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Abstract: Detailed Monte Carlo simulations of possible configurations for a future large-scale installation
of Imaging Atmospheric Cherenkov Telescopes, the CTA (Cherenkov Telescope Array), have been carried
out. This includes a full treatment of shower fluctuations, night sky background, registration of the signal
and reconstruction of the registered showers. Although not representing a detailed design study, the
simulations demonstrate that a sensitivity at the level of 1 mCrab can be achieved with existing technology
and analysis methods. Spectra of somewhat stronger sources may be measured over more than three
orders of magnitude in energy. Combining a large number of IACTs allows to achieve unprecedented
levels of hadron rejection and angular resolution. Among the options studied are systems with a modest
number of very large telescopes and/or larger numbers of smaller telescopes, of different spacings, pixel
sizes, etc. Systems consisting of two or three different telescope sizes may achieve an energy coverage

from a few 10 GeV to 100 TeV and more.

Introduction

After detection and study of little more than
a handful of VHE ~-ray sources by the first
and second generation of Imaging Atmospheric
Cherenkov Telescopes (IACTs) and IACT sys-
tems, the current generation has tremendously ex-
tended the list of known Galactic and extra-galactic
sources. The most important ingredients to this
success have been the improved sensitivity, in par-
ticular with stereoscopic systems, and also the in-
crease in the energy range coverage. VHE ~-ray
observations have more and more impact in main-
stream astrophysics and astro-particle physics. But
current instruments are still far from fully exploit-
ing the TACT technique. A major step forward
is planned with the Cherenkov Telescope Array
(CTA) as a large-scale installation, aiming at an-
other big improvement in sensitivity and increas-
ing the energy coverage once again.

The actual performance of an array of IACTs de-
pends on a large number of technical and design
parameters. These include the general layout of
the installation, including telescope optics, field-
of-view and pixel size, signal shapes, and trig-

1469

ger logic. Many of these parameters are inti-
mately related, either technically or by constraints
on the total cost. As the impact of most param-
eters on the overall performance is not straight-
forward to evaluate in a quantitative way, a full
simulation of the detector response to gammas and
background events is generally needed. Since the
gamma-hadron discrimination of CTA is going to
surpass even that of the best current instruments
by a large margin, huge numbers of background
showers have to be simulated. Analytical methods
or semi-analytical simulation tools cannot help in
this novel regime where only rare combinations of
random fluctuations in the development of hadron-
induced showers lead to events that would be mis-
taken as gamma-showers.

Simulations and analysis

Current MC simulation studies, preceding a de-
tailed CTA design study, started from a number
of predefined configurations - based on experience
with prior and current instruments. Different sim-
ulation and analysis codes were adapted and ap-
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plied to these configurations, including the Heidel-
berg H.E.S.S. simulation code sim_hessarray
as well as the MAGIC-II simulation and analysis
codes. At the shower simulation level, both of
these use CORSIKA [1] but are completely inde-
pendent in the subsequent simulation of the tele-
scope response and in the analysis of the result-
ing data. About 10 billion (10'°) proton-induced
events plus electron background were simulated in
addition to more than a billion v-ray events, dis-
tributed over four different base configurations.

The image analysis basically followed standard
second-moments stereo analysis practises, as out-
lined in [2]. For low-energy events additional
gamma-hadron discriminating parameters were
found to be very useful, including the height of
shower maximum h,,x, the variance of energy
estimates from individual telescopes, and so on.
Different gamma-hadron discrimination methods
were tried and used, including standard box cuts on
image intensities, mean reduced scaled width and
length of the images (shape cuts), reconstructed di-
rection (angle cut), hy,ax, and so on, but also Ran-
dom Forest methods (see [3] for details), based on
the same or largely equivalent gamma-hadron dis-
crimination parameters. Results from both analysis
methods are consistent but preliminary and subject
to further improvements — in particular in the low-
energy domain.

As far as sensitivity is concerned, the traditional
representation is the integral flux limit Fi,i, (> E)
for a 5 o significance detection with at least 10 sig-
nal events above an energy E. But for many pur-
poses, a differential flux limit with the same con-
straints for each energy bin is more useful (typi-
cally with four or five bins per decade in energy).
We used the Li&Ma approximation [4] for the
resulting significance. Systematics in the back-
ground determination are taken into account by
effectively combining 1% of the remaining back-
ground after cuts with the square of statistical er-
rors in the signal region.

Simulated system configurations

The present study focused mainly on the low to
medium energy range on the scale of current IACT
instruments, i.e. a few 10 GeV to a few TeV. Nei-
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Figure 1: Simulated configurations. Top: 9-

and 13-telescope configurations, with telescopes of
about 420 m? mirror area each. Middle: A system
of 41 telescopes of about 100 m? each, covering
a wide range of telescope separations. Bottom: A
very large array (covering 1 km? ) with 97 tele-
scopes, including three sets of four telescopes with
600 m? mirror area each plus another 85 telescopes
of the 100 m? class, with relatively wide f.0.v. and
high quantum efficiencies.
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Figure 2: Comparison of conventional integral flux F'(> E) sensitivity of three test configurations at 20°
zenith angle with current and near-future IACTs [2, 5, 6] as well as the GLAST all-sky survey [7]. The ’1
Crab Unit’ (C.U.) and milli-Crab dotted lines correspond to the HEGRA power-law fit to the flux of the
Crab Nebula [8]. Note that array configurations and in particular data analysis have not been optimized yet
(and cuts not optimized for high energies, see dashed part of lines).

ther the system configurations nor the analysis was
optimized for high energies (above 10 TeV).

Configurations studied so far include systems
made of one size of telescopes only (either very
large — 23 m — or moderate size — 12 m), as well
as systems with two different telescope sizes (28 m
and 12 m). Layouts include systems with constant
spacing of telescopes as well as graded spacings —
densely packed in the centre and more widely sep-
arated at the perimeter. While most of the simu-
lations were done for 2000 m or 1800 m altitude,
some were also carried out for higher altitudes up
to 5000 m. Figure 1 shows the three basic con-
figurations tested at low altitudes. The final CTA
layout emerging from a full design phase will not
necessarily resemble any of them.

While the 12 m telescopes resemble current
H.E.S.S. telescopes, both in terms of the Davies-
Cotton optics and the camera pixels, the larger tele-
scopes are based on parabolic dishes with spher-
ical mirror tiles and finer pixels (0.10° for the
23 m and 0.07° for the 28 m telescopes). A field
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of view of 5° was assumed, except for the 12 m
telescopes in the 97-telescope configuration with
7° f.o.v. PMTs with standard bi-alkali quantum
efficiency and afterpulse rates were assumed ex-
cept for the 97-telescope configuration with a 50%
higher Q.E. and correspondingly higher night-sky
background.

Integral and spectral sensitivity

Figure 2 shows the integral sensitivity of the three
low-altitude test configurations for 50 hours of ob-
servation time in comparison with a number of cur-
rent and near-future ground and space-based detec-
tors. An improvement of up to an order of magni-
tude with respect to the best current instruments is
seen, despite analysis techniques being still under
development.

Even more dramatic can be the improvements in
the capability to obtain high-quality spectra within
a short time-frame, as illustrated in figure 3 for a
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Figure 3: Differential sensitivity (5o significance,
at least 10 events in each energy bin) of a system
consisting of 12 telescopes of 600 m? mirror area
plus 85 telescopes of 100 m? (figure 1 bottom) for
different observation times.

system of 97 telescopes. Within 5 hours of obser-
vation time of a 0.1 C.U. source, high quality spec-
tra could be obtained from 30 GeV to 10 TeV. Or
within just 30 minutes from 50 GeV to 1 TeV, only
counting spectral bins detected at 5o significance
or better. If the instrument would be dedicated to
an all-sky survey, such a survey could be accom-
plished within two years at a level of one to two
percent of the Crab flux.

Important factors for the improvement in sensitiv-
ity include the area covered, the y-hadron separa-
tion and the angular resolution. For fixed total cost,
each of them depends in different ways on the tele-
scope size and separations. For the largest energy
range accessible to a single IACT system, a dense
central core of large telescopes plus a wider array
of smaller telescopes seems the obvious solution.
As it turns out, the wider array also improves ~y-
hadron separation at the lowest energies by vetoing
against hadron showers where a ~y-like sub-shower
would be picked up by the large central telescopes.
For such reasons, it turns out to be important to
simulate the response of the full telescope systems
and not each component individually.

At high altitudes, the threshold energy is typically
reduced by a factor of two but remaining back-
grounds after cuts are larger than at lower altitudes.
At the lowest energies their sensitivity would typi-
cally be dominated by background systematics af-
ter a few hours of observation time. High alti-
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tude sites seem better suited for observations of
short-term variability than for long observations of
steady sources — in particular after an all-sky sur-
vey by GLAST.

Conclusions and outlook

Preliminary studies of a future Cherenkov Tele-
scope Array have been carried out, indicating that
the desired 1 milliCrab sensitivity can be achieved,
at least in the 100 GeV to 1 TeV range. For cov-
ering a wide energy range at a reasonable over-
all cost, at least two different telescope types/sizes
will be required. A third type of smaller telescopes
with fewer readout channels may be required to
extend the energy range to 100 TeV and beyond.
Proper optimization of the telescope parameters
and the CTA layout will be done in the forthcom-
ing design phase. At the same time, analysis meth-
ods will be better adapted to complex IACT sys-
tems. Based on the results of our initial study with
non-optimized layouts and rather simple analysis
methods, prospects look indeed bright that CTA
can achieve its design goals — including a milli-
Crab sensitivity — within the anticipated budget.
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