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ABSTRACT 

This work represents the first successful detection of a flux of cosmic gamma rays 

at TeV energies by an air-Cherenkov imaging telescope from observations made during 

periods of bright moon light. The detection is based on two years of observations made 

on the Crab Nebula, a known source ofTeV gamma rays, during periods of bright moon 

light using the Whipple Observatory's IO-meter imaging air-Cherenkov telescope outfitted 

with a camera with spectral sensitivity restricted to UV wavelengths (below 300nm) in 

place of the conventional visible-light sensitive camera. A UV-sensitive camera is 

obtained by using solar-blind photomultiplier tubes and a UV filter in place of the visible 

light sensitive photomultiplier tubes in the Whipple camera. The observations result in a 

detection of a gamma-ray flux from the Crab Nebula at a statistical significance of 5.4 

sigma. The performance of this UV-sensitive camera is discussed with particular emphasis 

on the effects of operating in a bright moonlit environment. The observed signal is shown 

to behave in a manner which is consistent with what is expected from a gamma-ray flux. 

Using Monte Carlo simulations, the energy threshold of the camera is estimated to be 

O.9TeV and the integral flux derived from this detection is found to be in good agreement 

with other measurements. Using the experience gained from working with the UV images 

a second approach to observing in the presence of the moon is tested utilizing the visible 

sensitive photomultiplier tubes from the conventional Whipple camera with a UV filter to 

attenuate, but not eliminate, light above 300nm. With this hybrid camera a flux of gamma 

rays from the Crab Nebula is detected at the 5 sigma level at an estimated energy threshold 

ofO.7TeV. These two detection's of the Crab Nebula establish the feasibility of utilizing 

the air-Cherenkov imaging technique during periods of bright moon light, a new capability 

that would increase the duty cycle of observation. 
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CHAPTER 1 

INTRODUCTION 

1.1 GAMMA-RAY ASTRONOMY 

Gamma-ray astronomy is the study of cosmic photons at the highest energies. 

Figure 1.1 shows where the gamma-ray domain sits relative to the rest of the 

electromagnetic spectrum. The study of cosmic gamma rays began in the mid 1960's with 

satellite and high altitude balloon experiments making the gamma-ray domain the last 

electromagnetic window to be opened for investigation. The original impetus for gamma

ray astronomy was the desire to determine the origin of cosmic rays. As the field has 

grown to encompass a wider waveband, the scope of gamma-ray astronomy has 

broadened to include studies of discrete sources of gamma rays and phenomena known as 

gamma ray bursts (GRBs). At high energies (-1 Te V) gamma-ray astronomy is beginning 

to provide information about the physical processes occurring in pulsars and active 

galactic nuclei. Observations of Te V gamma rays also show promise for investigating the 

infra-red (IR) background which provides the only significant inter-stellar source of 

attenuation for TeV photons. Knowledge of the IR background could lead to independent 

measurements of the Hubble constant and the epoch of galaxy fonnation. 

Because of the large range of wavelengths which are included in the gamma ray 

domain, gamma-ray astronomy can be broken down into three sub-fields according to the 

principle means of detection used at different energies: satellite and high-altitude balloon 

experiments detect gamma rays up to 30GeV energies; ground based atmospheric 
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Cherenkov detectors are used to probe the energy range from 100GeV to 10TeV; and for 

energies above 1 OTe V arrays of charged particle detectors on the ground represent the 

primary technique. 

For gamma rays at all energies the earth's atmosphere is opaque. In order to 

detect gamma rays directly it is necessary to place the experiment above most of the 

earth's atmosphere. Detectors placed on satellites and high-altitude balloons, which can 

reach altitudes in excess of 100,000 feet, are capable of directly detecting cosmic gamma 

rays. Because of limitations on the size of an experiment that can be flown on a satellite 

or balloon, there is an effective upper limit to the energies that can be studied by these 

methods. The highest energy gamma-ray satellite experiment to date has been the EGRET 

experiment aboard the Compton Gamma Ray Observatory (CGRO) with the ability to 

detect gamma rays with energies up to 30GeV. Gamma-ray studies at energies up to 

30GeV include the diffuse emission from the galactic plane, gamma-ray bursts and 

emission from point sources such as pulsars, supernova remnants, active galactic nuclei, 

and X-ray binaries, to name a few. Hundreds of discrete gamma-ray sources have been 

discovered at these energies. The EGRET experiment has detected gamma-ray emission 

from a number of pulsars and active galactic nuclei which appear to have energy spectra 

that extend beyond the energy range of the EGRET detector and thus provide a strong 

motivation for pressing gamma-ray studies at even higher energies. 

In order to continue gamma-ray studies beyond the energies obtainable by satellite 

experiments, it is necessary to make use of ground-based techniques where there are fewer 

restrictions on the size and weight of the detectors. Since gamma rays never reach the 

surface of the earth it is necessary for ground based experiments to detect them indirectly. 
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At energies above lOMe V gamma rays interact in the atmosphere by pair production of an 

electron/positron pair. For high energy gamma rays, above the 30Ge V limit of satellites, . 

this pair production initiates a burst of relativistic electrons and positrons which 

propagates along the trajectory of the original gamma ray. These particle cascades are 

referred to as extensive air showers (EASs). The charged particles in EASs can be 

energetic enough to exceed the speed of light in air and, as such, will emit Cherenkov 

radiation. This Cherenkov radiation is also highly beamed along the trajectory of the 

gamma ray. So even though the gamma rays themselves cannot be directly detected by 

ground based experiments it is possible to detect their presence from the EASs or their 

associated Cherenkov radiation. The difficulty for ground based gamma-ray astronomy is 

that cosmic rays create a similar type ofEAS in the atmosphere. The isotropic cosmic-ray 

flux. is several orders of magnitude larger than the gamma-ray flux expected from even a 

powerful gamma-ray source, such as the Crab Nebula. It is necessary then for any ground 

based technique to search for cosmic gamma rays amidst a large background of cosmic

ray EASs. 

If a gamma ray has enough energy (> 1 OTe V) the charged particles of the EAS 

survive down to ground level. At these energies gamma rays can be detected indirectly by 

arrays of charged-particle detectors placed on the ground. Such detectors usually consist 

of a piece of plastic scintillator which is optically coupled to a fast photomultiplier tube 

(PMT). The passage of a charged particle through the scintillator creates a flash of light 

which is collected by the photomultiplier tube and converted into an electrical pulse. The 

CASA (Borione et aI., 1994) and Tibet (Amenomori et aI., 1993) air-shower arrays are 

examples of experiments which are designed to detect cosmic gamma rays with energies 

above 1 OTe V in this way. These arrays consist of a large number of small charged particle 



16 

detectors which are spread out over a large area. For example the Tibet array uses 49 

individual detectors, each 0.5m2, to cover an area of 1.1 x 104m2. The large effective 

collection areas obtainable, compared to 0.lm2 for the EGRET satellite detector, make it 

possible for these arrays to detect small fluxes at the highest gamma-ray energies. 

In the energy range from lOGeV to 10TeV, the only component of the air showers 

which penetrates the atmosphere is the Cherenkov light generated by the charged particles 

in the EAS. This is the domain of the atmospheric Cherenkov technique. In it's simplest 

form the, technique consists of collecting the Cherenkov light with a mirror and focusing it 

onto a fast photomultiplier tube. This type of Cherenkov telescope detects air showers as 

brief pulses of light in the night sky. The first optical observations of air showers were 

accomplished in this manner by Galbraith and Jelley (1953). The first application of this 

technique to gamma-ray astronomy was made in the Crimea (Chudakov et al., 1965) and 

involved 12 such telescopes operating in parallel. The Crimean technique relied on the 

detection ofa directional anisotropy of pulses emanating from a suspected source. This 

early work surveyed potential sources of gamma-ray emission such as supernova remnants 

and radio galaxies. Although no gamma-ray sources were discovered by this experiment, 

the atmospheric Cherenkov technique was established as a viable method of conducting 

ground based cosmic gamma-ray studies. For the next 20 years TeV gamma-ray 

astronomy was conducted using pulse counting Cherenkov telescopes. During this period 

of time, gamma-ray observations resulted mostly in upper limits from a few marginally 

detected sources, such as the Crab pulsar and Cygnus X-3. 

1.2 AIR CHERENKOV IMAGING 
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As mentioned above, the early air Cherenkov experiments consisted of pulse 

counting telescopes designed to detect the optical flash of Cherenkov light generated by 

EASs. The earliest experiments simply counted pulses from the night sky and made no 

attempt to discriminate between light pulses generated by gamma-ray air showers and 

those generated by cosmic rays. As time went by and no celestial sources of gamma rays 

were observed by these methods it became clear that some rejection of the cosmic-ray 

background was necessary. 

By the late 1970's advances in computing technology and the understanding of 

high- energy particle interactions had led to the development of Monte Carlo methods for 

simulating extensive air showers. At this time, it became apparent that differences in the 

development of gamma-ray and cosmic-ray air showers could have observable effects if 

the Cherenkov light could be used to create an image of the air shower rather than being 

recorded as a single pulse. From Monte Carlo simulations it was determined that the 

Cherenkov images of gamma-ray air showers should be smaller and more symmetrical 

than images produced by cosmic-ray air showers. Spurred on by the predictions of the 

Monte Carlo air shower simulations, the first imaging air-Cherenkov telescopes (lACTs) 

were developed in the U.S.S.R., at the Crimean Astrophysical Observatory (Stepanian et 

al. 1983), and in the U.S. at the Whipple Observatory (Weekes et al. 1989). Both of these 

imaging telescopes used close packed hexagonal arrays of 37 small photomultiplier tubes, 

instead of a single large phototube, at the focus of the telescope. These phototube arrays 

formed 37-pixel cameras, which recorded images of the air showers. The recorded images 

of EASs could then be classified as being either cosmic-ray or gamma-ray like based on 

their shape and size. In this way, more than 90% of the background EASs could be 

rejected while retaining most of the gamma-ray EASs. From 1986 to 1988, the Whipple 
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IACT recorded 60 hours of observations on the Crab Nebula. Using gamma-ray image 

selection criteria developed by Michael Hillas (1985), a steady signal was detected at the 9 

sigma level of statistical significance from the Crab Nebula (Weekes et al. 1989). This 

signal represented the first indisputable detection ofa cosmic source ofTeV gamma rays 

and established the sensitivity of the imaging technique for gamma-ray astronomy. 

In the six years following the Whipple detection of the Crab Nebula the air 

Cherenkov imaging technique has become the most widely used single method of 

conducting ground based gamma-ray observations at TeV energies. A recent review of 

TeV gamma ray astronomy by Weekes (1994) shows that of fourteen active TeV gamma

ray experiments eight are pursuing the imaging technique. Table 1.1 summarizes the 

characteristics of the IACTs which are currently in operation. The technique has evolved 

in the last six years towards higher resolution cameras and more sophisticated data 

analysis in an effort to obtain lower energy thresholds and increased sensitivity. For 

example, the Whipple Observatory's 10-meter IACT now operates with a 109-pixel 

camera and can detect the Crab Nebula at the 50' level in only one hour of observation 

with an energy threshold of 400GeV, as compared to 18 hours required for a 50' detection 

at 800GcV for the 37 pixel camera. 

In addition to the Crab Nebula, the imaging technique has also successfully 

detected Te V gamma-ray fluxes from PSR1706-44 (Kifune et al. 1995) and the active 

galactic nuclei Markarian 421 (Punch et al. 1992). The Crab Nebula has been established 

as the standard candle ofTeV gamma-ray astronomy due to it's strong and steady flux. 

This has been one of the most important advances in the development of the ground based 

techniques. It is now possible to evaluate new instruments and methods of analysis in 



tenns of their ability to detect the Crab Nebula. Table 1.1 shows the different IACTs 

which have detected the Crab Nebula along with their associated energy thresholds. 
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• Latitude / Elevation Energy Detected 

Organization / Location Longitude Threshold 

CANGAROO, Australia 137E 3IS 0.0 kIn 1.0 TeV 

Durham, Australia 145E 3IS 0.2 1.0 

CAO, Crimea Ukraine 34E 45N 2.1 1.0 

Lebedev, Tien Shan, C.I.S. 75E 42N 3.3 1.0 

HEGRA, Spain 18W 29N 2.2 0.5 

Whipple Collaboration, IIIW32N 2.3 0.2 

Arizona 

CLUE, Spain 156W 21N 2.2 ?? 

Tactic, Mt. Abu, India 73E 24N 1.7 0.2 

TABLE 1.1. Atmospheric Cherenkov imaging experiments as of 1994 (Weekes 1994). 

1.3 MOTIV A nON FOR EXTENDING THE IMAGING TECHNIQUE INTO 

PERIODS OF BRIGHT MOON LIGHT. 
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Y 

N 

Y 

N 

Y 

Y 

N 

N 

With detection's of the Crab Nebula, PSR1706-44 and MRK-421 at Te V energies 

the atmospheric imaging technique has been firmly established as a sensitive tool for 

investigating high energy astrophysical processes. As the technique currently stands, one 

disadvantage remaining unresolved is the inability to take data during periods of bright 

moon light. Existing imaging cameras utilize photomultiplier tubes with bialkali 

photocathodes, which are sensitive to wavelengths ranging from 200nm to 700nm. These 
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photomultiplier tubes are used because they provide a good match to the spectrum of 

Cherenkov light produced in air showers. Unfortunately the visible-light sensitivity of 

these photomultiplier tubes makes them sensitive to other sources of light from the night 

sky background, namely, light from the moon, stars and airglow. The most severe effect 

comes from the earth's moon which is bright enough to physically damage the visible 

sensitive photomultiplier tubes. The result is that visible-sensitive imaging cameras 

operate only under dark, moonless night skies, and thus lose out on half of their potential 

observing time over the course of a year. Over the last 7 years of regular operation, the 

Whipple Observatory's 10-meter IACT has been able to maintain a 7% effective duty 

cycle, which corresponds to about 600 hours of data taken during a full year. This duty 

cycle is also representative of other IACTs. Observing hours are lost to many factors, 

including daylight, bad weather, mechanical downtime and the presence of the moon in the 

night sky. There is little that can be done about the loss of observing time due to the first 

three effects which account for about 86% of the total hours available during the course of 

a year. If the observing time lost to the moon could be recouped, however, the current 

duty cycle for IACTs could be doubled. For this reason alone the development of an 

imaging camera which is insensitive to moon light, while still retaining the ability to image 

air showers, would be a valuable addition to the ground based gamma ray community. 

The effect of moon light on IACT observing programs goes beyond the simple loss 

of observing time. Perhaps more important is that observing programs are interrupted by 

the lunar cycle once a month. This presents a serious limitation to the imaging technique 

with respect to the study of time variable sources and the ability to respond to targets of 

opportunity . 
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The AON MRK-421 has turned out to be a dynamic object at TeV energies 

(Kerrick et al. 1995). Unlike the Crab Nebula, which exhibits a steady flux of gamma rays 

over time, MRK-421 has shown a remarkable degree of variability. From May 1994 to 

May 1995 the Whipple group has observed a high degree of variability in the flux ofTeV 

gamma rays from MRK.-421. In two instances the observed flux has increased by an order 

of magnitude. These flares occurred on a time scale of days and were also detected at x
ray wavelengths by the ASCA satellite. This is a tremendously exciting development for 

TeV gamma-ray astronomy and raises many questions regarding the frequency, duration 

and intensity of such outbursts. The importance of having the ability to observe 

throughout the lunar cycle can be emphasized by examining Figure 1.2, which shows the 

May 1994 flare. The peak flux observed during this flare came one day before the lunar 

cycle prevented further data taking for the next six days. By the time observations were 

able to be resumed the flux had returned to it's quiescent level. 

There now exists, for the first time, the ability for the phenomena of gamma-ray 

bursts (ORBs) to be effectively studied at TeV energies. The phenomena of ORBs is one 

of the most compelling mysteries of astrophysics. The first ORBs were discovered by 

satellite-borne gamma-ray detectors in 1967 which were designed to monitor nuclear 

weapons testing. Since then hundreds of ORBs have been detected by satellite 

experiments designed specifically to study them. Despite a tremendous amount of effort 

that has gone into the study of ORBs, their nature remains unclear. It is not even 

established whether or not ORBs are a local or cosmological phenomena. Many of the 

observed ORBs have energy spectra extending up to tens ofOeV which, when 

extrapolated to higher energies, should be clearly visible to ground-based experiments at 

TeVenergies. The detection ofa TeV component to ORBs would have implications for 



the mechanisms which generate the bursts. More significantly, the detection ofGRBs at 

TeV energies would almost certainty rule out the possibility of them being of cosmic 

origin because of the expected attenuation of Te V photons by the infra-red background. 
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The difficulty of using IACTs to search for a TeV component ofGRBs is that 

these telescopes have small fields of view, typically viewing less than a 3°x3° area of sky. 

Since GRBs are isotropicly distributed there is less than a 1 xl 0-5 probability of a GRB 

occurring at random within the field of view of an IACT when the duty cycle of IACTs 

and the observed rate of GRBs from CGRO (about 1 per day) are taken into account. 

However, there now exists the opportunity to greatly increase the chance of observing a 

GRB with the Whipple IACT. One of the dedicated experiments onboard the CGRO 

satellite is a continuous all sky burst monitor, BATSE. As part of the operation of the 

CGRO satellite a burst notification network (BACODINE) has been established with other 

experiments. As part of this network the Whipple observatory receives notification of any 

GRB whose time and location in the sky make it observable by the lO-meter IACT. 

Included in the BACODINE notification are the best estimate of the coordinates of the 

burst. With this network it is possible for the Whipple IACT to be in position to observe a 

GRB within 30 minutes of its detection by CGRO. It is expected that the Whipple 

Observatory will receive BACODINE notifications at a rate of one per week. It is of 

obvious importance to be able to respond to any burst notifications that may occur while 

the moon is above the horizon. 
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Figure 1.2. Variation of the gamma ray signal from Markarian 421. in observed gamma rays per 
minute. from 10 May 1994 to 12 June 1994. Note that data from 16-28 May is absent due to the presence 

of the moon. 
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The most straight fOlWard way to allow air Cherenkov imaging in the presence of 

the moon is to restrict the technique to UV wavelengths. Because of the opacity of the 

earth's ozone layer to UV radiation the moon is invisible to ground based telescopes for 

wavelengths below 300nm. Since most of the development of extensive air showers 

occurs below the ozone layer it is reasonable to assume that enough of the UV Cherenkov 

radiation produced by the showers will survive down to ground level for the imaging 

technique to work. The disadvantage to observing in the UV is that even below the ozone 

layer the atmosphere still heavily attenuates UV light. The result is that, compared to 

visible sensitive cameras, there will be far fewer photons to detect. This results in a higher 

energy threshold for a UV camera as it will require more energetic showers to produce 

enough UV light to form an image at ground level. Another consideration is the effect on 

the appearance of the images, since light generated high up in the atmosphere will be much 

more heavily attenuated than light generated at lower altitudes. This will make the images 

recorded by a UV camera much more dependent upon the low altitude development of the 

showers which may cause differences in the appearance of the images and therefor the 

methods of data analysis are expected to be different in the UV. 

Imaging in the UV is not a new idea. It has long been recognized that air showers 

initiated by cosmic rays should have a higher UV / visible ratio in the Cherenkov radiation 

that survives down to ground levels. This is due to the deeper penetration of cosmic-ray 

air showers into the atmosphere which results in less overall attenuation of the UV light 

generated by the shower. Attempts have been made to use the UV / visible ratio as a 

discriminant to reduce the cosmic-ray background (Grindlay 1972 & Vladimirskii et al. 

1985). These experiments used separate UV and visible Cherenkov telescopes to 

simultaneously measure the visible and UV light content of the showers with the 
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expectation that gamma-ray air showers would have a low ratio ofUV / visible light. The 

efficiency of using the UV content of showers as a discriminant has yet to be demonstrated 

by the detection of a gamma-ray signal. 

A dedicated UV imaging system, CLUE (Bartoli et al. 1991), has been proposed 

and is currently under construction in the Canary islands. The CLUE group proposes to 

use an array of up to 64 individual detectors (they currently have funding to construct 10). 

Each detector uses a 1.8m parabolic mirror to focus the Cherenkov light onto an imaging 

camera that utilizes TAME gas housed in a quartz container to convert UV photons into 

photoelectrons. The spectral sensitivity of the quartz + TAME camera is 180nm to 

220nm with a peak quantum efficiency of 20% at 200nm. This experiment is currently 

under construction at the site in the Canary islands. 

1.4 ARTEMIS AND A UV VERSION OF THE WHIPPLE OBSERVATORY'S 

IMAGING CAMERA 

The opportunity to develop a UV sensitive version of the Whipple Observatory's 

high resolution camera came about in 1991 when the Whipple group was approached by a 

group of French scientists from Ecole Polytechnique who proposed using the Whipple 10 

meter telescope to measure the anti-proton / proton ratio in the cosmic-ray flux at Te V 

energies. This project, known as ARTEMIS, proposes to make use of the earth-moon 

system as an ion spectrometer to separate the matter and anti-matter components of the 

cosmic ray spectrum. Observations made within 10 of the moon (see Appendix A) would 

be able to measure this ratio. In order to conduct observations this close to the moon the 

ARTEMIS group would provide a complete set of solar-blind photomultiplier tubes, 



sensitive primarily to wavelengths below 300nm, and a liquid UV filter to further reduce 

the sensitivity to light above 300nm. Feasibility studies conducted at the Whipple site in 

early 1992 showed positive results and it was decided to proceed with the ARTEMIS 

experiment in parallel with the regular Whipple visible observing program. 
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The ARTEMIS proj ect would have use of the 1 O-meter telescope during periods 

of bright moon light when the visible camera would not otherwise be operating. It was 

decided that two observing programs would be carried out with the solar-blind UV 

version of the Whipple camera. The primary observing program was designed to collect 

data for the anti-matter experiment, this experiment is described in more detail in 

Appendix A. The second UV observing program was to collect gamma-ray observations 

on the Crab Nebula. The UV Crab observations serve two purposes. 

First, in support of the ARTEMIS experiment the gamma-ray observations provide 

an ideal data set for understanding the performance of the camera with the solar-blind 

photomultiplier tubes. By observing the Crab the camera is exposed to a known signal in 

a relatively stable environment. The known signal is the flux of Te V gamma rays from the 

Crab Nebula which has been studied extensively with the high resolution visible camera. 

Since the gamma ray observations are conducted with the moon in the sky, but generally 

more than 100 away from the Crab Nebula, the background light fluctuations will be less 

severe than what is expected for observations made within 10 of the moon. The gamma

ray observations are able to serve as the first step in learning how to handle the ARTEMIS 

data. 
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Second, to investigate the feasibility of using the solar blind UV camera as a stand 

alone gamma-ray detector for doing gamma-ray astronomy in the presence of the moon. 

It is towards this second goal that work of this dissertation is primarily directed. 



CHAPTER 2 

THE 10 METER TELESCOPE AND DATA ACQUISITION ELECTRONICS. 

In this chapter the characteristics of the 10 meter telescope, the solar blind UV 

camera and the data acquisition electronics are described. 

The Whipple Observatory's 10 meter gamma-ray telescope (Figure 2.1) is 

specifically designed to detect and record Cherenkov radiation produced by air showers 

which are initiated by cosmic rays and gamma rays at TeV energies. The telescope 

combines a large collection area with a camera consisting of an array of 109 fast 

photomultiplier tubes (pmis) to record images of the air showers. 
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The telescope creates images of air showers by reflecting the Cherenkov radiation, 

produced by the ultra-relativistic charged particles in the shower cascade, onto the array 

of pmts at the focus of the telescope. The pmt array forms a camera where each pmt is an 

individual pixel. The intensity of the radiation falling on each pmt is recorded as an integer 

value in the range of 0 (no light falling on the pmt) to 1023 (saturation of the digitization 

electronics). By recording the amount of light which falls on each pixel of the camera an 

image of the air shower is created. These images contain infonnation about the air 

showers which can be used to determine which showers were initiated by gamma rays. 

The Whipple 10 meter telescope has been operating in its current configuration, 

with a 109 pmt visible sensitive camera, since 1988. In its visible configuration the 
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FIGURE 2.1. Photograph of the Whipple Observatory's to-meter air-Cherenkov detector. 
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camera is equipped with 109, 2.54cm diameter, visible-light-sensitive (l80nm to 700nm) 

Hamamatsu type R1398 pmts. When operated as a solar-blind UV detector the visible 

pmts are replaced with 109, 2.54cm diameter, "solar blind" (l80nm to 400nm sensitivity) 

Hamamatsu type R1802 pmts. A UV filter is added to attenuate light between 300nm and 

500nm resulting in a spectral sensitivity of 180nm to 200nm for the solar blind camera as a 

whole. 

The choice of the solar blind pmts, with the addition ofa UV filter, was made to 

pennit operation of the camera within 10 of the full moon for the ARTEMIS experiment 

which is described in appendix A. This operation requires the maximum attenuation of 

light above 300nm. The solar blind UV camera was originally proposed as a part of the 

ARTEMIS project and, as such, the parameters of the camera were optimized to the needs 

of ARTEMIS rather than to a dedicated gamma-ray detector. 

2.1 : TELESCOPE MOUNT AND OPTICS. 

The Whipple Observatory's air Cherenkov telescope is a 10 meter aperture 

reflector on an altitude-azimuth mount. At the focus of the telescope is a camera 

consisting of an array of 109 close-packed photomultiplier tubes. The telescope is located 

on Mount Hopkins in southern Arizona (altitude = 2320m; longitude = 1100 53.1' W; 

latitude 31 0 41.3' N) about 45 miles south of Tucson in the Sonoran Desert. 

Structurally the telescope consists of 248 hexagonal mirror facets, each 61 cm 

across, mounted on a tubular steel frame. This frame forms a spherical bowl with a radius 

of 7.3m. The individual mirror facets each have a 14.6m radius of curvature and are 
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aligned to a point on the optic axis of the bowl at a distance of 14.6m from the reflector. 

The radius of the bowl gives a plate scale of 12.8cmJdegree at the focal plane. This 

particular optical design is known as a "Davies-Cotton" design. The optical properties of 

this design have been studied, within the context of an atmospheric Cherenkov imaging 

telescope, and include excellent off axis performance (Lewis 1990). The point spread 

function for the 10 meter telescope has been measured to be 0.12° full width half 

maximum (fwhm) for a point source on-axis and 0.15° fwhm for a point source 1.5° off

axis. This characteristic of the optical design permits the use ofa camera with a 3° full 

width field of view without significant distortion occurring for off-axis images. 

The only disadvantage of this optical design is that, being spherical rather that 

parabolic, there is an inherent 6ns time spread, at the focal plane, for photons reflecting off 

mirror facets at different parts of the bowl. Since the Cherenkov pulse from a high energy 

air shower typically arrives within a 3ns to 6ns time interval this optical design precludes 

the use of fast timing techniques to discriminate between gamma-ray showers and 

background events based on the temporal structure of the showers. 

The individual mirror facets are front-surface aluminized, and anodized, ground 

glass. The reflector is not enclosed by any sort of dome and, as such, the mirrors are 

exposed to the weather which causes deterioration of the mirror reflectivity over time. At 

the beginning of the UV observing program, in October 1992, the quality of the reflective 

coating on the mirrors had degraded to the point that the average reflectivity of the 

telescope as a whole was estimated to be no better than 50%. In 1993 the observatory 

developed the ability to recoat the mirror facets on site. During the summer of 1993 all 

mirror facets were re-aluminized and anodized The reflectivity of one of the recoated 



mirrors is shown in figure 2.2. These anodized mirrors have proven to be very resilient 

over the course of the last two years and have shown no measurable decrease in 

reflectivity . 

2.2 : TELESCOPE TRACKING CAPABILITIES 
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The ability of the telescope to track celestial objects across the sky is provided by 

an 80386 PC which is interfaced with the telescope positioning and control electronics. 

This computer automatically keeps track of the position of the telescope and controls the 

motion of the telescope to allow celestial objects to be tracked. Details of the telescope 

tracking system are provided in appendix B. 

When tracking an object the computer constantly compares the position of the 

telescope and the object, in azimuth and elevation, and moves the telescope as necessary 

to provide a tracking accuracy better than 0.10. The tracking computer displays the 

current position, in azimuth and elevation, of both the telescope and the source. The 

angular separation between the telescope and source is also displayed so that the operator 

can easily monitor the alignment of the telescope and source. 

2.3 : THE UV CAMERA 

The camera (Figure 2.3) consists ofa hexagonal array of 109 2.54cm diameter 

"solar-blind" photomultiplier tubes at the focus of the reflector. Figure 2.4 shows the 
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FIGURE 2.2. Reflectivity measurements of one of the mirror facets from the 10 meter reflector. The 
measurements were made after the 1993 summer mirror recoating program, when all the mirror facets 
were re-aluminized and anodized. The reflectivity curve shown is representative of all mirror facets after 
recoating. 
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FIGURE 2.3. Schematic view, not drawn to scale, oftbe arrangement of the elements of the camera. 
The pmt array is surrounded on all sides, except facing the reflector, by a scintillator detector. Mounted 
in front of the pmt array is the liquid UV filter. 



1.5 ..---..---.----:@~~--:0r--@::----"1.----.-----, 

@@@)@@@ 
@®®®@®®@@ 

@@@)@@)@)@@@@ 5r 
~ 
en 0.5 
:x: 
<!= 
>-
W 0 
Z 
S 
a. 
-' « -0.5 

~ 
-1 

@@@@@@@@@@@ 
®®@@®0@®®® 

@@@@®0®®@@@ 
@@@@0®®@@@ 

@>@@@@@@@@@)(§ 
®®®@@@@@@@ 
@@@@@)@@@@ 

@@@@)@@) 
®@@ -1.5 '--_....L.-_--L-_--'-_--......Io.._-----I_-----I 

-1.5 -1 -0.5 0 0.5 1 1.5 
FOCAL PLANE X-AXIS [deg] 

FIGURE 2.4. Layout of the pmt array for the solar-blind UV camera. The positions are shown in 
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angle space, in degrees, at the focal plane of the telescope. The size of each circle represents the active 
area of the photocathode for each pmt. The photomultiplier tubes are numbered according to the standard 
Whipple convention. 
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pattern of the pmt array and the numbering convention for the pmts. The center to center 

spacing of the photomultiplier tubes is 3.18cm which translates to 0.25° in angle space on 

the focal plane. This produces a 3° full field of view across the face of the camera. The 

active region of the photocathode of each photomultiplier tube is 2.29cm in diameter 

which gives each pmt a full field of view ofO.l8°. The pmts are packed as closely 

together as possible but due to dead space between the pmts, the area around the 

photocathode in each pmt, only 62.5% of the area of the camera is active. 

The pmt array is surrounded on all sides, except the side facing the reflector, by a 

scintillator detector. This scintillator detector forms an anti-coincidence shield to detect 

the passage of charged particles through the body of the camera which can induce signals 

in the photomultiplier tubes. Mounted on the back plane of the camera, pointing away 

from the mirrors, is a CCD camera which allows the observer to monitor the area of sky 

which the reflector is pointed at. In front of the photomultiplier tubes a liquid filter, 

designed to block the transmission of light above 300nm, can be mounted. 

2.3.1 : The Solar-blind photomultipliers. 

The photomultiplier tubes used are Hamamatsu type R 1802. These 

photomultiplier tubes have a CsTe photocathode with a spectral sensitivity from 180nm to 

400nm which has maximum quantum efficiency (approximately 15%) for wavelengths 

below 280nm. The quantum efficiency curve for a typical solar blind photomultiplier tube 

is shown in Figure 2.5 along with the corresponding curve for a pmt from the visible 

camera. Both curves are taken from data supplied with the pmts by Hamamatsu. These 

photomultiplier tubes have a linear 10 stage dynode structure which provides a fast rise 



37 

102 

- - -- - - - - - - - - -- -
~ ---
~ 

>-
() --- -.'- -- - ---. z ...... w - -C3 r "-u: I " U. 101 

"-W / 
~ " ~ V " « \ 
=> \ 0 
w \ 
§ 10° \ ~ 

F!: \ (§ 
f2 \ 
a \ :c 
a. \ 10.1 I 

200 300 400 500 600 700 
WAVE LENGl1-I [nm] 

FIGURE 2.5. Quantum-efficiency curves for a solar-blind UV pmt and a visible-light sensitive pmt. 
Data for the solar-blind UV pmt [solid line], with CsTe photocathode, and the visible pmt [dashed line], 
with bi-alkali photocathode, are provided by Hamamatsu. For comparison, the atmospheric transmission 
for cosmic radiation, originating from above the earth's atmosphere, is also shown [dotted line]. 
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time of 2-3ns and gain factors on the order of 106. The photomultiplier tubes are operated 

with a negative voltage applied across the photocathode and dynode chain. The ratio of 

voltages between the 11 stages (photo cathode plus 10 dynodes) is determined by a 

resistor chain in the photomultiplier tube base and is set by Hamamatsu. The voltage 

ratios between stages, from photocathode to anode, are I.S : 1 : 4 : 1 : 1 : 1 : 1 : 1 : 1 : 1 : 

1. The voltage applied to each pmt is chosen so that all 109 pmts give the same response, 

in terms of the rate of pulses seen from the night sky, and is typically -IOOOV across the 

entire pmt. 

These photomultiplier tubes were selected for their low sensitivity to visible light, 

high UV sensitivity, fast response time and compatibility with the existing camera housing 

and electronics. 

2.3.2 UV FILTER 

Because the ARTEMIS observing program calls for operation of the camera 

within 10 of the Moon it is necessary to reduce, as much as possible, the sensitivity of the 

solar blind UV camera to wavelengths above 300nm. As shown in Figure 2.5 the earth's 

atmosphere effectively blocks cosmic light below 300nm. However the solar blind pmts 

do have some sensitivity between 300nm and 400nm which must be eliminated if the 

camera is to be operated in close proximity to the moon. For this reason a UV filter is 

mounted on the camera in front of the pmts which strongly attenuates light between 

300nm and SOOnm. 
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This filter consists of a solution of CoS04 and NiS04 in water, which is contained 

in a custom-built housing. The liquid solution is contained between two plates of 

synthetic quartz, each plate having a thickness ofO.5cm, which are mounted in an 

aluminum housing which can be bolted onto the camera in front of the pmt photocathodes. 

The filter completely covers the field of view of the camera so that any light striking the 

photocathodes must pass through the filter. The total thickness of the filter is 3.2cm thick 

which, after subtraction of the thickness of the quartz plates, gives a 2.2cm path length 

through the liquid solution for light incident normal to the surface of the filter. The filter 

housing includes a built-in heating element to prevent the solution from freezing. 

Figure 2.6 shows the measured transmission curve for the liquid UV filter (Sarazin 

1995) over the range of wavelengths corresponding to the sensitivity of the solar blind 

pmts. 

2.3.3 SCINTILLATOR DETECTOR 

A scintillator detector surrounds the body of the camera, except for side facing the 

reflector, and is designed to detect the passage of charged particles through the body of 

the camera (Sarazin 1995). The scintillator detector consists of a cylindrical shell of 

scintillator material, O.5cm thick, surrounding the pmt array parallel to the optic axis of the 

telescope, and a 1 cm thick sheet of scintillator covering the back plane of the camera. 

Light pulses generated in the scintillator, by the passage of charged particles through the 

material, are recorded by pmts which are optically coupled to the scintillator material. 

Two pmts view the cylinder and one pmt views the back plane. The signals from the 
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FIGURE 2.6. Transmission curve for the liquid UV filter [solid line]. Also shown [dashed line] is the 
combined performance of the filter and CsTe photocathode quantum efficiency. 
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pmts which view the scintillator are digitized and recorded along with the signals from the 

camera pmts. If the camera is triggered by the passage ofa charged particle through the 

pmts a signal will be seen simultaneously in one or more of the pmts which view the 

scintillator detector. By recording the signal in the pmts which view the scintillator 

material along with the signals from the camera pmts these types of triggers can be 

identified off-line during data analysis. 

Tests performed at Mt. Hopkins, by taking data with a light-tight cover over the 

pmts so that only charged particle hits can trigger the camera, show that the scintillator 

detector is 76% efficient at detecting the presence of charged particles in the camera body. 

This efficiency could be increased by increasing the thickness of the scintillator material 

used in the detector. However restrictions on the weight of the camera prevent the 

addition of more scintillator material. 

2.4 DATA ACQUISTION ELECTRONICS 

Figure 2.7 shows the layout of the data acquisition electronics. The electronics are 

designed to perform two functions: 1) system triggering, 2) image digitization and storage. 

A complete technical description of the electronics is provided by Cawley et al. (1990). 

Signals from the photomultiplier tubes travel from the focus box through 50m of 

RG-58 co-axial cable and are capacitively coupled to a bank of 10 LeCroy model 612A 

12 channel pmt amplifiers. There is a 30% attenuation of the signal between the pmt and 

amplifier (Kwok 1989). 
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FIGURE 2.7. Schematic representation of the lO-meter telescope data acquisition electronics. The "3 
scintillator detector pmts" view the scintillator of the charged particle detector, described in section 2.3.3, 
and their signals are digitized along with the 109 pmt channels from the camera. 
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The amplifiers provide a factor of 10 gain and have two outputs for each input channel. 

One complete set of amplified signal outputs are sent, through a 60ns delay, to a bank of 

10 LeCroy model 2249A 12-channel analog to digital converters (ADCs). The signals 

sent to the ADC units include the 109 pmt signals from the main camera and the signals 

from the 3 pmts which observe the scintillator detector. The signals from the two pmts 

which view the cylindrical portion of the scintillator detector are summed after 

amplification so that only two channels of infonnation from the scintillator are digitized, 

the cylinder and back plane. When the camera trigger requirement is met the ADC gates 

are opened for 29ns. The 60ns delay between the amplifier and ADC is necessary to allow 

the trigger logic time to decide if an event trigger has occurred. The trigger condition 

demands that the signal from a minimum ofthree ofthe inner 91 pmts exceed a preset 

threshold within a 20ns time window. 

The trigger condition is fonned by sending the second output from the amplifiers, 

for channels I to 91, into a bank of 6 16-channel LeCroy model 4413 discriminators. 

These discriminators are daisy-chained together and produce a summed output which is 

proportional to the number of channels which exceed the preset trigger threshold within a 

20ns time window. This summed output is then sent to a discriminator which generates an 

event gate if at least 3 channels exceed threshold. The event gate is then sent, through a 

fan out, to the gate the ADC units. The outer ring of photomultiplier tubes, pmts 92 to 

109, are not considered in determining the trigger. The reason for this is that events which 

would trigger only the outer edge of the camera most likely represent air showers which 

are only partially contained within the field of view of the camera. These images would 

only contain partial infonnation about the air shower, so the decision is made not to 

trigger on such events. 
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Once it has been determined that an event has occurred and that event has been 

digitized the infonnation is read-out onto a hard disk through a PDP 11173/ CAMAC 

interface. For each event the following infonnation is recorded: 120 ADC values (l09 

signals from the camera plus the 2 scintillator detector channels and 9 unused channels), 

an event code to identify the type of event, and the number of microseconds elapsed since 

the start of the run. 

The event codes are necessary because in addition to air shower event triggers 

there are three other event types which are artificially generated. Events which trigger the 

camera are classified as code 8 events and correspond to air showers. Two artificial 

events are timing events which are referred to as minute markers. During the course of a 

data run a timing event is generated at the start of every minute according to universal 

time (UT) and sidereal time standards. The UT time standard comes from a WWVB radio 

receiver which picks up a signal broadcast from Fort Collins, Colorado. The Sidereal time 

is provided by a GPS (global positioning satellite) receiver. These two event types are 

referred to as universal time and sidereal minute markers in the data stream and are 

assigned event codes 6 and 7 respectively. The type of artificially generated events are 

referred to as 'sky pedestal events'. These events are generated after every 10 air 

Cherenkov (or code 8) events. A sky pedestal event is generated by sending an event gate 

pulse to the ADC units independent of the coincident trigger condition. The result is a 

29ns image of the night sky in the field of view of the camera. These events provide a 

measure of the background sky conditions as seen in the absence of a genuine air shower 

and are classified as code 1 events. 
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The data acquisition is controlled by an LSI 11173 Digital Equipment Corporation 

computer. The data acquisition software allows the operator to start and stop data runs 

and provides some capability to monitor the data stream on line. On-line monitoring 

capabilities include the ability to display randomly selected events, as ADC values, on the 

tenninal screen; minute by minute event rates; individual photomultiplier tube singles rates, 

the frequency with which any given pmt exceeds the trigger threshold Vth; and 

photomultiplier tube pulse height spectra. With these on-line capabilities the observer can 

monitor general system performance and health. The dead time associated with reading 

and recording an event is 20ms. This dead time is detennined by the length of time that is 

required to read out the ADC units via the CAMAC interface. 

2.5 CONVERSION FROM VISIBLE TO UV OPERATION 

The conversion between visible and solar blind cameras is approximately a 3 hour 

procedure for one person. The major change to the system involves swapping the 109 

visible pmts with the 109 solar blind pmts. Each pmt is operated at a specific high voltage, 

which is set so that all 109 pmts in the camera exceed the trigger threshold at an equal rate 

when the telescope is pointed at the night sky. As such each pmt, visible and solar blind, 

has an associated high voltage setting and it is necessary to set the high voltages to the 

appropriate values when the pmts are interchanged. It is also necessary to adjust the 

arrival times of approximately 25 pmt signal cables at the input to the amplifiers to 

maintain the integrity of the system trigger timing. The trigger condition for the visible 

camera uses a twofold multiplicity and a different threshold which must be converted to 

the three fold trigger scheme of the solar blind UV camera. This is accomplished by 

adjusting the thresholds of the discriminators involved in the trigger logic. The last step is 



to mount the liquid filter on the camera in front of the pmts. At this point the 10 meter 

telescope is now ready to operate as a solar blind UV detector. 
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CHAPTER 3 

IMAGING EXTENDED AIR SHOWERS 

In this chapter an overview of the Whipple imaging technique is provided with an 

emphasis on how differences in air shower development allow for discrimination between 

hadronic and gamma-ray initiated showers. The attenuation of light by the earth's 

atmosphere in the sensitivity range of the solar blind pmts is examined and utilized in 

Monte Carlo calculations of the expected trigger rate for a gamma-ray flux from the Crab 

Nebula. 

3.1 THE WHIPPLE IMAGING TECHNIQUE 

With the detection ofTeV gamma-ray fluxes from the Crab Nebula (Vacanti et 

a1.1991) and the active galactic nuclei Markarian 421 (Punch et a1.1992) the Whipple 

imaging technique has been established as a highly sensitive technique for ground based 

detection ofTeV gamma rays. The technique uses the 10 meter telescope to collect and 

image the Cherenkov radiation which is produced in high energy particle cascades that are 

initiated by gamma rays and cosmic rays, at TeV energies, high in the earth's atmosphere. 

The recorded images contain information about the development of the air showers which 

can be used to discriminate between the two types of air showers. 

Particle cascades, also known as air showers, are generated when energetic 

photons (gamma rays) or hadrons (cosmic rays) enter the earth's atmosphere and interact 

with a constituent of the atmosphere. This initial interaction results in the creation of 
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secondary particles which, when they are energetic enough, go on to interact and create 

more particles. Each particle created in the shower continues to create more particles, 

thus adding to the development of the shower, with the energy of the particle getting 

divided among the newly created particles at each interaction. In this manner the number 

of particles in the shower grows, with the energy per particle decreasing, as the cascade 

propagates through the atmosphere. As particle energies begin to drop below the 

threshold for new particle generation the growth of the shower slows and eventually stops 

altogether. Since the particles are highly relativistic they remain beamed along the 

trajectory of the primary particle which initiated the cascade and thus the cascade retains 

the trajectory of the particle which began the process. 

3.1.1 GAMMA RAY INITIATED AIR SHOWERS 

Air showers which are initiated by gamma rays grow through two particle 

production mechanisms: pair production and Bremsstrahlung. The initial interaction of the 

gamma ray in the Coulomb field of an air molecule results in the pair production of an 

electron-positron pair. The electron and positron then go on to produce secondary 

gamma rays via Bremsstrahlung which will go on to produce more e+/e- pairs. Thus the 

air shower initiated by a gamma ray consists of electrons, positrons and photons. Since 

the particle production mechanisms are both electromagnetic this type of shower is 

referred to as an electromagnetic shower. For electromagnetic showers the critical energy 

Ec for production of new particles is 84.2 MeV. Below this energy the particles will 

preferentially lose energy via Compton scattering, for photons, and ionization, for 

electrons and positrons, rather than by the particle production mechanisms. For both 

photons and electrons the radiation length Xo in air, the length over which the particle 
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loses a factor of e- l of its energy, is 37.7 glcm2. Thus for a 1 TeV gamma ray the average 

energy per particle in the shower drops below the 84.2MeV threshold for particle 

production after 10 radiation lengths or 377g1cm2 into the atmosphere. For comparison 

the vertical depth of the atmosphere at sea level is 1033 glcm2 and at Mt. Hopkins 

obselVatOIY is 730 glcm2. The altitude at which the maximum number of particles exist in 

the shower can be approximated by 

T ~ In(EJEc} (Gaisser 1990) 

where Eo is the energy of the primary gamma ray and T is the altitude in km. As the 

shower develops it spreads out laterally due mostly to the effects of multiple Coulomb 

scattering but remains azimuthally symmetric about the axis of propagation. 

3.1.2 HADRON INITIATED AIR SHOWERS 

Air showers initiated by hadrons are more complicated than the electromagnetic 

shower described above. The first interaction of the cascade is nuclear rather than 

electromagnetic. The resulting secondary particles are mostly charged and neutral pions 

and nuclear fragments. Other secondary particles such as kaons and hyperons are also 

possible but less likely. The neutral pions quickly decay to gamma rays and thus selVe to 

initiate electromagnetic cascades within the hadronic shower. The charged pions decay 

into muons and neutrinos. The neutrinos pass through the atmosphere without interacting 

and thus play no role in the development of the air shower. The muons can survive down 

to ground level. The nuclear fragments continue through the atmosphere, initiating further 

nuclear interactions until they exhaust their energy. This core of nuclear fragments acts to 

inject additional pions into the shower at different altitudes. Thus electromagnetic 



cascades and penetrating muons are generated at numerous points within a hadronic 

shower. 

Figure 3.1 illustrates the processes in the development ofhadronic and 

electromagnetic air showers. 

3.1.3 CHERENKOV RADIATION IN AIR SHOWERS 
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Cherenkov radiation is produced whenever a charged particle passes through a 

dielectric medium with a velocity that exceeds the phase velocity of light in that medium. 

As the charged particle passes through the medium it polarizes nearby atoms. The 

polarized atoms in the vicinity of the charged particle then act as elementary dipoles 

oriented about the charged particle. Thus each point along the particle track receives a 

brief electromagnetic pulse. For particle velocities small compared to the speed of light in 

the medium, the complete symmetry of the dipoles about the charged particle at any point 

along the particle track results in no net electric field at large distances from the particle. 

When the particle is moving fast compared to the speed of light in the medium the 

polarization field is no longer completely symmetric about the particle. In this case there 

is an axial asymmetry in the polarization field which gives rise to a resultant electric field 

at large distances. Pulses from different elements of the particle track will interfere 

destructively, except for the case when the velocity of the particle exceeds the speed of 

light in the medium. When this occurs the pulses from all portions of the particle track can 

add constructively at a specific angle 8, 
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FIGURE 3.1. Schematic representation of air shower development for hadronic and electromagnetic 
showers. Schematic of hadronic shower taken from (Simpson, 1953) 

51 



1 
cos(9)=-

f3n 

52 

where n is the index of refraction of the medium, 13 = vic where v is the velocity of the 

particle, c is the speed of light in vacuum and e is the angle between the trajectory of the 

charged particle and the direction of propagation of the resultant electromagnetic wave. 

The following characteristics of Cherenkov radiation are particularly important for the 

purposes of air shower imaging: 

• There is a threshold velocity of 13th = lin below which no emission can occur. This 

translates to an energy threshold for the charged particle of Eth = (1- 13 th r l/2 mo c2 
• 

From this we can calculate the threshold energy for Cherenkov emission at sea level 

for electrons, 21MeV, and for muons, 4.4GeV. 

• The number of Cherenkov photons per unit wavelength (A.) per unit path length is 

proportional to 1IA.2. 

• Since emission cannot occur for n<1 there will be no Cherenkov radiation in the X-ray 

and gamma-ray regions of the spectrum. Also there will be no emission in the 

absorption regions of the emitting medium. 

For the photon initiated electromagnetic shower it is the electrons that are 

responsible for the production of Cherenkov radiation and most of the radiation is 

produced above altitudes of 5km to 6km at TeV energies, when the showers have attained 

their largest size. With a radiation length of37.7 glcm2 most of the charged particles in a 

1 TeV gamma-ray initiated shower will drop below the Cherenkov threshold after 11 

radiation lengths or about 415 glcm2 which is well above ground level. The Cherenkov 

light generated in the shower arrives at the ground as a 3ns pulse covering an area .... 200m 
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in diameter. The density of light is fairly constant out to a radius of,.., 120m. Beyond 

120m the intensity of light falls rapidly. Because of the large extent of the light pool 

ground based air Cherenkov telescopes have an effective collection area that far exceeds 

the physical dimensions of the collecting mirror. Even though the Whipple telescope has 

only a 5m radius it is capable of detecting showers which fall as far as 120m from the 

telescope. 

For hadronic showers the bulk of the Cherenkov radiation comes from the 

electrons produced in the electromagnetic cascades. However there are also charged 

muons present in the hadronic shower which can generate Cherenkov radiation all the way 

down to ground level. Since some of the energy of the primary particle goes into the 

production of muons and the nuclear fragments, there is less energy put into the 

electromagnetic cascades. This results in hadronic showers being less efficient at 

generating Cherenkov radiation. 

3.1.4 IMAGING AIR SHOWERS 

The 10m telescope records images of air showers by collecting the Cherenkov light 

generated by the energetic charged particles in the shower. Because of the large size of 

the light pool generated by the shower, the telescope can detect showers which fall as far 

as 200m from the telescope. The shape and position of the images at the focal plane of 

the telescope provide information about the physical characteristics of the shower itself 

and the point of origin in the sky of the particle which initiated the shower. Figure 3.2 

shows how an image of a gamma-ray shower is formed at the focal plane of the 

telescope. This example shows the radiating particle tracks of a typical gamma-ray air 
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shower which develops in the field of view of the camera. The "camera view" shows the 

resulting image fonned by the 10m telescope as isophotes on the camera. In the example 

the image corresponds to a shower which falls some distance from the telescope and is 

thus elliptical in shape. The points labeled a, band c on the image correspond to the 

similarly labeled points in the air shower. The shape of the image can be described in 

tenns of the major and minor axes of the ellipse. The major axis ofthe ellipse, defined as 

the length of the image, is related to the longitudinal development of the shower and the 

minor axis, defined as the width of the image, is related to the lateral development of the 

shower. The degree of ellipticity of the image depends on the impact parameter of the 

shower propagation axis with respect to the position of the telescope. A shower which 

propagates straight down the optic axis of the telescope with zero impact parameter will 

produce a circular image, with no longitudinal infonnation about the shower. Showers 

with larger impact parameters will appear more and more elliptical with increasing impact 

parameter. The orientation of the major axis of the image is related to the orientation of 

the shower in the sky. For showers which originate from a point in the sky near the center 

ofthe field of view of the camera the major axis of the image will point to the center of the 

camera. The location of the 'center of mass' of the image, the highest concentration of 

light, corresponds to the location of the point of maximum shower size in the field of view 

of the camera. 

We can now compare and contrast a typical gamma-ray shower image to that of a 

typical hadronic image. Figure 3.3 shows the radiating particle tracks, generated from 

Monte Carlo simulations, for a 250Ge V gamma-ray shower and a 250Ge V proton shower 

along with a typical image which would be formed at the focal plane of the telescope 
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FIGURE 3.2. Fonnation of the image ofa gamma-ray initiated shower at the focal plane of the 
telescope. The points a, b & c on the image correspond to the equivalent points in the development of the 
shower. Angles and distances are exaggerated for purposes of clarity. 
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for each type of shower. The images shown for each shower are hand drawn to illustrate 

the qualitative differences associated with each shower type and are not intended to be 

accurate depiction's of the specific showers shown in the figure. 

The most striking difference between the gamma-ray shower and the proton 

shower is in the lateral development of the showers. The gamma-ray shower is narrow 

and symmetrical about the shower development axis. The proton shower is much broader 

and lacking in azimuthal symmetry. The result is that images of proton showers do not 

have the well defined elliptical shape that gamma-ray showers exhibit. Proton shower 

images tend to be larger, in both length and width than gamma-ray shower images. The 

long particle tracks at large angles to the shower development are muons which give the 

proton shower a component which penetrates deep into the atmosphere. 

Selection of gamma-ray images from the predominantly hadronic background is 

based on two characteristics of the images: shape and orientation. The selection based on 

shape demands that a candidate gamma-ray image have a small length and width. Since 

the telescope is used to search for point sources of gamma rays, it is expected that gamma 

rays from a potential source would originate from the center of the field of view of the 

camera when the telescope is pointed at the suspected source. Candidate gamma-ray 

images from a point source would then have their major axis pointed towards the center of 

the camera. 



10 

250 a.v 1\ GAMMA 
1\ 

Ij 
~ 

~ 

I 
~ 
k ! ) 

!i: 
u , 
iii 

~ :I: 

,~ 

~ 
~ 

. 

b 
·~'~D-----~O:------~"D 

RADIAL DISTANCE .. rnl 

+ 

10 

2:10 a.v 
PROTON 

i 
~ .. 
:r 

'" W 
:I: 

a 
I~~D~--~--~o~~-------'~'D 

flAOlAL DISTANCE Clrnl 

FIGURE 3.3. Comparison of typical images formed by gamma-ray showers vs. proton showers. The 
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tracks of the Chcrenkov radiating panicles in a 250GeV gamma-ray shower and a 250GeV proton shower 
are shown as calculated from Monte Carlo simulations. Underneath each shower a typical image is shown 
for that type of shower. Note that the hand drawn images are not intended to represent che images thaC 
would result from the specific showers shown above but are only intended to be representative of the 
general characteristics of gamma-ray and hadronic showers. 
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The above technique identifies images as having gamma-ray like characteristics. 

Images selected on the basis of their shape and orientation are considered to be candidate 

gamma rays but will also include hadronic images which just happen to be small and point 

to the center of the camera. Since gamma-ray images cannot be unambiguously separated 

from the hadronic background with 100% efficiency the method of searching for sources 

of gamma rays involves taking data in ON/OFF pairs. ON source data is taken with the 

telescope pointed at the suspected source of gamma rays. OFF source data is taken with 

the telescope pointed at a control region of the sky where there is no suspected source. 

An equal amount of time is spent obselVing ON source and OFF source, typically 28 

minutes each. Candidate gamma-ray images are then selected from the ON source and 

OFF source data based on the shape and orientation of the images. If a source of gamma 

rays is present in the center of the field of view of the ON source region an excess of 

candidate gamma-ray images should appear in the ON source data as compared to the 

OFF source data. 

The ON/OFF data analysis described above amounts to searching for a steady 

signal amidst a background of events which arrive randomly in time but at a definite 

average rate. Any obselVed excess from the ON source region must evaluated against the 

possibility that the excess is nothing more significant than an upward fluctuation of the 

counting statistics of the background. The statistics of this type of signal has been 

presented by Li and Ma (1985) and, for the special case where the time ON source and 

OFF source are equal, lead to the following evaluation of the statistical reliability of an 

obselVed signal. If the number of candidate gamma-ray images in the ON and OFF source 

data are Non and Noff respectively the signal Ns can be written as 

Ns = Non - Noff· 
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Assuming Poission statistics, the error in the ON source and OFF source data can be 

defined as (Non)1/2 and (Noff) 112 respectively. These errors are then added in quadrature 

to obtain the error in the signal O'Ns 

O'Ns = (Non + Noff)I12. 

The significance of the signal is then evaluated in tenns of the statistical error of the signal 

as the number of sigma S 

S = Nsf O'Ns' 

The probability that an observed signal is due to a statistical fluctuation is then found from 

the normal error function. It is customary in the ground based gamma-ray community to 

define the three sigma level. which corresponds to a 99.7% probability of the signal being 

true, as the minimum significance for claiming a detection. 

3.2 ATTENUATION OF UV LIGHT BY THE EARTHS ATMOSPHERE 

UV photons generated in air showers are subject to two types of interactions with 

the molecules which constitute the Earth's atmosphere, absorption and scattering. A 

photon undergoing either type of interaction will be lost in terms of collection by the 10 

meter telescope. Absorption prevents observation by elimination of the photons. 

Scattering of the photons is effectively the same as absorption for our purposes. Given 

the small solid angle of the 10 meter telescope, Q = 2.2x1O-3 str, any photon which is 

subject to scattering will not be observed. There are four primary mechanisms by which 

UV photons are attenuated, for purposes of collection by the 10 meter telescope, Rayleigh 

and Mie scattering, and absorption by molecular oxygen (02) and Ozone (03)' 
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Since air shower imaging involves the collection of photons which are generated at 

different heights in the atmosphere it is necessary to know the degree of attenuation of 

light as a function of altitude and wavelength. For each attenuation mechanism we 

calculate the Exponential Attenuation Length (EAL) L(h,A.) which is defined as, 

I = 10 e x p( -Ncr x) 

L=(Ncr)"1 

where N is the number of scatters/absorbers per unit volume, cr is the interaction cross 

section, x is the path length of the photon, I is the emitted intensity of light and 10 is the 

surviving intensity of light. 

For the purposes of calculating the L values as a function of altitude the U.S. 

standard atmosphere (Allen 1964) is assumed. The wavelength, temperature and pressure 

dependence of the index of refraction are accounted for according to 

n = A(1 + B/A.2)K" + I 

A =2.87 X 104 

B = 5.67 X 10.3 

Kh = Ph(1 +(1.049 - 0.0157 T")P,, 1 x 10-6) / 720.883(1 + 0.0036617;,) 

where Ph and T h are atmospheric pressure and temperature, respectively, as a function of 

altitude h. 

3.2.1 RAYLEIGH AND MIE SeA TIERING 

Rayleigh scattering is dipole scattering of electromagnetic radiation in the long 

wavelength limit where the size of the scatterer is small compared to the wavelength of 



the scattered radiation. The EAL for Rayleigh scattering LR can be expressed as 

where N is the number density of the atmosphere and the index of refraction, n, is a 

function of wavelength, temperature and pressure as described earlier. 
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Mie scattering is dipole scattering when the size ofthe scatterer is comparable to 

the wavelength of the scattered light. For the scattering ofUV light we are mainly 

concerned with the effect of scattering by aerosols close to the surface of the earth. In this 

limit the attenuation cross section is cr = 21ta2 where a is the radius of the scattering 

particle. The major uncertainty in calculating the EAL for Mie scattering, Lm, is the 

uncertainty in the concentration of the aerosols as a function of altitude. Figure 3.4, taken 

from the Handbook of Geophysics and the Space Environments (1965), shows that in the 

region of interest to this experiment, altitudes below 15km, the concentration of aerosols 

dies out exponentially with altitude except within 2km of the earth's surface. Close to the 

earth's surface local meteorological effects can have large effects on the local 

concentration of aerosols. It is possible then for the effect of Mie scattering to vary with 

local weather conditions. There are several expressions available from the literature for 

calculating Lm: 

A. 
Lm = 5.0 exp(h/2.0) 

250nm 
Santer (Sarazin 1994) 

A. 
Lm =9.7 exp(h/1.2) 

250nm 
(Baltrusaitis et al. 1985) 

A. 
Lm = 3.3 exp(h/1.2) 

250nm 
(Elterman 1965) 
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FIGURE 3.4. General characteristics of atmospheric aerosols taken from the Handbook of Geophysics 

and the Space Environments (1965). 



where h is the altitude in kilometers. For the purposes of this work the expression 

obtained by Santer is used since it is the most pessimistic at high altitudes. 

3.2.2 ABSORPTION BY 02 AND 03 
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To calculate the EAL values for molecular oxygen Lo and ozone Lo we use the 
2 l 

measured cross sections and concentrations. Figure 3.5 shows the absorption cross

sections for 02 and 0 3 (Sullivan J. 0. & Holland A. C. 1966). For the concentration of 

02 as a function of altitude we use 20.9%, the fractional volume for 02, of the number 

density for the U.S. standard atmosphere. 

The concentration of Ozone as a function of altitude is more difficult to quantify. 

Concentrations of Ozone vary with season and geographic latitude. Of particular 

importance is the location of the lower boundary of the Ozone layer. During winter 

months, the period during which observations of the Crab Nebula are possible, this 

boundary occurs between lOkm and 12km. For the concentration of Ozone we use values 

given in table 3.1 (Sarazin 1994). 

Table 3.1 

Ozone concentration as a function of altitude 

h (km) 0 2 4 6 8 10 12 

cr (x 1 0-11 cm-3) 2 1.8 1.7 1.6 1.5 1.5 4.5 
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Other constituents of the Earth's atmosphere provide negligible attenuation due to 

small absorption cross sections (-10-20cm2) and low concentrations (-1013cm-3). 

Figure 3.6 shows the effect of each of the above described attenuation mechanisms 

as the fraction of emitted radiation surviving down to an altitude of 2300m, the altitude of 

the Whipple telescope, for light at several wavelengths covering the sensitivity range of 

the UV filter plus solar blind pmt combination. 

The total EAL Lt is found by combining the EAL's for the four above described 

processes 

I I 1 1 I 
-=-+-+--+--. 
L t LR Lm La La 2 ) 

Figure 3.7 shows the total expected attenuation for UV photons by the atmosphere at 

wavelengths corresponding to the sensitivity of the solar blind pmts. 

The main source of uncertainty in this model of the atmospheric attenuation ofUV 

light is in the concentration and cross section of ozone. Ozone concentration is subject to 

both daily and seasonal variations being lower in winter and during daylight hours. The 

cross sections of ozone and molecular oxygen, as measured by different authors, vary by 

as much as a factor of two in the wavelength range of interest. Varying the concentration 

of ozone and the cross sections of ozone and molecular oxygen in the above calculations 

shows that the total attenuation for the model as a whole can vary by as much as 20% at 

wavelengths around 260nm. From this an overall uncertainty of 20% is assumed for the 

atmospheric attenuation below 300nm. 
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3.3 EXPECTED RATE OF GAMMA-RAY EVENT TRIGGERS 

This model for the atmospheric attenuation of UV light is used in Monte Carlo 

simulations of air showers to estimate the performance of the camera. In later chapters 

Monte Carlo simulations are used to investigate the imaging properties of the solar blind 

camera and to develop an efficient set of image selection criteria for discriminating 

gamma-ray showers from background images. For now the simulations are used to 

estimate the sensitivity of the solar blind camera to gamma rays from the Crab Nebula in 

terms of the expected rate of events which will trigger the camera. The Monte Carlo 

simulation used in this work is based on the code by Kertzman and Sembroski (1994). 

The only modification made to this code was the inclusion of the atmospheric attenuation, 

described in section 3.2, for wavelengths below 300nm because the original code did not 

include the effects of absorption by molecular oxygen. 

To estimate the gamma-ray response of the UV camera for detection of a signal 

from the Crab Nebula a data base of simulated gamma-ray events is generated. The 

simulations were performed for gamma rays incident at an elevation of 70° above the 

horizon, which is the average elevation angle of the Crab Nebula observations. Air 

showers were simulated for primary energies from 0.1 Te V to 1 OTe V and impact 

parameters out to 200m. Beyond 200m even very large gamma ray showers, >IOTeV, 

have difficulty triggering the telescope. 

A total of 4,640 individual gamma-ray air showers were simulated over the 

complete range of energies and impact parameters described above. 
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After simulating the gamma-ray flux from the Crab, each shower is passed through 

a computer model of the telescope and camera. Here the reflectivity of the mirrors, the 

quantum efficiency of the photomultiplier tubes and the performance of the data 

acquisition electronics are accounted for. 

The trigger condition of the camera can be imposed on the simulated data by 

demanding that some minimum number of photoelectrons be generated in at least three of 

the inner 91 photomultiplier tubes, as described in chapter 2. In chapter 4 it will be shown 

that the UV camera triggers at an effective threshold of 5 photoelectrons in each of three 

pmts. Thus for a simulated air shower to be considered to have triggered the camera a 

minimum of 5 photoelectrons must be generated in at least 3 pmts. Thus each simulated 

gamma-ray shower, representing a flux of gamma rays from the Crab Nebula, can be 

tested against the camera trigger condition. 

Figure 3.8 shows the differential trigger rate derived from the above procedure for 

the UV camera assuming a differential flux of gamma rays from the Crab Nebula ofNdE = 

1.48xlO-7E-2.7 'Y·m-2·s-1 (Lewis 1993). The total expected rate of gamma rays from the 

Crab Nebula which are expected to trigger the telescope is equal to the integral of the 

curve shown in Figure 3.8 which is 0.0075 'Y·s-1. Also plotted, in Figure 3.8, is the curve 

that would be obtained if the camera was 100% efficient at all energies and impact 

parameters covered by the simulations. To estimate an energy threshold we use the 

definition of Weekes (1976) and define the energy threshold as the energy at which the 

area under the 100% efficient rate curve is equal to the area under the trigger rate curve. 

The energy threshold defined in this manner is 0.8TeV. This represents the lowest energy 

threshold, and correspondingly the highest rate of observed gamma rays, possible with the 



solar blind camera. Thus each 28 minute ON source run is expected to contain, on 

average, 12.6 gamma-ray images. The rest of the recorded events are the background 

from which the gamma rays must be selected. 
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The Monte Carlo simulations can be used to compare the relative amount of 

Cherenkov light that will be available to the solar blind UV camera as compared to the 

visible camera. After accounting for the effects of; atmospheric attenuation, mirror 

reflectivity, pmt quantum efficiency, and the UV filter for the solar blind camera, Monte 

Carlo calculations show that the solar blind camera should detect 1/20 of the radiation 

which is detected by the visible camera for gamma-ray and proton air showers. Monte 

Carlo calculations of energetic muons passing within 15m of the telescope shows only a 

1/6 reduction in the light detected between the UV and visible cameras. This means that 

the background from local muons with energies above 5GeV, the Cherenkov threshold for 

muons, will be more than 3 times brighter, relative to air showers, in the solar-blind UV 

camera than in the visible. 
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FIGURE 3.8. Differential trigger rate as detennined from Monte Carlo simulations for a flux of 
gamma rays from the Crab Nebula. The solid line is the differential trigger rate assuming a trigger 
condition of 3/91 > 5p.e. as determined from Monte Carlo. The dashed line represents the total rate of 
events from the Crab Nebula ifall of the simulated events triggered the camera up to the effective energy 
threshold for the UV camera. 
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CHAPTER 4 

UV CAMERA RESPONSE TO THE NIGHT SKY 

Before discussing the imaging properties of the UV camera it is necessary to 

understand how the camera responds to the night-sky background. The effect of moon 

light on the performance of the camera is of particular importance due to the nature of the 

ON source - OFF source data analysis technique employed in the search for DC gamma

ray fluxes. Sky noise, for this type of detector, is non-Cherenkov light recorded by the 

photomultiplier tubes. Possible sources of sky-noise light include: scattered light from the 

moon, air glow and stars in the field of view of the camera. Sky-noise effects the 

performance of the camera in two ways: 1) the recorded image of an air shower event can 

be distorted by sky-noise in photomultiplier tubes lying outside the image; 2) sky-noise 

fluctuations added to the Cherenkov light from a genuine air shower can cause sub

threshold events to exceed the camera trigger threshold. 

In this chapter the sensitivity of the solar blind pmts, with the UV filter, to 

background sky-noise is established. The effect of sky-noise on the system trigger is 

determined. Also the average pulse height, in digital counts (d.c.), generated by a single 

photoelectron (p.e.) is estimated for the solar blind pmts. This factor S, to convert from 

p.e. to d.c., must be known to compare the results of Monte Carlo simulations, which give 

the number of p.e.'s in each pmt, to actual data where the signal in each pmt is in d.c .. 
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4.1 RESPONSE OF THE PHOTOMULTIPLIER TUBES TO THE NIGHT SKY. 

Of the possible sources of sky-noise, as mentioned above, none are expected to be 

a factor at wavelengths below 300nm. Figure 2.5 showed that cosmic light below 300nm 

is completely blocked by the earth's atmosphere. The sharp cutoff for wavelengths below 

300nm, due primarily to the Ozone layer, effectively eliminates star and moon light as 

potential sources of sky noise below 300nm. Measurements of air glow (Allen 1964) 

show no component for wavelengths below 320nm. It is expected then that the primary 

source of sky noise in the solar blind photomultiplier tubes will result from the slight 

sensitivity of the photomultiplier tubes between 300nm and 400nm. While the liquid filter 

mounted in front of the photomultiplier tubes is designed to reduce this sensitivity as much 

as possible it is not 100% effective. 

The sky-pedestal Pulse Height Spectra (PHS) are an ideal tool for investigating the 

effects of sky-noise in the pmts. The sky-pedestal PHS for a pmt shows the distribution of 

pulse heights, in d.c., recorded by triggering the camera artificially on the night sky as 

described in chapter 2. Since sky pedestal events are artificially triggered they represent 

25ns "snap shots" of the background sky conditions which are injected into the data 

stream after every 10 air Cherenkov triggers. 

Figure 4.1 shows the sky-pedestal PHS for three different photomultiplier tubes 

solar blind pmts and one visible pmt. 

Examination of the sky-pedestal PHS show that the solar blind pmts are operating 

in a low noise environment where the sky-noise fluctuations are described by a Poisson 
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distribution with a mean less than 1. To understand this, first look at the PHS of the 

visible pmt which is known to be operating under piled-up noise. Here the capacitive (ac) 

coupling of the pmt signal to the amplifier, where only fluctuations from the average noise 

level are passed on to the amplifier, is evident in the shape of the distribution. The ac 

coupling, in a high noise environment, results in a Gaussian sky-pedestal distribution 

centered on the zero pulse height channel. In this case the RMS width of the PHS is an 

indication of the overall noise level. The PHS for the solar blind pmts are clearly not 

distributed as a Gaussian and thus are not consistent with ac coupled pmts operating in a 

high noise environment. 

To illustrate the behavior of the solar-blind pmts, consider the case of an ideal pmt 

operating in an environment where the probability of a p.e. being generated at the 

photocathode follows a Poisson distribution with a mean of 0.1. Further assume that the 

ideal pmt produces a digitized output of6 d.c. for each p.e .. If this ideal pmt is triggered 

106 times the ideal pmt PHS shown in Figure 4.1 would result. This PHS is independent 

of whether or not the pmt is ac coupled, since as the average signal in the pmt is 

essentially zero, any signal will be passed by the capacitor. Comparison of this PHS with 

the sky-pedestal PHS for solar blind pmt #49 shows some similarities. The PHS ofpmt 

#49 shows most of the pulse heights are contained in a peak centered on the zero channel 

with the rest ofthe pulses distributed around a second peak at a pulse height of 6d.c.. It 

can be shown that the PHS for the solar blind pmts are consistent with the ideal case by 

considering two points where the ideal pmt breaks down. First the assumption that a 

single p.e. generated at the photocathode produces a fixed number of digital counts after 

digitization does not hold true. Because of fluctuations in the electron multiplication 

process within a real pmt the output signal for a single p.e. turns out to be a distribution 
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about some average value. This characteristic of pmts is discussed in detail in 

"Photomultiplier Tubes Principles & Applications" by Philips Photonics (1994). The 

shape of this distribution is dependent on the type, and quality, ofpmt used. Thus the 

shape of the solar blind PHS for pulse heights larger that 3d.c. can be interpreted as being 

a distribution of 1 p.e. pulse heights about some average value. The behavior ofthe solar 

blind PHS around the zero channel can be understood as a product of the ac coupling and 

the finite width of the ADC event gate. The sky-pedestal pulse heights represent a 25ns 

integration of the signal out ofa pmt. If the event gate of an ADC channel is opened 

shortly after a pulse was generated in the pmt it is possible for the ADC to record part of 

the discharge of the capacitor that connects the pmt to the amplifier. The discharge of the 

capacitor back into the amplifier results in a negative pulse height, after subtraction of the 

hardware pedestal, for that ADC channel. The exponential distribution of the negative 

pulse heights is consistent with the hypothesis that they are due to a random overlap of the 

ADC event gate with the exponential discharge of the coupling capacitor. The pulses in 

the first two or three positive channels can be explained similarly as an overlap ofthe ADC 

event gate with the very beginning of a pulse from the pmt. Because of the fast rise time 

of the pmt pulses these overlaps are expected to be less frequent than the case of overlaps 

with the discharge of the capacitor. 

4.1.1 DEFINITION OF SKY NOISE IN THE SOLAR BLIND PHOTOMULTIPLIER 

TUBES 

For the solar blind UV pmts the noise level can be defined as the fraction of time 

that a given photomultiplier tube sees any signal at or above the single photoelectron level 

within the time of the ADC gate when triggered at random on the night sky. This is 



equivalent to finding the fraction of pulse heights above some threshold in the PHS for a 

given pmt. Accordingly the noise level ( Ni ) in the ith photomultiplier tube is defined as 
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(eq.4.1) 

where Pi is the sky-pedestal PHS of the ith photomultiplier tube, T is the total number of 

events in the PHS, j is the pulse height and 't is the threshold. 

Examination of the sky-pedestal PHS for all 109 pmts, after gain normalization as 

described in chapter 5, indicates that the break between the distribution of partial pulses 

around the zero channel and the distribution of pulses associated with the output from a 

single p.e. occurs at a pulse height of 4d.c.. Any pulse height greater than 4d.c. is most 

likely to be associated with the liberation of one or more p.e.'s at the photocathode. For 

this reason we set the threshold 't equal to 5d.c. in equation 4.1. 

In this definition of sky noise Nj represents the probability that a p.e. will be 

generated in the iID pmt due to the night-sky background in 25ns. Under dark, moonless, 

skies average pmt noise levels are 0.0017 p.e.l25ns/pmt. For the brightest background 

encountered in two years of operation the average pmt noise level was 0.0371 

p.e.l25ns/pmt. 

At the beginning of this chapter it was suggested that the primary source of noise 

in the photomultiplier tubes would come from the slight visible sensitivity of the CsTe 

photocathode above 300nm. It can now be shown that this hypothesis is reasonable. 

Figure 4.2 shows the relationship between the pmt noise levels, as defined by eq 4.1 with 't 

= 5d.c., and the quantum efficiency of the photomultiplier tubes at visible ( 400nm ) 
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wavelengths and UV ( 220nm ) wavelengths. The photomultiplier tube noise levels are 

computed from 12 data runs taken near full moon in Sept. 1993. These files were 

deliberately chosen to provide the 'noisiest' possible data sample to highlight the effect of 

the moon light. As expected the computed pmt noise levels are better correlated with the 

quantum efficiency of the pmts at 400nm than at 220nm. 

4.1.2 PHOTOELECTRON TO DIGITAL COUNT CONVERSION FACTOR 

As seen in the previous section the data which is recorded from the camera is in 

the form of a number of digital counts in each pmt. The size ofthe signal, in d.c., in a pmt 

is proportional to the number of photoelectrons which were liberated from the 

photocathode of the pmt. It is important to know how many digital counts are recorded 

for a given number of p.e.'s in order to be able to compare the results of Monte Carlo 

simulations, which provide information about the number ofp.e.'s generated in each pmt, 

to real data. In particular the determination of the energy of an event requires knowledge 

of the number of p.e.'s that were recorded for the shower. The p.e. to d.c. conversion 

factor l;; is thus a fundamental characteristic of the camera. 

The value of l;;cam can be measured from data taken by the camera in several 

different ways. One such measurement which makes use of the Cherenkov rings produced 

by energetic muons passing within a few meters of the telescope as a known light source 

(Jiang et al. 1993) yields a value of 

l;;cam = 3.3 ±O.l d.c.lp.e .. 
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For this measurement the assigned error is purely statistical. The systematic error was not 

estimated but is expected to be larger than the statistical error. This method of calculating 

~cam requires comparison of obsetved Cherenkov rings recorded by the camera and rings 

generated by Monte Carlo calculations which have a 20% uncertainty in the atmospheric 

attenuation ofUV light (see Chapter 3). Additionally the measurements were perfonned 

before the telescope mirrors were realuminized and their reflectivity was poorly known 

and variable across the telescope. The uncertainty in the mirror reflectivity can 

conservatively be placed at 25% and when added in quadrature with the atmospheric 

uncertainty leads to a systematic uncertainty of 32% for this measurement. 

The value of ~cam can also be computed from the sky-pedestal PHS. Referring 

back to Figure 4.1 it can be seen that for pmt #49 the distribution of pulse heights 

resulting from the emission of a single p.e. from the photocathode is resolvable from the 

pedestal distribution centered on the zero channel. The average value of this single p.e. 

distribution is the value of ~ which we are looking for. In order to accurately compute the 

mean value of these single p.e. distributions from the sky-pedestal PHS's it is necessary to 

combine the sky-pedestals from many hours of data to build up the PHS. The value of ~ 

for each pmt is found by fitting an analytical expression for the expected output of a pmt 

to the sky-pedestal PHS of the pmt where one of the fit parameters is~. This procedure is 

detailed by Sarazin (1994). The average value of ~cam arrived at in this manner is 

~cam = 6.4±O.1 d.c.lp.e .. 
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FIGURE 4.3. Air-shower PHS distributions for 3 solar-blind and one visible pmt. 
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Again the error quoted with the measurement is purely statistical. In order to perform this 

calculation data spanning two years of operation of the solar blind camera was used to 

build up the pmt PHS's. 

A third estimate of l;;cam can be calculated from the pmt PHS's built up from air 

shower data instead of sky-pedestal data. Figure 4.3 shows the PHS's which are 

generated using air shower data. The most obvious difference between these distributions 

and those obtained from sky-pedestal data is the tail of large pulse heights in each 

distribution which are the result of recording large air showers. The single p.e. 

distribution is still resolvable in these distributions. Most air shower images occupy only a 

fraction of the pmts in the camera. Pmts which do not capture part of the image will 

record the night-sky background just like a sky-pedestal event would. Because the ratio 

of air shower events to sky-pedestal events is 10: 1 good statistics can be built up with a 

smaller number of data runs. In this way potential systematic errors associated with 

combining data taken over two years of operation, such as changes to the high voltage 

settings, can be minimized. Values of l;; for each pmt are defined as being equal to the 

pulse height corresponding to location of the second peak in the PHS built up from air 

shower events. A calculation of the average value of l;;cam for the camera using air shower 

data taken in Sept. 1993 gives l;;cam = 6.9±O.2 d.c.lp.e., here the stated error is purely 

statistical. Figure 4.4 shows the distribution of l;; values for the individual pmts which are 

calculated by this method. As can be seen there is a large spread in the performance of the 

individual solar blind pmts. 

F or the two values of l;;cam derived from the pmt PHS's the main systematic error 

is associated with the effect that pulse heights generated by two or more p.e.'s have on the 
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distributions. For both the sky-pedestal and air shower PHS's, pulses resulting from 

multiple p.e.'s will have the effect of shifting the distributions towards larger values leading 

to an over estimate for l;;cam. This effect will be more pronounced for the PHS built up 

from the air shower data since this data contains more multiple p.e. pulses than the sky

pedestal data. 

For this work an average of the three above values, using the upper systematic 

limit of the value by Jiang et ai. of ~cam = 6.0 ±l d.c.lp.e. is used. The uncertainty 

represents the deviation in the three values used in the estimate. 

4.1.3 SENSITIVITY OF THE UV PHOTOMULTIPLIER TUBES TO STAR LIGHT 

In visible light sensitive cameras the presence of bright stars in the field of view can 

present difficulties. In the Whipple visible camera the pmts are sensitive enough that the 

presence of a background star brighter than magnitude Mv=4 in the field of view of the 

camera necessitates turning off any photomultiplier tubes through which that star's image 

will pass during the course of a data run. For data taken on the Crab Nebula this usually 

results in 4 to 8 photomultiplier tubes being turned off in any given data run. Turning off 

these photomultiplier tubes is necessary to prevent possible damage to the photomultiplier 

tube itself, and to prevent biases from being introduced in the data due to the large noise 

fluctuations induced in a few photomultiplier tubes by the presence of the star. 

The field of view of the camera is large enough to include the star ~ Tau which has 

a visual magnitude of 3.0. When tracking on the coordinates of the Crab Nebula this 
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star traces out a circular path around the center of the field of view. The circular motion, 

of objects in the sky away from the center of the camera field of view, in the focal plane of 

the detector is an effect of the alt-azimuth mount. The position of ~ Tau with respect to 

the Crab Nebula places the star's image in sixth ring of photomultiplier tubes on the 

camera. Figure 4.5 shows the effect of ~ Tau for one ON/OFF pair by subtracting the pmt 

noise levels in the OFF data from the noise levels in the ON data. For each pmt the noise 

level is calculated, according to equation 4.1 and multiplied by 100. The average position 

of ~ Tau for this run was in pmt #68, see Figure 2.2, which is in the lower right part of the 

camera which has a noise difference of 0.11 p.e.l25ns. 

Bright background stars have the effect of raising the noise levels in the UV 

photomultiplier tubes. However there is no physical danger to the photomultiplier tubes 

themselves and so tubes are not turned off during data taking in the presence of 

background stars. Also note that the effect of ~ Tau is only visible in one photomultiplier 

tube. In the case of the visible camera ~ Tau effects up to four adjacent photomultiplier 

tubes at any given time. The effect of this increased noise level in the UV camera is to 

increase the probability of seeing a non-Cherenkov light signal in a given photomultiplier 

tube. This type of noise contamination in the recorded images will be addressed in chapter 

5 where image cleaning procedures are discussed. 

4.1.4 CORRELATION BETWEEN PMT NOISE AND THE PRESENCE OF THE 

MOON 

The presence of the moon in the sky while observations are being conducted acts 

as a potential source of bias in the ON - OFF scanning method used in the search for 
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fluxes ofTeV gamma rays from potential sources in the ON source data. The influence of 

the moon, through its effect on the background light levels is to increase the probability 

that non-Cherenkov photons will be recorded. This can effect the perfonnance of the 

camera by contaminating and distorting the shape of the images, and influencing the event 

trigger by adding photons to nominally sub-threshold events. Thus it is important to 

understand how the moon influences the noise levels in the camera, particularly with 

respect to the relative positional differences between the moon and the ON/OFF source 

regions. 

The degree to which the moon effects the noise levels in the camera depends upon 

the following factors: 1) the phase of the moon; 2) the elevation of the moon above the 

horizon; 3)the relative separation between the moon and the telescope orientation. Note 

that we are not concerned here with the possibility of the telescope directly reflecting light 

from the moon onto the focal plane. Instead we are concerned with the indirect effects of 

the scattered moon light providing a general illumination of the background sky and 

possible albedo effects from moonlight reflected off the ground around the telescope. In 

order to establish the relationship between the moon and noise in the camera the average 

noise level, over all 109 photomultiplier tubes, for each of 116 data scans, taken under 

varying sky brightness conditions, will be compared with the three conditions mentioned 

above. The data used here comprises the bulk of the data which will ultimately be used 

for analysis for a gamma-ray signal from the Crab Nebula. The only data which is left out 

are runs for which the sky-pedestal events were not injected into the data stream because 

of problems with the associated electronics. 
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FIGURE 4.6. Comparison of noise levels in UV camera with various Moon parameters. Camera noise 
level is the average noise of all photomultiplier tubes for a single data run. Each point represents one run. 
Also shown is a plot of the noise level vs. moon elevation for a single night's data. 
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For each of the 116 data files the average camera noise is computed by taking the 

average of noise levels in all photomultiplier tubes according to eq. 4.1. The position and 

phase of the moon is known along with the orientation of the telescope for each run. 

Figure 4.6 shows how the camera noise levels correlate with the moon parameters: the 

elevation of the moon; the phase of the moon; and angular distance between the moon and 

the telescope tracking point. 

The data shows a correlation between the camera noise and the moon phase and 

elevation respectively. Surprisingly there is very little apparent connection between the 

angular separation of the moon and the optic axis of the telescope, except perhaps for 

separations greater than 90°. The correlation with the phase of the moon is expected since 

the brightness of the moon is directly related to its phase. The strongest correlation 

appears to be with the elevation of the moon. This correlation is even more dramatic 

when a single night's data is plotted as shown in Figure 4.6. This effect can be understood 

in terms of an albedo effect, where the source of the noise is due to the reflection of moon 

light off the ground surrounding the telescope. Each photomultiplier tube views a 21t solid 

angle and as such can receive light from beyond the edge of the reflector mirror. Since the 

camera is pointed towards the ground during observations, light which reflects off the 

ground around the telescope becomes a source of noise. Now the elevation of the moon 

becomes an important factor in determining the intensity of the reflected light from the 

ground as higher elevations translate into shorter path lengths through the atmosphere and 

correspondingly less attenuation. So it would appear that the primary dependence of noise 

in the UV camera from the moon is the elevation of the moon modified by the phase, or 

brightness, of the moon. 



Assuming that the camera noise is deteImined by the elevation of the moon 

modified by the relative intensity due to the phase of the moon a model is constructed to 

describe the moon's effect on the camera noise. Assume that 
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I(q,) 
N(9,q,)= const.·9·--

1(0°) 
(eq.4.2) 

where N(9,q,) is the predicted noise level as a function of moon elevation 9 and phase q,. 

I(q,) is the intensity of illumination as a function of moon phase (where q, = 00 is new moon 

and q, = 1800 is full moon). The intensity of moon light can be expressed as 

I( q,)= 1O(-o.4V(ojI}+-Log(4.27E-8» erg. cm -2 • S-I . nm-I (Zombeck 1990) 

where V(q,) is the visual magnitude of the moon. V(q,) can be found in teImS of the 

moon's phase law 

V(q,) = -12.72 - 2.5 Log[P(q,)] (Zombeck 1990) 

Using equation 4.2 we predict the noise level, in arbitrary units, for each of the 

runs used in Figure 4.6. These predicted noise levels are compared to the measured noise 

levels in Figure 4.7 which shows a good correlation between the predicted and observed 

noise. 

4.2 CAMERA TRIGGER RESPONSE 

The camera is triggered, as described in chapter 2, by demanding that a minimum 

of three pmts contain a signal above some minimum threshold value within 20ns. Insight 

into the perfoImance of this trigger scheme can be gained by examining the "triggering" 

pmt of each image. The triggering pmt is defined as being the pmt in an image which 

contains the third largest pulse height. This definition is chosen because near the trigger 
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calculated in the same manner as for Figure 4.6. Predicted sky noise is based on the elevation and phase 
of the Moon according to Eq. 4.2. 
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threshold, where the camera is triggering on small images which barely exceed the trigger 

threshold, the three pmts with the largest signals are responsible for triggering the camera. 

The pmt with the third largest signal will then provide information about the minimum 

signal level necessary to trigger the camera. For brighter images the strength of the signal 

in the triggering pmt will be related to the total energy of the shower. 

The behavior of the camera trigger can be investigated by generating the PHS of 

the triggering photomultiplier tube. The PHS is built up by binning the third highest pulse 

height from each image in a single run or from a number of runs. Figure 4.8 shows the 

distribution of triggering pulse heights for all of the data taken during the December 1993 

bright period. This curve has three interesting features. First for large pulse heights, 

above 60d.c., the distribution follows the differential cosmic ray power index of -2.6. This 

is evidence that the camera is triggering on cosmic ray air showers as expected. Second, 

the steepening of the curve at 60d.c. marks the point at which the local muon background 

begins to trigger the telescope. The third feature of the PHS is the roll over of the curve 

at 34d.c. which corresponds to the minimum threshold for triggering the camera. Ideally 

the trigger threshold would manifest itself as a step function. This is not the case in the 

distribution shown for the following reason. The actual decision to trigger the camera in 

hardware is based on having the voltage of at least 3 photomultiplier tubes exceed a preset 

threshold. The ADC values, that are used to build up the pulse height distribution, come 

from the integrated charge out of the photomultiplier tube. Depending on the response 

time of the pmt it is possible to get different pulse shapes, corresponding to the peak 

voltage, out of different pmts for the same total light, corresponding to the current. Thus 

it is possible to have photomultiplier tubes with the same pulse heights, 
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FIGURE 4.8. Plot of the pulse height distribution of the triggering photomultiplier tube for all events 
recorded in Dec. 1993. The triggering photomultiplier tube is defined as the photomultiplier tube having 
the third highest ADC value in a given event before the application of any gain factors to the data. 
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in d.c., which would not both exceed the same voltage threshold. 

Confirmation that the steepening of the triggering pulse height distribution below 

60dc is due to a background of high energy muons comes from Monte Carlo calculations 

of the trigger response of the UV camera to the known flux of muons above 5Gev 

(Alkofer & Grieder 1984). The Monte Carlo code used in chapter 3 is used to simulate 

muons above 5GeV, the energy threshold for Cherenkov production by muons, passing 

within 15m of the telescope in the field of view of the camera. Beyond impact parameters 

of 15m the narrow Cherenkov angle and small solid angle of the camera prevents the 

radiation from the particle from reaching the camera. It is not necessary to simulate 

muons with energy greater than 100Gev because the Cherenkov production has saturated 

at this energy. A total of264,000 simulated muon images are generated and run through 

the instrument modeling software. The value of ~cam=6p.e./d.c. is used. Figure 4.9 

shows the distribution of the triggering pmt pulse heights built up from the simulated 

muon images. From this plot it can be seen that the effect of the muon background begins 

to die out rapidly above pulse heights of 60 photoelectrons in the triggering 

photomultiplier tube. This agrees well with the behavior exhibited in figure 4.9. 

From the behavior of the PHS near threshold we can define the trigger threshold in 

tenus of the minimum number of d.c.'s (p.e.'s) required for a pmt to exceed threshold. 

The data used to generate the PHS in Figure 4.9 was taken with a -40mv threshold. This 

is the threshold used for most of the Crab Nebula observations. The trigger threshold is 

determined by integrating the curve in Figure 4.9 back from 00 to 90% of the total number 

of events that make up the entire curve. The pulse height above which, at least, 90% of 

the events occur is defined as the threshold. The threshold arrived at in this manner 



corresponds to a pulse height of 30d.c., or equivalently 5p.e. assuming ~ = 6p.e.ld.c. as 

determined earlier in this chapter. 
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FIGURE 4.9. Triggering pmt pulse height distribution for a simulated flux of muons above 5GeV and 
within 15m of the telescope. 
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CHAPTER 5 

IMAGING CHARACTERISTICS OF THE UV CAMERA 

Images recorded by the camera are characterized by a set of parameters that 

describe the shape, orientation and distribution of the light in the image. Gamma-ray like 

images are then selected by applying a pre-defined set of cuts to these parameters. Images 

which pass the parameter cuts are considered to be candidate gamma-rays. In this chapter 

the process of generating the image parameters is described, including the image 

calibration and cleaning procedures. Then the characteristics which allow gamma-ray 

images to be selected from the data are discussed and a set of parameter cuts are 

developed. 

5.1 DATA PROCESSING 

Figure 5.1 is a flow chart of the steps involved in processing the data. The goal is 

to produce a set of parameters that accurately describe the physical characteristics of the 

images without bias due to background sky conditions or non-unifonnities in the pmts. 

Data processing is performed in three steps as outlined in Figure 5.1. For each 

image the ADC values recorded for all 109 pmts are calibrated by subtracting the 

hardware pedestal and applying gain normalization factors. Each image is then cleaned to 

remove any non-Cherenkov light. Finally the image parameters are calculated and saved 

for later analysis. 
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5.1.1 PMT CALIBRATION 

The purpose of calibrating the pmts is to insure that the ADC value associated 

with each pmt is an accurate representation of the amount of light which was recorded by 

the pmt. Ideally we want every pmt to produce the same signal, after digitization, in 

response to a given amount of light striking the photocathode. Image calibration involves 

two separate procedures, hardware pedestal subtraction and gain matching. 

5.1.1.1 HARDWARE PEDESTAL SUBTRACTION 

Hardware pedestal subtraction is an adjustment to the ADC value of each 

phototube to account for the d.c. offset which is present in the LeCroy model 2249A ADC 

units. The hardware pedestal, which can be different for each pmt, is a preset value which 

is added to the true signal recorded by each pmt. After subtraction of the hardware 

pedestal an ADC value of zero will correspond to zero signal for that pmt. 

The hardware pedestal value for each pmt is found from the Pulse Height Spectra 

(PHS) built up from the code 8 (air shower) events. Because of the extremely low noise 

environment in which the solar blind pmts operate most of the ADC gates for a given pmt 

will see no signal and thus only the hardware pedestal will be recorded. The peak of the 

PHS for each pmt occurs at the value of the hardware pedestal. As a check on the 

stability of the electronics the hardware pedestals are calculated separately for each run. 
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5.1.1.2 GAIN MATCIDNG 

Gain matching of the photomultiplier tubes is performed to ensure a uniform 

response of all pmts and is equivalent to flat fielding the camera. To within a factor of 3 

the pmt gains are matched in hardware by adjusting the high voltage applied to each pmt 

so that all 109 pmts exceed the trigger threshold at the same average rate. Further gain 

matching is accomplished as a part of the calibration for each image by multiplying the 

ADC value in each pmt by a gain normalization factor which is specific to each pmt. The 

gain normalization factors are defined so that all pmts in the camera will give the same 

signal, in d.c., after application of the gain normalization factors, in response to an equal 

amount of illumination. 

For the visible camera the pmt array is illuminated with uniform flashes of light 

from an Opitron nitrogen pulser while the pmts are artificially triggered. Each phototube 

receives the same intensity of light and the final gain normalization factors can be found 

from the signals recorded by the photomultiplier tubes. Unfortunately this light source is 

invisible to the UV camera and no other suitable substitute was available. For this reason 

the gain factors must be calculated from the data for the solar blind UV camera. 

Calculation of the gain normalization factors from air shower data relies on the 

assumption that, over the course of a large number of events, each pmt will be exposed to 

the same power law spectrum of Cherenkov flashes. If all 109 pmts performed identically 

they would all be expected to exhibit the same distribution of recorded pulse heights to 

within statistical limits. A pmt with a low gain, relative to the other pmts, would have a 

PHS which was shifted toward smaller pulse heights. The relative gain correction factor 
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between any two pmts can then be found from the ratio of the number of pulses recorded 

by each pmt above some threshold pulse height, assuming that both pmts recorded the 

same total number of pulses. 

The procedure for calculating the pmt gain normalization factors from the data is 

as follows. 

1) Build up the PHS for each pmt from an equal number of code 8 (3-fold 

coincidence triggers) events. 

2) Choose one pmt to which all the other pmts will be normalized and 

calculate the number of pulses n above a pre-determined threshold pulse 

height't'. 

3) For each remaining pmt find the pulse height 't which satisfies the condition 

00 

n ~ LPHS(i) 
j=t 

such that the sum on the right equals or first exceeds the value of n. 

4) The gain normalization factor for the ith pmt Gj , relative to the pmt chosen 

in step 2, is then 

't' 
Gj =-. 

't j 

When this procedure is applied to the data the result is a set of gain factors which are 

normalized to the pmt chosen in step 2. To leave the performance of the camera as a 

whole unchanged the gain factors computed as described above are renormalized so that 

the net gain of all 109 pmts is unity. This makes the choice of which pmt to use in step 2 

arbitrary. 
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The pulse height threshold 't' in step 2 is chosen within two constraints. First there 

must be a sufficient number of pulses above 't' to make the calculation statistically reliable. 

Second, the value of't' should be chosen so that the calculation in step 3 does not enter 

the steeply sloped part of the pmt PHS, which occurs at small pulse heights, and where the 

PHS eventually turns over (see Figure 4.3). Choosing a value of't' = 40d.c. satisfies both 

of the above constraints. As a test of the sensitivity of the gain calculation to the value of 

't', gain factors were calculated for 't'±25% and were found to be consistent to within 

10%. 

The pmt gain normalization factors are calculated separately for each ON/OFF pair 

as described above. Combining both runs in an ON/OFF pair provides better statistics for 

the gain calculation and ensures that there will be bias introduced into one half of an 

ON/OFF pair. Calculating the gains separately for each pair of runs provides a diagnostic 

for identifYing potential problems in the system over time. 

The assumption that each pmt is exposed to the same power law spectrum of 

Cherenkov pulses in the above procedure turns out to be only partially true. Because of 

the three-fold coincidence requirement of the system trigger there is a radial bias in the 

gain factors calculated as described above. This bias occurs because the air showers that 

trigger the camera usually concentrate their light in 5 to 25 pmts which are in close 

proximity to one another. Pmts near the center of the camera can see parts of images 

which fall on all sides. Pmts near the edge of the camera, however, miss out on seeing 

images which fall just off the edge of the camera and thus never trigger the camera. This 

results in pmts near the edge of the camera systematically recording fewer large pulses 

which leads to an over estimation of their gain normalization factor. The degree to which 
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the gains are influenced by this radial effect can be determined by using simulated air 

showers to calculate the gain factors for a simulated camera with ideal pmts and a 

simulated trigger condition similar to what was done in section 3.3. In this case the only 

differences in the pmt PHS's will be due to the effect of the trigger topology. Performing 

this calculation leads to the radial gain correction factors Rj shown in Figure 5.2. Dividing 

the gain normalization factor of each pmt by the corresponding radial correction factor 

yields the correct overall gain factor. 

One last multiplicitive factor which is applied to the ADC values for each image is 

a "global" gain normalization factor Gut. Over the two years of operation of the solar 

blind UV camera represented by this work the system undelWent nwnerous changes. 

Some of these changes had the effect of altering the overall gain of the camera. These 

changes usually occurred at the beginning of a bright run and include instances when the 

pmt high voltages were changed and when the mirror facets of the 10 meter telescope 

were recoated in the summer of 1993. In order to piece together data taken over a two 

year time span, a global gain factor is determined for the data taken with different system 

configurations. These global gains are calculated from information on the muon rates in 

the data. As was shown in chapter 3 (see Figure 4.9) the camera trigger threshold is right 

on the edge of where single energetic muons begin triggering the camera. A small change 

in the camera gain can result in a large change in the trigger rate of muons. Using this 

infonnation a set of global gain factors are generated for the entire two years of data 

(Sarazin 1994). These global gains Gut are given in Table 5.1 



Starting date Ending date Global_gain factor 

10/08/92 10112/92 1.58 

11105/92 11116/92 1.37 

12/06/92 10/03/93 1.19 

10/26/93 02/23/94 1.00 

TABLE 5. I. Global gain factors to correct for changes in the overall gain of the camera which 
occurred as a result of changes made to the camera and telescope. 

1.45 1.45 1.45 

1.2 1.1 1.1 1. 1 1. 1 1.2 

1.45 1.1 1 0.95 0.95 0.95 1 1.1 1.45 

1.45 1.1 0.95 0.9 0.9 0.9 0.9 0.95 1.1 1.45 

1.45 1.1 0.95 0.9 0.9 0.9 0.9 0.9 0.95 1.1 1.45 

1.1 0.95 0.9 0.9 0.9 0.9 0.9 0.9 0.95 1.1 

1.2 1 0.9 0.9 0.9 0.9 0.9 0.9 0.9 1 1.2 

1.1 0.95 0.9 0.9 0.9 0.9 0.9 0.9 0.95 1.1 

1.45 1.1 0.95 0.9 0.9 0.9 0.9 0.9 0.95 1.1 1.45 

1.45 1.1 0.95 0.9 0.9 0.9 0.9 0.95 1.1 1.45 

1.45 1.1 1 0.950.950.95 1 1.1 1.45 

1.2 1.1 1.1 1.1 1.1 1.2 

1.45 1.45 1.45 
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FIGURE 5.2. Radial bias in gain factors calculated from data. The gain factors calculated from the 
data for each phototube are over estimated by the factor shown due to the influence of the multiplicity 
trigger scheme. 
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To summarize the entire image calibration procedure, the ADC value of each pmt 

in an image is calibrated according to 

where ADCj is the ADC value of the ilh pmt, Pj is the hardware pedestal value for the ilh 

pmt, Gj is the gain nOImalization factor for the ilh pmt, Rj is the radial gain correction 

factor for the ilh pmt, and Gut is the appropriate global gain correction. 

5.1.2 IMAGE CLEANING 

Image cleaning refers to the elimination of non-Cherenkov light in an image. Since 

the images are parameterized by a moment fitting procedure, the inclusion of light that 

does not originate from the air shower can cause the parameters describing the image to 

be distorted. A signal in a single phototube far from the real image can have a large effect 

on the image parameters due to the long lever arm in the moment. 

Image cleaning is a two step process and is performed after pmt calibration. The 

first step is to set to zero the signal of all pmts with ADC values ~ 4d.c .. In Chapter 4 it 

was shown, from sky-pedestal data, that pulse heights below 5d.c. are due mostly to 

situations where the ADC gate only partially overlaps the pulse from a pmt. Setting 

signals ~ 4d.c. to zero ensures that only those signals which arrive completely within the 

ADC gate are included in the image. 

The second step in the cleaning process is to set to zero the signal in any isolated 

pmt. An isolated pmt is defined as any pmt containing a signal for which all adjacent pmts 
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have zero signal. This eliminates signals which are not likely to have come from the air 

shower which triggered the camera. Monte Carlo simulations of gamma-ray air showers 

show that only 7% of air-shower images give rise to a signal in an isolated pmt. 

At this stage the image is ready to be parameterized. 

5.1.3 IMAGE PARAMETERIZATION 

The final step in the processing of an image is to calculate the parameters which 

describe the physical characteristics of the image. This analysis uses the standard Whipple 

moment fitting algorithm (Reynolds 1993) to compute the image parameters Length, 

Width, Distance and Alpha. An additional three parameters related to the amount and 

distribution of light in the image are also calculated: Brightness, Frac2 and Hadronicity. 

The Hadronicity parameter is a new parameter that was developed specifically for use with 

UV images and will be described in more detail later in this Chapter. 

The moment fitting algorithm treats each pmt as a weighted pixel on the x-y plane 

of the camera. The x-y coordinates of each pmt are defined in degrees (l0 = l2.5cm at the 

focal plane) relative to the central pmt (pmt # 1 in Figure 2.4). The weight of each pixel is 

the ADC value of the pmt after calibration and cleaning. Figure 5.3 shows the definition 

of the parameters Length, Width, Distance and Alpha. 

The image Brightness is defined as the sum of all of the ADC values in the image 

after calibration and cleaning. Frac2 is the fraction of the total signal which is contained 
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FIGURE 5.3. Image parameter definition with respect to an x-y coordinate system in the plane of the 
camera with origin at the center of the camera. Distances are measured in degrees at the focal plane of 
the reflector. 
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in the two brightest pmts to the total brightness of the image. The Hadronicity parameter 

is the ratio of the amount of light, measured in ADC counts, that falls outside an elliptical 

mask which is centered on the centroid of the image as shown in Figure 5.4. The 

hadronicity mask is an ellipse whose major and minor axis dimensions are determined as a 

function of image Distance as defined in Figure 5.4. This mask is superimposed over the 

image with the major axis of the ellipse parallel to the major axis of the image and 

centered on the centroid of the image. Each pmt with a signal is then tested to see ifit lies 

outside the boundary of the hadronicity mask. Hadronicity is then calculated as the ratio 

of the sum of the ADC values of all pmts which fall outside the mask to the total image 

Brightness. An image where all of the pmt signals are within the boundary of the mask 

would have a Hadronicity of 0.0 while an image with all of the signal outside the mask has 

a Hadronicity of 1.0. 

The relation of these image parameters to the physical properties of air showers is 

given below. 

• LENGTH: The RMS length of the major axis of the image. Length is a measure of 

the longitudinal development of an air shower as described in Chapter 3. 

• WIDTH: The RMS length of the minor axis of the image. Width is a measure of the 

lateral development of an air shower as described in Chapter 3. 

• DISTANCE: The distance, on the camera, between the centroid of the image and the 

center ofthe camera. For air showers the location of the image centroid is related to 

the position of shower maximum, the maximum number of radiating particles, in the 

camera field of view. For showers which originate near the center of the field of view 

of the camera the Distance parameter is related to how far from the telescope the 

shower axis falls. 
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FIGURE 5.4. Definition of the parameter Hacironicity. The Hadronicity parameter is defined in tenns 
of the amount of light that falls outside of the Hacironicity mask, which is centered of the center of mass of 
the image, to the total light in the image. The major and minor axis of the hadronicity eIlipse are 
functions of the Distance parameter: 

O'xh = 2.6 . ( 0.58 - 0.34 . dist ) 
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• BRIGHTNESS: The sum of all ADC values after calibration and cleaning. Brightness 

is proportional to the total amount of light collected from the shower and is related to 

the energy of the primary particle which initiated the air shower. 

• ALPHA ( a. ) : The angle between the image major axis and a line drawn from the 

centroid of the image to the center of the camera field of view. Alpha is the 

orientation of the image with respect to the center of the field of view of the camera. 

Images with small values of alpha «20°) are considered to have originated from the 

center ofthe field of view ofthe camera. 

• FRAC2: The fraction of the total signal (Brightness) which is present in the two most 

heavily weighted pixels. This parameter is a measure of the concentration of the light 

in the image. A Frac2 value of 1.0 means that all of the signal is concentrated in two 

pmts. 

These parameters are all standard parameters taken from the visible analysis. For 

the UV data analysis a new parameter is added to the above set. This new parameter, 

Hadronicity, is a more sophisticated measure of the concentration of the light in the image. 

Hadronicity, as the name implies, is a measure of how hadron-like an image is. 

The larger the value of Hadronicity, the more hadron like an image is. The origin ofthis 

parameter goes back to the first observations made with the UV camera in 1993. When 

this early data was examined one of the things which was investigated was how the 

intensity light in the images fell off as a function of radial distance from the image 

centroid. This distribution of light in the UV images, as shown in Figure 5.5, was found 
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Figure 5.5 
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FIGURE 5.5. Radial distribution ofligbt in images recorded by the solar blind UV camera taken from 
one 28 minute off source run consisting of 7,308 images. The normalized distance is defined as: 

(X; - Xo)2 + (v/ - Yo) 

cr" cry 

where (X/,y;) are the PMT coordinates and (Xo,Yo) are the center of mass of the image when the image 

is rotated so that the major axis is parallel to the x-axis. (cr x,cr y) are the Length and Width, 

respectively, of the image. 
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to be bi-modal with most of the light concentrated near the centroid of the image, 

surrounded by a diffuse cloud of light farther away from the image centroid. This bi

modal distribution has been explained (Urban 1991) as being the result of a dispersed 

cloud of Cherenkov light generated at low altitude by the penetrating component of 

hadronic air showers surrounding the more concentrated light from the core of the air 

shower. Since gamma-ray showers lack a penetrating muon component they do not 

exhibit this light cloud effect and most of their light is contained within the core. The 

Hadronicity parameter measures the ratio of light coming from the cloud compared to the 

total light in the image. The exact dimensions of the hadronicity mask were determined 

from an optimization on Monte Carlo gamma-ray showers. 

A final piece of information extracted from the data at this point is the status of the 

scintillator detector which partially surrounds the phototube array. As was described in 

Chapter 2 two ADC channels contain the output of the photomultiplier tubes which view 

the scintillator and these are called the veto channels. Processing for these veto channels 

consists only of hardware pedestal subtraction, no gain factors are applied and there is no 

cleaning procedure for these signals. If either veto channel exhibits a signal greater than 

1 Od.c. then the associated image is considered to have been contaminated by the passage 

of a charged particle through the pmt array. 

The final result of the completed data processing is a set of parameters written to a 

data file for each image in a given data run. This parameterized data is now ready to be 

analyzed for evidence of gamma-ray emission from the source region by selecting 

candidate gamma-ray images on the basis of the parameters described above. 
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5.2 GAMMA RAY CHARACTERIZATION 

When the telescope is pointed at the sky the images that are recorded fall into two 

categories: images of gamma-ray showers and background. The goal ofthe data analysis 

is to separate the gamma-ray images from the background. Typical event rates for the 

solar blind UV camera, when operating more than a few degrees from the moon, are 

between 3 and 10 events per second. When compared to the expected rate of gamma-ray 

triggers from the Crab Nebula, estimated to be 2.8xlO-3 y/sec from Monte Carlo 

simulations in Chapter 3, we see that the rate of background events is more than a factor 

of 103 greater than the expected signal. As will be seen in Chapter 6 there is a total of 

1921.5 minutes of ON source data available for analysis on the Crab Nebula. The total 

number of background events in this data base is 457,754. Given the expected rate of 

gamma-ray events predicted for the Crab Nebula the ON source data should contain only 

323 gamma-ray images from the Crab. In order to detect the Crab Nebula at the 30- level 

a background rejection of98.8% is necessary assuming 100% efficiency for selecting 

gamma-ray images. Past experience with the visible camera suggests that a 50% efficiency 

for gamma-ray selection is more realistic which raises the necessary background rejection 

factor to 99.7%. 

5.2.1 BACKGROUND IMAGES IN THE UV 

Background events in the visible camera are almost exclusively hadronic air 

showers with a small population of events caused by charged particles passing through the 

pmt array. In the solar blind UV camera the dominant background consists of a mixture 

of hadronic showers and images of the Cherenkov radiation produced by single charged 
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particles passing near the telescope. Figure 5.6 shows some background images recorded 

by the solar blind UV camera. Images # 1 and #2 are typical hadronic images while images 

#3 and #4 are rings of Cherenkov radiation produced by charged particles passing close to 

the telescope. The most likely candidates for a charged particle energetic enough to 

radiate Cherenkov photons at mountain altitudes are the charged muons which are 

produced in hadronic cascades. Accordingly these ring images are referred to as muon 

ring images. 

The presence of Cherenkov ring images from single particles in the data originally 

came as a surprise. These types of images had not been encountered before, as a source 

of background, in atmospheric Cherenkov imaging telescopes operating in the visible. The 

reason that these muon rings are apparent in the UV data, in spite of an expected higher 

energy threshold as compared to the visible camera, is that the solar blind UV camera is 

set to trigger on a smaller number of photoelectrons than is the case for the visible camera 

(see Table 8.1). This lower trigger threshold for the solar blind UV camera is possible 

because of the much lower level of background sky noise seen by the pmts. The light 

collected from single muons must come from within 500m of the telescope, as a result of 

the small Cherenkov angle (-1.5°) and the small field of view of the telescope (0.002 str.), 

and thus suffers minimally from atmospheric attenuation whereas most of the light from air 

showers must travel several kilometers before reaching the telescope. The result is that 

lowering the trigger threshold for the solar blind UV camera, in an attempt to obtain the 

lowest possible energy threshold for gamma-ray showers, has allowed muons to trigger 

the camera. 
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FIGURE 5.6. Background images recorded by the solar blind UV camera. The signal in each pmt, 
after calibration and cleaning, is shown in d.c. according to the scale presented with each image. 

116 



117 

This combined background of muons and hadronic showers has been modeled by 

the ARTEMIS collaboration through the use of Monte Carlo simulations of proton 

induced air showers and single muons. They find that the observed parameter 

distributions seen in background data taken with the solar blind UV camera can be 

explained by a 50/50 mix of muon and hadronic air shower images. Figure 5.7 (Urban 

1994) shows the observed distribution of the ratio of the parameters Length to Width 

compared with the separate muon and proton components of this ratio from simulations. 

An equal number of simulated muon and proton events are shown and together reproduce 

the observed background very well. 

The images produced by muons range from complete rings to partial arcs 

depending on the relative position and orientation between the trajectory of the muon and 

the optic axis of the telescope. Figure 5.8 shows muon images, generated by Monte Carlo 

simulations, for muons approaching the telescope from different directions. Figure 5.8 #1 

shows the image of a 6Ge V muon with a trajectory parallel to the optic axis of the 

telescope and an impact parameter of zero with respect to the center of the telescope. The 

image forms a complete ring whose radius, in degrees on the focal plane, corresponds to 

the Cherenkov angle for a 6GeV muon. Figure 5.8 #2 shows the image of another 6GeV 

muon whose trajectory is parallel to the optic axis of the telescope but with an impact 

parameter of9m. Now only a very small part of the Cherenkov light cone from the muon 

is intercepted by the field of view of the camera and the resulting image is a small piece of 

an arc. Because of the large pixel size the curvature of the arc is not distinguishable in the 

image recorded by the camera. When this image is parameterized, its characteristics will 

be indistinguishable from those expected for gamma-ray images except for its orientation, 

which is not towards the center of the camera. Image 5.8 #3 is the same muon 
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FIGURE 5.7. Distributions of the ratio LengthlWidth for OFF source data (solid line), simulated muon 
data (dotted line) and simulated proton data (dashed line). The shape of the OFF source distribution is 
consistent with being a SO/SO mix of muon and proton images. 
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shown in 5.8 #1 except that now the trajectory of the muon is inclined, with respect to the 

optic axis of the telescope, by 1 o. This has the effect of shifting the position of the image 

on the focal plane by 10. The last image, 5.8 #4 is the image of the same muon shown in 

5.8 #2 except that the trajectory of the muon now makes an angle of2.4° with respect to 

the optic axis ofthe telescope. Now the image of the muon in 5.8 #2, which had all the 

characteristics of a gamma-ray image except for orientation, is pointed back to the center 

of the camera and as such is completely indistinguishable from a small gamma-ray image 

as shown in 5.8 #4. The off-axis muons, which fall some distance from the telescope, can 

mimic the images expected from small gamma-ray showers. These images will end up 

imposing a serious restriction on the data analysis which will be seen in the next section. 

5.2.2 GAMMA RAY SELECTION PARAMETERS 

The ability to discriminate gamma-ray images from the background images 

presupposes that for each parameter, which describes the characteristics of an image, there 

is a range of values which are more likely to occur for gamma-ray showers than for 

background images. For each parameter a gamma-ray domain is defined as the range of 

values for which an image is more likely to be a gamma ray than background. Images 

whose parameters fall within the gamma-ray domain are then said to be candidate gamma

ray images. Unfortunately there is not any single parameter which will select only gamma

ray images with 100% efficiency. For any parameter there will be some acceptance of 

background events and rejection of gamm~-ray events. It is necessary then to find some 

combination of parameters, each with their own gamma-ray domain, that maximizes 

background rejection while minimizing the rejection of gamma-ray images. 
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In order to find an efficient set of gamma-ray parameter cuts use is made of the 

data base of Monte Carlo simulated gamma-ray showers that was described at the end of 

Chapter 3. These simulated gamma-ray showers are used to create a set of images, using 

a photoelectron to digital count conversion of 6d.c.lp.e. (see Chapter 4), and assuming a 

simulated trigger condition of 3 pmts above 30d.c. (see Chapter 4). These images are 

cleaned and parameterized exactly like genuine air-shower data. The distribution of values 

for each parameter from the simulated gamma-ray data can then be compared to the real 

background data. For the background data OFF source data accumulated over the two 

years of operation is used. Figure 5.9 shows the different parameter distributions for both 

simulated gamma-ray data and OFF source data where both distributions have been 

normalized to represent an equal number of events. 

It is immediately obvious that the parameters Length, Hadronicity, Alpha, Frac2 

and the quantity Length minus Width provide some degree of discrimination. The Width 

parameter by itself does not show any discrimination between the gamma rays and 

background data. Since Width is one of the primary discriminants in the visible analysis it 

is not expected that supercuts, the standard Whipple visible analysis routine, will be 

effective for the UV data. 

Plotting the parameter distributions, as in Figure 5.9, shows qualitatively which 

parameters should provide good discrimination. However in order to achieve the required 

level of background rejection it is necessary to test the different possible combinations of 

parameter cuts to determine their efficiency against both background and gamma-ray 

images. Although this testing can be performed on the ON-source and OFF-source data, 
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FIGURE 5.9. Parameter distributions for a simulated flux of gamma-ray showers from the Crab (solid 
line) and real background data (dashed line). 
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with the efficiency being detennined by the strength of the signal extracted by each 

combination of parameter cuts attempted, doing so imposes a heavy penalty when 

attempting to evaluate the statistical reliability of the signal as the statistical significance 

must be divided by the number of attempts which are made to extract the signal. This 

penalty can be avoided by optimizing a set of parameter cuts on the simulated gamma-ray 

and OFF source data. In this way many different combinations of parameters with 

different parameter ranges can be tested to find the most efficient gamma-ray parameter 

domain. When this set of parameter cuts is applied to the ON/OFF data there will be no 

statistical penalty for multiple trials applied to the significance of any signal obtained. 

Table 5.2 gives the parameter set that is shown by optimization on 

simulations and OFF source data to give the strongest discrimination. This set of cuts 

rejects 99.96% of the background data while retaining 45% of the simulated gamma-ray 

signal. The expected rate of gamma-rays passing the cuts in the ON source data is 0.0018 

r/s. When multiplied by 1921.5 minutes, the duration of the ON source data available for 

analysis in the next Chapter, this predicts 208 gamma-ray images will be selected from the 

ON source data. From the background rejection efficiency of 99.96% we expect 183 

background events to pass in both the ON and OFF source data. This would produce an 

11 cr detection. 
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Parameter Full range of Parameter Gamma Ray domain 
Length - Width 0° ~ 1° 0° ~ 0.2° 

Distance 0° ~ 1.5° 0.6° ~ 1.1 ° 
Brightness Odc~ 00 260dc ~ 00 

Frac2 0 ~ 1 0.30 ~ 0.45 
Hadronicity 0 ~ 1 0 ~ 0.1 

Alpha 0° ~ 90° 0° ~ 20° 

Table 5.2. Gamma-Ray Selection Parameters. This data selection results in a 99.96% rejection of 
background events while retaining 45% of gamma-ray like events according to comparison of a simulated 
flux of gamma rays from the Crab and actual off data. 

The reasons for the efficiency of the gamma-ray selection for the parameters 

Alpha, Hadronicity and Length minus Width are evident from the parameter distributions 

in Figure 5.9. The other three parameters are less obvious. The cut on the Distance 

parameter is purely related to the geometry of the camera. The upper boundary of the 

Distance cut is intended to eliminate images which fall on the edge of the camera. An 

image which only partially falls on the camera cannot be accurately parameterized so any 

image whose centroid is near the edge of the camera is rejected. The lower bound on the 

Distance parameter is a result ofthe loss of ellipticity in the gamma-ray images, as 

explained in Chapter 3, as they move closer to the center of the camera. Images of 

gamma-rays whose centroids are close to the center of the camera are more circular than 

elliptical and as such the orientation of the major axis becomes less well defined. For this 

reason images which fall too close to the center of the camera are rejected. The reason for 

the lower bound of the Frac2 parameter is apparent from Figure 5.9. The upper bound on 

this parameter does not, however, seem reasonable from examination of Figure 5.9. The 

cut on Frac2 values greater than 0.45 turns out to be necessary to eliminate the images 

which are caused by the passage of charged particles through the pmt array. The 

scintillator detector, as described in Chapter 2, which is intended to identify these images 
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is only 76% efficient. These types of events are characterized by having a very large signal 

in typically only three pmts which are usually adjacent to one another. Since only a few 

pmts are in the image the parameters for these images will likely be within the gamma-ray 

domain of the Hadronicity and Length minus Width parameters. Since their arrival 

directions are random some of these images will also line up with the center of the camera 

and thus pass the Alpha cut. But, since the signal is so strongly concentrated within three 

pmts these images have a high Frac2 value. The upper limit on the Frac2 parameter is 

necessary to eliminate those events caused by charged particles passing through the pmt 

array that are not detected by the scintillator detector. 

The final parameter cut is the minimum Brightness value. At first this cut seems 

counter intuitive because it throws out a large fraction of low energy events. This cut 

turns out to be necessary to eliminate the aforementioned class of off axis muon images 

which mimic the images of small gamma rays. Despite much effort no method of 

discriminating between these off axis muons and small gamma-ray images was found. 

Raising the effective energy threshold of the camera, by demanding a large amount of light 

strike the telescope, eliminates these gamma-ray like muon images. Because of the nature 

of the Cherenkov effect the number of photons generated by a charged particle per unit 

path length saturates with respect to increasing energy. For muons the number of 

Cherenkov photons per unit path length remains almost constant for energies above 

20GeV. So unlike air showers, which increase their light production with increasing 

energy by increasing the number of particles created in the shower, muon images do not 

get brighter with increasing energy after 20GeV. The Brightness restriction puts the data 

analysis above the threshold for these off axis muons. 
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CHAPTER 6 

DETECTION OF A FLUX OF TEV GAMMA RAYS FROM THE CRAB NEBULA 

At the time of the development of this new camera there are only two known 

astrophysical sources ofTeV gamma rays in the northern hemisphere. These are Crab 

Nebula (Vacanti et al. 1991) and the active galactic nuclei Markarian-421 (Punch et al. 

1992). Both of these sources have been detected by the Whipple group using the visible 

camera. Of these two sources, the Crab Nebula is the stronger, in terms of total gamma

ray flux, by a factor of3. It is logical then to use observations of the Crab Nebula to 

develop and evaluate the performance of the solar blind UV camera as a gamma-ray 

detector. 

In this Chapter a detection ofa flux ofTeV gamma rays from the Crab Nebula 

using the parameter cuts described in Chapter 5 is discussed. The effective energy 

threshold and collection area of the solar blind UV camera for gamma-ray imaging is 

determined from simulations. From this collection area and energy threshold the gamma

ray flux from the Crab Nebula is calculated. 

6.1 OBSERVATIONS OF THE CRAB NEBULA 

From October 1992 through February 1994 observations were made on the Crab 

Nebula during bright time with the solar blind UV camera. Bright time is defined as the 

period of the month when the Moon is above the horizon for most of the night preventing 

operation of the visible camera. In conjunction with the solar blind UV gamma-ray 
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observing program observations were also made in close proximity to the Moon as part of 

the ARTEMIS project (see appendix A) which further restricted the amount of time 

available for observations of the Crab Nebula. Gamma-ray observations made from 

October 1992 to March 1994 resulted in a total of 53 hours of data the Crab Nebula. The 

ON/OFF observation technique, described in Chapter 3, results in an equal amount of data 

collected with the telescope pointed at a control, OFF source, region of the sky. 

Because of the ON/OFF method of data analysis employed, excellent weather 

conditions during observations are required. Sky conditions are rated, on a run by run 

basis, according to a simple A-B-C scale. An "A" rating means that the sky is perfectly 

clear, with no clouds, fog or other deleterious atmospheric effects present. A "B" rating 

indicates less than ideal observing conditions, usually some clouds away from the area of 

sky being observed. Under these conditions data is taken normally but extra care must be 

taken during data analysis to ensure that no bias exists between the ON and OFF source 

data. Data given a 'C' rating is not used at all and corresponds to heavy cloud cover. This 

rating is usually the result of rapidly deteriorating weather where the sky started out clear 

but became cloudy as the night progressed. 

6.1.1 SELECTION OF DATA FILES FOR ANALYSIS 

Once the data has been taken the next step is to determine which pairs are suitable 

for use in the analysis. Since the data analysis technique employed involves comparison of 

the number of candidate gamma-ray images selected from the ON source and OFF source 

data it is vital that there exist no bias between the ON and OFF data that could cause 
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either a false signal to appear or mask a genuine signal. Classification of data as either 

being acceptable or not is based on two criteria. First the event rates, under perfect sky 

conditions and assuming proper camera perfonnance, should obey normal counting 

statistics. Deviations from normal statistical behavior can occur because of varying sky 

conditions, problems with pmts and problems in the data acquisition electronics. Secondly 

the parameter distributions, like those shown for OFF source data in Figure 5.9, for the 

ON and OFF data should be the same within statistical limits. Since the data is recorded in 

ON/OFF pairs, one pair consisting of a 28 minute ON source run and a 28 minute OFF 

source run, it is necessary to check the consistency of the data on a pair by pair basis. If 

either half of a pair must be rejected then the entire pair is considered to be unsuitable for 

further analysis. 

Poor weather conditions usually show up as excessive (non-statistical) 

fluctuations, or a systematic decrease/increase in the event rates with time. The former 

effect is an indication of clouds moving in and out of the field of view ofthe telescope 

while the later effect is typical of heavy cloud cover moving in during the course of a run. 

It is worth noting that observing with the Moon in the sky makes the presence of cloud 

cover unpredictable in its effects on the data. Dense, low altitude, clouds generally cause 

the event rates to drop as they obscure most of the light from the air showers. Thin high

altitude cirrus clouds can cause the rates to go up due by scattering the light from the 

moon. 

To check the stability of the event rate for a run the number of events recorded 

between each pair of sidereal minute markers (see Chapter 2) is calculated. The statistical 

deviation of the event rates between consecutive minutes is then calculated assuming 
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nonnal counting statistics. This infonnation is then examined visually for each run. Any 

ON/OFF pair which exhibits large, greater than 3 standard deviations, fluctuations in the 

minute by minute event rates of either run in the pair is rejected for further analysis. 

The other check on the quality of the data is to look at the parameter distributions. 

Since candidate gamma-ray events are chosen based on the parameter values of the 

recorded images it is necessary that both the ON and OFF source data show exhibit the 

same parameter distributions. The distribution of the Length, Width, Distance and 

Brightness parameters are particularly useful for evaluating the quality of the data. The 

Length and Width parameters are directly related to the shape of the images and are 

sensitive to the sky conditions. The distance parameter is related to where each image 

falls on the plane of the camera, radically from the center of the camera, and is indicative 

of the uniformity of the camera. The Brightness of the images is related to the total 

amount of light recorded and is sensitive to both sky and camera conditions. Within a 

given ON/OFF pair the distributions of each of these parameters should be identical to 

within nonnal statistics. Any significant difference in the shape of the parameter 

distributions between ON source and OFF source data is cause for rejection of the pair. 

To test the pair-by-pair quality ofthe data, a reduced Chi-Squared test is applied to each 

of the four parameters mentioned above. When the parameter distributions are generated 

for a given pair the total number of events in the ON data are nonnalized to the total 

number of events in the OFF data so that the only characteristic being tested is the shape 

of the distributions. Any pair that exhibits a Chi-Squared probability smaller than 5%, 

meaning that there is only a 5% probability that the two distributions are the same, for any 

of the four parameters tested is rejected for purposes of further analysis. 
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The above criteria are used to establish a subset of the data base to be used in the 

search for a flux of gamma-rays from the Crab. From the total data base 18 pairs of data 

taken under 'B' sky conditions and 23 'A' pairs were rejected due to irregularities in either 

the event rates or the parameter distributions. Another 10 pairs of 'A' data are omitted 

from the analysis because they were engineering runs taken to test different possible 

operating configurations, such as operating without the liquid filter. Table 6.1 shows how 

the data which was selected for further analysis breaks down chronologically. The total 

time ON-source is given for each bright period along with notes on any significant changes 

to the system that occurred during a bright period. This data base consists of 70 pairs 

totaling 1921.5 minutes (32 hours) of ON-source time. 

One final check that the data base selected for further analysis is well behaved is to 

calculate the statistical significance ofthe ON/OFF difference for each pair before 

application of the gamma-ray selection cuts. If the raw data obeys counting statistics, as is 

expected, then the sigma's for the background should be normally distributed. Before 

applying this test to the data it is necessary to raise the effective trigger threshold of the 

camera, for both ON and OFF data, slightly above the level of the hardware trigger. This 

is because a bright background sky artificially lowers the trigger threshold by adding 

photons to nominally sub-threshold events. This results in different effective trigger 

thresholds for ON/OFF data taken under different background sky brightness levels. Any 

time there are ON/OFF brightness differences, the behavior of the event rates near the 

trigger threshold will not behave statistically. In all data analysis with the Whipple 
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Date of Observations Time On Source Notes 

(Minutes) 

0811 0/92 - 1211 0/92 110 

05111192 - 16/11192 165 

06112/92 - 15112/92 275 a 

01102/93 - 07/02/93 155 

03/07/93 27.5 b 

29/09/93 - 03/10/93 192.5 

26/10/93 - 04/11193 209.5 

24111193 - 04112/93 347 

23112/93 - 01101194 385 c 

02/01/94 - 03/01/94 55 

Table 6.1. Summary of the UV observations of the Crab Nebula from Oct. 1992 to Jan 1994 which 
were selected for further data analysis. Total time on source is 1921.5 minutes. 

Notes: 
a) After the November 1992 bright run, the thresholds on the triggering discriminators was lowered 

from sOmv to 4Omv. 

b) During the summer of 1993, the mirror facets of the 10 meter telescope were re-alumininized and 
anodized. This resulted in an increase in the UV reflectivity of the mirrors from an average of about 
40% to 85% on average. 

c) After the early December bright run, the thresholds on the triggering discriminators were lowered 
from 40mv to 3Smv. 
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visible camera the effective trigger threshold of the camera is raised in software during 

data analysis to avoid the non-statistical behavior close to the trigger threshold. In the 

solar blind UV camera the effective trigger threshold is elevated by requiring images to 

have a total Brightness (as defined in Chapter 5) greater than 150d.c. after calibration and 

image cleaning. In Chapter 4 the minimum pulse height required for a single pmt to 

exceed the hardware trigger was estimated to be 30d.c.. With a three fold coincidence this 

equates to an effective minimum image Brightness of90d.c., assuming that the image 

consists of only three pmts barely exceeding threshold. The value of 150d.c. is chosen, 

somewhat arbitrarily, as being close to but above the minimum signal to cause a trigger. 

The distribution of sigma's, of the ON/OFF difference for events with total Brightness 

above 150d.c., for the 70 pairs of data chosen for the analysis is shown in Figure 6.1. The 

dashed line on this plot shows the best fit of the data to the expected Gaussian 

distribution. The data is evenly distributed about a sigma of zero as expected but the 

variance ofthe distribution is somewhat broader than expected for a purely statistical 

distribution. Thus the raw data, for Brightness greater than 150d.c., still suffers slightly 

from the effects of brightness differences between ON and OFF regions but the effect is 

small and does not cause a systematic bias in the data. 

We are confident then that the data that has been selected for further analysis is 

free from biases, in either the image shapes or the event rates, which might interfere with 

the analysis for gamma-ray emission from the Crab Nebula. 
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6.2 APPLICATION OF EVENT SELECTION TO THE CRAB DATA BASE 

Candidate gamma-ray images are selected from the ON and OFF source data 

according to the criteria developed in Chapter 5 (see table 5.2). The parameter cuts have 

been divided into three groups according to the purpose of the cuts. The first group, A, 

contains the cuts intended to reject images of small muon arcs, images caused by the 

passage of charged particles through the pmt array, and to eliminate events which fall too 

close to the edge or center of the camera. The second set of cuts (group B) are those 

which select images whose shape is consistent with being a gamma-ray. The third group 

(C) selects images whose orientation is consistent with a shower originating from the 

center of the field of view of the telescope. The three groups of cuts are applied 

consecutively to the data in sequence A-B-C. Table 6.2 shows the results of the analysis as 

of the number of events passing the cuts at each stage of the analysis. 

P G arameter roup 

Raw A B C 

ON Source 457744 104209 1206 320 

OFF Source 457754 104636 1078 197 

/). -10 -427 128 123 

cr 0.0 -0.9 +2.7 +5.4 

Table 6.2. Results of Data Analysis 

Parameter Groups 

A: 0.6°>Distance> 1.1 0 • Frac2<0.45 • Size >260dc. Veto 

B: A • Hadronicity < 0.1 • (Length-Width) < 0.20 • Frac2 >0.3 

c: A • B • Alpha < 200 



The net result of all the cuts is an excess of 123 events, out of 517 total events 

passing the cuts between the ON source and OFF source regions. The statistical 

significance of the excess, computed as 
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(ON -OFF) 
0"= -7======~ 

.JON + OFF 
(eq. 6.1) 

is 5.40'. This corresponds to a probability of,.., 6. 7x 1 0-8 that the observed excess is due 

to random fluctuations assuming nonnal counting statistics. This statistical probability is 

actually somewhat overstated. The development of an efficient set of gamma-ray selection 

parameters from simulations went through several iterations where different selection 

criteria, developed from Monte Carlo gamma-ray and OFF source data, were applied to 

the ON/OFF data. The most efficient data selection set was chosen for this analysis. To 

be completely accurate the probability stated above should be multiplied by a factor of 19 

to account for the number of trials made in the search for an efficient data selection set. 

This factor represents the number of different gamma-ray selection sets that were tested 

against the ON/OFF data. This still leaves a chance probability of the effect being purely 

statistical ofless than 1.3xlO-6. We can look at the distribution of the significance of the 

excess on a pair by pair basis to see if the observed signal is normally distributed among all 

70 ON/OFF pairs. This distribution is shown in Figure 6.2. The data is fit by a Gaussian 

with mean of 0.59 and a variance of 1.14. This confinns that the observed signal is 

consistent with the expectations of nonnal counting statistics. 

Since this is the first attempt to use the air Cherenkov imaging technique to 

conduct gamma-ray observations in the presence of the moon it is important to show that 

the observed signal contains no bias with respect to the ON/OFF sky brightness 
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histogram shows the actual distribution of cr's. The dashed line is the best fit of the data to a Gaussian 
distribution. 
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differences resulting from the presence of the moon. In Figure 6.3 the pair-by-pair excess 

is plotted against the difference in the average pmt noise levels between the ON and OFF 

source data. There is no apparent bias in the signal with respect to differences in 

background noise levels between ON and OFF source data. 

It has been established that there is a statistically significant excess of events in the 

ON source Crab Nebula observations. We can investigate whether or not the observed 

excess behaves as expected for a flux of gamma rays from a point source in the center of 

the field of view of the ON source data. 

According to Table 6.2 there is a small, 2.7cr, excess in the data selected as having 

the shape characteristics expected for gamma-ray images. When the requirement that the 

images appear to have originated from the center of the field of view of the camera is 

imposed on these images the size of the excess remain approximately the same but the 

significance increases indicating that only background events common to both the ON and 

OFF source data have been rejected. This is consistent with the supposition that the 

excess in the ON source data is due to a point source of events in the center of the field of 

view of the camera. This can be shown graphically by looking at the distribution of the 

parameter Alpha for the shape selected images in the ON and OFF data (Figure 6.4). The 

excess of events in the ON source data can clearly be seen to come from images which are 

oriented towards the center of the camera. This shows that the observed signal is 
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FIGURE 6.4. Distribution of the parameter Alpha for the shape selected images from the ON data 
(solid line) and OFF data (dashed line). The ON-OFF difference plot shows the bin-by-bin difference 
between the ON and OFF Alpha distributions. The error bars are the statistical one sigma limits for each 
bin. 
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consistent with a point source at the position in the sky ofthe Crab Nebula. 

Further verification of the observed signal as a flux of gamma rays from the Crab 

comes from examination of the image parameters for events which pass the gamma-ray 

selection criteria. Figure 6.5 compares the distributions of the gamma-ray selected events 

with the predicted distributions from simulations. For each parameter the distribution is 

built up of events passing all selection criteria except for cuts applied to that particular 

parameter. The distributions for the real data are obtained by subtracting, bin by bin, the 

distributions from the ON and OFF data after image selection. The error bars on the real 

data are the statistical one Q' deviations. The simulated parameter distributions have been 

normalized to represent the same total number of events as the real data. As can be seen 

for most of the parameters there is very good agreement between real data and the 

simulated gamma rays. The one exception which stands out is the size distribution. This 

is where the effect of the local muons and fluctuations in the counting rates near the 

trigger threshold come into play. This confirms that the images which have been selected 

as candidate gamma-ray events are consistent, in appearance, with images of gamma-ray 

air showers. 

It can now be stated that the observed signal behaves, statistically and physically, 

like a flux of gamma rays from the Crab Nebula. 
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FIGURE 6.5. Parameter distributions for candidate gamma-ray (solid line) and simulated gamma-ray 
images (dashed line). Candidate gamma-ray distributions built up by subtracting. bin-by-bin. OFF source 
distributions from ON source distributions. Error bars on the real data are the statistical 1 (J limits. 
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6.3 ENERGY THRESHOLD AND COLLECTION AREA FOR GAMMA RAYS 

Now that we have established that the signal extracted from the data is consistent 

with a flux of gamma rays from the Crab Nebula we can use the known spectrum of the 

Crab to estimate the energy threshold and sensitivity of the UV camera. 

A very quick and quite useful estimation of the overall sensitivity of the UV 

camera can be made in terms of the performance of the existing visible camera. 

In its current configuration, as of the 1994-1995 observing season, the 10 meter 

visible camera can detect the Crab Nebula at the 50' level in about 80 minutes of 

observation ON source. With the solar blind UV camera the same significance requires 

approximately 2000 minutes of data ON source. Using this information we can state that 

the sensitivity of the UV camera, on the Crab, is lower than that of the visible camera by a 

factor of 25. This is consistent with the predictions of the relative observed brightness of 

air showers between the visible and solar blind UV cameras from Chapter 3. This 

provides a very practical measure of the relative sensitivity of the UV camera with respect 

to a known quantity, i.e. the visible camera. 

While the above estimate of the relative sensitivity of the solar blind UV camera is 

useful, it is important to independently establish the level of the observed gamma-ray flux 

from the Crab Nebula. This requires determining the effective collection area and energy 

threshold for the solar blind UV camera from simulations. 
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In chapter 3 the triggering threshold of the camera was calculated with respect to a 

flux of gamma rays from the Crab Nebula. Here we use the same data base of simulated 

gamma-ray air showers to estimate the energy threshold and effective collection area of 

the camera for gamma rays from the Crab Nebula after data selection. 

To get the effective energy threshold Eth the same procedure as used in Chapter 3 

is followed except that now we determine the differential rate from the number of events 

passing the gamma-ray selection criteria instead of the number of events passing a 

simulated trigger condition. The result is the differential rate curve shown in Figure 6.6 

along with an E-2.7 power law nonnalized to the rate curve at an energy of lOTeV. We 

define the energy threshold of the camera as the energy at which the area under the power 

law curve equals the area under the differential rate curve. This yields an energy threshold 

for the solar blind UV camera of 

Eth = 0.93~~:i~ Te V . 

Knowing the energy threshold and event rate predicted by the simulations along 

with the integral flux that was used to generate the rate curve we can find the effective 

collection area from 

R = F·E-a·A th elf (eq.6.2) 

where R is the rate predicted from simulations, Eth is the energy threshold, F is the 

integral flux that was used to calculate the rate curve, a. is the power law index of the 

source spectrum and Aeff is the effective collection area. The rate R obtained by 

integrating the differential rate curve in Figure 6.6 is 1.8x10-3 y·s-l and the integral flux F 
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FIGURE 6.6. Differential rate curve for gamma ray acceptance. The solid line represents simulated 
data. The dashed line is an E-2. 7 dE spectrum normalized to the solid curve at E = 1 OTeV. The cutoff of 
the dashed curve is the energy at which the area under both curves is equal. This energy is defined as the 
effective energy threshold. 



used to generate this curve is 0.87xlO-7 y·m-2·s-l. Using the above defined energy 

threshold the following effective collection area is obtained 

A = 1 8+0
.
8 

X 104 m2 
err . -0.6 • 
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It should be noted that the method of determining the energy threshold yields 

results which are dependent on the assumed source power law index a.. It is an inherent 

characteristic of air Cherenkov imaging telescopes that the energy threshold of the 

instrument is a function of the source spectrum. Also the energy threshold and effective 

collection area are inter-related. If a different definition of the energy threshold had been 

chosen, resulting in a different value for the energy threshold, the effective collection area 

would change to maintain the same integral event rate. For this reason it is important to 

always quote both the energy threshold and effective collection area to avoid mis-leading 

comparisons between different instruments. 

With the energy threshold and effective collection area determined from 

simulations we can calculate the flux of gamma rays detected from the Crab Nebula by the 

solar blind UV camera. For the entire Crab data base the rate of observed gamma rays is 

1.0x 1 0-3 y·s-l. However we choose to use the observed rate for data taken after the 

summer of 1993 when the mirrors of the 10 meter telescope were re aluminized. Because 

of the dramatic change in the mirror reflectivity at UV wavelengths (see Chapter 2) the 

energy threshold of the camera was significantly lower after the re-aluminization. Before 

the summer of 1993 the observed rate of gamma rays from the Crab Nebula is 5. Ox 1 0-4 y. 

s-l, after re-aluminization the rate is 1.2xlO-3 y·s-l. Also the software that models the 

performance of the telescope and camera, which was used to determine the values of Eth 

and Aeff, uses the mirror reflectivity curve shown in Figure 2.2 which was taken after the 
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re-aluminization. Thus the most accurate estimate of the Flux from the Crab Nebula will 

be obtained by using the observed rate as 1.2±O.1 x 1 0-3 y·s-l. The error quoted is the 

statistical error associated with the number of observed gamma-ray candidates. Using 

this rate in eq. 6.2 we obtain an integral flux I of 

I = 5.9~~:~ x 10-8 y ·S·I ·m-2 

from the Crab Nebula. This integral flux, as shown on Figure 6.7, is consistent with other 

measurements of the gamma-ray flux from the Crab Nebula at TeV energies. 

The error associated with the values of Eth and Aeff represents a conservative 

estimate ofthe systematic uncertainties associated with the simulated gamma-ray data base 

used for their calculation. The largest source of systematic uncertainty in the air shower 

simulation lies in the atmospheric attenuation at UV wavelengths. The concentration of 

Ozone as a function of altitude is both poorly known and variable on time scales as short 

as several hours. Measurements of ozone concentrations taken several months apart show 

as much as 25% variation. Measurements of the cross sections for ozone and molecular 

oxygen by different authors can vary by as much as 50% at wavelengths below 300nm. 

Overall we estimate the uncertainty in the atmospheric attenuation to be ±20%. 

In the camera modeling software the primary uncertainty is in the conversion of 

photoelectrons to digital counts. In Chapter 4 the average value for this conversion was 

estimated to be 6±1 d.c.lp.e. and this is the value used in the simulations. 

The upper and lower limits on the energy threshold and effective collection area 

derived from simulations, due to the above sources, are estimated by running two different 

sets of simulations using modified values of the atmospheric attenuation and p.e. to d.c. 
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conversion factor ~cam. The upper limit is obtained by increasing the atmospheric 

attenuation by 20% and lowering ~cam to 5 d.c.lp.e.. This has the result of making the 

showers dimmer in terms of the number ofp.e.'s collected by the camera and the number 

of d.c.'s produced in the final image. The lower limit to the threshold and collection area 

is obtained by running a set of simulations with the atmospheric attenuation reduced by 

20% and ~cam = 7 d.c.lp.e.. These two additional sets of simulations are then used to 

calculate the upper and lower energy threshold and effective collection area. 

Another source of uncertainty from the simulations is the finite number of showers 

simulated at each energy. The curve shown in Figure 6.6 is generated from the fraction of 

simulated events passing the gamma-ray parameter cuts at each energy. The error bars at 

each energy represent the statistical uncertainty associated with the total number of 

showers simulated at each energy. 
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CHAPTER 7 

A HYBRID VISffiLE-UV CAMERA 

The preceding three chapters have discussed the characteristics and perfonnance 

of a UV version of the Whipple imaging camera using a combination of solar blind 

photomultiplier tubes and a liquid UV filter. With regards to operating the 10 meter 

telescope as a gamma-ray detector in the presence of the moon another possibility is to 

make use of the visible light photomultiplier tubes coupled with the liquid UV filter. This 

second approach offers potential advantages over the solar blind plus UV filter approach. 

First, as Figure 7.1 shows, the visible sensitive bi-alkali photomultiplier tubes have higher 

quantum efficiency, than the solar blind photomultiplier tubes, between 250nm and 300nm 

which is where most of the UV light from air showers lies (see Figure 3.7). Second, the 

choice of the solar blind photomultiplier tubes used in this experiment was made to allow 

ARTEMIS observations to be conducted within 10 of a full moon. For gamma-ray 

observations in the presence of, but at least 100 away from, the moon it may not be 

necessary to completely eliminate sensitivity above 300nm. It is only necessary to reduce 

this sensitivity to the point that the effect of the bright background produced by the moon 

does not overwhelm the imaging properties of the camera. The combination of higher 

photomultiplier tube efficiency below 300nm and the retention of some degree of 

sensitivity above 300nm should allow more of the Cherenkov light from the showers to be 

collected. This could result in a lower energy threshold and a more sensitive camera. A 

third advantage is the ease with which the camera can be converted from visible to UV. 

Replacing 109 bi-alkali photomultiplier tubes with their solar-blind counter parts and 

adjusting the corresponding high voltage settings and delay cables is a 
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FIGURE 7.1. Comparison of the photomultiplier tube quantum efficiencies as functions of wavelength for 
the R1398 bi-alkali photomultiplier tubes (solid line) used in the visible version of the Whipple camera 
and the R1802 CsTe photomultiplier tubes (dashed line) used in the solar-blind version of the Whipple 
camera. The curves shown are for data supplied by the manufacturer (Hamamatsu). 
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3 hour procedure. Frequent interchanging of the photomultiplier tubes also runs the risk 

of damaging the photomultiplier tubes. Simply mounting the UV filter in front of the 

visible camera takes only a few minutes and can be easily accomplished at night. 

For these reasons data was taken in moonlight on the Crab Nebula with the UV 

filter mounted in front of the visible photomultiplier tubes. At this point no attempt has 

been made to perform Monte Carlo simulations of the performance of this hybrid camera. 

We are proceeding based on the combined experience of having worked in both the visible 

and UV wave bands. It is expected that the behavior of the pmts and system trigger will 

follow that of the visible camera since the same pmts are common to both. Because the 

UV filter attenuates strongly between 300nm and 500nm (there is some evidence that the 

transmission begins to rise beyond 500nm) the image characteristics are expected to be 

similar to those of the solar-blind UV camera. 

Over the course of four clear nights in December 1994 12 ON/OFF data pairs (336 

min. of data on source) were taken on the Crab Nebula under conditions ranging from 

three quarter full to full moon. Poor weather conditions prevented observations from 

being made in January 1995. In February 1995 an additional 13 ON/OFF pairs (364 

minutes on source) were obtained. 

7.1 SETTING UP THE HYBRID CAMERA 

Setting up the hybrid camera consists of mounting the liquid UV filter in front of 

the visible light sensitive photomultiplier tubes and reconfiguring the system trigger. The 

liquid filter used is identical to what was described for the solar-blind UV camera. The 
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concentrations ofNiS04, CoS04 and water, which make up the filter, are the same as is 

described in section 2.3.2. This procedure can be performed in approximately 15 minutes 

by a single operator. 

In its current configuration the visible camera has a set of light cones mounted in 

front of the pmt photocathodes. These light cones increase the collection efficiency of the 

camera by reflecting onto the photocathodes light which would othelWise have fallen in 

the dead space between the pmts. The light cones have been in regular use on the visible 

camera since the beginning of the fall 1994 observing season. These light cones do not 

interfere with the placement of the UV filter and are left in place for the hybrid camera. 

A three fold coincidence is demanded to trigger the camera so as to reduce the 

effect of background sky noise fluctuations on the trigger stability as was done for the 

solar blind UV camera. Trigger thresholds were set at -30mv for most of the data, 

however four of the pairs were taken with a threshold of -35mv. This trigger threshold 

was chosen arbitrarily as giving reasonable event rates in the presence of a nearly full 

moon. 

7.2 THE EFFECT OF THE MOON ON SKY NOISE IN THE PHOTOMULTIPLIER 

TUBES 

The digitized sky pedestal pulse height distributions for a single visible pmt, 

without the UV filter under moonless skies and with the UV filter in the presence of a 

nearly full moon, are shown in Figure 7.2. It can be seen that the behavior of the pmts 
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FIGURE 7.2. Comparison of the digitized sky pedestal pulse height distribution for a single bi-alkali 
photomultiplier tube under bright moonlit skies with the UV filter (solid line) and the same 
photomultiplier tube under dark skies with no UV filter (dashed line). Also shown for comparison is the 
same distribution for an R1398 CsTe photomultiplier tube (dotted line). All three distributions have been 
normalized to represent the same total number of events. 
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under moon light with the UV filter is similar to normal operation without the filter. This 

means that the sky pedestal events for the hybrid camera are recording fluctuations of the 

background with respect to piled up noise in the photomultiplier tube just as in the visible. 

The photomultiplier tubes behave under moonlit skies, with the UV filter, as they nonnally 

do under dark skies with no UV filter. Accordingly we use the usual definition of 

background sky noise from the visible camera which is that it is the negative RMS width 

of the digitized sky pedestal pulse height distribution. Brighter background sky conditions 

result in larger fluctuations from the average light level and this increases the negative 

RMS width ofthe pulse height distribution. The negative RMS widths of the pmts with 

the UV filter in the presence of bright moon light are comparable to the widths under dark 

skies with no UV filter ranging from 3d.c. to 5d.c .. 

The average pmt noise level is compared with the elevation and phase of the moon, 

the angular separation of the moon and camera orientation, and the predicted noise levels 

as was done in Chapter 4 for the solar blind UV camera. The results of these comparisons 

are shown in Figure 7.3 where the average, over all 109 photomultiplier tubes, noise of the 

camera for each 28 minute data run is plotted against the different noise sources. As was 

the case for the solar blind camera the moon elevation and phase have the strongest effect 

on the noise levels in the hybrid camera. One difference with the hybrid camera is that the 

pmt noise is more strongly correlated with the phase of the moon than with the elevation. 

This indicates that influence of the moon on the sky noise in the photomultiplier tubes is 

due to scattered moon light in the atmosphere rather than an albedo effect from moon light 

reflecting off the ground around the telescope as was the case for the solar blind camera. 

The predicted sky noise levels ( in arbitrary units from equation 4.2 ) match the observed 

noise levels well but not as closely as for the solar blind camera. 
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FIGURE 7.3. Comparison of the average amount of sky noise per photomultiplier tube with the elevation 
and phase of the moon, the angular separation of the moon and camera, and the predicted noise according 
to equation 4.2 on a run by run basis. The sky noise is found for each photomultiplier tube from the RMS 
width of the negative pulse heights of the digitized sky pedestal pulse height distribution for each run. 
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Most likely this is because the angular distance between the orientation of the telescope 

and the position of the moon, which is not taken into account in the predicted noise levels, 

effects the hybrid camera more strongly than the solar blind camera. The effect of this 

separation is seen strongly in the raw trigger rates between ON and OFF runs where one 

run is closer to the moon than the other as will be seen later in this Chapter. 

The maximum average camera noise level, from the 50 runs available for this 

analysis, is 4.2dc for a run taken under a near full (-86%) moon. The minimum noise 

level is I.Idc for data taken under a -32% full moon. Typical noise levels for the visible 

photomultiplier tubes under dark skies with no UV filter are 3dc. 

The presence of the third magnitude star s-Tau in the field of view of the Crab can 

be detected by the increased noise in the photomultiplier tubes that view the star. As is 

the case in the visible camera the RMS width of the negative pulse height distributions of 

these photomultiplier tubes exceeds the average of the other pmts. However, unlike the 

case for the visible camera, it is not necessary to physically tum off these photomultiplier 

tubes while data is being taken as the light levels are not severe enough to damage the 

photomultiplier tubes. Also this star only effects three or four pmts in a given run whereas 

in the visible up to 8 pmts are effected. Later in the data analysis the pmts most strongly 

effected by this star light will be "turned off' by having their ADC values set to zero in all 

images as is done for the visible analysis. 

7.3 EFFECT OF THE MOON ON THE TRIGGER RATES AND IMAGING 

PROPERTIES OF THE CAMERA. 
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As described in section 7.1 a three fold coincidence was used for the trigger 

condition on the hybrid camera. The trigger threshold for the individual pmts is set to -

30mv for 19 of the ON/OFF pairs, with four pairs having a 35mv threshold. Background 

sky noise effects the camera trigger in two ways. First, real events which would not 

ordinarily contain enough light to trigger the camera can be pushed over threshold by the 

addition of background sky light. Second it is possible for three photomultiplier tubes, the 

minimum number needed to fonn a coincidence, to randomly exceed the trigger threshold 

within the 25ns event trigger window. The result, from both cases, is an increase in the 

number of small, near threshold, events with increasing sky noise. This can cause large 

differences in the event rates with respect to different sky brightness levels. The effect of 

these "noise" events can be reduced by applying three simple filters to the data in software. 

The first of these noise filters is a requirement that the total signal, the summed pulse 

heights of all photomultiplier tubes after image cleaning, exceed 125 digital counts. This 

filter works by rejecting the smallest events which are most likely to be effected by sky 

noise. The value of 125dc is chosen because, for the visible photomultiplier tubes, a 

trigger threshold of 30mv corresponds to roughly 30dc as the minimum pulse height to 

trigger the photomultiplier tube. A three fold coincidence translates to a minimum event 

size of -90dc to trigger the camera. The value of 125dc is chosen as being slightly above 

this minimum event size. The second noise filter applied to the data is a proximity 

requirement that the three photomultiplier tubes which contain the largest pulse heights in 

an event be within 0.75° of one another. This filter rejects events where the 

photomultiplier tubes that are most likely to have triggered the camera, those with the 

largest pulse heights, are randomly spread out over the face of the camera. For genuine 

air shower events it is expected that three triggering photomultiplier tubes will be in close 

proximity to one another. The third noise filter demands that the WIDTH ofthe image be 
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greater than 0.073°. This filter eliminates extremely narrow events which are only one 

photomultiplier tube wide. These types of images result when a charged particle passes 

through the camera, thus inducing electron cascades in the photomultiplier tubes, which 

can trigger the telescope and result in images which are a line of photomultiplier tubes. 

These narrow images can also result when the telescope triggers with a signal in only three 

photomultiplier tubes, the minimum to trigger the hybrid camera, and one or more of the 

photomultiplier tubes are subsequently turned off in software because of high sky noise 

levels or image cleaning procedures. The result is images consisting of only one or two 

pmts which by definition are one pmt wide. 

Figure 7.4 shows the event rates for each ON/OFF pair before and after 

application of the noise filters. The data pairs are arranged chronologically along the x

axis starting with the first data taken in December 1994 and ending with the last pair taken 

in February 1995. In the plot of the raw event rates there are obvious large differences in 

the event rates of the ON and OFF runs in some pairs due to the presence of the moon. In 

the more extreme cases there are >200- differences in the number raw of events in a given 

ON/OFF pair due to the effect of different background brightness levels between the ON 

and OFF regions. After application of the noise filters the event rates become stable both 

with respect to individual ON/OFF pairs and over the entire data base. Note that the first 

12 pairs were taken under the brightest moon light conditions and this is where the noise 

filters have the most significant effect. For data taken near the full moon the noise filters 

remove as much as 70% of the recorded events. Data taken when the moon is less than 
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FIGURE 7.4. Event trigger rates before and after application of software noise filters. The average 
event rate per minute for all 46 data runs are shown. grouped as ON ( ... ·s) / OFF (o's) pairs. in 
chronological order. 



half full is reduced by less than 20% by the application of the noise filters. 

7.4 IMAGE PROCESSING 

The images are processed in a manner that is nearly identical to the standard 

Whipple procedure for regular visible data. This consists of five steps; 

1. Image calibration. This includes software padding, pedestal subtraction and gain 

nOimalization of all 109 photomultiplier tube ADC values. 

162 

2. Image cleaning. This is where photomultiplier tubes with unwanted signal are set to 

zero. 

3. Image parameterization. This is performed identical to the standard Whipple 

procedure with the inclusion of the UV parameter Hadronicity as described in chapter 

5. 

4. Application of noise filters as described above. 

5. Application of gamma-ray event selection criteria. 

The photomultiplier tube pedestal values are calculated according to the standard Whipple 

convention of fitting a Gaussian to the pulse height distribution built up from the sky 

pedestal data in each run. Since the photomultiplier tube gain factors are independent of 

the presence of the UV filter the gain normalization factors are taken from the regular 

visible data calibration files. These gain normalization factors are computed from special 

calibration files where the entire camera is directly illuminated by uniform light flashes 

from an Optitron Nitrogen pulser. This procedure is described in (Reynolds 1993) and is 

not subject to the radial bias of the system trigger topology ( described in chapter 5 ) 



which is found when the gain nonnalization factors are computed from air shower data. 

As such there is no need to apply any radial correction factor to the data. 
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The software padding listed in the first step of the image processing is a method of 

compensating for sky brightness differences between ON and OFF source regions (Cawley 

1993). The procedure uses the pedestal width differences between the ON and OFF 

source data to add an appropriate amount of random noise, as digital counts, to the less 

noisy data. This method has been used successfully by the Whipple collaboration to 

eliminate biases in the data caused by brightness differences in the background star fields 

of the visible camera (Cawley 1993). The ON/OFF brightness differences in the hybrid 

camera due to the moon are of the same order of magnitude as those encountered by the 

visible camera and thus software padding is used in the processing ofthe hybrid data. 

In the image cleaning step excessively noisy photomultiplier tubes have their ADC 

values set to zero. An excessively noisy photomultiplier tube is defined as any 

photomultiplier tube whose negative RMS sky pedestal width is greater than the average 

over all photomultiplier tubes by more than 1.5 standard deviations. Care is taken to 

ensure that any photomultiplier tubes which are zeroed in this manner are turned off in 

both the ON and OFF runs of a data pair. 

Since the photomultiplier tubes are operating under piled up sky noise the image 

cleaning procedure is identical to the standard Whipple procedure (Punch 1991). In this 

procedure the signal, in digital counts, in each photomultiplier tube, after calibration, is 

compared to the RMS noise level for that photomultiplier tube. If the signal exceeds the 

RMS noise by 4.25 standard deviations then that photomultiplier tube is considered to be 
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a 'picture photomultiplier tube'. If the signal in a photomultiplier tube is less than 4.25a 

noise but greater than 2.25anoise and is adjacent to a 'picture photomultiplier tube' then that 

photomultiplier tube is called a 'boundary photomultiplier tube'. Any photomultiplier tube 

not defined as either a 'picture' or 'boundary' photomultiplier tube has its ADC value set to 

zero for further data analysis. In this way photomultiplier tubes which contain a signal 

which is likely due to sky noise fluctuations are removed from the images. 

The image parameterization then proceeds exactly as described in chapter 5. 

At this point the similarity of the parameter distributions; for the parameters 

Length, Width, Brightness and Distance, between ON and OFF source data is evaluated, 

for each pair, by applying a reduced Chi-squared test to the data as described in Chapter 6 

for the solar blind UV camera. After noise filtering the shape of the parameter 

distributions in the ON and OFF source data are statistically the same. This shows that the 

combination of the noise filters, software padding and image cleaning is sufficient in 

eliminating any potential bias in the images due the presence of the moon. 

The data collected in the presence of the moon with the hybrid camera, after noise 

filtering, exhibits stable trigger rates and parameter distributions. There are no identifiable 

biases in the data due to the presence of the moon. At this point the data are ready to be 

analyzed for gamma-ray emission from the Crab Nebula. 
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7.5 GAMMA RAY SELECTION 

Since the combination of the UV filter and the visible pmts results in a primary 

sensitivity in the UV, candidate gamma-ray images are selected from the data by applying 

the shape and orientation cuts developed in Chapter 5 for the solar blind camera. These 

parameter cuts are summarized in Table 7.1. The image Brightness cut is now contained 

in the noise filter requirement that the Brightness exceed I50d.c .. 

TABLE 7.1 

0.63°~DISTANCE~ 1.1 0 

Shape Selection (LENGTH - WIDTH) ~ 0.20 

HADRONICITY ~ 0.1 

0.30 ~ FRAC2 ~ 0.50 

Orientation ALPHA~20° 

Selection 

This image selection is applied to the 23 pairs of data, representing 633 minutes of 

time ON source, taken with the hybrid camera. The analysis consists of applying the noise 

filters, shape and orientation cuts to the events in the ON and OFF source data. Events 

that pass the noise filter cuts are then selected according to the shape parameters given in 

table 7.1. Finally the events which pass both the noise filter and shape selection are 

considered to be candidate gamma-ray events if their orientation parameter, Alpha, is less 

than 200. Table 7.2 shows the total number of events each stage of the analysis. 
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TABLE 7.2 

# of events # of events # of events # of events 

before image after noise after shape after 

selection filtering selection orientation 

selection 

ON Source 121,773 74,576 4,442 1,131 

OFF Source 136,470 74,614 4,220 907 

Difference -14,697 -38 222 224 

0"* -28.92 -O.l 2.4 5.0 

Rate y/s 5.8x10-3 

* .. ... on-off 
StatIstIcal slgruficance IS calculated as 0" = -;:::=== 

.Jon +off 

The result of the analysis is an excess of224 gamma-ray-like events in the ON 

source data with a statistical excess of 5.00". This excess corresponds to an observed rate 

of gamma rays from the Crab of5.8xlO-3y·s-l. The Alpha plot (Figure 7.5) clearly 

shows the excess of shape selected events for Alpha values less than 20°. 

As was done for the solar blind camera the sensitivity of the signal is tested with 

respect to the presence of the moon by plotting the statistical significance excess of each 

ON/OFF pair against the difference in the ON/OFF noise levels for each pair. Figure 7.6 

shows there is no bias in the signal with respect to the relative brightness difference 

between ON and OFF source regions. 
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FIGURE 7.5. Distribution of the orientation parameter, ALPHA, for events which pass the shape 
selection criteria. Distributions are shown for ON ( solid line) source data and OFF ( dashed line) source 
data. 
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FIGURE 7.6. Scatter plot of the ON/OFF sky noise difference vs. the signal significance for all 23 data 
pairs. The noise level for a given run is calculated as described for Figure 7.3. The noise difference is 
calculated as Noiseon - Noiseoif' 
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7.6 ENERGY THRESHOLD ESTIMATE 

In the absence of Monte Carlo simulations ofthe performance of the hybrid 

camera an estimate of the energy threshold can be obtained by assuming an effective 

collection area that is intermediate between the visible and solar blind UV cameras. Since 

the hybrid camera exhibits characteristics of both the visible and solar blind cameras it is 

reasonable to consider their established values of Aeff to be upper and lower limits for the 

hybrid camera. The median value of the visible (Aeff=2.7xl04 m2) and solar blind (Aeff 

=1.8x104 m2) cameras gives Aeff=2.2x104 m2 as the best estimate for the hybrid camera. 

Using the established Crab Nebula gamma-ray flux as measured by the visible camera 

(Lewis 1993) and scaling the energy threshold to match the observed rate of5.8xlO-3 y·s-l 

detected by the hybrid camera produces an energy threshold of 

Elh = 0.5 TeV. 
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CHAPTER 8 

CONCLUSIONS 

With the successful detection ofTeV gamma rays from the Crab Nebula, with two 

separate UV versions of the Whipple camera, the feasibility of extending the atmospheric 

Cherenkov imaging technique into periods of bright moon light has been established. By 

reducing sensitivity to light above 300nm it is possible to operate an imaging detector in 

the presence of the moon. Observations made under these conditions yield data which is 

stable and unbiased by the presence of the moon. The images obtained in this manner 

contain enough information to permit efficient discrimination of gamma-ray initiated air 

showers from the background. 

8.l GAMMA-RAY ASTRONOMY IN THE PRESENCE OF THE MOON 

Table 8.1 compares the performance of the two UV sensitive cameras and the 

visible camera as gamma ray detectors. Of the two methods for observing in the UV the 

approach of the hybrid camera is clearly more sensitive. The ability to detect a source 

with the strength of the Crab at the 30- level in 4 hours of observation represents a level of 

sensitivity that is useful for the study of objects of astrophysical interest. 

The detection by the solar blind camera has demonstrated that high energy air 

showers can be imaged at wave lengths below 300nm and that the properties of these 

images agree with predictions made by Monte Carlo simulations using an appropriate 

model for atmospheric attenuation at these wavelengths. The combination of solar blind 
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pmts and a liquid filter is highly insensitive to the bright background produced by the 

moon and stars in the field of view of the camera. In this sense the detection ofthe Crab 

Nebula by the solar blind camera is important in that it eliminates the possibility that earlier 

detection's of the Crab, in visible sensitive cameras, were due to a systematic 

Table 8.1 

Visible Camera Solar Blind UV Hybrid Camera 

Camera 

Spectral sensitivity 180nm - 700nm 180nm - 300nm 180nm -? 

peak Q.E. 30% at400nm 15% at 280nm 25% at 280nm 
AveragePMT 3 to 5 0.00 I to 0.040 I to 5 

sky noise p.e. 1 25ns 1 pmt p.e. 1 25ns 1 pmt p.e. 1 25ns 1 pmt 
Trigger threshold 2/91 > 40p.e.'s 3/91 > 4p.e.'s 3/91 > 30p.e.'s 
Energy threshold'" 250GeV 900GeV 600GeV 
Effective collection 3.5xl04 m2 1.7xlO4 m2 2.6x104 m2 

* area 
Observed rate of y's 1.5 y 1 min 0.06 y 1 min 0.35 y 1 min 

from the Crab 
On source time to 
achieve 50' on the < 1 hr -30 hr - 10 hr 

Crab Nebula 
• Energy threshold and collectIon area are for a pomt source of gamma rays WIth a differentIal spectral 
index of -2.1. 

effect from the presence of the star't Tauri within the field of view of the camera. It is 

also significant that this detection provides an independent estimate of the gamma-ray flux 

from the Crab which is consistent with other measurements. Unfortunately the sensitivity 

of the solar blind camera, as a gamma-ray detector, is disappointingly low due to the high 

energy threshold imposed by atmospheric attenuation at wavelengths below 300nm. 

However the experience gained from the development of the solar blind camera, with 
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respect to operating in the presence of the moon and characterizing the air shower imaged 

in the UV, led directly to the rapid development of the hybrid camera. 

The emergence of the hybrid camera as an efficient gamma-ray detector is a 

testament to the fundamental robustness of the imaging technique. This camera, with its 

good sensitivity, represents an important addition to the TeV gamma-ray community. 

Perhaps more important than the increase in duty cycle, presented by the hybrid UV 

camera, is the ability observe without interruption due to the moon cycle. The discovery 

of day scale variability in the Te V gamma-ray flux of Markarian 421 (Kerrick et al. 1995) 

emphasizes the significance of being able to observe, weather permitting, through the lunar 

cycle. It should be noted that the first gamma-ray flare seen from this object occurred one 

day before the moon made further observations impossible with the visible camera. Had 

the hybrid camera been available at that time the flare could have been followed over the 

next several days. Another observing program at the Whipple observatory that will 

immediately benefit from the hybrid camera is the search for a TeV counterpart to 

Gamma-Ray Bursts (GRBs) through participation in the BACODINE burst notification 

network. As a part of this program the Whipple Observatory receives immediate 

notification of any GRB which is detected by the Compton GRO satellite. With the burst 

coordinates provided with the notification, the 10 meter telescope can be aimed at the 

location of the burst. Already one burst notification has been observed with the hybrid 

camera and this data is currently being analyzed. 

The Whipple collaboration has, over the last couple of years, begun to participate 

in coordinated multi-wavelength studies of interesting astrophysical objects. Simultaneous 

observations of objects at radio through TeV gamma-ray wavelengths are just now 



becoming feasible with the maturation of the ground based imaging technique at TeV 

energies. The hybrid UV camera will increase the ability of the Whipple observatory to 

participate in these multi-wavelength campaigns. 

8.2 PLANS FOR THE FUTURE 
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The primary scientific motivation for the solar blind UV camera has always been 

to perform cosmic ray measurements within 10 of the moon as part of the ARTEMS 

experiment (see Appendix A) to measure the proton/anti-proton ratio in the cosmic ray 

spectrum. The development of the camera as a gamma-ray detector has two objectives. 

One objective was to establish the feasibility of conducting gamma-ray observations in the 

presence ofthe moon. The second objective was to understand the operating 

characteristics of this new camera in a relatively quiet environment, more than 100 from 

the moon, and with respect to a known signal as a prelude to analyzing the ARTEMIS 

data. Now that the noise and imaging qualities of this camera are well understood as a 

gamma-ray detector the analysis of the ARTEMIS data can proceed using this work as a 

solid foundation to build upon. Some of the difficulties associated with analyzing this data 

are discussed in Appendix A. 

The success of the hybrid camera as a gamma-ray detector has resulted in plans to 

integrate it into the regular observing program of the Whipple observatory. Observations 

have begun on Markarian 421 with preliminary results showing a signal at the 2.80' level 

from 5.5 hours of data. In May 1995 the observatory will participate in a multi

wavelength campaign to observe Markarian 421 from radio to TeV gamma rays. Part of 



this campaign will occur during the bright period of the moon phase and as such 

obsetvations will be conducted with the hybrid camera as well as the visible. 
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There is much room for possible improvement of the hybrid camera. The initial 

work done with this camera has proceeded directly from experience gained from the solar 

blind camera. No attempt has been made to optimize the operating conditions and data 

analysis methods used for the hybrid camera. Operating conditions such as the 

concentration of the liquid solution used in the UV filter and the precise trigger condition 

used can most likely be optimized to yield better performance. For the data analysis it 

should be noted that when the data in Chapter 7 is analyzed using supercuts, the standard 

visible analysis, a 30' signal is obtained. The fact that two separate methods of analysis, 

developed for images as seen in UV and visible light respectively, both extract a signal 

from the data is evidence that the camera is truly a hybrid. The images recorded by the 

hybrid camera evidently contain characteristics of images as seen in both the visible and 

solar blind cameras. It is reasonable then that the optimal data analysis procedures for the 

hybrid camera will contain elements of supercuts and the solar blind analysis package. The 

next step in fully developing the capabilities of the hybrid camera is to perform a full 

Monte Carlo simulation of the camera performance in the appropriate waveband. This 

will allow the most efficient analysis method to be developed and will provide an accurate 

estimate of the true energy threshold and effective collection area of the camera. 

With the development of the hybrid camera the ground based gamma-ray 

community has gained a new tool which eliminates a major limitation that, until now, has 

been inherent to the imaging technique. 
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APPENDIX A 

ARTEMIS 

The 10ng-tenn scientific motivation for the development of the solar-blind UV 

version of the Whipple camera is the ARTEMIS project (Urban 1990). ARTEMIS (Anti

matter Research Through the Earth Moon Ion Spectrometer) proposes to measure the 

matter to anti-matter ratio of the cosmic ray flux at Te V energies. Measurements of pip 

at energies of I-lOGe V give a higher ratio than is expected for anti-matter created within 

the galaxy from (matter) cosmic ray collisions with galactic matter. Models by Stecker 

(1985), which assume an extra-galactic source of anti-matter to explain the observed pip 

ratio at l-1OGeV, predict this ratio to be 10% at energies ofa few TeV. Figure A.1 

shows the predictions of this model along with the lower energy measurements and 

predictions of the sensitivity attainable by ARTEMIS with a year's worth of observations. 

The ARTEMIS observing strategy makes use of the moon's shadowing effect of 

charged cosmic rays to measure pip. This strategy is shown pictorially in Figure A.2. In 

the absence of the moon the flux of cosmic rays initiating air showers in the upper 

atmosphere is isotropic. When the moon is present, it will absorb those cosmic rays which 

strike it, thus preventing these particles from initiating air showers in the atmosphere. In 

the absence of the earth's magnetic field, or for neutral particles, the result of cosmic rays 

striking the moon would be a deficit in the flux of air showers originating from the area of 

the sky occulted by the moon or a 'moon shadow'. With the presence of a magnetic field 

about the earth charged particles are deflected along an east-west line. 
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FIGURE A.l. The ratio of antiprotons to protons as a function of energy (Stecker 1985). The solid 
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curve shows the quantitative estimate by Stecker and Wolcndale assuming an extragalactic contribution of 
anti-matter. The dotted curve represents the expected sensitivity of the ARTEMIS experiment after one 
year of operation. 
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Thus the shadow of the moon will be shifted in the east-west direction depending on the 

energy and charge of the of the cosmic rays. The result is a series of moon shadows 

whose positions are determined by particle energy and charge. The shadow due to 

positively charged cosmic rays (matter) will fall to the west of the moon while the 

corresponding negatively charged cosmic-ray (anti-matter) shadow will fall to the east of 

the moon. Figure A.2 shows the position of the moon's shadow for protons, anti-protons, 

a. particles and anti-a. particles at an energy of 1 TeV I nucleon. The angular separation of 

the shadow from the moon caused by the earth's magnetic field is given by ~e(mrad) = 
30ZlE[TeV] (Urban 1990), where Z is the charge of the nucleon. This results in a center 

to center separation of the moon and moon's shadow of 1.7° for protons at 1 Te V. 

The observational strategy is then to measure the deficit of cosmic-ray air showers 

in the area of the expected ITeV proton shadow and the corresponding deficit in the area 

of the anti-proton shadow. The ratio of the measured deficits is the desired pip ratio. 

Observations offset from the moon by 1.7° in the north-south direction are made as 

control sources to measure the unimpeded cosmic ray flux. The requirement of operating 

the camera this close to the moon is the overriding consideration in the design of the solar 

blind UV camera and the liquid UV filter in terms of the required suppression of visible 

light. 

During the two years of observations with the solar-blind UV camera, ARTEMIS 

data were taken at four positions around the moon, the regions of the proton and anti

proton shadows at 1 TeV energies and the corresponding north-south control regions. 

Table A.I summarizes the observations made during this two year period. 
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Table A.l 

Source Hours of observation 

Proton Shadow 60 

Anti-Proton Shadow 20 

North Control Region 20 

South Control Region 20 

The analysis ofthis data faces several challenges which have not before been considered 

with this type of detector. The most severe challenge is to properly understand the 

performance of the camera when operated in such close proximity to the moon. Another 

challenge is the fact that the 1 O-meter telescope and camera were designed, studied and 

optimized for the detection of gamma-ray air showers, not hadronic showers. In order to 

make the most sensitive pip measurement possible infonnation on the energy, species, and 

point of origin in the sky must be obtained for each shower. For example, the shadow for 

2TeV helium nuclei overlaps the 1 TeV proton shadow and so these showers must be 

subtracted from the data taken on the proton shadow. These characteristics ofhadronic 

showers have not been studied, with respect to the 1 O-meter telescope, in much detail. 

Because of the larger statistical fluctuations in the development ofhadronic showers, and 

the non-symmetrical development of the cascades, the energy and orientation information 

is much less well defined than is the case for purely electromagnetic air showers. The 

problem of cosmic-ray species separation is one which has never before been considered 

with this detector. 
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As a first step to understanding the perfonnance of the solar blind UV camera the 

gamma-ray observations of the Crab Nebula were analyzed first. The observations of the 

Crab contain a known signal (gamma rays) in a, comparatively, stable and noise free 

background. Thus the Crab data is the ideal starting point for analysis leading to the 

understanding of the ARTEMIS data. The successful detection of gamma rays from the 

Crab has provided a fundamental understanding of the camera which can be used as a 

foundation for the study of the ARTEMIS data. The analysis of the ARTEMIS data is 

now underway at Palaiseau, France, under the direction of Marcel Urban. 

In the absence of an analysis of the ARTEMIS data, we can still place a loose 

upper limit on the ratio of matter to anti-matter in the cosmic ray flux above TeV energies 

by making use of a published report on the angular resolution of the Tibet air shower array 

(Amen omori 1993). The above described moon shadowing effect is routinely used by 

ground based air shower arrays to determine the angular resolution of the array. The 

Tibet group presents the results of the calibration of their array in this manner at an 

estimated energy threshold of7TeV. Figure A.3 shows the results of the Tibet 

observations on the moon where the moon shadow to the west of the moon is clearly 

detected at the 7.1 cr level. If the flux of cosmic rays was entirely composed of anti -matter 

the shadow would be displaced to the east of the moon rather than to the west. In order 

to qualitatively estimate the maximum amount of anti-matter in the cosmic ray flux, which 

would be compatible with the Tibet data, the perfonnance of the Tibet array is simulated 

with respect to different mixtures of anti-matter/matter in the cosmic rays. For simplicity 

the cosmic ray flux is assumed to be composed entirely of singly charged hadrons in an 

energy range of 1 to 40TeV, with the energy distribution chosen according to the 

instrumental response of the Tibet array. A magnetic deflection of d9(mrad) = 30/E(TeV) 
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FIGURE A.3. Distribution of arrival directions of air showers in a box 2° x 2° centered on the position 
of the moon as recorded in the Tibet air shower experiment (Amenomori et al. 1993). 
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is used. A total of 120,000 events are injected into a 4° by 4° area of sky, centered on the 

moon, with random arrival directions. Particles whose trajectories intersect the moon are 

rejected. The surviving events are scattered within the stated angular resolution of the 

array (0.67°) and binned into 0.125° by 0.125°bins. The data were then smoothed over all 

adjacent bins, as per the procedure reported in the Tibet paper. The results are shown, 

relative to an assumed unifonn background, in Figure A.4 for mixtures of 0%, 30%, 50% 

and 100% pip. By visual inspection we can conservatively state that the Tibet result is 

consistent with the cosmic ray flux containing no more than 30% anti-matter. This result 

has been published in Nature (Chantell et al. 1994). 
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FIGURE A.4. Simulations of the arrival directions of a similar number of events as shown in Figure 

A.3 assuming different contributions of P (Chant ell et aI. 1994). 
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APPENDIXB 

10-METER TELESCOPE COMPUTER-CONTROL ED TRACKING SYSTEM 

During the summer of 1992 the computer-controlled tracking system for the 10-

meter telescope underwent a major up grade. The original tracking system was built 

around an Apple lIe computer with the interface software written in the FORTH language. 

This system kept track of the telescopes position and was capable of controlling the 

motion of the telescope to keep it pointed at a celestial object. The need for a more 

sophisticated system became apparent during the initial planning for the ARTEMIS 

observing program (see Appendix A). In order for the telescope to track the motion of 

the earth's moon, which differs from the motion of the background stars, algorithms were 

needed for the existing software. It turned out that, in terms of memory and processor 

speed, the existing Apple tracking system was incapable of meeting the requirements of 

ARTEMIS. At this time it was decided to re-build the tracking interface around an 

80386-based Pc. This new tracking system was designed to meet the needs of the 

ARTEMIS observing program and to enhance the existing visible observing program. 

B.1 OVERVIEW OF THE TELESCOPE CONTROL SYSTEMS 

Telescope control involves keeping track ofthe position of the telescope and 

controlling the motion of the telescope along both axes of motion (azimuth and elevation). 

The position of each axis of the telescope is unambiguously determined by means of 

synchro-to-digital shaft encoders. A synchro (Figure B.1) consists of a rotor 
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ROTOR 

FIGURE B.l. Schematic of a syncbro (ICc 1990). 
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which is surrounded by a cylindrical stator. A reference AC voltage sent through the 

rotor induces an AC signal in each of the three stator outputs. The phase of the signal in 

each stator output, relative to the other stator outputs, is uniquely determined by the 

rotation angle of the rotor within the stator. Each axis of motion uses two synchros 

whose rotors rotate, at a ratio of 1: 1 and 1: 10 respectively, with the drive gear. The 

outputs of the four synchros are sent directly to a pair of analog dials, in the control room, 

which display the telescope position in azimuth and elevation in degrees according to the 

1: 1 and 1: 10 ratios. 

The motion of the telescope, along each axis, is controlled by a DC voltage output 

to the motors. The direction of motion on each axis is determined by the polarity of the 

DC voltage sent to the motor and the speed by the magnitude. 

The telescope can be controlled manually through a mount 12ositioner and £ontrol 

ynit (MPCU) in the electronics room. This unit contains the analog dials which read the 

synchro outputs and also allows the DC output to each axis to be set by a dialing a 

potentiometer. 

All of the system described to this point was designed as part of the telescope by 

the manufacturer Scientific Atlanta. 

B.2. COMPUTER CONTROL OF THE MOUNT INTERFACE 

Computer control of the telescope is accomplished by sending the signals to and 

from the MPCU, through a custom-built mount interface unit, to a custom built 110 card 
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in the PC. The positional information from the telescope is available to manual interface 

and the computer simultaneously. The ability to drive the telescope is determined by a 

switch for each axis, so that each axis can be independently controlled either manually or 

by the computer. 

The positional information from the stator lines of each synchro are connected in 

parallel to the appropriate analog dial, in the MPCU, and to a ~nchro-to-Qigital ~onverter 

(SDC) in the mount interface. Each SDC decodes the three stator outputs from a synchro 

with a resolution of 10 bits. Thus the 1: 1 synchro on each axis can be read out to an 

accuracy of 0.35°. The 1:10 synchros extend this resolution down to 0.035° but reset 

themselves every 10°. The output of the SDC's for each axis are sent to the interface card 

in the PC where the information is available to the tracking control software. The 

software uses the 1: 1 synchro information to determine the position of each telescope axis 

to within 10° and uses the 1: 10 synchros to get to within 0.04°. 

The DC voltage output that drives the motor for each axis is generated on the PC 

interface card by an eight-bit analog-to-digital converter. The maximum speed of either 

axis corresponds to a magnitude of 1 OV. The entire possible range of output voltages for 

each axis is then -1 OV to + 1 OV. This gives a maximum resolution of 0.08V steps for 

speed control on each axis. 

Computer controlled tracking of celestial objects is accomplished by providing the 

computer with the right ascension and declination of the object to be tracked. The 

computer uses the local time and latitude ofthe observatory to calculate the object's 

position in the sky in azimuth-elevation coordinates. This position is updated several 
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times per second. The computer then compares the position of the telescope and object 

for each axis of motion and sends the appropriate voltage and relay commands to move 

the telescope towards the position of the object. Once the telescope has reached the 

position of the object tracking is maintained by a series of drift scans. This is performed 

by moving the telescope ahead of the object by 0.03° and stopping the telescope. The 

object is then allowed to drift past the telescope until the telescope falls behind the object 

by 0.03° at which time the telescope is slewed ahead of the object and the procedure is 

repeated. 

This method oftracking, through successive drift scans, is necessary because the 

resolution of the output voltage, 0.08V steps from the PC, which sets the speed of the 

telescope is not sufficient to allow continuous speed tracking. When this is attempted the 

telescope is always moving either too fast or too slow to maintain tracking on the object. 

The result is that the telescope is constantly switching speeds and directions in an attempt 

to match the speed of the object. The method of successive drift scans is easily 

implemented and maintains a sufficiently high degree of point accuracy considering the 0.2 

° pixel diameter of the camera. Tests show that the tracking accuracy of the new system is 

0.02°±0.02°. 

B.3. IMPROVEMENTS OVER THE APPLE TRACKING SYSTEM 

When the new tracking system was designed, two significant improvements were 

made to the telescope position read-out electronics. First, the accuracy with which each 

synchro is read out was improved from 8 bits to 1 Obits, increasing the resolution from 

0.07° to the current 0.04°. The Apple computer used in the original tracking system was 
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an 8 bit machine which is why only 8 bits from the SDCs were used. The second 

improvement was in making use of both synchros on each axis of motion. The Apple 

tracking system used only the 1: 10 synchro on each axis to determine the telescopes 

position. The 1: 1 0 synchro was used to determine position within 10° increments, which 

10° interval the telescope is in was kept track of by counting the number of times the I: 10 

synchro turned over. This required the position of the telescope to be entered into the 

computer as a reference point every time the system was powered up. For reasons that 

are still unknown this system would occasionally lose track of where it was in azimuth by 

a factor of 10°. Since the new tracking system uses the 1: 1 synchros to detennine the 

telescopes position unambiguously this problem no longer exists. 

This new tracking system also contains a correction to the elevation position read 

out to account for a 0.16 ° shift that occurs when the telescope raises above 45° elevation. 

This shift is the result of slack in the meshing of the elevation drive gears. The balance 

point of the telescope occurs at an elevation of 45°. When the telescope passes through 

this balance point there is a 0.16° shift in the position of the telescope that is not recorded 

by the synchros which are connected to the drive gear. 

In addition to the improvements in the tracking capabilities of the system, the 

capabilities of the tracking software have also been expanded. The new system automates 

several nightly procedures. In order to ensure that the computer is reading the telescope 

position and calculating source positions correctly, each source observed during a night is 

accompanied by a pointing check where the telescope is given the coordinates of a nearby 

bright star. If all is well with the telescope tracking this bright star should appear in the 

center of the field of view of the telescope, as recorded by a CeD camera which is co-
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aligned with the optic axis. This procedure is automated for each source in the standard 

source list and is accomplished by the push of a single button. Moving the telescope to 

the zenith, for nightly system performance files, and moving the telescope back to the 

stow position are also automated. The new software includes the ability to enter object 

coordinates from any epoch and then precess the coordinates to the current day. 

Information about the telescope and source status can be written to disk during the course 

of the night to provide a log of the telescope's activity. Of course the new system also 

meets the needs of the ARTEMIS observing program and includes algorithms which allow 

the telescope to track positions near the moon. 
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