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ABSTRACT
Very high energy y-ray astronomy in the energy range above 100 GeV has
made dramatic progress through the development of imaging atmospheric
Cherenkov telescopes (IACTs). The technique has been pivotal in the
establishing the existence of a number of discrete y-ray sources. Normally
due to the presence of stars in the field of view (FOV), a number of
photomultiplier tubes (pmts) in the camera has to be turned off. This may
have the effect of distorting some images that happens to be in that part of
the camera. This may in turn affect the y-ray sensitivity of the telescope.
The present study aims to shade some light on this possible effect.
Experimental data on the extragalactic y-ray source Mrk 421 measured
using the 10-m Whipple IACT were used for this purpose because of its
relative dark FOV compared with other sources; e.g. the Crab nebula. To
simulate the presence of star(s) in the FOV, the analysis program selects
randomly a number of clusters of pmts to be turned off in the software. The
pmts in each cluster have to be adjacent to each other (neighbors) and the
selected clusters have to be separated from each other. The significance of
the detected signal and the y-ray rate were then determined and compared
with the original results. Clusters of 2, 3 and 4 pmts were used. The number
of clusters was increased up to 12 clusters at various distances from the
center of the FOV.
Keywords: Gamma Ray, Cherenkov Telescope, Stars.

1. Introduction
Major discoveries were recently achieved in the field of y-ray astronomy. The
observations are carried out using ground-based imaging atmospheric Cherenkov
telescope (IACT) [1-4]. Cherenkov light is generated by extensive air shower (EAS)
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particles in the upper atmosphere. Typically, an IACT consists of a reflector to collect
and focus the Cherenkov light and a multi-pixel camera at the focal plane. The 10-m
Whipple telescope at Mt. Hopkins, Arizona, USA, (longitude 110° 53.1' W, latitude
31° 41.3' N, elevation 2,300 m above sea level) has been the key experiment in the
progress of the field.

Fig. 1. The Whipple 10-m IACT situated on Mt. Hopkins, Arizona, USA. The high
resolution camera is shown (top right). The mirrors are arranged on tubular framework
which gives a 7.3 m radius bowl with a 10 m aperture. A close view of one mirror is
also shown (down right).

2. THE 10-M WHIPPLE IACT
The 10-m Whipple telescope was originally built in 1968 and numerous
modifications have been made to improve its sensitivity and performance. The current
status of the telescope after the last upgrade (GRANITE III) can be found elsewhere
[5]. Fig. 1 shows a view of the multiple mirrors Whipple telescope. It has DavisCotton formation where spherical mirrors are mounted on spherical structure [6]. It has
the advantage of avoiding spherical aberrations, even though the individual facets are
spherical. This optical design produces an excellent optical image over a wide field. A
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disadvantage of such design is that the transit times of light from different mirrors to
the focal surface are different. This introduces a time spread of ~ 6 ns to the detected
Cherenkov light pulse [7] and consequently increases the integration time of the light
pulse. This allows more night sky noise in the image.
The optical reflector support structure of the 10-m Whipple telescope is made
of tubular steel. The reflector composes of 248 front-aluminized mirrors. The Al
coating is anodized to give a hard wearing coating of high reflectivity in the blue and
near UV wavelengths [8]. Each of the mirror facets is a 1 cm thick polished glass and
has a hexagonal shape with diameter 61 cm and radius of curvature of 14.6 m (f= 7.3
m). The facet shape facilitates appropriate close-packing on the support structure
covering a 75 m2 area. The reflector is an_/70.7 system. The telescope is equipped with
a camera composed of 490 fast pmts; the inner part of the camera has 379 pmts
(Hamamatsu model #R960) with 13 mm diameter (0.12° in the focal plane) and the
outer part has 111 pmts (Hamamatsu model #R1398) with 28 mm diameter (0.25° in
the focal plane). They are arranged to cover a field of view (FOV) of about 4°. In
addition, aluminized light-collected cones are placed in front of the camera to reduce
the dead space between the pmts. It increases the amount of light collected by the
camera by ~ 38% [5].
The Cherenkov light from the EAS is focused onto the array of pmts, forming
an image. The output of the pmts is an analog pulse with a rise time of 2 ns and has a
width of approximately 6 ns due to the extended nature of the EAS. An additional time
spread of 6 ns is introduced by the spherical shape of the dish, as mentioned above.
These pulses are then taken to the electronics counting house via a 130 ft RG58
coaxial cable. Due to dispersion in the cable, the pulses are widened by an additional •-'
5 ns, so that by the time the pulses arrive at the counting house, the pulses have widths
over 15 ns.

3. DATA ACQUISITION SYSTEM
The electronics used in the data processing are standard CAMAC and NIM
modules. Signals enter the electronics through coaxial cables from the pmts and are
sent into a xlO amplifier. The amplifier produces two outputs, one of which is sent
through a 120 ns delay, and the other into the trigger logic where discriminator
modules determine if a true Cherenkov event occurred. The trigger logic pulse first
goes to a constant fraction discriminator (CFD), each channel of which gives a 50 mV
output if the signal coming into it is above a predetermined threshold. The outputs of
all of the discriminator channels are summed, creating a pulse proportional to the
number of tubes that were above the threshold. This pulse is sent to the logic module
where, if the summed output exceeds a predetermined pulse height corresponding to a
multiplicity of two or more tubes being triggered, then the system is triggered. For
events that fulfill the trigger requirements, a pulse is sent to analog-to-digital
converters (ADCs) opening a read gate, allowing the signal from the delayed output of
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the amplifiers to be integrated. The signals are converted to digital counts proportional
to the integrated charge of the signal. For every trigger, the event is time stamped
using a GPS clock and a 10 MHz oscillator to yield arrival times with an absolute
accuracy of a few JIS and a relative accuracy of 0.1 u.s. The ADC gate width (the
integration time of the ADC) was set to 25 ns to accommodate the broadening of the
signal due to the optics and dispersion through the cables.

4. IMAGE PREPARATION
Four calibration operations must be carried out to the raw data before the
analysis. The first two operation are the subtraction of the pedestal ADC values and
noise cleaning. The third process is the normalization of the pmt gains (gain matching
or flat-fielding of the camera). The final one is software noise padding.
4.1 Cleaning and Calibration
Events seen by the system are recorded as an array of digital counts obtained
from each channel of the ADCs. These events must then be "cleaned" in order to
determine which channels contain a genuine Cherenkov light signal and which contain
only night sky noise. Each ADC channel has a small offset (pedestal) that is present in
the absence of a signal. These pedestals allow the measurement of small negative
signals arising from night sky noise fluctuations. The pedestal and pedestal variance
are calculated from the pulse height spectrum of injected events. First, the pedestal
value of the ADC is subtracted from the signal in each channel.
Next, it is determined which pixels are to be considered part of the picture, part
of the boundary, or neither. A pixel is considered part of the picture if the signal
recorded from that pixel is at least 4.25 times the standard deviation of the pedestal
distribution for that channel. To be a boundary of the picture, the channel must have a
signal not less than 2.25 times the standard deviation of the pedestal distribution and
be adjacent to a channel that is part of the picture. The pixels passing the picture and
boundary cleaning together make up the image of the Cherenkov event. If neither of
these conditions are met, the channel is not considered to be part of the image and its
value is set to zero.
Surviving pixels must also undergo flat-fielding. This normalization
compensates for the differing gain of each pmt. The gain factors are calculated from
calibration data taken each night. This is achieved by uniform illumination of the
camera by 1 kHz nitrogen arc larnp located at the centre of the reflector. Thus the gain
factor of each pmt can be calculated. These factors are used to scale each ADC value.
In observing modes where background counts are estimated from control runs,
biases can be introduced if the sky region has a different brightness than the source
observation. This bias can greatly affect which tubes are selected to be on the
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boundary of an image and thus distorts the Cherenkov images. A software technique
has been developed to correct for these biases introduced by the differing fields. The
technique, known as noise padding [9], injects additional software generated noise into
the events of the darker sky region.

Fig. 2. Illustration of the image parameters. C is the centroid of the image.

4.2 Image Parameterization
Images produced by cosmic-ray protons tend to be broad due to the large
transverse momentum associated;\vith the strong interaction. Their shapes are rather
sporadic patches of light. On the other hand, y-ray produced images are compact and
tend to point towards the centre of the camera. For each registered event, parameters
(also known as Hillas parameters) are calculated using a moment fitting routine. In this
procedure, the distribution of light in the camera plane is fitted to an ellipse [10]. Table
1 lists some parameters and.tiiey are also illustrated in Fig.2. Based on these
parameters a selection of y-ray events can be achieved.
A major advance in TeV astrophysics began with the implementation of the
imaging technique, allowing a large fraction of hadronic events (over 99%) to be
discarded. The 10-rn telescope is most often triggered by one of four main types of
events: y-ray showers, hadronic showers, local muons, and night sky noise. An
example of each of these events after pedestal subtraction and picture/boundary
cleaning are shown in Fig. 3. As can be seen in Fig. 3, y-ray events tend to be very
localized, having most of their light concentrated in small number of tubes and
oriented such that their long axes point to the center of the camera. On the other hand,
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cosmic-ray events tend to be much broader in their light distribution and randomly
oriented.
Table 1. Definition of some major image parameters together with their relation to the
characteristics of the shower.
Parameter
Definition
Meaning related to shower
development
Size
total number of digital count
size (energy) of the shower
Width
rms spread of light along the
measure of the lateral
minor axis of the image
development of the cascade
Length
rms spread of light along the
measure of the vertical
major axis of the image
development of the cascade
Distance
distance from the centroid of the
a measure of the impact distance
image to the center of the FOV
of the shower axis
the
angle
between
the
major
axis
a
y-ray showers should produce
of the ellipse and a line joining the elliptical image with a major
centroid of the ellipse to the
axis pointing towards the centre
center of the FOV
of the camera (small a).
miss
the perpendicular distance
a measure of the shower
between the major axis of the
orientation
image and the center of the field
of view
Azwidth
rms. spread of light perpendicular
to the line connecting the centroid
of the image to the center of the
FOV.

5. Stars
The presence of stars in the FOV of the 10-m camera forces the observer to turn
some pmts off because of the relatively large amount of light coinciding on them
during the observing time. The position and number of pmts that have to be turned off
during any observing target varies for two reasons. First, some targets are located in
regions of the sky with one or more shining stars. Important here is those stars with
high luminosity in blue light. This is naturally dependent on the atmospheric condition
and the observing zenith angle. The second reason is that some pmts are either turned
off because they are noisy or they do not deliver signals due to some electronic failure.
In such a case, the pmts are not included in the observation till they are replaced by
other pmts or the electronic problem is fixed.

6. Data Set and Analysis Method
It is important to evaluate the effect of the number and position of pmts that
may be excluded from the camera for the above reasons on the y-ray signal from
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astrophysical sources. On/Off mode of observation uses a strategy in which data are
taken by tracking the putative source position (On) for some length of time, typically
28 minutes. This is followed by a control (Off) run in which data are collected for an
identical length of time from a position that is 30 minutes in right ascension later than
the On source (allowing for a two minute slew time). This allows the Off run data to
be collected at the same azimuth and elevation angles, removing any biases due to the
Cherenkov event rate's dependence on zenith angle.
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B) Cosmic Ray
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D) Sky Noise

C) Local Muon

Fiig. 3. Examples of events recorded by data acquisition electronics after pedestal
subtraction and picture/boundary cleaning; gamma-ray event, cosmic ray event, local
muon and sky noise.
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Fig. 4. The distribution of the pmts in the inner part of the camera. The dark pixels are
those turned Off in one or more run of the Mrk421 data used in this study.

Mrk421 data of 2001 flaring were used in this study because the FOV is
relatively dark. Hence, the number of off-pmts in these observations were not large.
The other reason is that these data are rich y-ray events which would allow to test the
change of significance and y-ray rate. For example the Crab data is not suitable for this
investigation because of the bright FOV. Originally, 24 On/Off runs from Mrk421 data
were selected with good atmospheric conditions and relatively high elevations. Any
pmt that turned Off during the observations in at least one of the selected runs has to
be turned Off in the software for all the other runs. Therefore, only 6 On/Off runs were
finally selected out to minimize the number of the Off-pmts. These 6 On/Off pairs had
only a sum of 18 pixels out of the 379 pmts that were not included in any events
registered in the studied data set as shown in Fig. 4. The elimination of only this
limited number of pixels is hard to be achieved if the FOV of the studied object is
relatively bright.
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Fiig. 5. The variation of the calculated detection significance on the number of clusters
of pmts turned Off in the analysis program for clusters containing 2 and 3 neighboring
pixels. The vertical lines mark the original significance ±SD.
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Fig. 6. The variation of the calculated y-ray rate on the number of clusters of pmts
turned Off in the analysis program for clusters containing 2 and 3 neighboring pixels.
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The data was analyzed and the statistical significance between the On and Off
runs and the y-ray rate were then calculated. The data was re-analyzed after turning a
cluster of pixels (a number of adjacent pixels) Off in the software. These pixels were
chosen randomly before the data analysis. The only restriction was that the selected
group of pixels were not adjacent to any of the Off-pixels shown in Fig. 4. This was
repeated 30 times for another randomly selected clusters. The average value of the
statistical significance and y-ray rate were then determined. This procedure was carried
out for clusters of 2, 3 and 4 neighboring pixels. The number of clusters was increased
up to 12 clusters in each case.

7. Significance and Rate Variation
The variations of the detection significance with the number of Off-clusters for
2 and 3 neighbors are shown in Fig. 5 for events that passed the selection criteria. In
the case of clusters of 4 neighbors, the results were close to that for 3 neighbors. For
clusters of 2 pmts, the significance drops slightly with increasing the number of
clusters. The maximum loss in significance for 12 clusters (24 Off-pmts) was about
0.7a in the 6 On/Off runs. On the other hand, turning off 3 or 4 pmts in the camera has
a stronger effect on the detection significance. It can reach ~ 1.5a in the 6 On/Off runs.
The situation in the calculated y-ray rate was even worse. This is demonstrated
in Fig. 6. While turning off two clusters with 2 pmts each had almost no effect on y-ray
rate, it resulted of a drop of 0.3 photon/min for 3 pmts. Otherwise, both cases had
steady drop about 0.04 photon/min/cluster. This study shows that turning a number of
pmts in the camera can affect the calculated rate. The brightness of the FOV is,
therefore, can affect the detection of weak very high energy y-ray sources. This effect
can be ignored as long as the number of the Off-pmts is small. Otherwise, a correction
to the y-ray rate has to be applied to the results assuming a significant detection.
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