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ABSTRACT 

Gamma-ray astronomy is generally viewed as an adjunct to cosmic 

ray physics. As such J the observation of very high energy gamma-rays 

wi I I al Iowa new and complementary means of examining the origin and 

evolution of cosmic rays. However J at present the atmospheric Cerenl<ov 

technique (the technique by which very high energy gamma-rays are 

observed) is seriously hampered by I imited flux sensitivity. Monte 

Carlo simulations suggest that the appl ication of imaging to the 

atmospheric Cerenkov technique wi I I provide a much needed Increase In 

sensitivity. 

The successful appl ication of imaging to very high energy 

gamma-ray observations of the Crab nebula wi I I be discussed J as wi I I 

improved techniques for cal ibration and noise rejection. These 

observations permit an improved estimate of the nebular magnetic field 

strength. 

x 



CHAPTER 1 

INTRODUCTION 

One of the major unresolved problems confronting astrophysics 

today concerns the origin of energetic cosmic rays. Conventional 

cosmic ray experiments measure the energy and, in some cases, determine 

the identity of incident particles. However, due to the presence of 

magnetic fields throughout the galaxy, the observed arrival direction 

of a cosmic ray does not reflect the location of its point of origin. 

Despite this limitation, models have been developed based on 

distributed acceleration which persuasively reproduce the spectra of 

relatively low energy cosmic rays (1012 eV). Unfortunately, these 

models fai I to account for the presence of higher energy cosmic rays. 

However, the discovery of more than a dozen discrete sources of 101 
I to 

1016 eV gamma radiation (Table 1) suggests that high energy cosmic rays 

may be generated not by distributed acceleration but by an as yet 

unknown mechanism operating within these sources. The observed gamma

ray flux levels imply relativistic cosmic ray densities far in excess 

of those found within the interstellar medium. Estimates of the cosmic 

ray luminosity required to produce the observed flux levels indicate 

that these sources could supply a significant fraction of the energetic 

cosmic rays within our galaxy (Wdowczyk and Wolfendale 1983). 

The observed sources of energetic gamma radiation may be 

divided into three classes: x-ray binaries, pulsars, and extended 

1 
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Table 1. Observed Sources of Very High Energy Gamma Radiation. 

SOURCE THRESHOLD ENERGY -1 j FLU~0 -1 
(TeV) (10 cm . -s ) 

REFERENCE 

Pulsars: 

PSR 0531+21 3 20 (trans i ent) (Gibson} et a I. 1982) 
(Crab; 33ms) 1 . 79 (variable) (Dowthwait.e} et a I . 1984a) 

PSR 0833-45 14 .05 (variable) (Gupta 1983) 
(Vela; 89ms) 

PSR 1953+29 2 3 (steady) (Chadwick} et a I. 1985c) 
(binary; 6ms) 

PSR 1937+21 .i. 3 (steady) (Chadwick} et a I. 1985c) 
(1. 5ms) 

X-Ray Binaries: 

Cygnus X-3 
(4.8hr) .8 51 (variable) (Cawley} et al. 1985) 

(12.59ms) 1 200 (trans i ent) (Chadwick} et al. 1985a) 

Hercules X-I .25 25 (trans i ent) (Gorham} et. al. 1986) 
(1. 24s) 

4UOlI5+63 1 7 (trans i ent) (Chadwicl<} et al. 1985b) 
(3.61s) 

Extended: 

Crab Nebula .55 2 (~teady) Present measurement 
(SNR) 

M-31 1 10 (steady) (Dowthwaite} et a I. I984b) 
(galaxy) 

Centaurus A . 3 4 (steady) (Grind lay} et a I . 1975) 
(radio galaxy) 
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sources. The Crab nebula/ an extended source/ does not exhibit the 

interesting periodic or transient behavior characteristic of both 

pulsars and x-ray binaries/ nor is it the most luminous of these 

sources. Nevertheless/ it is of particular importance both from an 

astrophysical and a practical point of view. Unl ike in both x-ray 

binaries and pulsars/ the production of energetic gamma radiation 

within the nebula is relatively wei I understood/ and whi Ie the Crab 

nebula is by no means a "standard candle"/ it is the most suitable of 

the observed sources for refining the techniques used for the 

observation of energetic gamma radiation. As such/ observations of the 

Crab nebula wi I I play an important role in the first successful 

appl ication of imaging to the atmospheric Cerenkov technique which this 

dissertation wi I I describe. 

This chapter wi I I serve as an introduction to the production of 

energetic gamma radiation within the Crab nebula/ and to the previously 

publ ished gamma-ray observations of the nebula. It wi I I conclude with 

an introduction to the atmospheric Cerenkov technique and a guide to 

the dissertation. 

Gamma-Ray Emission from the Crab Nebula 

Both the Crab nebula and the Crab pulsar/ PSR 0531/ are 

remnants of the historical supernova of 1054. The nebula is 
l .... ':l' 

ell ipso i da lin shape and enc loses a vo I ume of N 10" em' (maj or ax IS/ 

3~5; minor axis/ 2~3 (FWHM); distance/ 2 x 10~ parsecs). At visible 

wavelengths the Crab nebula appears as a web of bright fi laments 

threading a nearly uniform region of continuum emission (Manchester and 
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Taylor 1977). This continuum emission extends from below 107 Hz in the 

d·, h 2' H ra 10 reg I on to more t an 10' z. The nebular luminosity, integrated 

over a II wave I engths lis'" 1036 ergs-s -1. The rad i 0 and opt i ca I 

components of the nebular emission are observed to be partially 

polarized and power law in form , strongly suggesting that the continuum 

emission is produced by the synchrotron process. The production of 1022 

Hz photons in this manner necessitates the presence within the nebula 

of 101S eVelectrons. However , since the radiative I ifetime of these 

electrons within the relatively strong magnetic field of the nebula IS 

only N 10 weeks , a mechanism for their continuous injection must 

exist. This is precisely the role which the Crab pulsar is bel ieved to 

fi I I in the production of energetic gamma radiation within the Crab 

nebula. 

At present no entirely satisfactory model exists which provides 

for the generation of relativistic cosmic ray electrons by pulsars such 

as the Crab (Michel 1982). Nevertheless, based upon the character-

1 2 6 33 istics of the system (8 N 10 G, R N 10 cm , M '" 10 g, and T IV 

33 mi I I iseconds) it is evident that potentials of 1014 to 1016 volts 

wi I I develop within the magnetosphere (Goldreich and Jul ian 1969; 

Cheng, Ho and Ruderman 1986a,b). Given the suggestion that the Crab 

pulsar IS a source of relativistic electrons, it is interesting to note 

that the observed radio, optical, and x-ray emissions represent but a 

smal I fraction of· the total energy flux of the pulsar as inferred from 

the rate of change of its angular velocity. The majority of the 

rotational energy lost by the pulsar may wei I be in the form of 
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relativistic electrons. This would be consistent with the continuum 

flux of the nebula. 

In spite of the lack of detai led knowledge concerning the 

origin of the energetic nebular electrons, it has been recognized for 

some time that the Crab nebula would be a source of gamma radiation. 

Gould (1965) was the first to calculate in detai I the radiation 

produced by Compton scattering of these relativistic electrons with the 

synchrotron photons, the so cal led synchro-Compton radiation. The 

result indicated that the flux of gamma radiation was a function of the 

strength of the nebular magnetic field, that is 

F 
I 

(1.1) 

where m is the index of the electron number density distribution 

(assumed to be power law in form). Given such a relationship it should 

be possible to estimate the strength of the nebular magnetic field 

based on the observed flux of very high energy gamma radiation. 

(Conventional estimates of the field strength are based upon the 

assumption of equipartition of energy between the relativistic 

particles and fields contained within the nebula or by attributing the 

enhanced continuum emission below 101~ Hz to the presence of energetic 

electrons which are rei ics of the initial supernova event.) 

These calculations were refined by Rieke and Weekes (1969) who 

incorporated improved estimates of the source distance, geometry, and 

synchrotron spectrum. Further refinements made by Grindlay and Hoffman 

(1971) included not only the observed synchrotron emission as a 
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function of position within the nebula but also a non-uniform 1fr 

dependence for the magnetic field strength (r being the radial distance 

measured from the pulsar). The flux was evaluated using an expression 

of the form 

J .. 
I J 

V .. N.n.hll Jd rd -m. -(M.+1) d = IJ I J c III I I J 111 I I 
41Td2 .I 

(1. 2) 

which relates the gamma-ray flux at the earth to the emission from a 

nebular volume V .. , a distance d away, containing energetic electrons 
I J 

and synchrotron radiation with number densities 

-m. 
n. a I J 
J 

and N -(M.+l) 
i a 111 I , (1.3) 

respectively. (Limits to the integration are set by the observed 

synchrotron spectrum and an assumed electron energy cutoff.) 

Grindlay and Hoffman's (1971) gamma-ray flux estimate for the 

Crab nebula (Figure 1) is about an order of magnitude greater than that 

predicted by Rieke and Weekes (1969) for the same mean magnetic field 

strength. Though this estimate is quite simi lar to that of Gould 

(1965), the differences which exist between these three results are not 

significant given the uncertainties in the nebular structure. 
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Figure 1. Synchro-Compton Model for the Gamma-Ray Emission of the Crab 
Nebula. 

The,curve represents the differential flux for a mean magnetic field of 
10-~ Gauss. The point indicated is the present flux measurement. 
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Previous Observations of the Crab Nebula 

The very high energy (10 i 1_1014 eV) gamma-ray observations of 

the Crab nebula are summarized in Table 2. The earl iest of these 

observations (Chudakov and Nesterova 1962) placed an upper limit on the 

-11 -2 -1 12 gamma-ray flux of 5 x 10 photons cm -s above 5 x 10 eV (5 TeV). 

Not unti I the end of the decade was the Crab nebula actually detected 

as an energetic gamma-ray source (Fazio, et al. 1972). In these 

observations a flux of 5.7 x 10-11 photons cm- 2 -s-: above 0.14 TeV was 

observed. Perhaps the most interesting result produced by this 

observation, other than the detection itself, was the indication that 

the source might be variable. In particular, an apparent correlation 

was found between intervals of increased flux and pulsar timing 

"glitches". (These glitches involve an abrupt, though small, increase 

in the pulsar's angular velocity and are accompanied by a sharp, short 

I ived increase In the spin down rate. The relatively high value of the 

spin down rate IS associated with an increase in the rate of rotational 

energy loss.) Mukanov and Zyskin (1983) observed a 4.4 sigma excess 

from the Crab nebula above 2 TeV and with an estimated flux of N 5.7 x 

10- 1 : photons cm -; _s-1 Observations by the Durham group (Chadwick, et 

al. 1985d) and the Plateau Rosa Array (Morello, et al. 1985) both 

resulted in upper I imits of 3 x 10-11 photons cm- _s-1 and 1 x 10- 11 

_1 _] 

photons cm "- s at 1 and 30 TeV, respectively, as indicated In Figure 

2. Except for the result of Mukanov and Zyskin (1983), these 

observations are not in significant contradiction. 
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Table 2. Summary of the Very High Energy Gamma-Ray Observations of the 
Crab Nebula. 

GROUP/REFERENCE THRESHOLD ENERGY 
(TeV) 

Lebedev Institute 5 
(Chudakov, et ai, 1962) 

Smithsonian 0,14 
(Fazio, et ai, 1972) 

Tien Shen 2 
(Mukanov and Zyskin 1983) 

Whipple 0.4 
present measurement 

Durham 1 
(Chadwick, et ai, 1985d) 

Plateau Rosa 30 
(Morello, et al. 1985) 

FLUX 
(10- 1 : cm -? -s -I) 

(5 

5.7 

5.7 

1.5 

(3 

(1 

EPOCH 

1960-1963 

1969-1972 

1979-1981 

1983-1985 

1981 

1982-1984 
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Figure 2. Very High Energy Gamma-Ray Fluxes and Flux Limits Reported 
for the Crab Nebula. 
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Whipple. 
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The Atmospheric Cerenkov Technique 

The observation of energetic gamma-rays must necessari Iy be 

ground based due to the low flux levels involved and associated large 

collection areas. However/ the earth's atmosphere does not permit the 

direct observation of gamma radiation. Nevertheless/ at energies above 

N 10~o eV/ an incident primary striking the atmosphere (either a 

gamma-ray or a cosmic ray) wi II initiate an extensive air shower. 

These air showers consist principally of relativistic charged particles 

+ -(mostly e e pairs) and Cerenkov photons which are produced by the 

passage of the charged particles through the atmosphere. At energies 

1 4 below N 10 eV few of the charged particles reach ground level. 

Hence/ the observation of very high energy (101i _1014 eV) primaries IS 

performed indirectly using the atmospheric Cerenkov technique. 

The Cerenkov Emission of Extensive Air Showers 

The number of Cerenkov photons emitted per unit column density 

traversed by a highly relativistic charged particle may be written as 

dN 27rar;0 ( 1-
dt = -- A Po min 

(1.4) 

where Po is the atmospheric density at sea level/ ~O IS the deviation 

of the index of refraction of air from unity/ and a is the fine 

structure constant (Jel ley 1967). The I imiting wavelengths are set by 

atmospher i c transm iss i on and photo-detector sens i t i vi ty . Ross i (1952) 

provides the fol lowing expression for the integral column density 



through which the electrons of an air shower pass: 

7 T = 4.5 x 10 EO -2 (g-cm ) (1.5) 

where the numerical constant IS the radiation length divided by the 

critical energy. For a 1013 eV primary the integral column density 

traversed by the shower is 4.4 x 106 g_cm-2 , resulting in the 

production 8 of 5 x 10 Cerenkov photons. The area over which these 

photons fal I may be estimated by assuming that the shower is one-

dimensional. The radius of the Cerenkov I ight pool produced by the 

shower at height h is then equal to 

(1.6) 

where the Cerenkov angle e is written in terms of ~ at sea level 

(Galbraith and Jel ley 1955). The extreme value of r occurs at twice 

the scale height and is N 150 meters, yielding an average Cerenkov 

photon density of 140 m- 2 . These photons are distributed as a thin 

disk N 3 meters in depth and between 100 and 200 meters in radius 

(depending on the primary energy). 

Atmospheric Cerenkov Telescopes 

12 

A simple atmospheric Cerenkov telescope consists of a mirror, a 

photo-multipl ier tube, and pulse counting electronics. Important 

parameters of such a detector are its effective collection area and 

energy threshold. 
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Collection Area and Energy Threshold. The Cerenkov emission of 

an extensive air shower is observed against the pervasive flux of light 

from the night sky F ~easured as N ns' 
7 -1 -2 -I 6.4 x 10 photons-s -cm -sr 

(Lang 1986). This fact dictates to a degree the effective collection 

area and threshold energy of an atmospheric Cerenkov telescope. 

Requiring a Cerenkov photon density four times that due to fluctuations 

of the night sky background yields 

1 OTF -
4( nS)2 

Pc = AE (1.7) 

(Cawley 1985). As an example, consider the 10 meter atmospheric 

Cerenkov telescope on Mt. Hopkins, with parameters as fol lows: field 

-9 . of view n = 0.002 sri integration time T = 30 x 10 s, mirror area A = 
75 m', and detection efficiency E = 0.29. The minimum Cerenkov photon 

flux necessary to render an air shower detectable against the I ight of 

the night sky is 5.6 photons m-? This flux wi I I be produced by a 1011 

eV primary out to a distance of 120 to 150 meters from its impact point 

(Rieke 1969). The effective collection area AE is therefore N 2 x 104 

m2 . At primary energies other than 10' j eV the lateral photon density 

wi I I be somewhat different. Thus, the effective area and the threshold 

energy are, to a degree, a matter of convention (Weekes 1976). They 

depend upon the physical and operating parameters of the detector, the 

lateral distribution of Cerenkov I ight as a function of shower energy, 

and the nature and spectrum of the initiating primary. 
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Alternative Approaches. Whi Ie a simple Cerenkov telescope is 

adequate for the detection of air showers, the sensitive observation of 

these sources demands a greater level of sophistication. The vast 

majority of air showers detected via the atmospheric Cerenkov technique 

are initiated by cosmic rays and not by the energetic gamma-rays of 

interest. Thus, the appl ication of the atmospheric Cerenkov technique 

is hampered from the start by poor signal-to-noise. (The signal-to-

noise ratio is measured as the signal over the fluctuations of the 

background, assumed to be Poisson in form). If a minimum signal-to-

noise of at least three is demanded for an affirmative source 

detection, then the minimum detectable gamma-ray flux F . for an 
I,mln 

observation lasting time T IS 

(1. 8) 

where RS is the measured rate of background (cosmic ray) initiated air 

showers (Cawley 1985). In an observation lasting 25 hours with a 3 Hz 

background rate, the minimum detectable gamma-ray flux is approximately 

-2 -1 cm -s 

In order to decrease the I imiting flux sensitivity, either the 

total obser'vation time and the effective area may be increased or the 

background rate decreased. A factor of two increase in flux 

sensitivity would require more than 100 hours of observation, thus 

precluding the sensitive observation of sources which may be variable 

on shorter time scales. The effective area of a single telescope is 
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ultimately I imited by the lateral distribution of the Cerenkov light 

and it is unl ikely, given any reasonable set of detector parameters, 

that the effective area may be increased by even a factor of four. 

Decreasing the background counting rate is thus the approach most often 

chosen. 

If the background rate IS written as a function of the 

-2 -I -I incident cosmic ray intensity IS (cm -s -sr ), the detector's field 

of view 0, the effective collection area AE, and the "discrimination" 

0, a measure of the detector's abi I ity to discriminate gamma-ray 

initiated showers from those produced by the cosmic ray background, 

then the minimum detectable gamma-ray flux is 

IS 0 
F . = 3 (A T~) l,mln E v 

(1.9) 

which can be decreased by restricting the field of view or increasing 

the shower discrimination parameter. The relative merit of various 

approaches to the atmospheric Cerenkov technique can be evaluated using 

this expression. 

Fast timing IS one approach which has been successfully used to 

reduce the background counting rate. In this approach the time of 

arrival measured between adjacent detectors al lows the angular 

resolution of the detectors as a whole to be improved, reducing 0 and 

thereby reducing the background rate (Gibson, et al. 1982). However, 

since at least three detectors must operate in coincidence, the 

effective collection area is sharply reduced. 
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Several techniques have been developed which depend on shower 

discrimination to reduce the background rate. For instance the "guard 

ring" approach seeks to uti I ize differences which may exist between the 

energy spectrum of very high energy gamma-rays and the spectrum of the 

cosmic ray background. If the gamma-ray source spectrum is relatively 

steep, as has often been suggested of the Crab nebula, then the 

majority of gamma-ray initiated showers detected by a Cerenkov 

telescope wi I I fal I within a very short distance. These showers should 

on average have a smaller angular extent than those initiated by the 

cosmic ray background. A ring of detectors, or "guard ring", operated 

in anti-coincidence with a central detector may then be used to 

discriminate against a portion of the background showers (Grind lay, et 

al. 1976). Another approach, the "double beam" technique, exploits the 

fact that muons are produced much more abundantly in cosmic ray 

initiated showers than in those initiated by gamma-rays. In this 

approach an auxi I iary detector is oriented so as to detect the Cerenkov 

light produced by penetrating muons. Operated in anti-coincidence, 

this detector wi I I preferentially discriminate against showers 

initiated by cosmic rays. 

The imaging atmospheric Cerenkov technique is potentially one 

of the most powerful discrimination methods employed today. This 

technique seeks to preferentially select gamma-ray initiated showers 

based on the angular distribution of Cerenkov I ight produced in the air 

shower. This approach wi I I be considered in detai I in Chapter 2. 
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A Guide to the Dissertation 

Chapter 2 wi I I discuss Monte Carlo simulations which relate to 

the Imaging atmospheric Cerenkov technique. Chapter 3 wi I I introduce 

the Whipple Observatory imaging atmospheric Cerenkov camera and its 

operation and cal ibration. Finally Chapter 4 wi I I summarize the 

results and conclusions of the appl ication of the imaging atmospheric 

Cerenkov technique to very high energy gamma-ray observations of the 

Crab nebula. 



CHAPTER 2 

THE ANGULAR DISTRIBUTION OF CERENKOV LIGHT 
FROM EXTENSIVE AIR SHOWERS 

Whi Ie a number of approaches have been pursued in attempting to 

Improve the flux sensitivity of the atmospheric Cerenkov technique/ 

Imaging may hold the greatest promise. The imaging atmospheric 

Cerenkov technique seeks to uti I ize differences between the angular 

distribution of Cerenkov I ight produced in gamma-ray and cosmic ray 

initiated air showers to provide a degree of background rejection. The 

distribution of Cerenkov light produced in air showers has been the 

subject of a number of detai led Monte Carlo calculations. These 

calculations have been performed for various primary energies/ detector 

resolutions/ and shower core distances (a measure of the distance from 

the detector to the point of shower impact). As yet/ no clear 

consensus has emerged as to the effectiveness of Imaging as a means of 

improving flux sensitivity. However/ the most recent calculations 

(Hi I las 1985) strongly suggest that imaging should provide a powerful 

means with which to reduce the background. This chapter wi I I summarize 

the results of these calculations with emphasis on Hi I las' simulations/ 

performed expressly for the Whipple observatory imaging atmospheric 

Cerenkov camera. 

18 
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Early Calculations 

The earl iest calculations of the angular distibution of 

Cerenkov I ight produced in air shower, which were analytic in form 

(Zatsepin and Chudakov 1962; Zatsepin 1965), were confirmed by the 

Monte Carlo calculations of Rieke (1969). These results indicated that 

the shower images would be el I iptical or comet shaped, becoming 

progressively more elongated as the distance of the shower core from 

the detector increased. Simi larly, the angular separation between the 

center of the detector's field of view and the maximum of the light 

distribution would increase with increasing core distance. It was also 

found that the major axis of the shower image would be al igned with the 

arrival direction of the primary particle. This al ignment would in 

principle al Iowa large portion of the isotropically incident cosmic 

ray initiated (or background) showers to be rejected based on their 

orientation in the field of view. The angular distribution of Cerenkov 

I ight as determined by Rieke (1969) IS shown in Figure 3. 

The first simulations which included the effects of both the 

geomagnetic field and fluctuations in the shower development were 

performed by Browning and Turver (1977). (Earl ier results were 

averaged over an ensemble of showers.) 

with and without the geomagnetic field. 

Showers were simulated both 

Contrary to the results of 

prevIous calculations; there was no tendency for the shower images to 

al ign themselves with the arrival direction of the initiating particle. 

If correct, measurement of the shower al ignment would then be of 

I imited use, rendering imaging much less effective than it might 
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Figure 3. The Angular Distribution of Cerenkov Light In Extensive Air 
Showers. 

The angular distribution of Cerenkov I ight for showers with core 
distances as indicated, field of view 0.5 degrees. (Rieke 1969). 
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otherwise be. Despite this finding, the centroid of the light 

distribution does appear to be displaced toward the shower core. These 

simulations were modified specifically for the Whipple observatory 

Cerenkov camera (Turver 1984). The resulting images exhibited strong 

fluctuations In their angular I ight distribution. However, examination 

of images of proton initiated showers does not show the suggested high 

degree of fluctuation. Nevertheless, since these calculations were not 

performed for proton initiated showers, it is not possible to compare 

these simulated showers with those which are actually observed. 

Recent Simulations 

Despite the fai lure of earl ier simulations to produce a clear 

consensus on the effectiveness of imaging as a means of improving the 

sensitivity of the atmospheric Cerenkov technique, the most recent 

calculations (Hi I las 1985) are unequivocal in their support of this 

technique. These calculations are by far the most detai led to date and 

include both gamma-ray and proton primaries. In addition to the usual 

considerations (e.g. geomagnetic field and detector geometry) Hi I las 

has sampled the primary differential energy spectrum such that 

N a E-2 .25 

I 
and N a E-2 . 65 

p 
(2.1) 

al lowed for fluctuations in the conversion of photons at the photo-

cathode, assumed a non-isothermal atmosphere, and al lowed for both 

Rayleigh and aerosol scattering. He has investigated the detector 

response to incl ined showers (up to 45 degrees from the zenith) and 



al lowed for isotropically incident background primaries. (The single 

identified shortcoming of these simulations is in their treatment of 

the mirror as a parabola, thus ignoring astigmatic abberations. 

However, yet more recent simulations (Hi I las 1986) have included the 

measured point spread function of the instrument.) 

Hi I las' Imaging Parameters 
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Hi I las adopts a nomenclature, defining "zones" witflin a 37 

element Imaging array (see Figure 4 and Chapter 3) and defining SIX 

Image parameters. These parameters are derived from the moments of the 

I ight distribution as given in Table 3. The parameters are indicated 

in Figure 5 and defined as fol lows: WIDTH and LENGTH are the root mean 

squared spread of the I ight distribution paral lei and perpendicular, 

respectively, to its major axis; MISS represents the minimum angular 

distance from the extension of the major axis to the center of the 

field of view; AZIMUTHAL-WIDTH (AZWIDTH) is the root mean squared Image 

spread as measured about the center of the field of view; FRAC(2) IS 

the fraction of I ight in the two highest channels relative to the total 

of al I channels; and DISTANCE is the angular separation between the 

center of the field of view and the centroid of the I ight distribution. 

These parameters are measured in degrees with the exception of FRAC(2) 

which is, of course, unitless. 

Showers are classified depending upon In which of the zones the 

maximum of the I ight distribution fal Is. For maximum light fal I ing In 

the central element of the imaging array the showers are classified as 

"zone 0"; within the ring of six detectors as "zone 1"; within the ring 



Zone 0 ~ 
Zone 10 
Zone 2 ® 
Zone 3 ® \U 

Figure 4. Zones in the Hi I las Nomenclature. 
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Table 3. Definition of the Hi I las Parameters In Terms of the Moments 
of the Light Distribution. 

Define: 

<X) = 1: S.X. I I <X2) 
1: S. I 

<y) = [ S.Y. I I <y2) 
[ S. I 

<XV) = [ S.X.Y. I I I <XY2) 
1: S. I 

2 [ S.X. = I I 
1: S. 

I 

2 [ S.Y. = I I 

[ S. I 

2 [ S.X.y. = I I I 

1: S. I 

o 

C 2 
X 

° 2 Y 

X y2 

where X. and Y. are the x and y coord i nates of photo-mu It i p Ii er i (i n 
degreesj and S~ is the signal In I. The summations run over all non
excluded tubes~ 

I 
2 2 , 2 2 2 4,,2 , 

0y - Cx + .; (Oy - oX) + i.JXy a = 
20 XY 

b = <y) - a<X) 

Then: 

(WIDTH)2 
2 2 2 2ao XY = 0y + a Ox -

1 + a 2 

MISS I b' = 
1 + a 2 

FRAC(2) = Sum of the two highest signals 
Sum of al I signals 

(LENGTH) 2 
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WIDTH 

MISS 

LENGTH 

Center of Field-of-View 

Figure 5. Hi I las Image Parameters Defined. 



of twelve detectors, as "zone 2"; and within the outer rIng of 18 

detectors, as "zone 3". 
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The distribution of the SIX Image parameters for vertical 

showers fal I ing in zones 1 and 2 and for both gamma-ray and proton 

prImarIes are given in Figures 6 through 11. Each of these 

distributions may be divided in such a way as to preferentially contain 

gamma-ray intitiated showers; a "gamma domain". The domain boundary 

differs for each of the zones and is zenith angle dependent, as 

indicated in Table 4. 

Predictions of Imaging Discrimination 

The degree to which discrimination IS possible among the 

simulated gamma-ray and proton initiated showers has been determined. 

For showers classified as zone 1 or zone 2, in which four of the six 

image parameters I ie within the gamma domain, it is possible to exclude 

98% of the simulated background showers whi Ie retaining more than 60% 

of the gamma-ray initiated showers. Imaging does not, however, prove 

to be an effective means of discrimination for showers fal I ing in 

either zone 0 or zone 3. The former yield essentially circular images 

regardless of the nature of the initiating primary and the latter 

produce insufficient information to make classification possible with 

any degree of confidence. 

Hi I las has suggested several combinations of the shower image 

parameters which might be effective for selecting gamma-ray initiated 

showers. These selection criteria are: (A) four or more of the six 

parameters within the gamma domain, (B) two or more of the parameters 
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Figure 6. Distribution of the Hi I las Image Parameters for Gamma-Ray 
and Proton Primaries (WIDTH). 

Bounds of the gamma domain are as indicated. 
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Figure 7. Distribution of the Hi I las Image Parameters for Gamma-Ray 
and Proton Primaries (LENGTH). 

Bounds of the gamma domain are as indicated. 
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Figure 8. Distribution of the Hi I las Image Parameters for Gamma-Ray 
and Proton Primaries (MISS). 

Bounds of the gamma domain are as indicated. 
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Figure 9. Distribution of the Hi I las Image Parameters for Gamma-Ray 
and Proton Primaries (AZWIDTH). 

Bounds of the gamma domain are as indicated. 
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Figure 10. Distribution of the Hi I las Image Parameters for Gamma-Ray 
and Proton Primaries (FRAC(2)). 

Bounds of the gamma domain are as indicated. 
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Figure 11. Distribution of the Hi I las Image Parameters for Gamma-Ray 
and Proton Primaries (DISTANCE). 

Bounds of the gamma domain are as indicated. 



Table 4. Zenith Angle Dependence of the Gamma Domain Boundaries. 
Angles are in degrees. eX = SEC(Zenith Angle)) 

PARAMETER ZONE 1 ZONE 2 

WIDTH < 0.21 - 0.17 * X < 0.19 - 0.20 " X 

LENGTH < 0.35 - 0.13 ,. X < 0.33 - 0.13 " X 

MISS < 0.17 < 0.22 

AZIMUTHAL-WIDTH < 0.21 - 0.11 * X < 0.20 - 0.11 .. X 

FRAC(2) > 0.72 + 0.28 * X > 0.72 + 0.31 " X 

DISTANCE > 0.65 > 0.83 + 0.40 " X 

33 



34 

LENGTH, FRAC(2) or AZIMUTHAL- WIDTH within the gamma domain, (C) two or 

more of the parameters WIDTH, LENGTH or AZIMUTHAL-WIDTH within the 

gamma domain, or (D) four or more of the parameters WIDTH, LENGTH, 

MISS, FRAC(2) or AZIMUTHAL-WIDTH within the gamma domain. Any shower 

image satisfying one of these selection criteria wi I I be classified as 

gamma-ray initiated. 

As indicated, Hi I las (1985) has performed a series of detai led 

Monte Carlo simulations concerning the appl ication of imaging to the 

atmospheric Cerenkov technique. These calculations were performed 

specifically for the Whipple observatory Cerenkov camera. Fol lowing a 

description of this unique instrument in Chapter 3, the results of the 

appl ication of the gamma-ray selection criteria suggested by Hi I las to 

observations of the Crab nebula wi I I be discussed in Chapter 4. 



CHAPTER 3 

THE WHIPPLE OBSERVATORY ATMOSPHERIC CERENKOV CAMERA 

The motivation for the construction and operation of the 

Whipple Observatory Atmospheric Cerenkov Camera is based upon the 

bel ief that imaging of the Cerenkov emission of extensive aIr showers 

may al low some degree of discrimination between gamma-ray and cosmIc 

ray primaries. Part of this discrimination arises from inherent 

differences in the gamma-ray and proton images and part because the 

gamma-rays are incident paral lei to the optic axis whereas the protons 

arrive isotropically. 

Telescope Description 

The 10 meter atmospheric Cerenkov telescope atop Mt. Hopkins 

was commissioned in 1968 for the purpose of detecting discrete sources 

of very high energy gamma radiation. As such it was uti I ized 

essentially as a "I ight bucket", collecting the I ight from an extensive 

air shower and focusing it on a single photo-multipl ier tube (Weekes I 

et al. 1972). In 1980 , predictions of the angular distribution of 

I ight from extensive air showers indicated that the unique properties 

of the 10 meter Whipple Observatory reflector might lend themselves to 

the appl i~ation of atmospheric Cerenkov imaging. Over the next three 

years a 37 element camera was constructed (Cawley, et al. 1985). This 

camera has since recorded several mi I I ion extensive air shower images. 
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The complete telescope consists of a large aperture altitude

azimuth mounted reflector, a 37 element photo-multipl ier tube array, 

and associated electronics for data acquisition, time keeping, and 

mount control. Hi I las has determined that the effective collection 

area and energy threshold of this instrument are 3.35 x 104 m~ and 0.55 

TeV, respectively. The optical and electronic aspects of this 

instrument and its operation and cal ibration wi II be discussed In the 

fol lowing sections. 

Optical Components 

The principal difference between the Whipple Observatory 

Atmospheric Cerenkov Camera and most other atmospheric Cerenkov 

telescopes is in this instrument's unique abi I ity to form and record 

images of extensive air showers. This distinction is a result of the 

large aperture and high optical qual ity of the reflector, together with 

the multi-detector focal plane configuration. (A simi lar but smaller 

telescope is under development at the Crimean Astrophysical Observatory 

(Stepanian 1985).) 

Reflector Optics. The 10 meter reflector is constructed of 248 

separate 60 cm hexagonal glass mirrors with a total collection area of 

75 m2 (see Figure 12). Each of the mirror segments has a spherical 

figure with a radius of curvature of 14.6 meters; these segments are 

independently mounted on a spherical lattice of 7.3 meter radius. Thus 

the focal length of the camera is 7.3 meters. 

The reflector's most important properties are its relatively 

smal I point spread function (a measure of the angular resolution, see 



Figure 12. Whipple Observatory Atmospheric Cerenkov Camera. 

The cyl indrical enclosure at the upper left houses the 37 element 
photo-multipl ier tube array. 
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Figure 13) and large plate scale. The point spread function was 

evaluated via star transits to be between O.IS and 0.2 degree 

ful I-width at half maximum. 
-, 

The plate scale is 12.S cm-deg .. Based 

on Hi I las' Monte Carlo simulations these properties are well suited to 

the study of the Cerenkov emission from extensive air showers. 

Rieke (1969) has described the detai led optical properties of 

the reflector with respect to degradation in the apparent angular size 

of extensive air showers. The most important source of aberration is 

astigmatismj typically SO% of the I ight from a point source lying on 

the optical axis wi I I fal I within a spot of 1 inch diameter. This is 

in good agreement with the above value for the measured point spread 

function. 

The Photo Detector. The detector package itself consists of a 

hexagonal close-packed cluster of two-inch photo-multipl ier tubes 

forming three "rings" (or zones) about the central tube. These form a 

crude 37 pixel detector array (see Figure 14). The use of two-inch 

photo-multipl ier tubes results in a ful I field of view of 3.S degrees 

with an angular resolution of O.S degrees. Approximately SO% of the 

light entering the focal plane is lost in the space between the photo-

multipl ier tubes due in part to their circular cross section and to the 

use of magnetic shielding. 

The photo-multipl ier tubes are RCA 6342/AV with a bi-alkal i 

photo-cathode. These tubes are normally operated at current levels 

from 20 to 40 microamps. (The current level can double wher a bright 

star is within the field of view.) The average measured pulse duration 



Cf) 
Q. 

E 
o o 
~ 
() 

~ 

60.0 

30.0 

0.00 
-0.55 

39 

0.00 0.55 

Degrees 

Figure 13. Measured Point Spread Function of the 10 Meter Reflector. 

The abscissa is the azimuthal angle measured relative to Polaris. 
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Figure 14. Thirty-Seven Element Photo-Multipl ier Tube Array. 

The I ight emitting diode lamps used for padding are visible in front of 
the ,nner 1 9 photo-mu It i p I i er tubes. 



IS N 10 nanoseconds with the largest pulses extending to nearly 30 

nanoseconds. 
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Table 5 provides 'detai Is concerning the 10 meter reflector and 

its mirror segments whi Ie Table 6 gives further characteristics of the 

photo-multipl ier tube array. 

Camera Electronics 

The basic electronic components of the camera may be separated 

into three sections} (Figure 15): the front end} containing 

ampl ifiers} discriminators} and trigger logic} the pulse height 

digitization electronics} and support electronics including system 

clocks, servo control led "padding" lamps} and an Optitron flash lamp. 

The Front End. Apart from providing xl0 ampl ification} the 

prImary purpose of the front end is to reject spurious noise signals 

generated by fluctuations in the night-sky brightness. Figure 16 

(Gorham 1986) indicates the integral pulse height spectrum of a photo

multipl ier tube in the 10 meter camera. This spectrum consists of two 

power law components} the steeper is due to night sky fluctuations 

whi Ie the flatter component results from Cerenkov I ight pulses. 

In order to prevent the detection of spurious signals, each of 

the channels which contributes to the camera trigger is equipped with a 

fast discriminator (Le Croy 620D). Each of these discriminators 

produces a 10 ns logic level pulse when its input exceeds a preset 

threshold. These pulses are logically added (Le Croy 380A) and a 

trigger is formed when the requisite number of channels exceeds this 

threshold within a 10 ns coincidence window. 



Table 5. Detai Is of the Whipple Observatory 10 meter Reflector. 

Aperture: 
'2 

10 meter (75 m collection area). 

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

Mirrors Elements: 60 em ground glass, 1 em thick with a spherical 
figure (14.8 m radius of curvature). Front aluminized with Si02 overcoating. 

-1 Optical characteristics: 7.4 m focal length, 12.5 em-degree plate 
scale, (f/0.7), angular resolution NO.2 degrees. 

Mount: Altitude over azimuth, 0.04 degree digital shaft encoders, 
tracking to ~ 0.1 degrees under computer control. 
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Comment: Due to the spherical structure of the reflector the minimum 
pulse width is 6 nanoseconds, typical mirror reflectance is 60 to 80%. 

Table 6. Detai Is of the 37 Element Photo-Detector. 

Configuration: 37 two inch photo-multipl ier tubes In a hexagonal 
array, 0.25 degrees center-to-center (2.5 inches). 

Detectors: RCA 6342AV (511 photo-cathode), sensitive area 0.36 
degrees, quantum efficiency N 17%. 

Spectral response: 3000 to 6600 Angstroms peaking near 4400 Angstroms. 

Performance: gain NO.3 x 106 , rise time N 3 nanoseconds. 

Comment: Due to the use of individual magnetic shields and the limited 
photo-cathode sensitive area N 50% of the light fal I ing on the image 
plane is not detected 
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This spectrum exhibits both noise and Cerenkov signal components. 
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The system front end has undergone several revIsions. 

Initially only the Inner 7 of the 37 photo-multipl ier tubes contributed 

to the trigger and a one-fold trigger multipl icity was required. 

Because of this single-fold trigger level, the individual discriminator 

thresholds were set quite high, equivalent to N 120 photo-electrons. 

Fol lowing four months of observation, the trigger was expanded and 

modified to include the inner 19 photo-multipl ier tubes and a two-fold 

coincidence was demanded. The discriminator levels were then adjusted 

to trigger on pulses equivalent to N 45 photo-electrons (Gorham 1986). 

This did not substantially alter the threshold energy of the camera. 

Pulse Height Digitization. After ampl ification the 37 photo

multipl ier tube signals are fanned out. Those contributing to the 

trigger pass both into the front end and, along with the remaining 

channels, to the pulse height digitization electronics. Here the 

signals are integrated in charge-to-time converters (Le Croy Ql 100B) 

for an interval determined by the width of a gating pulse. This gating 

pulse is active when a suitable trigger IS formed and its length IS set 

by an adjustable gate generator. The gate duration is 40 ns. This 

value was selected to match the duration of the longest Cerenkov light 

pulses observed whi Ie minimizing the amount of night-sky light 

admitted. In addition to the normal pulse input to the charge-to-time 

converters, an artificial or "pedestal" pulse of fixed charge is 

injected. The presence of this pedestal is an important factor in the 

method of noise reduction to be discussed shortly. The charge-to-time 

converters, which include an additional x2 ampl ifier, produce a TTL 



signal whose length IS proportional to the integrated charge. This 

signal IS logically ANDed with a 5 MHz clock pulse and input to an 

eight bit scaler. The resulting 256:1 pulse height resolution is 

measured in "digital counts". 
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Support Electronics. The support section of the electronics 

contains several components, including system clocks, servo control led 

"padding" lamps, and an Optitron nitrogen pulser for cal ibration. 

Since most of the very high energy gamma-ray sources are 

observed to be periodic, accurate time keeping is essential. To this 

end the camera includes a 9 digit, 1 MHz system clock. This provides 

the relative time of an event to 1 microsecond. A WWVB receiver, 

synchronized with the Universal Coordinated Time (UTC) broadcast from 

Ft. Col I ins, Colorado, should supply the absolute time accurate to 0.5 

mi I I iseconds. However, subsequent optical observations of the Crab 

pulsar indicate that this was not the case. The ramifications of this 

fai lure of the timing system wi I I be discussed in Appendix B. 

Because the random trigger rate depends upon the background 

I ight level (which can vary substantially depending upon the galactic 

latitude), an artificial I ight source is injected into each of the 

triggering photo-multipl ier tubes. These "padding" lamps, in this case 

I ight-emitting diodes, are servo control led so that both "ON" and "OFF" 

the source the current I eve lin each channe lis constant. The padd i ng 

lamps are adjusted so as to increase the minimum existing I ight level 

by N 40%. Padding lamps have the undesirable side effect of raising 



the energy threshold of the telescope, but this is more than 

compensated for by the improved operating stabi I ity of the detector. 

Operation of the Telescope 
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The basic operation of the telescope is quite simple. At the 

beginning and end of each night cal ibration information is recorded. A 

source IS chosen and the telescope is slewed to the source region. 

Here the padding lamps are adjusted. If a comparison region (off 

source) is to be observed then the telescope is al igned with it and the 

padding lamps are checked and adjusted upwards, if necessary. 

There are three modes of observation: ON/OFF tracking, 

continuous tracking, and driftscans. ON/OFF tracking involves 

observation of a source region, usually for 30 minutes, then slewing to 

an adjacent OFF source area and observing for a simi lar period. This 

off source interval is necessary in order to establ ish the expected 

background rate. Because the extensive air shower detection rate 

depends on zenith angle, the OFF source region must be tracked as it 

moves through the same range of zenith angles. 

Continuous tracking is an option for sources which are 

periodic. In this case the source may be tracked for several hours. 

The resulting data cannot be used rei iably to establ ish an absolute 

flux, as it is difficult with any certainty to determine the expected 

rate of background showers. (However, if the form of the periodic 

signal is known, it may be possible to isolate a portion of the 

observed I ight curve and identify it as due strictly to contributions 

from the cosmic ray background.) 
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Driftscans involve positioning the telescope in such a way that 

the source region passes through its field of view as the earth 

rotates. Since the position of the source changes relative to the 

camera's field of view, it is difficult to use this mode with the 

imaging technique. None of the observations to be considered were 

taken using the drift-scan mode. 

Observations are usually restricted to clear, moonless nights. 

Each of these observations, typically one-half hour in duration, 

constitutes a "run". 

Cal ibration and Noise Reduction Procedure 

The initial cal ibration procedure uti I ized the Optitron 

nitrogen flash lamp to obtain relative gain factors among the 37 photo

multipl ier tubes. Examination of the results fol lowing appl ication of 

these cal ibration factors showed that this procedure was inadequate. A 

revised cal ibration procedure was developed with the constraint that it 

be appl icable to existing data. 

Revised Cal ibration Procedure 

The revised cal ibration scheme is rooted upon the assumption 

that the pulse height spectrum of a properly calibrated channel within 

a given ring should approach that of the mean pulse height spectrum of 

the ring in question. Assuming that the cosmic ray background IS 

isotropic, each tube wi I I intercept a comparable sample of the 

extensive air showers produced by these background events. (Each of 

the 37 photo-multipl ier tubes views a simi lar segment of the skYI each 
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with the same sol id angle.) Furthermor~, the tubes in a given ring al I 

bear the same relationship to the triggering geometry which is 

azimuthally symmetric about the optical axis of the telescope. 

Therefore, the individual pulse height spectra should, after 

cal ibration, reproduce the same measure of the extensive air shower)~ 

Cerenkov I ight pulse height spectrum. 

Given this assumption, the revised calibration procedure IS as 

fol lows: 

(1) The integral pulse height spectra are determined for al I 

37 channels for each observing run during a given night. These are 

then summed run by run to form an integral pulse height spectrum 

representative of the response of each channel to the extensive air 

showers within its field of view during that night. 

(2) The summed integral pulse height spectra for al I channels 

within a given ring are then averaged to£ _ ~er, after pedestal 

subtraction, to form the mean integral pulse height spectrum within a 

given ring. 

(3) A least squares fit to the logarithm of the mean integral 

pulse height spectrum is made of the form 

10g(N(H» = a + bH + cH2 

where N(H) IS the mean integral pulse height spectrum IS 

255 
N(H) = [ n(j) 

J=I 

(3.1) 

(3.2) 

The justification for fitting the logarithmic form of the integral 
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pulse height spectrum is two-fold. First, the primary particles have a 

power law spectrum, therefore the observed pulse height spectrum 

should, to a degree, reflect this fact (even though the telescope IS 

not uniformly sensitive to showers of al I sizes). Second, use of the 

logarithmic form of the integral pulse height spectrum moderates the 

effect of deviations which do not represent the inherent gain of the 

channels. These deviations stem not only from statistical fluctuations 

but also from hardware related effects, in particularl a hardware 

defect which resulted in improper latching of the scalers within the 

pulse height digitization portion of the camera electronics. The 

resulting fit to a representative set of integral pulse height spectra 

are indicated In Figure 17. 

(4) Once the above parameters are determined, the "sky gain" 

factors l GS ·1 for each channel j within a given ring are calculated by 
d 

minimizing 

H=H max 
[ (a 

H=H . min 

N. (H» 2 
J 

(3.3) 

where the summation runs typically from 15 to 85 digital counts above 

the pedestal. These I imits are chosen to both minimize effects due to 

fluctuations about the pedestal (to be discussed in the next section) 

and to insure that errors In N. are smal I compared to N .. The 
J J 

effectiveness of this method may be seen in Figures 18 through 20 which 

show several integral pulse height spectra within a ring before 
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cal ibration l after cal ibration uSIng the earl ier technique/ and vIa the 

revised method. 

The above steps provide relative cal ibration only between the 

channels within a gIven rIng. Since the rings each bear a different 

relationship with respect to the triggering geometry and would 

therefore not be expected to exhibit the same mean integral pulse 

height spectrum/ it is necessary to determine the relative gain of the 

channels in one ring to those In another in an independent manner. The 

fol lowing step must therefore be taken: 

(5) The Optitron nitrogen pulser based gaIn factors are 

determined as In the initial cal ibration procedure. These gain factors 

are given by 

37 

M 2: 
(Hik - Pk) 

L 
' k=l ] GN . = 37 (H .. Pj) (3.4) 

d i=l I J 

h H th I h · ht f h I I d' h . th were ik IS e raw pu se elg or c anne < measure In tel 

event, Pk the pedesta lin channel k and M the tota I number of recorded 

events. These gain factors are averaged within each ring. The average 

values then determine a ring-to-ring cal ibration factor l KI/ which is 

simply the ratio of the mean value of the Optitron based gain factors 

In rIng 1 to that in rIng I. 

The K. along with the relative gaIn factors/ GS '1 are appl ied 
I d 

In the fol lowing manner 

(3.5) 



55 

cal ibration, after cal ibration uSing the earl ier technique, and via the 

revised method. 

The above steps provide relative cal ibration only between the 

channels within a given ring. Since the rings each bear a different 

relationship with respect to the triggering geometry and would 

therefore not be expected to exhibit the same mean integral pulse 

height spectrum, it is necessary to determine the relative gain of the 

channels in one ring to those In another in an independent manner. The 

fol lowing step must therefore be taken: 

(5) The Optitron nitrogen pulser based gain factors are 

determined as In the initial cal ibration procedure. These gain factors 

are given by 

37 

M 
;:: 

(Hik - Pk) 
[ 

. k=l 
] GN . = 37 (H .. - Pj) , (3.4) 

, J i=l IJ 

where Hik IS the raw pulse height for channel k measured in the ith 

event, Pk the pedestal in channel k and M the total number of recorded 

events. These gain factors are averaged within each ring. The average 

values then determine a ring-to-ring cal ibration factor, K
I
, which is 

simply the ratio of the mean value of the Optitron based gain factors 

In ring 1 to that in ring I. 

The K. along with the relative gain factors, GS " are appl ied 
I ,J 

In the fol lowing manner 

(3.5) 
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where the I( lis appropr i ate to the ring conta i n i ng the channe I j. 

There is admittedly some hazard associated with the final step 

In the revised cal ibration procedure, particularly given that the 

Optitron based gain factors have proven to be less than satisfactory. 

However, because the K factors are derived from the average response of 

at least 7 channels (the central channel is grouped with the ring of 

six for these purposes) reasonable confidence exists that whatever the 

source of the original cal ibration problem, its effect wi II be 

minimized in this manner. 

Noise Treatment. Three types of nOise are present: "false" 

triggers, usually generated electrically, those events which barely 

exceed the trigger threshold, for which imaging analysis is unsuitable, 

and noise due to fluctuations in the background night sky brightness. 

Each of these sources of noise and the techniques used to minimize 

their effect wi I I be discussed below. 

Occasionally bursts of nOise are observed. These are 

associated with switching of the mount relays, distant I ightning, or 

other forms of electrical interference. The resulting Images contain 

many zeroes prior to pedestal subtraction. (This is a result of the 

random polarity of these signals whereas normal photo-multiplier tube 

pulses have negative polarity.) Testing for the presence of this 

characteristic signature al lows these noise "events" to be el iminated. 

Caution must be taken, though, not to exclude real events due to the 

presence of a single zero in any channel, as this has been found to be 

a natural result of the night sky fluctuations to be discussed below. 
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the observed pulse height have increased enormously during this period. 

The reason for this dramatic change is an increase in the background 

I ight level. In this case ~ Taurus, a third magnitude star, has moved 

into this photo-multipl ier tube's field of view. 

The effect of background I ight may be understood In the 

fol lowing manner. When a trigger occurs the charge-to-time converters 

integrate the photo-multipl ie~ tube signals for a duration equal to the 

gate width. Background light fal I ing on the photo-multipl ier tubes 

during this period wi I I be simi larly integrated. The contribution of 

this I ight to the apparent Cerenkov signal may be estimated. The 

• 1 -? -j -1 
diffuse flux from the night sky is 6.4 x 10' photons-m -s -sr 

(Jel ley 1967). Each photo-multipl ier tube views a sol id angle of 3 x 

10-s sr. The collecting area for the mirror is 75 m2
• The overall 

conversion efficiency from photons to photo-electrons is N 10% 

(including the mirror reflectance and photo-multipl ier tube quantum 

efficiency). From these values it can be estimated that within the 40 

ns gate, on average, SIX photo-electrons are contributed to the 

integrated signal by the diffuse light of the night sky. Since this 

contribution is Poisson in character, the standard deviation is 2.4 

photo-electrons. Using a photo-electron to digital count conversion of 

three to one (Gorham 1986), Poisson fluctuations would be expected to 

be less than one digital count. Figure 22 shows three representative 

"sky pedestal" pulse height spectra. These sky pedestals are measured 

in much the same way as normal pedestals, however, the photo-multipl ier 
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tubes are on and viewing the night sky. The result IS a measurement of 

fluctuations in the I ight from the night sky. 

This calculation may be repeated for a channel whose field of 

view contains a star of magnitude mV using the expression 

log(f(V)) = -0.4 mV - 8.17 (3.6) 

-I -1 -1 where f(V) is the flux (ergs-cm -s -A ) at the top of the atmosphere 

(AI len 1977). Given an overal I photon detection efficiency of 0.10 

from 3500 to 5500 angstroms (including atmospheric absorption, mirror 

reflectance, and quantum efficiency), mean photon energy 2.5 eV, 40 ns 

gate, and assuming a magnitude 3.3 star, it is found that N 360 photo-

electrons are produced, equivalent to 110 digital counts. Fluctuations 

of the order of 10 digital counts are then expected. 

The method which has been developed to treat this particular 

source of noise depends, as does the cal ibration procedure, on the 

observed pulse height spectrum. Because a Cerenkov I ight signal wi I I 

always produce positive excursions above the pedestal, those below the 

pedestal may be attributed to fluctuations in the background light 

level. Therefore, for each channel within each observing run, the mean 

deviation below the pedestal may be calculated. This value is assumed 

to be val id for fluctuations above the pedestal. 

The appl ication of these "noise" parameters to each recorded 

Image is straightforward. Fol lowing pedestal subtraction al I channels 

below a minimum threshold, normally three times the derived noise 

parameter, are set to zero. As a result they do not contribute to the 
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moments of the I ight distribution. So as to avoid biasing the data, 

the larger of the noise parameters derived from these observations are 

used for both the ON and the OFF runs. 

Figure 23 indicates the result of successive steps in the 

appl ication of the revised cal ibration procedure. It is bel ieved that 

development of this procedure played a major part In the successful 

appl ication of imaging to be discussed in Chapter 4. 



63 

8.00 14.00 20.00 9.00 

10.00 11.00 23.00 20.00 11.00 

9.00 9.00 9.00 26.00 17.00 9.00 

9.00 12.00 11.00 12.00 17.00 15.00 14.00 

6.00 15.00 11.00 9.00 10.00 17.00 

10.00 9.00 9.00 15.00 12.00 

11.00 8.00 15.00 8.00 Raw Image 

-0.88 1.11 5.38 -0.92 

-0.36 1.19 5.48 5.42 0.79 

-0.35 -2.61 -1.21 14.34 3.84 -0.43 

-0.68 -1.04 -0.07 1.58 6.94 4.01 -1.29 

-1.19 -2.69 -0.85 -1.43 0.51 -1.08 

-0.90 -0.32 -0.34 0.97 1.37 

0.61 -0.93 2.82 -1.02 After Cal ibration 

0.00 0.00 5.38 0.00 

0.00 0.00 5.48 5.42 0.00 

0.00 0.00 0.00 14.34 3.84 0.00 

0.00 0.00 0.00 0.00 6.94 4.01 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 After Noise Reduction 

Figure 23. Successive Steps in the Appl ication of Cal ibration and 
Noise Reduction Procedures. 



CHAPTER 4 

RESULTS AND CONCLUSIONS 

The successful appl ication of atmospheric Cerenkov imaging to 

energetic gamma-ray observations of the Crab nebula wi I I be summarized 

in this chapter. This analysis, based on Monte Carlo simulations 

performed specifically for the Whipple observatory Cerenkov camera, 

represents the first occasion in which the appl ication of imaging has 

provided a substantial improvement in flux sensitivity. The improved 

flux sensitivity al lows a significantly better estimate of the strength 

of the nebular magnetic field. The chapter wi I I conclude with a number 

of suggestions bearing on the future of the imaging atmospheric 

Cerenkov technique. 

Analysis of the Crab Nebula Data 

Analysis of the Crab nebula data base involved examination of 

raw and noise reduced data fol lowed by the application of suggested 

gamma-ray selection criteria. This analysis differed from previous 

appl ications of imaging primari Iy in the manner in which the effects of 

noise were minimized and the care taken in determining the cal ibration 

factors used in the analysis. These steps revealed an unexpected trend 

in the mean image parameters motivating a further step in the analysis. 

The Crab nebula was observed on numerous occasions between 

November 1983 and March 1985. The data selected for imaging analysis 
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was that taken in ON/OFF mode under good atmospheric conditions. (See 

Table 7 for a summary of the observation data base.) These data 

consist of B2 run pairs, N 40 hours of data both on and off source. 

Nearly 700,000 air shower images were included. These observations 

have been separated into two segments, the first contains data taken 

using the 1 of 7 trigger mode whi Ie the second was taken with a 2 of 19 

trigger. These segments comprise 42 and 40 run pairs, respectively. 

The data has been further divided into "lunar months", as determined by 

the new moon period in which the observations were performed. 

The Raw and Noise Reduced Data 

The raw data, comprising al I recorded events, and the data 

after employing the noise reduction procedures are shown in Table B. 

Also indicated in Table 8 is the fraction of the total data in each 

lunar month in terms of the noise reduced total. As can be seen, the 

nOise reduction procedure el iminates N 35% of the data recorded in the 

1 of 7 trigger mode. The procedure, however, has I ittle effect upon 

the data when a 2 of 19 hardware trigger was used. Neither the raw nor 

nOise reduced data from either trigger segment, nor within any month, 

shows significant evidence of an excess. 

Initial Application of the Gamma-Ray Selection Criteria 

Results from the initial appl ication of the gamma-ray selection 

criteria are shown in Table 9. These four criteria now yield uniformly 

positive, though not necessari Iy statistically significant, excesses. 

The most significant of these results, 3.7 a for criterion A, is 
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Table 7. Summary of the Observation Data Base. 

MODE 

1 
2 
3 
4 
5 
6 

DURATION 
(m ins) 

2343 
2343 
1175 
1536 

173 
173 

ft SHOWERS 

332,953 
333,671 
165,845 
202,574 
28,778 
28,939 

DESCRIPTION 

ON source, good conditions 
OFF source, good conditions 
Continuous Tracking, good condo 
Continuous Tracking, poor condo 
ON source, poor conditions 
OFF source, poor conditions 



Table 8. Summary of the Raw and Noise Reduced Data by Lunar Month. 

RAW 

143903 
83/11/29 144542 
-83/12/11 -639 
(996 min) -1.19 

28212 
84/01/26 28497 

-84/01/27 -285 
(195 min) -1.20 

29068 
84/10/20 28614 

-84/11/02 454 
(180 min) 1.89 

42489 
84/11/20 42499 

-84/11/28 -10 
(272 min) -.03 

84835 
85/01/17 84688 

-85/01/22 147 
(447 min) .36 

15796 
85/02/12 15588 
(85 min) 181 

1.02 

17714 
85/03/22 17844 

-85/03/25 -130 
(168 mi n) -.69 

332935 
ALL SELECTED 333671 

DATA -723 
(2343 min) -.89 

NOISE 
REDUCED 

76761 
76512 

249 
.64 

19718 
19819 
-101 
-.51 

28850 
28425 

425 
1. 78 

42006 
42031 

-25 
-.09 

84464 
84226 

238 
.58 

15457 
15330 

127 
.72 

17729 
17379 

-87 
-.47 

255711 
255310 

414 
.58 

TRIGGER 

(ON) 
(OFF) 
(EXCESS) 1/7 
(SIGMA) 

1/7 

1/7 

2/19 

2/19 

2/19 

2/19 

% 
REDUCTION 

47 

31 

2 

2 

2 

2 

2 

23 
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Table 9. Initial Result of the Appl ication of the Hi I las Criteria. 

(A) (8) (C) (D) 

496 (ON) 599 989 315 
83/11/29 423 (OFF) 540 902 264 

-83/12/11 73 (EXCESS) 59 87 51 
(996 min) 2.41 (SIGMA) 1. 75 2.00 2.12 

77 84 107 45 
84/01/26 50 61 89 32 

-84/01/27 27 23 18 13 
(195 min) 2.40 1. 91 1. 29 1.48 

29 45 47 18 
84/10/29 14 23 39 8 

-84/11/02 15 22 8 10 
(180 mi n) 2.29 2.67 .86 1.96 

21 24 28 13 
84/11/20 10 10 13 6 

-84/11 /28 11 14 15 7 
(272 min) 1.98 2.40 2.34 1.61 

5 10 9 3 
85/01/17 4 9 7 1 

-85/01/22 1 1 2 2 
(447 min) .33 .23 .50 1.00 

0 0 0 0 
85/02/12 0 0 0 0 
(85 min) 0 0 0 0 

.00 .00 .00 .00 

2 4 3 0 
85/03/22 3 7 7 3 

-85/03/25 -1 -3 -4 -3 
(168 min) -.45 -.90 -1.26 -1.73 

630 766 1183 394 
ALL SELECTED 504 650 1057 314 

DATA 126 116 126 80 
(2343 min) 3.74 3.08 2.66 3.01 
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typical of the level attached to most claims of source detection in 

very high energy gamma-ray astronomy. This result, however, represents 

the first appl ication of imaging to an extended data set which yields a 

consistently positive result. Of the individual imaging parameters 

(Table 10), showers fal I ing within the gamma domain defined by the 

FRAC(2) parameter produce the most significant excess. The 

contribution to this excess comes primari Iy from the first three months 

of observation during which a 1 of 7 trigger was employed. 

Finally, there is a striking decrease in the number of events 

which fal I within the individual image parameter gamma domains as the 

observations progress. It is difficult to state precisely when this 

drift develops. Whi Ie it is true that camera trigger condition does 

affect the mean of the Image parameters, evidence would suggest that 

the drift was not initiated soley by such a modification. 

The origin of this drift can be seen clearly when the mean 

parameters are plotted as functions of time, as in Figure 24 which 

shows the mean width in zone 1. Two trends are apparent. One IS the 

nightly variation of the mean of the Image parameter. This is to be 

expected since the source is tracked as it moves through the sky and 

air showers are, therefore, viewed at different relative distances. 

The second trend, however, shows a gradual shift of the mean width to 

larger values as a function of time. This is a result of a shift of 

the parameter distribution as a whole and results in a reduction in the 

number of events which fal I within the fixed gamma domain boundaries. 

This finding motivates re-analysis of these observations fol lowing 
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Table 10. Gamma Domain Events as a Function of Lunar Month. 

WIDTH LENGTH MISS AZWIDTH FRAC(2) DISTANCE 

2767 (ON) 1262 14597 731 928 10421 
83/11/29 2735 (OFF) 1184 14444 651 817 10137 

-83/12/11 32 (EXCESS) 78 153 80 111 284 
(996 min) .43 (SIGMA) 1.58 .9 2.15 2.66 1.98 

306 178 4053 92 172 2320 
84/01/26 268 124 4016 86 117 2214 

-84/01/27 38 54 19 6 55 106 
(195 min) 1.59 3.11 .21 .45 3.24 1.57 

165 91 5000 40 126 4426 
84/10/29 159 74 4963 35 89 4405 

-84/11/02 6 17 37 5 37 21 
(180 mi n) .33 1.32 .37 .58 2.52 .22 

88 42 7572 24 98 5934 
84/11/20 73 37 7543 14 81 5984 

-84/11/28 15 5 29 10 17 -50 
(272 min) 1.18 .56 .24 1.62 1.27 -.46 

38 33 18166 7 102 8776 
85/01/17 30 33 18002 7 82 8900 

-85/01/22 8 0 164 0 20 -124 
(447 min) .97 0 .86 0 1.47 -.93 

0 0 3790 0 6 1111 
85/02/12 0 0 3706 0 7 1192 
(85 min) 0 0 84 0 -1 -81 

0 0 .97 0 -.28 -1.69 

6 14 3675 2 36 2159 
85/03/22 12 14 3515 4 38 2246 

-85/03/25 -6 0 160 -2 -2 -87 
-1.41 0 1.89 -.82 -.23 -1.31 

3370 1620 56835 896 1468 35147 
ALL SELECTED 3277 1466 56189 797 1231 35078 

DATA 93 154 646 99 237 69 
(2343 min) 1.14 2.77 1. 92 2.41 4.56 .26 
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Figure 24. Mean Width in Zone 1 as a Function of Time. 

The values plotted are those measured at transit. The inset shows the 
nightly variation of the mean width due to changing zenith angle. 
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appl ication of an adjustment to the parameters. This adjustment forces 

al ignment of the mean of the observed parameter with those predicted by 

Hi I las (1985). (For detai Is concerning characterization of the 

observed variations and derivation of the adjustments see Appendix A). 

Post-Adjustment Appl ication of the Imaging Parameter Criteria 

The results of the re-analysis of the data using the adjusted 

Image parameters are summarized in Table 11. Table 12 summarizes the 

number of events which are now admitted to each of the gamma domains. 

Examination of these tables leads to the fol lowing conclusions. Of the 

four gamma-ray selection criteria set forth by Hi I las, three show a 

considerable increase in their overal I significance after adjustment. 

The (B) criteria shows a sl ight decrease. This can be attributed to 

the decrease in the significance of the FRAC(2) parameter alone (Table 

12), possibly resulting from the modification of the trigger 

requirement. The fraction of showers now admitted to each of the 

Imaging parameter gamma domains is now nearly constant from month to 

month. Based on the OFF source observations, approximately 97% of the 

background showers have been el iminated through the appl ication of 

Imaging. 

The most important result, at least with respect to the imaging 

atmospheric Cerenkov technique, is that Hi I las' gamma-ray selection 

criteria show not only a statistically significant excess, but are also 

nearly uniformly positive throughout the observing period under 

consideration. After el imination of the long term parameter drift, re

analysis has produced a highly significant 5.3 a excess (Table 11). 
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Table 11. Results of the Appl ication of the Hi I las Criteria Fol lowing 
Adjustment. 

(A) (8) (C) (D) 

3533 (ON) 5766 5605 2258 
83/11/29 3272 (OFF) 5546 5391 2088 

-83/12/11 261 (EXCESS) 220 214 170 
(996 min) 3.16 (SIGMA) 2.07 2.04 2.58 

684 1205 1176 423 
84/01/26 678 1302 1167 391 

-84/01/27 6 -97 9 32 
(195 min) .16 -1.94 .19 1.12 

998 1573 1396 465 
84/10/29 877 1419 1258 350 

-84/11/02 121 154 138 115 
(180 min) 2.79 2082 2.68 4.03 

1305 2018 1809 522 
84/11/20 1190 1963 1720 476 

-84/11/28 115 55 89 46 
(272 min) 2.3 .87 1.5 1.46 

1913 3148 2954 648 
85/01/17 1789 3085 2838 565 

-85/01/22 124 63 116 83 
(447 min) 2.04 .8 1.52 2.38 

332 510 516 94 
85/02/12 328 544 507 104 
(85 min) 4 -34 9 -10 

.16 -1.05 .28 -.71 

257 496 397 93 
85/03/22 194 439 345 84 

-85/03/25 63 57 52 9 
(168 mi n) 2.97 1.86 1. 91 .68 

9022 14716 13853 4503 
ALL SELECTED 8328 14298 13226 4058 

DATA 694 418 627 445 
5.27 2.45 3.81 4.81 
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Table 12. Gamma Domain Events as a Function of Lunar Month Fol lowing 
Adjustment. 

WIDTH LENGTH MISS AZWIDTH FRAC(2) DISTANCE 

13296 (ON) 7646 9340 3536 9377 19542 
83/11/29 13194 ,(OFF) 7349 9341 3352 9278 19354 

-83/12/11 102 (EXCESS) 297 -1 184 99 188 
(996 min) .63 (SIGMA) 2.43 -.01 2.22 .72 .95 

2751 1789 2250 770 2133 5253 
84/01/26 2685 1853 2283 775 2191 5380 

-84/01/27 66 -64 -33 -5 -58 -127 
(195 min) .9 -1.06 -.49 -.13 -.88 -1.23 

4564 2091 2999 641 3526 8404 
84/10/29 4367 1944 2981 540 3443 8380 

-84/11/02 197 147 18 101 83 24 
(180 min) 2.08 2.31 .23 2.94 .99 .19 

6321 2760 4067 780 4898 12432 
84/11/20 6228 2711 4142 747 4899 12620 

-84/11/28 93 49 -75 33 -1 -188 
(272 min) .83 .66 -.83 .84 -.01 -1.19 

11417 4978 6170 1244 7904 25228 
85/01/17 11135 4887 6071 1157 8003 25357 

-85/01/22 282 91 99 87 -99 -129 
(447 min) 1.88 .92 .89 1. 78 -.78 -.57 

2087 788 817 160 1364 4494 
85/02/12 2015 814 852 157 1341 4393 
(85 min) 72 -26 -35 3 23 101 

1.12 -.65 -.86 .17 .44 1.07 

1055 1079 1273 268 1012 5753 
85/03/22 977 994 1338 240 926 5854 

-85/03/25 78 85 -65 28 86 -101 
(168 min) 1. 73 1. 87 -1.27 1.24 1. 95 -.94 

41491 21131 26916. 7399 30214 81106 
ALL SELECTED 40601 20552 27008 6968 30081 81338 

DATA 890 579 -92 431 133 -232 
3.11 2.84 -.4 3.6 .54 -.58 
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This excess is not dominated by any single month but is a result of the 

generally positive excesses which exist throughout the seven months of 

data. 

Results of the Appl ication of Imaging to the Crab Nebula 

Based on the results of the imaging analysis} the time averaged 

flux of very high energy gamma-rays from the Crab nebula is determined 

-11 -? -] 
to be 1.47 ± 0.28 x 10 photons cm -s above 0.55 TeV. However} 

because of the proximity of the nebula to the periodic gamma-ray 

source} the pulsar PSR 0531} the observed flux may not be unequivocally 

associated with the nebula. Nevertheless, analysis of this data did 

not reveal a periodic component} thus indicating that the measured flux 

is due entirely to the nebula. (See Appendix B.) 

Examination of Figure 25 shows no significant variations in the 

month to month flux level. This absence of variabi I ity does not, 

however} conflict with the earlier result of Fazio et al. (1972). In 

those observations the measured flux level itself was not sufficient to 

establ ish the source as variable. Only the apparent correlation 

between variations in flux, pulsar timing "gl itches" and enhanced 

nebular emission at optical wavelengths supported the suggestion of 

variations of the very high energy gamma-ray flux. There were no 

simi lar optical variations or timing "gl itches" reported during the 

interval covered by these more recent observations. 

The synchro-Compton model for nebular emission refined by 

Gr i nd I ay and Hoffman (1971) (see Figure 2) a I lows the average magnet i c 

field strength within the nebula to be estimated. The value derived} 
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Figure 25. Observed Flux of Very High Energy Gamma Radiation from the 
Crab Nebula as a Function of Time. 

Uncertainties are statistical only. 
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<8) N 6 x 10-4 Gauss, is nearly identical to that based upon the 

earl ier observations by Fazio et al. (1972). However, the use of 

Ima91n9 has made it possible to establ ish this value, with much greater 

confidence, in less than 40 hours, as compared to the more than 150 

hours of observation required previously. 

A Summary of Imagin9 

As stated earl ier, it was hoped that imaging of the Cerenkov 

emission of air showers would substantially increase the sensitivity of 

very high energy gamma-ray observations. The calculations performed by 

Hi I las (1985) indicate that imaging should be a very powerful 

technique, al lowing a large proportion of the background cosmic ray 

initiated showers to be rejected. Previous appl ications of imaging 

have produced only marginal effects, and then over I imited data sets 

(Cawley 1985; Lamb 1986). The present analysis, based on Hil las' 

Imaging simulations, has produced a strongly significant result 

throughout an extended set of observations. Nevertheless, despite the 

success of imaging in this particular case, it is clear that before 

these methods can be extended to other data several issues should be 

addressed. 

Shower selection effects due to the hardware trigger should be 

examined. For this purpose a trigger system must be developed which 

wi I I produce an unbiased sample of shower images. Using this sample, 

selected trigger requirements can be imposed during analysis and their 

effect upon the derived image parameters explored. This trigger system 



should have a field of view at least as large as that of the present 

camera and might entai I the use of a separate telescope. 
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It is essential that the effect of fluctuations in the ambient 

night sky I ight level be investigated. Because these fluctuations can 

result in a significant distortion of the derived image parameters, 

techniques to reduce their influence must be refined. Raising the 

I ight contributed by the existing padding lamps should produce effects 

simi lar to those observed when a particularly bright background region 

is within the field of view of the camera. Examination of the 

resulting pulse height spectrum and of the parameter distributions 

should permit characterization of the fluctuations and refinement of 

the present noise reduction procedure. 

Furthermore, the current method of calibration, whi Ie 

acceptable for existing data, should be replaced by a more direct 

technique. This may involve replacement of the nitrogen pulser and/or 

photo-multipl ier tubes if they should prove to have undesirable 

spectral properties. Use of a series of fi Iters, both neutral density 

and bandpass, would al low both the I inearity and spectral response of 

the tubes to be monitored. (The observed drift of the image parameters 

could be due to miscal ibra-tions which may exist from one ring of 

photo-multipl iers to the next.) 

Finally, confl icts which are present in the existing Monte 

Carlo calculations should be resolved. For this purpose a separate 

detector, either a conventional extensive air shower detector or an 

auxi I iary Cerenkov telescope could be used. These detectors would 



al low showers to be selected based upon their orientation and 

separation relative to the Cerenkov camera. If the calculations of 
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Hi I las are correct, showers impacting far from the camera and paral lei 

to its optical axis should produce images whose LENGTHs are large 

relative to their WIDTHs. These showers should also be oriented within 

the camera's field of view in such a way that their AZIMUTHAL-WIDTH is 

smal I. 

For the future of Cerenkov imaging three developments would be 

highly desirable. First and foremost is the appl ication of the present 

Imaging procedures, as described, to sources other than the Crab 

nebula. Whi Ie the Crab nebula remains one of the most "rei iable" 

sources of very high energy gamma-ray emission, its flux is 

comparatively low relative to that of x-ray binaries such as Hercules 

X-I. This source produces transient pulsed very high energy gamma-rays 

at flux levels from 10 to 20 times greater than that of the Crab 

nebula. These "tagged" air showers (having a wei I defined period) make 

Hercules X-I, or any simi lar source, a reasonable alternative with 

which to further refine the appl ication of imaging. The second 

development is motivated by recent shower simulations (Hi I las and 

Patterson 1987). These simulations indicate that improving angular 

resolution from the present 0.5 degrees to 0.1 - 0.2 degrees may 

further increase the discrimination capabi I ities of the imaging 

Cerenkov technique. Lastly, the potential of stereoscopic imaging of 

showers to substantially improve background rejection is now under 

study at the Whipple Observatory. 
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In conclusion, the observation of very high energy gamma-rays 

has recently become one the most rapidly expanding fields in astronomy. 

This growing interest is motivated by the increasing number of new and 

sometimes surprising sources. However, the 9reatest factor In the 

rapid growth of this field must be attributed to the renewed interest 

and recent success in increasing detector sensitivity. The appl ication 

of imaging holds out particular promise in this respect. 



APPENDIX A 

ADJUSTMENT OF THE HILLAS IMAGE PARAMETERS 

Whi Ie the origin of the gradual shift of the observed image 

parameter distributions, as described In Chapter 4, is not clear 

(though it seems quite I ikely that it IS due to a systematic mis-

cal ibration among the three photo-multipl ier rings) it is obvious that 

to employ the suggested gamma-ray selection criteria some form of 

adjustment wi I I be necessary. These adjustments were determined in the 

fol lowing manner. 

Hi I las provided a set of simulated extensive air showers, both 

for protons and gamma-rays, at three zenith angles, 0, 30 and 45 

degrees (Hi I las 1985). Using the proton simulations the expected mean 

of each of the image parameters can be determined. This process can be 

repeated for each of the zones and at each of the three zenith angles. 

These three points are fit with an expression of the form 

PARAMETER = A + BX2 , (A.1) 

where X = sec(Z), Z being the zenith angle. The zenith angle 

dependence of the mean WIDTH, derived from the simulations, is shown In 

Figure 26. Simi lar results fol low for each of the other five 

parameters. The above expression al lows the expected mean of the 

distribution of each imaging parameter to be predicted as a function of 

zenith angle. 
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Figure 26. Zenith Angle Dependence of the Mean WIDTH Determined from 
the Hi I las Proton Simulations. 
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Adjustment then proceeds as fol lows. For each N one-half hour 

ON/OFF run pair the mean of the observed parameter distribution is 

determined. Based on the average zenith angle during these runs and 

the appropriate constants derived from the fit) the expected mean of 

the parameter distribution is calculated. These two values then al low 

an additive term to be estimated for each of the image parameters In 

both zones 1 and 2. Addition of this value wi I I then bring the 

observed parameter distribution into al ignment with the predicted 

distribution. After the adjustments are appl ied the cuts can be 

employed as before. 

Whi Ie arguments might be made that the adjustments should be 

multipl icative rather than additive in nature) subsequent analysis has 

confirmed that the method used is satisfactory. This may be seen as 

fol lows. A representative sample of runs) both in the 1 of 7 and 2 of 

19 trigger mode) were selected at random. The shower parameters were 

determined and the first three moments (MEAN) standard deviation (SDEV) 

and SKEW) of the distribution calculated. Figures 27 and 28 show the 

MEAN versus SDEV and the MEAN versus SKEW for WIDTH in Zone 1 for 

several runs. It IS evident that large excursions of the MEAN from the 

average value are uncorrelated with simi lar deviations of SDEV and 

SKEW. This fact provides convincing evidence that the shape of the 

distribution) as measured crudely by its moments) do not change despite 

sizable variations in the mean of the distribution itself. 
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APPENDIX B 

A SEARCH FOR PULSED GAMMA-RAY EMISSION FROM PSR 0531 

The Crab pulsar PSR 0531 has lon9 been considered to be the 

most I ikely source of periodic very high energy gamma radiation. 

However, despite numerous detections of the pulsar at these energies 

(Table 13), no clear consensus has emerged as to the basic nature of 

its emissions. Two quite dissimi lar phenomenon have been observed, a 

relatively low flux state in which the emission is confined to a 

narrow, though not necessari Iy fixed, phase interval (e.g. Dowthwaite, 

et al. 1984a) and a high flux transient state, typically of less than 

one-half hour duration, when the very high energy gamma-ray flux is 

nearly sinusoidal in form (e.g. Gibson, et al. 1982). This appendix 

wi I I summarize the results of a search for periodic emission from the 

Crab pulsar within the Whipple observatory data base. 

Prior to the analysis of a periodic signal of celestial origin 

it is necessary to compensate for the movement of the earth as this 

motion wi I I obscure the phase dependence of such a signal. The 

standard practice is to propagate the time of arrival of each event to 

the barycenter (the center-of-mass of the solar system) prior to phase 

analysis. Observing site to barycenter delays are calculated using the 

M.l.T. Lincoln Laboratory Planetary Ephemeris (Ash, Shapiro, and Smith 

1967). After barycentering, the phase and the instantaneous period of 

each event is calculated using the observed values of the period and 
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Table 13. Summary of the Very High Energy Gamma-Ray Observations of 
the Crab Pulsar PSR 0531. 

GROUP/REFERENCE THRESHOLD ENERGY 
(TeV) 

Smithsonian .47 
(Helmken, et al. 1973) 

Smithsonian .68 
(Gr i nd I ay 1972) 

Smithsonian .80 
(Grind lay, Helmken, and Weekes 1976) 

Iowa State 20 
(Erickson, Fickle, and Lamb 1976) 

Durham 1 
(Dowthwaite, et al. 1984) 

Durham 3 
(Gibson, et al. 1982) 

Tata 1.2 
(Bhat, et al. 1986) 

Hawai i 0.2 
(Camerini, et al. 1986) 

FLUX 
(10- 11 cm -; -s -: ) 

< 0.79 

1.25 

0.4 

0.12 

0.79 

20 

25 

20 

COMMENTS 

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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its first two derivatives at a particular epoch TO (Lyne 1985): 

T 
¢ = j5 -

o 
and (A.2.1) 

where T IS the difference in time between the epoch of the ephemeris TO 

and the time of arrival of the event at the barycenter. 

The times of arrival to be considered are derived from the 

complete data base of observations obtained between September 1983 and 

January 1986. Due to uncertainties in the absolute time of arrival of 

showers (leading to an uncertainty in phase) the main thrust of this 

analysis has been in a search for transient emission. Nevertheless, 

based on the assumption that significant timing errors did not 

accumulate during a single night's observations, the analysis has been 

extended to the search for non-transient periodicities. 

For the purpose of searching for transient emission from the 

Crab pulsar, the data base has been divided into two subsets. The 

first includes that data which was selected for imaging analysis. The 

second consists of al I recorded events, excluding those of the first 

subset (modes 4 through 6, see Table 7). A further division of the 

data is made by separating runs, typically 28 minutes in duration, into 

three overlapping 14 minute intervals. This procedure is motivated by 

the reports of transient emission which suggest that the duration of 

the energetic emission is less than 15 minutes. The use of short, 

over-lapping data intervals results In an improvement in flux 

sensitivity. 
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The Rayleigh test (Mardia 1972; Batschelet 1981) was selected 

as that statistic which is most sensitive to the presence of the broad 

I ight curves associated with the observed transient emission (Leahy, et 

al. 1983). Because of the exponential dependence of probabi lity on the 

Rayleigh statistic (or power), plotting the Rayleigh power versus the 

logarithm of the incidence of the power (the differential Rayleigh 

power spectrum) renders large non-statistical values clearly apparent. 

The calculated Rayleigh powers for each of the three 14 minute 

subintervals of the 82 selected ON runs are indicated in Figure 29. 

The highest power evident is 6.9. The I ikel ihood that one would obtain 

such a value In a single trial is sl ightly greater than 0.1%. The 

total number of trials is 246 and the resulting chance probabi I ity IS 

N 25%. Consequently no evidence exists in the selected ON data for a 

transient episode of pulsed emission. 

This analysis can be extended to the previously non-selected ON 

data. The resulting differential Rayleigh power spectrum is plotted In 

Figure 30. The maximum value of the Rayleigh power IS 11.22 and is 

associated with the interval spanning minutes 56 to 70 of run 230. 

This observation was a long, 200 minute, tracking run made under 

generally poor weather conditions on March 4 1984. There are 671 

independent trials. The chance probabi I ity is therefore 0.9%. 

However, examination of the counting rates throughout the relevant 

observation indicates that no significant excess is associated with the 

14 minute interval in question (see Figure 31). Nevertheless, based on 

the mean count rate and a 50% duty cycle for transient pulsed emiSSion, 
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an upper limit to the pulsed flux during this interval IS 3.2 x 10-10 

,. -! 
photons cm-'-s 

The data base of Crab observations was also examined on a 

nightly basis for the presence of a low level pulsed gamma-ray 

emission. Because the reported non-transient flux appears to be 

restricted to a narrow phase interval, epoch folding fol lowed by 
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appl ication of Pearson's chi-squared test for uniformity was deemed to 

be the most appropriate test statistic (Leahy, et al. 1983). 

For purposes of this analysis only those nights with a minimum 

of two hours duration on source have been included. For each of the 

six nights analyzed, Table 14 I ists the date and duration as wei I as 

the chi-squared values for the data passing the noise reduction cut and 

the Hi lias (A) gamma-ray selection criteria. No evidence for the 

presence of a periodic gamma-ray flux component was evident; I isted In 

Table 14 are the resulting upper I imits for pulsed very high energy 

gamma-ray emission on these six nights. 



Table 14. Results of the Search for a Continuous Pulsed Flux of Very 
High Energy Gamma-Rays from PSR 0531. 

(Reduced Chi-square, 49 degrees of freedom.) 

DATE DURATION II SHOWERS CHI-SQUARED FLUX LIMITS 
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(m ins) (10- 11 cm-2 -s -1 ) 

7 Dec 83 190 27,504 .71 < 4.1 
10 Dec 83 196 27,544 .96 < 4.0 
11 Dec 83 166 22,422 .98 < 4.3 
3 Mar 84 199 23,651 .90 < 3.6 

28 Nov 84 110 16,595 .74 < 5.5 
1 Jan 85 195 40,667 .87 < 4.9 
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