 1 
L 
j 

( qj 8Vg ) 2 qij - gi 
----

( a qi j ) + b i
2 

The results are shown in Table A3.1 and the mean X2 of 

1" and 2" tubes are 

<X2> = 0.99 

<X2> = 0.99 

for 1" tube if alpha = 1.35 

for 2" tube if alpha = 0.90 

Then the standard deviations of the signal are given by 
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Table A3.1 

Results of 1" tubes 

1115 events 1. 35 d.c./p.e. <x 2> = 0.99 

T = tube number 
G = relative gain 

T, G, 2. X • 

1, 0.98, 0.92 31, 1. 05, 0.90 61, 0.97, 1. 05 
2, 1. 00, 0.99 32, 1. 02, 0.95 62, 0.95, 0.89 
3, 1.02, 0.86 33, 1. 01, 1.10 63, 0.98, 0.92 
4 , 0.72, 0.79 34, 1.03, 0.95 64, 0.98, 1. 00 
5, 1.04, 1. 09 35, 1. 02, 1.18 65, 0.97, 0.99 
6, 0.69, 0.85 36, 1. 00, 1. 07 66, 0.98, 0.96 
7, 0.60, 0.76 37, 0.98, 0.89 67, 0.98, 1. 04 
8, 1.02, 0.93 38, 1. 00, 0.91 68, 0.97, 0.87 
9, 0.99, 0.93 39, 1. 01, 1. 02 69, 0.98, 0.88 

10, 1. 01, 0.85 40, 0.99, 1.18 70, 1.00, 1. 09 
11, 1. 00, 0.93 41, 0.99, 0.91 71, 0.99, 1. 21 
12, 1.02, 0.92 42, 1.00, 0.96 72, 1. 01, 0.86 
13, 1. 01, 1.10 43, 0.99, 1.15 73, 0.98, 0.89 
14, 1.04, 1. 09 44, 1. 00, 0.82 74, 1.00, 0.86 
15, 1.06, 1. 03 45, 1.02, 1. 09 75, 0.96, 1. 00 
16, 1. 05, 1. 07 46, 0.99, 1.10 76, 0.99, 1. 20 
17, 1.08, 0.97 47, 1.01, 0.91 77, 0.95, 0.97 
18, 1. 06, 0.92 48, 1.00, 1.15 78, 0.96, 1. 08 
19, 1. 03, 1. 00 49, 0.98, 1.11 79, 0.98, 1.10 
20, 1. 03, 1. 34 50, 0.99, 0.92 80, 1.00, 0.96 
21, 1.04, 1.16 51, 1.00, 1. 05 81, 0.98, 1. 00 
22, 1. 05, 1.11 52, 0.99, 1.15 82, 1.00, 0.98 
23, 1.04, 0.98 53, 0.97, 0.96 83, 1.03, 0.97 
24, 0.99, 0.89 54, 1.01, 0.88 84, 1.01, 1. 05 
25, 1. 01, 1.14 55, 1.02, 1. 08 85, 1.01, 0.92 
26, 1.03, 0.98 56, 1.02, 0.86 86, 1.02, 1. 00 
27, 1.03, 0.96 57, 0.99, 0.96 87, 1. 00, 0.81 
28, 1.02, 1. 03 58, 1.02, 0.92 88, 0.99, 1. 00 
29, 1.02, 1. 02 59, 0.99, 0.96 89, 1.03, 0.89 
30, 1.02, 1.13 60, 1.00, 0.89 90, 1. 00, 0.94 

91, 1.00, 0.95 

(continued on next page) 
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Table A3.1 (continued) 

Results of 2" tubes 

1115 events 0.90 d.c./p.e. <x 2> = 0.99 

T, G, 2. 
X • 

92, 0.97, 0.90 101, 0.98, 1.12 
93, 0.95, 0.98 102, 1.11, 1. 06 
94, 1.00, 0.90 103, 0.98, 1.15 
95, 1.01, 0.83 104, 1.15, 1. 20 
96, 0.96, 0.95 105, 0.97, 1.16 
97, 0.97, 0.80 106, 0.95, 0.92 
98, 0.97, 0.95 107, 0.99, 1. 05 
99, 0.98, 0.98 108, 0.96, 0.96 

100, 0.97, 1.00 109, 0.95, 0.83 



(S.D. of signal of 1" tube).asure = (1.35 q)~ 

(S.D. of signal of 2" tube).asure = (0.90 q)~ 

where q is the signal (in d.c.) with pedestals removed 

A3.3 Gains 
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The gain here refers to the ratio of the anode current 

to the photocathode current. This is independent of the 

wavelength and depends on the dynodes of the photomultiplier 

tubes. "Current gain" should be a more appropriate term but 

for convenience I loosely called it gain. 

The gains of the photomultiplier tubes were measured 

using a green LED as light source (Figure A3.3). The LED was 

powered by a D.C. power supply at 5 V. A photomultiplier 

tube was placed at a fixed distance of about 30 cm from the 

LED. First, a small biased voltage of 0 to 35 V in a step of 

5 V was applied to the anode which was tied to all the 

dynodes. An electrometer was used to measured the current. 

Since no secondary emission can be emitted in such low 

biased voltage, the current were almost entirely due to the 

photoelectrons emitted by the cathode. 



Figure A3.3 

photocathode dynodes 

electrometer 

low voltage 

Measurement of the gain of the 
photomultiplier tube 

0.005 JJF 

RG-58~~~~ ~--~~ 1 
cable ~ 

470 0 to discriminatQr 

Figure A3.4 Transmission of signal from PMT to ADC 
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anode 
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Then high voltage was applied to the tube in the usual 

operating condition. The current was again measured by the 

electrometer. The gains of five 1" tubes and six 2" tubes 

have been determined in this way. The results are shown in 

Table A3.2. 

Once the gains of the tubes are known, we can work out 

the conversion factor a (i.e. the number of d.c. per p.e.). 

There is another quantity we need to know before we can find 

a, the effective amplification of the system. 

The signal from the photomultiplier tube inside the 

focus box goes through a long cable before fed into the 

amplifier (Figure A3.4). After that the signal goes through 

a delay cable before digitization. The amplifier amplifies 

the signal lOX but there is some loss during the 

transmission of the signal from the tube to the amplifier 

through the cable. The loss is determined by measuring the 

signal with and without the long cable. 

First, the centroid of the energy spectrum of the 

radioactive alpha source was measured as usual with the 

signal going through the long cable. Then the radioactive 

source and the photomultiplier tube were taken inside the 
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Table A3.2 

Notes: 1. Ie is the cathode current 

Gains 

Tube 

92 

95 

98 

101 

104 

107 

Gains 

Tube 

1 

2 

9 

22 

41 

2. G~ is the gain at operating voltage specified in 
column H.T. 

of the 2" RCA 6342A/V1 tubes 

H.T./V Ie/nA G1000 G~ G1500 

1175 2.99 2.14Xl04 8.19x104 5.22x105 

1173 3.09 2.46x104 7.02xl04 5.70x105 

1150 2.45 3.14x104 8.73x104 7.18x105 

1245 2.67 2.20x104 10.93x104 4.76x105 

1214 2.37 3.12x104 12.87x104 6.46x105 

1314 1.95 1.36Xl04 10.46xl04 2.98XI05 

<G~> = 9. 70x104 

of the 1" Hamamatsu R1398 tubes 

H. T./V IclnA G800 G~ G1000 G1500 

890 1. 04 0.83x105 1.89x105 4.57x105 5.70x106 

852 1. 07 1. 19x105 1.96x105 7.01xl05 5.88x106 

933 1. 21 0.47xl05 1.49x105 2.53x105 4.68x106 

953 1.10 0.57x105 2.00x105 2.86x105 5.22x106 

877 1. 03 0.88xl05 1.73xl05 4.85xl05 5.86xl06 

<G~> = 1. 81xl05 
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control room. The tube was connected directly to the 

amplifier by-passing the long cable. One output from the 

amplifier went to a discriminator to determine when to open 

the gate of the ADC. The other output from the amplifier 

went through a delay box before the input to the ADC. The 

centroid of the spectrum of the radioactive source was then 

measured again. The measurement was repeated with two more 

tubes. The results are shown in Table A3.3. The 

<attenuation> = 0.73 and the conversion factor: 

o = current gain of PMT x (1.6XI0· 19 C/electron) x 10 x 0.73 

x (1024 d.c. / 256 pC) 

01 = 0.85 d.c. / p.e. 

Oz = 0.45 d.c. / p.e. 

for 1" tube 

for 2" tube. 

A3.4 Further Discussions on Noise 

(a) Comparison with shot noise limits 

In section A3.2 we have already determined the noise of 

the night sky and the signal. We want to know how they 

differ from the ideal shot limits. 

(i) Night sky noise 



Table A3.3 

centroids of the spectrum of the radioactive source 

Tube 1 (890 V) 

focus 
box 

177.3 
176.9 
176.2 
176.3 
176.3 
175.9 
176.1 
175.6 
175.6 
175.4 

mean: 
176.2 

PMT in 
Ctrl 
room 

229.3 
230.3 
228.8 
228.7 
229.0 
228.6 
228.7 
228.9 
229.3 
228.6 

229.0 

attenuation: 

Tube 2 (852 V) 

focus 
box 

153.9 
153.0 
152.5 
152.7 
152.4 
152.6 
152.7 
152.7 
153.1 
152.6 

152.8 

PMT in 
Ctrl 
room 

216.5 
216.0 
216.9 
216.3 
216.0 
216.3 
216.5 
217.0 
215.8 
216.3 

216.4 

Tube 9 (933 V) 

focus 
box 

143.1 
141.9 
142.0 
142.2 
142.1 
142.3 
142.2 
142.1 
142.4 
142.3 

142.3 

PMT in 
Ctrl 
room 

202.5 
202.6 
202.9 
202.3 
202.5 
202.2 
202.2 
202.9 
202.9 
202.5 

202.6 

171 

176.2/229.0 = 0.77 152.8/216.4 = 0.71 142.3/202.6 = 0.70 

<attenuation> = 0.73 
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From section A3.2(a) the measured noise for 1" tube is 

3.0 d.c. Also from sec~ion A3.2(a) we expect 2.0 p.e. for 1" 

tube and this corresponds to ( 2.0 x 0, ) p.e .. with 0, = 

0.85 d.c. / p.e. , the standard deviation of the night sky 

fluctuation is therefore 1.7 p.e •. Then 

for 1" tube 

(S. D. of night sky) '.measured 3.0 
= = 1. 76 

(S. D. of night sky), shot 2.0 x 0.85 . 
and similarly for 2" tube 

(S. D. of night sky) 2. measured 2.5 
= = 1.92 

(S. D. of night sky) 2 shot 2.9 x 0.45 . 
(ii) Signal noise 

From section A3.2(c) the measured noise for 1" tube is 

1.35 x q )~ d.c. where q is the number of d.c. above 

pedestal. The number of p.e. corresponds to q d.c. is ( q / 

0, ). For ideal shot limit fluctuation, the standard 

~ . ~ deviation is ( q / 0,) 1n p.e. or 0, x ( q / 0, ) = ( q X 

0, )~ in d.c .. Then 

for the 1" tube 
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(S.D. of signa I ) 1 measured ( 1. 35 X q )~ · = = 1. 26 
(S.D. of signal), shot ( 0, X q )~ · 
and similarly for 2" tube 

(S. o. of signal) 2 measured ( 0.90 X q )~ · = = 1. 41 
(S. o. of signal) 2 shot 02 X q )~ · 
As in the old camera, the noise of the night sky and signal 

both exceed the shot noise limits, with the night sky noise 

exceeding the signal noise by a large factor. This indicates 

additional noise at low signal levels. 

(b) Noise in photomultiplier tube 

The departure from shot noise limits as discussed in 

section A3.4(a) partly come from the cascade of the event at 

each dynode even though each dynode follows Poisson 

statistic. The dynodes, however, would not give Poisson 

distributed secondary emission because itself is not 

physically uniform. A detail discussion of this non-ideal 

behavior of pmt can be found in Appendix G of RCA 

photomultiplier handbook (1980). Here, a brief discussion 

will be given and we will show how much the above noise 
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deviates from the Poisson behavior. 

When an electron hits a dynode, the secondary electrons 

emitted from t~e.dynode follow a distribution called Polya 

or compound Poisson distribution which has Poisson 

distribution at one limit and exponential distribution at 

the other end. The physical interpretation of non-Poisson 

distribution is that the dynode is physically non-uniform. 

Each small element of the dynode may have Poisson 

distributed secondary emission but each has different mean 

values. The total emission is then a compound Poisson 

distribution consisting of different mean values. The 

variances of the Polya distribution in Poisson and 

exponential limits are 

2 
S Poisson = d Poisson variance 

2 
S exp exponential variance 

where d = average number of electrons emitted per incident 

electron. 

The value of d is given by d = A x ~ 

where A = constant 
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v = interstage voltage 

b = coefficient determined by dynode material and 

geometric structure 

Hamamatsu PMT catalog states that b is typically 0.7 to 0.8. 

The value of A is determined in the following way. The gain 

is given by product of d of all dynode stages 

Gain = d, x d 2 X •••• X d,o 

The voltage distribution ratio of the 1" Hamamatsu tube is 

4 1 1.5 1 1 1 1 1 1 1 1 

Since the gains are known at other voltage, say 1500 V, (the 

gains at this voltage are readily available from the data 

test sheets provided by Hamamatsu.) and "b" is assumed to be 

0.75, "A" was then found to be 0.13. We can now find d for 

each dynode stage at the average cathode-anode bias voltage 

of 926.1 V used in the camera. 

Finally, if we have on the average <n~> the number of 

photoelectrons emitted from the cathode, the variance of the 

electrons from the anode of the pmt tube is 
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S 2 = a 
2 2 2 2 

X [d, x ... X d,o] x [1 + S, / d, + S2 / (d, X d 2) + 

. . . ] 

If the variances of all the dynode stages is zero (which is 

impossible), the variance of the electrons from the anode 

would be due to fluctuations of the photoelectrons from the 

cathode with non-statistically varied amplification. Then Sa 

is equal to the shot noise limited variances i.e. 

otherwise, with non-zero variances of the dynode stage, the 

Sa in Poisson and exponential limited are 

= 1.08 Sshot Poisson limit 

= 1.53 Sshot exponential limit 

If the measured variances in section A3.4(a) has negligible 

noise from the electronic system which is a reasonable 

assumption from the result of section A3.2(b), the noise 

beyond shot noise limits in section A3.4(a) is caused by the 

variances of the dynode stages of the pmt tube. 
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From section A3.4(a) (i) the measured noise of the night 

sky is 

1.76 Sshot > Sexp ( =1.53 S.hot ) 

indicating more noise in the night sky fluctuation than we 

anticipate. The measured signal noise from section 

A3.4(a) (ii) is 1.26 Sshot which is well behaved within the 

Poisson and exponential limits. i.e. 

Sexp (=1.53 Sshot) > 1.26 Sshot > Spoisson (=1.08 Sshot ) 

The analysis is similar for the 2" tube. The values of 

d of the 2" tube are estimated from the literature provided 

by the manufacturer. They were found to be about 

d, = 4.96 d z = 

and the corresponding 

= 1.14 Sshot 

= 1.61 Sshot 

= d,o = 3.01 

Poisson limit 

exponential limit 

Again, from section A3.4(a) (i) and A3.4(a) (ii) we 
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compare the measured noise with these two limits. The night 

sky no i se (1. 92 Sshot) exceeds the exponent ia I I imi ts as the 

1" tubes do. 

1. 92 Sshot > Sup ( =1. 61 S.hot ) 

The noise of the signal in 2" tubes are also well behaved 

Sexp (=1. 61 Sshot) > 1. 41 Sshot > Spoisson (=1. 14 Sshot ) 

A3.5 Summary 

1) The night sky light fluctuations determined from 

sky pedestal measurement are 

<S.D. of 1" tube> = 3.0 d.c. 

<S.D. of 2" tube> = 2.5 d.c. 

2) The standard deviations of the signal in d.c. 

determined from the Optitron nitrogen flash lamp are 



(S.D. of signal of 1" tube) ••• ure = (1.35 q)" 

(S.D. of signal of 2" tube) ••• ure = (0.90 q)" 

where q is the d.c. of the signal with pedestal removed. 

3) The electronic noise determined from pedestal 

measurement is 

<S.D. of the peds> = 0.8 d.c. 

which can be neglected in most cases. 

4) The total noise in an event is given by 

1" tube: 2 " (3.0 + 1.35 q) d.c. 

2" tube: 2 " (2.5 + 0.90 q) d.c. 

where q is the d.c. of the signal with pedestal removed. 
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This can be used to assess the errors in the determination 

of the image parameters for each event. 

5) The average conversion factors for two kinds of 

tubes are found to be 



1" tube 0, = 0.85 d.c. / p.e. 

2" tube 02 = 0.45 d.c. / p.e. 
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6) The noise introduced by the amplification at the 

PMT dynodes is bounded by the exponential and the Poisson 

limits. Both the noise in the measured signal in 1" tubes 

and 2" tubes is well behaved within these limits. That means 

the measured signal noise deviates from the ideal shot 

limit, but the deviation is most likely caused by the noise 

introduced in the amplification at the PMT dynodes. 

1" tube: 

Sexp (=1.53 Sshot) > 1.26 Sshot > Spoisson (=1.08 Sshot ) 

2" tube: 

Sexp (=1.61 Sshot) > 1.41 Sshot > Spoisson (=1.14 Sshot ) 

However the measured noise of the night sky exceeds the 

exponential limits. This indicates additional noise other 

than the noise in the amplification at the PMT dynodes. 

1" tube: 1.76 Sshot > Sexp ( =1.53 Sshot 

2" tube: 1. 92 Sshot > Sexp ( =1. 61 Sshot 

7) Suppose that in a Monte Carlo simulation n~ 
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photoelectrons are produced. If the system were ideal, the 

shot noise error would be (n~)~. For the present system a 

better estimate of the errors would be 

1" tube: 

2" tube: 

( 1.762 
X 4.2 + 1.262 

X ~ )~ 

1.922 x 8.3 + 1.412 x n~ )~ 

The errors are normally distributed with the above standard 

deviations. 
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APPENDIX 4 

IMAGE CUTS OPTIMIZATION 

The successful application of the imaging to detect 

gamma rays rests upon the prediction of the selection 

criteria of gamma-ray-like events. The gamma-ray-like 

events have image parameters which fall in the gamma domain 

of the parameter distributions. A change in the domain 

boundaries (the Hillas cuts) will certainly change the 

significance of the detection. Because there are some 

factors not considered in the predictions (e.g. missing 

tubes, pointing accuracy of the detector, night sky noise 

etc.) the predictions may not optimize the efficiency of the 

imaging technique. Therefore we would like to see whether 

there is any improvement that can be made by adjusting the 

cuts empirically. 

For most of the parameters, the Hillas cuts have a 

zenith angle dependent and independent part (Table 2.1). 

The following test only varies the zenith independent parts. 

The data that is used here to optimize the cuts is the same 

as those used in D.C. analysis in Chapter 3. The image 

parameters of each event are calculated in the same way as 
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described in Appendix 2 and their distributions are found. 

The bin size of the distributions is 0.01°. Because the 

detection is most prominent for data with small zenith 

angles (Table 3.9), we select only the data with zenith 

angle < 30° (116 pairs) for this test. 

The zenith angle independent part of the cut of each 

parameter is varied. The numbers of the events that pass 

the cut with zenith angle correction for all 116 pairs are 

counted and their significance are calculated. The 

procedure is repeated for the next value of the cut. Figure 

A4.1 shows how the significances vary as the cuts change. 

Finally each parameter goes through the same process. The 

optimum significances of all the parameters together with 

their optimum cuts (gamma domain boundaries of the 

distributions) are shown in Table A4.1. 

It can be seen that all the parameters have about one 

sigma increase in at least one of the zones except AZWIDTH. 

The significance of the optimum cut of AZWIDTH in zone 2 is 

smaller than that using the canonical Hillas cut. This could 

be an effect caused by the binning of the distribution, 

because the finite bin size may include more events than 

necessary to give the maximum effect. 
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Table A4.1 

Re.ult. ot the Optimum cut. 

(a) The significance (in sigma) at the optimum cut. 

Zone 1 Zone 2 

parameters 1 optimum Hilla. dit!er- optimum Hilla. ditfer-
cut. cut. ence cut. cut. ence 

AZW 6.655 6.486 +0.169 6.503 6.866 -0.363 
WID 4.963 3.874 +1. 089 4.357 4.072 +0.285 
MIS 1. 751 1.146 +0.605 3.148 2.031 +1.117 
LEN 4.155 2.740 +1. 415 3.876 3.647 +0.229 
CON 5.924 4.340 +1.584 5.051 3.476 +1. 575 
OST 2.373 -0.082 +2.455 3.172 1. 730 +1. 442 

(b) Th. optimum cut. 

Zone 1 Zona 2 

parameters optimf' Hilla. dittef- optim~ Hilla. dittrr-
cuts cuts enc. cuts cut. ence 

AZW < 0.22 0.204- +0.016 0.21 0.193- +0.017 
0.115X o .110X 

WID < 0.18 0.213- -0.033 0.19 0.188- +0.002 
0.175X 0.200X 

MIS < 0.22 0.166 +0.054 0.36 0.224- +0.136 
O.OlJX 

LEN < 0.39 0.350- +0.040 0.32 0.330- -0.010 
0.130X 0.135X 

CON > 0.69 0.735+ +0.045 0.68 0.735+ +0.055 
0.285X 0.315X 

OST > 0.81 0.650 -0.160 0.77 0.837+ +0.067 
0.045X 

AZW-AZWIDTH, WID-WIDTH, MIS-MISS, LEN-LENGTH, CON-CONCENTRATION, 
DST-DISTANCE 

Only the zenith angle ind.pendent p.rt •• r. li.ted 
The "+" m •• n. the cut i. ch.ng.d in .uch direction that mora .vent. are 
pas.ed whereas "-" mean. Ie •• event. are p •••• d. 
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The optimum cuts in Table A4.1 are then applied to the 

whole data base (175 pairs). The results are shown in Table 

A4.2. Also shown there is the results using canonical Hillas 

cuts for comparison. Obviously the significances of most of 

the parameters and multiple selection increase by ab~lt 1/2 

to 1 sigma except LENGTH and AZWIDTH. Probably both the 

LENGTH and the AZWIDTH are already at the optimum values of 

the cuts. Because of statistical fluctuations, the increase 

in significance by 1/2 to 1 sigma using the optimum cuts 

cannot be regarded as true improvement. From this test, we 

can conclude that the canonical Hillas cuts already give the 

optimum efficiency of selecting gamma-ray-like events from 

the numerous proton background events. 

This is a strong vindication of the simulations as a 

true representation of the gamma ray showers. Also there is 

no doubt that the excess signal observed from the Crab 

Nebula is truly of gamma ray origin. 



Table 1.4.2 

(a) Results using t~e optimum cuts 

total ON/OFF pair. 175 

unselected event. Non: 652974 

numbers of events passing the optimua cut. (.ingle parameter): 

N 
N 

N 

s 

WIDl 

on 11772 
off 11130 

• 642 

ignit .1 

WID2 

16805 
16028 

777 

6.011 

LENl LEN 2 "lSi "lS2 

26409 10318 63167 72899 
25814 9840 62802 71664 

595 478 365 1235 

3.988 3.076 

multiple parameters selection: 

" " 
/5 
/6 

Non 

)705 
4097 

Zone 1 

Noff N. 

3197 508 
3498 599 

(b) Result. using the Hilla. cut. 

N 
N 

N 

s 

" 4 

WIDl 

on 27)00 
off 26506 

• 1 794 

ignit .1 

Non 

/5 2845 
/6 4342 

WlD2 

15827 
15092 

735 

5.253 

I.ENl LEN2 "lSi 

12361 13507 47002 
11992 12939 46673 

369 568 329 

4.157 

Zone 1 

Noff N. 

2450 395 
3860 482 

Non 

2010 
4989 

"lS2 

44735 
43958 

777 

2.590 

Non 

1534 
3914 

CONi CON2 DSTl 

11705 15077 4218 
10846 14248 4011 

859 829 207 

7.411 

Zone 2 

DST2 1.ZWl 

162187 8194 
160959 7589 

1228 605 

2.493 

AZ 

)) 
28 

57 

W2 

77 
0) 

" 
7.95 6 

Noff N. signit. 

CONi 

7515 
6991 

524 

1582 428 
4452 537 

CON2 DSTl DST2 

7707 34733 119127 
7215 34650 118413 

492 83 714 

9.14 
8.70 

AZWl 

5715 
5126 

589 

AZ W2 

)) 
28 

57 

77 
0) 

4 

5.923 1. 439 8.91 4 

Zone 2 

Noff N. signit . 

1173 361 8.45 
3425 489 7.79 

189 



190 

LIST OF REFERENCES 

Akerlof, C., et al. 1989, in Proc. Gamma Ray Observatory 
Science Workshop, NASA/Goddard SFC, (in press) 

Allen, C. W. 1962, Astrophysical Quantities, Athlone Press 
(University of London), London, second edition. 

Ash, M. E., Shapiro, I. I., and Smith, W. B. 1967, Astron. 
J., li, 338. 

Bhat, P. N., et al. 1980, Astron. Astrophys., ~, L3. 

Bhat, P. N., Ramana Murthy, P. V., Sreekantan, B. V., and 
Vishwanath, P. R. 1986, Nature, 319, 127. 

Bignami, G. F., et al. 1975, Space Science Instr., ~, 245. 

Blackett, P. M. S. 1948, Rep. Gassiot Committee 34. 

Blumenthal, G. R., and Gould, R. J. 1970, Rev. Mod. Phys., 
li, 237. 

Browning, R., and Turver, K. E. 1977, Nuovo Cimento, ~, 
223. 

Cassiday, G. L. , et al. 1899, Phys. Rev. Lett. U 383-386. 

Chadwick, P. M. , et al. 1985, Astron. Astrophys. , l.ll, L1. 

Chadwick, P. M. , et al. 1987, Proc NATO Advanced Workshop 
V.H.E. Gamma-Ray Astronomy (Dordrecht: Reidel), ed. K. E. 
Turver, 121. 

Chardin, G., and Gerbier, G., 1987, 20th ICRC (Moscow), 1, 
236. 

Cheng, K. S., Ho, C., and Ruderman, M. 1986a, AP.J., lQQ, 
500-521. 

Cheng, K. S., Ho, C., and Ruderman, m. 1986b, Ap. J., lQQ, 
522-539. 

on 

Chudakov, A. E., Dadykin, V. L., Zatsepin, V. I., Nesterova, 
N.M. 1965, Trans. Consultants Bureau, P.N. Lebedev Physics 



191 

Inst., 26, 99. 

Clear, J., et ale 1987, Astron. Astrophys., 12i, 85. 

cocconi, G. 1959, ICRC (Moscow), ~, 309. 

Derdeyn, s. M., Ehrmann, C.H., Fichtel, C. E., Kniffen, D. 
A., and Ross, R. W. 1972 Nucl. Instr. and Methods, ~, 
557. 

Dietz, L. A., Hanrahan, L.R., and Hance, A. B. 1967, Rev. 
Sci. Inst., 38, 176. 

Dingus, B. L., et ale 1988, Phys. Rev. Lett., 60, 1785-1788. 

Dowthwaite, J. C., et ale 1984a, Ap. J. (Letters), ~, L35. 

Dowthwaite, J. C., et ale 1984b, Nature, 309, 691. 

Erickson, R., Fickle, R., and Lamb, R. C. 1976, Ap. J., Z1Q, 
539. 

Fazio, G. G., et ale 1972, Ap. J. (Letters), 122, L117. 

Fichtel, C. E., et ale 1975, Ap. J., ~, 163. 

Galbraith, W., Jelley, J. V. 1953, Nature, 121, 349. 

Gibbs, K. G. 1987, Ph. D. Dissertation., Univ. of Arizona 
(unpublished) . 

Gibbs, K. G. 1988, Nucl. Instr. Methods, ~, 67-73. 

Gibson, I. A., et ale 1982, Nature, ~, 833. 

Ginzburg, V. L., and syrovatskii, s. I. 1964, The Origin of 
Cosmic Rays, (New York: MacMillan Co.). 

Ginzburg, V. L., and syrovatskii, S. I. 1965, Ann. Rev. 
Astron. Astrophys, 1, 297 

Goldreich, P., and Julian, W.H. 1969, Ap. J., 122, 869. 

Gorham, P. W., et ale 1986a, Ap. J., ~, 114. 



192 

Gorham, P. W., et al. 1986b, Ap. J. (Letters), ~, L11. 

Gould, R. J. 1965, Phys. Rev. Lett., 12, 577. 

Grindlay, J. E. 1971, smithsonian Astrophysical Observatory, 
Special Report No. 334. 

Grindlay, J. R. 1972, Ap. J. (Letters), 121, L9. 

Grindlay, J. R. 1975, Ap. J. (Letters), 122, L9. 

Grindlay, J. R., Helmken, H.F., and Weekes, T. C. 1976, Ap. 
J., .l.Q.2., 592. 

Grindlay, J. E., and Hoffman, J. A. 1971, Ap. J. Lett., ~, 
L209. 

Helmken, H. F., Fazio. G. G., O'Mongain, E., and Weekes, T. 
C. 1973, Ap. J., ~, 245. 

Hill, D. A., and Porter, N. A. 1961, Nature, ~, 690. 

Hillas, A. M. 1985, 19th ICRC (La Jolla), 1, 445. 

Jauch, J. M., and Rohrlich, F. 1976, The Theory of Photons 
and Electrons, Springer-Verlag, New York, 2nd edition. 

Kanbach, G., et al. 1988, Space Science Reviews, 49, 69-84. 

Kazanas, D. 1989, Nature, 338, 300 

Knight, F. K. 1985, The Crab Nebula and Related SUDernova 
Remnants (Cambridge University Press), ed. M. C. Kafatos and 
R. B. C. Henry, 39. 

Lamb, R. C. , et al. 1982, Nature, ~, 543 

Lamb, R. C. , et al. 1988, Ap. J. (Letters) , 1ll, L13. 

Lang, M. J. , et al. 1989, Nucl. Phys. B Proceeding Suppl. 
(in press). 

Lewis, D. A. , et al. 1987, 20th ICRC (Moscow) , Z, 338. 

Li, T., and Ma, Y. 1985, Ap. J., ~, 317. 



Lyne, A. G., and Pritchard, R. S. 1987, MNRAS, ~, 223. 

Lyne, A. G., and Pritchard, R. S. 1988, private 
communication. 

193 

Manchester, R. N., and Taylor, J. H. 1977, ~lsars, Freeman, 
San Francisco, California. 

Mattox, J. 1988, private communication. 

Mastel, L. 1971, Nature, 233, 149. 

Mukanov, J. B. 1983, Izv, Krimskol Astrophys. Obs., 67, 55. 

Nishimura, J. et al. 1985, ICRC (La Jolla), ~, 539. 

Orford, K. J. 1987, in Proc. NATO Advanced Research Workshop 
on V.H.E Gamma-Ray Astronomy (dordrecht:Reidel) ed. K. E. 
Turver, 63. 

Plyasheshnikov, A. V., and Bignami, G. F. 1985, Nuovo 
Cimento, 8C, 39. 

Porter, N. A., and Weekes, T. C. 1978, smithsonian 
Astrophysical Observatory Special Report, No. 2al. 

Prescott, J. R. 1966, Nuc. Instr. Methods, 39, 173. 

Protheroe, R. J. 1987, 20th ICRC (Moscow), ~, 21. 

Ramana Murthy, P. V., and Wolfendale, A. W. 1986, Gamma-Ray 
Astronomy (Cambridge: Cambridge Univ. Press). 

Ramana Murthy, P. V. 1987, Proc. NATO Advanced Research 
Workshop on V.H.E. Gamma-Ray Astronomy (Dordrecht: Reidel), 
ed. K. E. Turver. 

RCA photomultiplier Handbook, 1980, RCA Coporation. 

Resvanis, L., et al. 1986, in Proc. NATO Advanced Workshop 
on V.H.E. Gamma-Ray Astronomy (Dordrecht:Reidel) ed. K. E. 
Turver, 155. 



Resvanis, L., et al. 1988, Ap. J. (Letters), 328, L9. 

Rieke, G. H., 1969, smithsonian Astrophysical Observatory 
Special Report, No. 301. 

Rieke, G. H., and Weekes, T. C. 1969, Ap. J., 12, 577. 

194 

Ryan H. J., Ormes, J. F., and Balasubrahmanyan, V. K. 1972, 
Phys. Rev. Lett. ~, 985-988. (note: Errata P.1497). 

Samorski, H., and Stamm, W. 1983, Ap. J. (Letters), ~, 
L17. 

Scarsi, L., Bennett, K., Bignami, F., Boella, G., and 
Buccheri, R. 1977, Proc. 12th Eslab Symposium, Frascati (ESA 
SP-124), 3. 

Sembrowski, G. 1987, private communication. 

Smith, F. G. 1977, Pulsars (Cambridge: Cambridge Univ. 
Press) . 

Stepanian, A. A., Fomin, V. P., and Vladimirsky, B. H. 1983, 
Izvestia, Crim. Astro. Obs., 66, 234. 

Taylor, J. H., and Stinebring, D. R., 1986, Ann. Rev. 
Astron. Astrophys., ~, 285. 

Tumer, o. T., Wheaton, W. A., Godfrey, C. P., and Lamb, R. 
C. 1985, 19th IeRC (La Jolla), (NASA CP-2376), 1, 139. 

Vishwanath, P. R. 1985, 19th ICRC (La Jolla), (NASA CP-
2376), 1, 144. 

Wdowczyk, J., 1965, 9th ICRC, Z, 691. 

Weekes, T. C., 1988, Physics Reports, 122, 1. 

Weekes, T. C., Lamb, R. C. and Hillas, A. H. 1986, Proc NATO 
Advanced Workshop on V.H.E. Gamma-Ray Astronomy (Dordrecht: 
Reidel), ed. K. E. Turver, 235. 

Weekes, T. C., et al. 1989, Ap. J., (in press) 



195 

Wills, R. D. et ale 1982, Nature, ~, 723. 

Zatsepin, V. I., Chudakov, A. E. 1962, Z.E.T.P. i1, 62 Sov. 
Phys., J.E.T.P., 12, 1126. 

Zatsepin, V. I. 1965, Sov Phys., J.E.P.T., 20 459. 


