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The Cherenkov Telescope Array (CTA) is a new observatory for very high-energy (VHE) gamma rays. CTA
has ambitions science goals, for which it is necessary to achieve full-sky coverage, to improve the sensi-
tivity by about an order of magnitude, to span about four decades of energy, from a few tens of GeV to
above 100 TeV with enhanced angular and energy resolutions over existing VHE gamma-ray observato-
ries. An international collaboration has formed with more than 1000 members from 27 countries in Eur-
ope, Asia, Africa and North and South America. In 2010 the CTA Consortium completed a Design Study and
started a three-year Preparatory Phase which leads to production readiness of CTA in 2014. In this paper

we introduce the science goals and the concept of CTA, and provide an overview of the project.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Very high-energy (VHE!) electromagnetic radiation reaches
Earth from a large part of the Cosmos, carrying crucial and unique
information about the most energetic phenomena in the Universe.
Yet, it has only been in the last 25 years that we have had instru-
ments to “see” this radiation. The situation changed with the devel-
opment of imaging air Cherenkov telescopes (IACTs) [1] and air
shower detectors, which have now matured to open a new window
for exploration of the high-energy Universe. Current IACT instru-
ments, such as the H.E.S.S. [2], MAGIC [3] and VERITAS [4] telescope
systems, together with the very successful Fermi [5] and AGILE [6]
satellites and the air shower experiments Milagro 7], Tibet AS-gam-
ma [8] and ARGO-YB]J [9], which have been designed for gamma-ray
detection, have produced a wealth of exciting results and have dem-
onstrated that VHE phenomena are ubiquitous throughout the Uni-
verse [10,11]. But many of the results have raised new questions
which require more and better data for a deeper understanding of
the underlying phenomena.

CTA [12] will answer many of the persisting questions by
enabling the detection of more than 1000 sources over the whole
sky [10]. CTA builds on the proven technique of detecting gam-
ma-ray induced particle cascades in the atmosphere through their
Cherenkov radiation, simultaneously imaging each cascade stereo-
scopically with multiple telescopes, and reconstructing the proper-
ties of the primary gamma ray from those images. Through
deployment of about 50-100 telescopes per site at two sites in
the southern and the northern hemispheres CTA will achieve
full-sky coverage. This number of telescopes, which will come in
three sizes, improves the sensitivity and the energy coverage by
at least an order of magnitude compared to existing VHE
instruments. Also, the angular and energy resolutions will improve
significantly, yielding unparalleled imaging capability at very high
energies. In addition, the improved sensitivity may permit the dis-
covery of completely new and unexpected phenomena. For the first
time in this energy range, CTA will be operated from the outset as
an open observatory. CTA will accept observing proposals from
interested scientists and provide tools and support for data
analysis.

The CTA concept was first proposed to the ESFRI?> committee in
2006 as research infrastructure for gamma-ray astronomy with an
estimated investment cost of around 150 M€(at 2006 cost levels).
The CTA Consortium formed to design the instrument and to work
towards its implementation. Since then the interest and the support

* Corresponding author.
E-mail address: martinez@ifae.es.
1 >100 GeV.
2 European Strategy Forum on Research Infrastructures.

for the project have grown, and currently the CTA Consortium con-
sists of more than 1000 scientists and engineers in more than 160
institutions from 27 countries around the globe.

This article presents the scope and concept of CTA in Section 2.
The main scientific drivers are outlined in Section 3 and, in much
greater detail, in the other papers in this Topical Issue. In Section
4 the technological concepts of the CTA baseline design are pre-
sented and in Section 5 the expected performance for that design
is discussed. Section 6 is devoted to the observatory aspects of
the CTA project. Finally, Section 7 summarises the status and the
plans for the project.

2. CTA scope and concept

The latest generation of ground-based gamma-ray instruments
have enabled the imaging, photometry and spectroscopy of VHE
gamma-ray sources and have propelled their studies into a genuine
branch of astronomy. The number of known VHE gamma-ray
sources currently exceeds 150, and source types include supernova
remnants (SNRs), pulsars and pulsar wind nebulae, binary stellar
systems, interacting stellar winds, various types of active galaxies,
and unidentified sources without any obvious counterparts in
other wavelength ranges. H.E.S.S. has conducted a highly success-
ful survey of the Milky Way covering about 600 square degrees,
which resulted in the detection of tens of new sources [13]. A sim-
ilarly sensitive survey of the full visible sky with current instru-
ments would require at least a decade of observations, and is
therefore unrealistic.

Due to the low flux of VHE photons (even at some tens of GeV),
detectors for these energies require a large detection area, effec-
tively ruling out space-borne instruments that directly detect the
incident gamma rays. Ground-based instruments have much larger
effective detection areas than the typical size of 1 m? of detectors
flown in space. Ground-based gamma-ray detectors detect the par-
ticle cascades induced when VHE gamma rays interact in the atmo-
sphere, either by recording shower particles reaching arrays of
detectors at ground or mountain altitudes, or by using Cherenkov
telescopes to image the shower in Cherenkov light which is emit-
ted by secondary charged particles in the cascade. The effective
area is then at least the size of the shower-particle or Cherenkov-
light footprint on the ground, which is of the order of 10° m2.

Compared to Cherenkov telescopes, air shower detectors such
as Tibet AS-gamma or ARGO-YB] have the advantage of a large duty
cycle, as they can also observe during daytime, and of large instan-
taneous sky coverage. However, despite observing times of years,
their sensitivities allow currently only detection of sources approx-
imately as bright as the Crab nebula, the strongest steady source of
VHE gamma rays. Results from air shower detectors show that
there are relatively few sources emitting at this level. Therefore,
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Table 1

Properties of selected air-Cherenkov instruments, including three of historical interest (Whipple, HEGRA and CAT). Adapted from ref. [15]. Significances relate to a point-like

source detectable at the 50 significance level in a 50 h observation.

Instrument Lat (°) Long (°) Alt (m) Telescopes Area (m?) Pixels per camera FoV (°) Threshold Sensitivity
(TeV) (% Crab) > 1 TeV

H.ES.S. -23 16 1800 4 107 960 5 0.1 0.7

H.ES.S. Il -23 16 1800 1 614 2048 3.2 thd tbd

VERITAS 32 -111 1275 4 106 499 3.5 0.07 0.7

MAGIC I+ 29 —-18 2225 2 234 1039 3.5 0.03 0.8
CANGAROO-III -31 137 160 3 57.3 427 4 0.4 15

Whipple 32 -111 2300 1 75 379 23 03 15

HEGRA 29 18 2200 5 8.5 271 43 0.5 5

CAT 42 2 1650 1 17.8 600 4.8 0.25 15

the recent rapid evolution of ground-based gamma-ray astronomy
was primarily driven by atmospheric Cherenkov telescope arrays.
They reach sensitivities of 1% of the Crab flux for observing times
of about 25 h and have significantly better angular and energy res-
olutions. Projects to develop air shower detectors with much
improved sensitivity are underway (e.g. the HAWC project [14],
in construction), which will offer valuable complementary infor-
mation, but they will not be able to compete in sensitivity and res-
olution with arrays of imaging Cherenkov telescopes such as CTA.

At lower energies there will be overlap with the energy range of
the satellite instruments, contemporaneous or even simultaneous
observations with the Fermi Large Area Telescope will be possible.
The Fermi all-sky catalog will provide many sources for CTA to tar-
get and while Fermi observations complement CTA down to MeV
energies, CTA will have a sensitivity for short-timescale phenom-
ena that is orders of magnitude better than that of Fermi.

The properties of the major current and previous air Cherenkov
instruments are listed in Table 1. The current telescope arrays con-
sist of 2-5 Cherenkov telescopes. They reach sensitivities of about
1% of the Crab flux at energies in the 0.1-1 TeV range. Sensitivity
degrades towards lower energies, due to insufficient background
rejection, and towards higher energies, due to the limited number
of gamma rays. A typical angular resolution is 0.1° or slightly better
for a single gamma ray, but sufficiently intense point sources can
be located with a precision of 10-20 arc seconds.

All these instruments are almost exclusively used by the groups
who built them, with only limited access for external observers
and, initially, with no provision for open data access. Such a mode
of operation was appropriate for current instruments, which detect
a limited number of sources, and for which the analysis and inter-
pretation still requires the expertise and detailed technical knowl-
edge of the instrument. However, a different approach is essential
for CTA, due to the expected large increase in the number of detect-
able objects and the required collaboration with scientists working
in other wavelength ranges. Also, releasing data to a wider public
and supporting their use are important for maximising the scien-
tific return of an observatory.

Besides a wealth of high-energy astrophysics results, CTA will
have a large discovery potential in key areas of astronomy,
astrophysics and fundamental physics research. These include
the study of the origin of cosmic rays and their impact on the con-
stituents of the Universe, the investigation of the nature and vari-
ety of black hole particle accelerators, and inquiries into the
ultimate properties of matter and physics beyond the Standard
Model, e.g., by searching for dark matter and the effects of quan-
tum gravity.

The design goal is a factor of ten improvement in sensitivity in
the currently accessible energy domain of about 100 GeV to some
10 TeV and for an extension of the accessible energy range to well
below 100 GeV and up to more than 300 TeV. This ambitious aim
can only be achieved with a combination of telescopes of different
sizes, large ones for the lowest energies, medium ones for the core

energy range and many small ones for the highest energies®. To
achieve a substantially improved sensitivity at the highest energies,
CTA requires a collection area of the order of 10 km? which means
spreading numerous telescopes over a large area.

CTA will advance the state of the art in astronomy at the highest
energies of the electromagnetic spectrum in a number of decisive
ways, all of which are unprecedented in this field:

o Worldwide integration: CTA will for the first time bring
together the experience of virtually all groups worldwide work-
ing with IACTs, and being interested in the astrophysics at the
highest energies.

¢ Performance of the instrument: CTA aims to provide full-sky
coverage, via a southern and northern site, with unprecedented
sensitivity, spectral coverage, angular, energy and timing reso-
lution. The large number of telescopes also will allow for
independent operation of subarrays, with sensitivity of current
instruments or better, which are either pointed at one source or
are staggered to cover a larger area of the sky. These observing
modes provide a high degree of flexibility of operation.

e Operation as an open observatory: CTA will, for the first time
in this field, be operated as a true observatory, open to a wider
scientific community, and providing support for easy access and
analysis of data. Data will be made publicly available and will
be accessible through Virtual Observatory tools. Service to pro-
fessional astronomers will be supplemented by outreach activ-
ities and interfaces to the data which are suitable for
laypersons.

o Technical implementation, operation, and data access: While
based on existing and proven techniques, the goals of CTA imply
significant advances in terms of efficiency of construction and
installation, in terms of the reliability of the telescopes, and in
terms of data preparation and dissemination. Therefore, the
CTA observatory is qualitatively different from earlier experi-
ments and its increase in capability goes well beyond anything
that could be achieved through an expansion or upgrade of the
existing instruments.

3. CTA science drivers and performance goals

The aim of CTA is to make significant progress over the existing
experiments in every respect of science. The core science themes
[10,11,17] are:

o Cosmic Rays: According to the most accepted scenario, Galactic
cosmic rays are accelerated in supernova remnants, and both,
Agile and Fermi, are now seeing the characteristic 7° spectral
signature [18,19]. During the acceleration and propagation also
gamma rays will be produced by cosmic ray interactions. There-
fore, CTA should be able to detect a population of SNRs emitting

3 Such a combination was first considered in 1992 [16].
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VHE gamma rays, from which considerable insight into cosmic
ray acceleration and propagation is gained [20]. In addition,
CTA should have the capability to search for “PeVatrons”, young
supernova remnants that can accelerate particles up to PeV (i.e.
10'> eV) energies and contribute to the high-energy cosmic
rays, and that have so far gone undetected. Instruments of the
current generation have shown that cosmic ray interactions
with interstellar gas produce an observable gamma-ray flux
from galaxies beyond our own. With CTA, the number of detect-
able galaxies should dramatically increase. This would allow the
study of the connection between cosmic rays and star-forma-
tion processes in galaxies.

Black Holes, Jets and the Star-Forming History of the Uni-
verse: Supermassive black holes in the centres of active galaxies
produce powerful outflows that offer excellent conditions for
particle acceleration in shocks. CTA aims to measure large sam-
ples of such active galaxies of various types to study particle
acceleration and gamma-ray emission processes [21]. The
observations of rather close-by radio galaxies can shed light
on the formation of the jet and its connection to the central
black hole properties. In addition, the observations of some of
the most powerful and most distant sources, the quasars, can
tell us about the galaxy and the star-formation history of the
Universe, which is imprinted in the amount and energy distri-
bution of the extragalactic background light. On their way from
a quasar to Earth the VHE gamma rays interact with this light
and are absorbed. For a reliable estimate of the amount of this
light, a large sample of spectra of active galactic nuclei (AGN)
needs to be measured, which CTA should provide with its
largely increased sensitivity [22].

The Nature of Dark Matter and Lorentz Invariance Violation:
A major open question in modern physics is the nature of dark
matter. The most popular candidates are weakly interacting
massive particles (WIMPs). The annihilation of such particles
should produce detectable gamma-ray signals. CTA will have a
much larger potential for dark matter detection than the cur-
rent generation of IACTs. Its extended energy range should
allow WIMPs with lower masses to be characterised, while
improved sensitivity over the entire energy range and superior
energy resolution should increase the probability of detection of
dark matter through the observation of features in a dark-mat-
ter-induced photon spectrum. A larger field of view (FoV) with a
homogeneous sensitivity, as well as the improved angular reso-
lution, should allow for much more efficient searches for
extended sources and spatial anisotropies. If signatures of dark
matter will appear in direct-detection experiments, gamma-ray
observations may provide complementary information to iden-
tify its properties and mass. Moreover, high-mass dark matter
candidates could be missed by future direct-detection experi-
ments, while CTA should be sensitive in the mass region from
below 100 GeV up to 10 TeV [23]. In addition, the improved
energy coverage and resolution will make CTA an excellent
experiment for other fundamental physics questions, such as
searches for axion-like particles, effects of quantum gravity
and other violations of Lorentz invariance.

The articles contained in this Special Issue of “Astroparticle
Physics” discuss these and many other science themes in more
detail [20-28].

The CTA Observatory should consist of two sites, one in the
southern and one in the northern hemisphere, allowing full-
sky coverage and, consequently, access to more potential
gamma-ray sources, to rare source classes with only few
sources per hemisphere, and to rare events, such as VHE-rich
GRB or a supernova explosion. The southern site will cover
the central part of the Galactic plane and see many nearby
Galactic sources, some of which will produce PeV gamma rays.

It will therefore be designed to have a very good sensitivity over
the full energy range, in particular, to cover energies from tens
of GeV to above 100 TeV. The northern site will see less of the of
the central, rich part of the Galactic plane and, thus, coverage of
the highest energies will not be as critical as for the southern
site.

The science drivers are translated into specific performance
goals for the observatory. They include in particular:

o Sensitivity: CTA will be about a factor of 10 more sensitive than
any existing instrument in its energy range. As a consequence it
will, for the first time, allow detection and in-depth study of
large samples of known source types, it will explore a wide
range of classes of suspected gamma-ray emitters and be sensi-
tive to possible new phenomena that lie beyond the sensitivity
of current instruments. In its core energy range, from about
100 GeV to several TeV, CTA will have milli-Crab (mCrab) sensi-
tivity, i.e. a factor of 10 below the flux of the strongest steady
source of VHE gamma rays (the Crab nebula), and a factor of 10%
below the highest fluxes measured so far in bursts from tran-
sient sources.

This dynamic range will not only allow the study of weaker
sources and of new source types, it will also reduce the selection
bias in the classification of known source types.

« Energy range: Broad coverage of the electromagnetic spectrum
is crucial for understanding the physical processes occurring in
VHE sources. With a single facility, CTA is aiming to cover four
orders of magnitude in energy, from a few tens of GeV to a few
hundred TeV, again a factor of 10 more than any existing instru-
ment. Together with the much improved precision and lower
statistical errors, this will enable astrophysicists to distinguish
between key hypotheses such as the leptonic or hadronic origin
of gamma rays from SNR. Moreover, the energy range and the
improved resolution are important for the detection of line
emission from dark matter clusters. With Fermi and CTA operat-
ing simultaneously, an unprecedented seamless coverage of
more than seven orders of magnitude in energy can be achieved.

o Angular resolution: Current instruments are able to resolve
extended sources, but they cannot probe the fine structures vis-
ible in other wavebands. In SNRs, for example, the measure-
ment of the width of the gamma-ray emitting shell would
provide sensitive constraints on the acceleration mechanism.
By selecting a subset of gamma-ray induced cascades detected
simultaneously by many of its telescopes, CTA can reach angu-
lar resolutions of better than 2 arc minutes for energies above
1 TeV, a factor of 5 better than the typical values for current
instruments.

o Temporal resolution: With its large detection area, CTA can
resolve flaring and time-variable emission on sub-minute time
scales [25], which is currently out of reach. In gamma-ray emis-
sion from active galaxies, variability time scales probe the size
of the emitting region. Current instruments have already
detected flares varying on time scales of a few minutes, requir-
ing a re-assessment of the phenomena in the vicinity of the
super-massive black holes at the cores of active galaxies, and
the jets emerging from them. CTA will also give new insights
in (quasi-) periodic phenomena such as the emission from inner
stable orbits around black holes or from pulsars and other
objects, where frequent variations and glitches in period smear
the periodicity when averaging over longer times [26].

Table 2 summarises the performance goals of CTA.

CTA’s increased sensitivity and enlarged energy range open new
observing regions for high-energy astrophysics. It will allow both
the detailed study of a diverse range of known objects, and the ser-
endipitous discovery of entirely new phenomena. Resulting from
the above performance goals, CTA will have two unique features:
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Table 2

Performance goals for the CTA observatories. The sensitivity is given for 5 bins per
decade. For the sensitivity and the collection area at high energies, separate values for
the southern (S) and northern (N) arrays are given.

Diff. sensitivity at 50 GeV 8 x 10712
(ergem™?s7") at 1 TeV 2x10°13
at 50 TeV 3x10°3(5)/107 2 (N)
Collection area (m?) at 1TeV > 10*
at 10 TeV >10° (S)/> 5 x 10° (N)
Angular resolution at 0.1 TeV 0.1°
>1TeV 0.05°
Energy resolution at 50 GeV < 25%
>1TeV < 10%
Field of view at 0.1 TeV 5°
at 1 TeV 8°
>10 TeV 10°
Sensitivity in FoV at1TeV flatoutto > 2.5°
Source localisation at 1 TeV 5" per axis
Repointing time <0.1 TeV 20 s (goal), 50 s (max)
0.1-10 TeV 60 s (goal), 90 s (max)

the ability to produce the deepest sky surveys at VHE energies [29],
and to observe shortest-timescale phenomena.

Surveys are ideally unbiased, systematic, exploratory recordings
of what sources exist, and are therefore critical for energy domains
that are investigated for the first time. A ten-fold improvement in
sensitivity in the core energy window of CTA would mean, for
example, that CTA could carry out a Galactic plane survey as exten-
sive as that of H.E.S.S in five years (2000 h), but with a uniform sen-
sitivity of 3 mCrab, i.e. well below all current individual detections.
Such a new survey would give access to many dozens of SNRs and
pulsar wind nebulae allowing, for the first time, population studies
of these objects in VHE gamma rays. Beyond the Galactic plane, a
blind survey has never been conducted. CTA will reach sensitivities
similar to the flux level of the faintest AGN currently detected at
VHE in 30 min exposures and with 740 such pointings could chart
a quarter of the sky [29]. Such a survey could uncover new, unex-
pected classes of extragalactic VHE gamma-ray emitters, provide
constraints on dark matter annihilation in the TeV region and
probe the diffuse Galactic emission.

Short-timescale variations (few-minutes) in VHE gamma rays
have been observed from AGN and, tentatively, in Galactic binary
systems. With CTA, timescales of less than a minute measured in
flaring AGN jets can strongly constrain the size of the flaring
region. Opening up these short timescales may also provide clues
on the formation of relativistic outflows from highly magnetised
binaries. The current MeV and GeV gamma-ray measurements
have revealed flares from supposedly steady sources, such as the
Crab nebula. CTA could reveal if such flares happen in pulsar wind
nebulae also at the highest energies. Transients produced by accre-
tion and related ejection have been observed in the radio and X-ray
bands for many Galactic sources. CTA could reveal the gamma-ray
behaviour of such phenomena. Another transient phenomenon to
be observed with CTA is gamma-ray bursts (GRBs), since Fermi
has already detected photons of a few tens of GeV from some GRBs
(or up to 100 GeV intrinsic energies, without the cosmological red-
shift) despite its much smaller effective area. The fast slewing
capabilities and the low energy threshold of CTA make it very
promising for GRB detection [28].

4. CTA technological concept

To reach the performance goals summarised in Table 2, and spe-
cifically the wide energy range to be covered, the instrumentation

needs to be optimised for three adjacent energy ranges (without
strong overlap).

o The low-energy range <100 GeV: To detect showers down to a
few tens of GeV, the Cherenkov light needs to be sampled effi-
ciently, with the fraction of area covered by light collectors
being of the order of 10%. Since event rates are high and system-
atic uncertainties of the background limit the achievable sensi-
tivity, the area of this part of the array can be relatively small (of
the order of a few 10* m?). The CTA design assumes a small
number (<4) of closely placed large-size telescopes (LSTs), with
a mirror diameter of about 23 m, to collect as many Cherenkov
photons as possible from the low energy showers. These tele-
scopes require the short repointing time quoted in Table 2 to
allow quick follow-ups of GRB alerts.

The core energy range 0.1-10TeV: Shower detection and
reconstruction in this energy range are well understood from
current instruments. The appropriate step for improved perfor-
mance is an array of mid-sized telescopes (MSTs) with mirrors
of about 12 m diameter and a spacing of about 100 m. Improved
sensitivity compared to existing instruments will be obtained
both by the increased area covered by the array and by the
higher quality of shower reconstruction, since individual show-
ers will typically be stereoscopically imaged by a larger number
of telescopes than in current few-telescope arrays. For the first
time, array sizes will become much larger than the Cherenkov
light pool of a shower, ensuring that images will be uniformly
sampled across the light pool and that a number of images
are recorded close to the optimum distance from the shower
axis (about 70-150 m), where the light intensity is large and
intensity fluctuations are small. Also, the shower axis is viewed
under a sufficiently large angle for efficient reconstruction of its
direction. At H.E.S.S. or VERITAS, for example, events which are
seen and triggered by all four telescopes provide significantly
improved resolution and strongly reduced backgrounds, but
they represent only a relatively small fraction of events. For
CTA almost all events will be recorded at high quality. A further
advantage of CTA is that an extended telescope grid operated
with a two-telescope trigger condition will have a lower thresh-
old than a small array, since there are always telescopes suffi-
ciently close to the shower core.

The high-energy range >10 TeV: Here, the main limitation is
the number of detected gamma-ray showers. Consequently, to
achieve large improvement the array needs to cover an area
of several square kilometres. At high energies the light yield
of a shower is large, so that showers can be detected well
beyond the 150 m radius of a typical Cherenkov light pool.
Two options can be considered: either a large number of small
telescopes with mirror areas of a few m? and spacing matched
to the size of the light pool (100-200 m), or a smaller number
of larger telescopes with 10-20 m? area which can see showers
out to core distances of >500m, and can hence be either
deployed with a spacing of several 100 m, or in widely sepa-
rated sub-clusters consisting of a few telescopes. Both imple-
mentations are called Small Size Telescopes (SSTs). While it is
not immediately obvious which option offers the best cost/per-
formance ratio at high energies, the sub-cluster concept with
larger telescopes has the advantage of providing additional
high-quality shower images towards lower energies, for impact
positions near the sub-cluster.

Irrespective of the technical implementation details, the perfor-
mance of a single Cherenkov telescope is primarily characterised
by its light collection capability, i.e. the product of mirror area
and the photon collection and detection efficiencies, by its FoV
and by its pixel size, which limits the size of image features that
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Fig. 1. The basic CTA concept. Artist’s view of the central part of a possible array configuration. Four LSTs, ~30 MSTs, and ~50 SSTs, at larger distances, scattered over several

square kilometres.

Fig. 2. The baseline design for an LST of 23 m diameter, with 4.5° FoV and 2500
pixels of 0.1° diameter.

Fig. 3. The baseline design for the 12 m diameter MST of Davies-Cotton type, with
8° FoV and 1500 pixels of 0.18°.

can be resolved. The optical system of the telescope should obvi-
ously be able to achieve a point spread function matched to the pix-
el size. The electronics for signal capture and triggering should
provide a bandwidth matched to the length of Cherenkov pulses

secondary

mirror i
primary
mirror

Fig. 4. The design for a Schwarzschild-Couder dual-mirror MST, with a compact
camera close to the secondary mirror. It will have a FoV of 8° diameter, consisting of
11000 square pixels of 0.067° side length.

of a few nanoseconds. The performance of an array is also depen-
dent on the triggering strategy. Cherenkov emission from air show-
ers has to be separated in real time from the high flux of night sky
background photons, based on individual images and the stereo-
scopic combination of images from several telescopes. The raw data
stream from Cherenkov telescopes is far too large to be recorded
without any reduction.

Besides mirror area, the FoV is another important parameter of
a telescope. A relatively large FoV is mandatory for the widely
spaced telescopes of the high-energy array, since the distance of
the image from the camera centre scales with the distance of the
impact point of the air shower to the telescope. The optimum size
of the FoV is not easy to determine. From the science point of view,
a large FoV is highly desirable, since it allows (i) the detection of
high-energy showers at large impact distance without image trun-
cation, (ii) the efficient study of extended sources and of diffuse
emission regions, and (iii) large-scale surveys of the sky and the
study of clustered sources, e.g. in the band of the Milky Way. In
addition, a larger FoV generally helps to improve the uniformity
of the camera and to reduce background systematics. However, lar-
ger FoV for a given pixel size results in rapidly growing cost for lar-
ger numbers of photo-sensors and electronics channels. A large
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monolithic
secondary mirror

Fig. 5. Three possible designs for SSTs of about 4 m mirror diameter, with 8-10° FoV and 1300-2000 pixels of 0.2-0.3°. Top and bottom right: Schwarzschild-Couder dual-
mirror optics. Bottom left: Traditional Davies-Cotton design with f/D = 1.4 and a large camera.

FoV also requires technically challenging telescope optics. With the
current single-mirror optics and f/D ratios in the range up to 1.2, an
acceptable point spread function is obtained out to radii of 4-5°.
Larger FoVs with single-mirror telescopes require increased f/D ra-
tios, in approaching 2 for a 10° FoV, which are mechanically diffi-
cult to realise since a large and heavy focus box needs to be
supported at a long distance from the mirror. Also, the single-mir-
ror optics solutions, which provide the best imaging, use the Da-
vies-Cotton design, which in turn result in a time dispersion of
the Cherenkov photons that seriously affects the trigger perfor-
mance, once the mirror diameters exceed 15 m (for the typical f/
D ratios). An alternative solution is the use of dual-mirror optics.
With non-spherical primary and secondary mirrors, good imaging
over fields of up to 10° diameter can be achieved, but the disadvan-
tages are the increased cost and complexity, significant shadowing
of the primary mirror by the secondary, and complex alignment is-
sues for faceted primary and secondary mirrors. Large incidence
angles of photons onto the camera, which is common in dual-mir-
ror optics, affects the photo detection efficiency and may require
baffling of stray light.

Therefore, the choice of the FoV requires that science gains, cost
and increased complexity be carefully balanced. When searching
for unknown source types which are not associated with non-
thermal processes in other, well-surveyed wavelength domains, a
large FoV helps, as several sources may appear in one pointing. This
increases the effective observation time per source by a corre-
sponding factor compared to an instrument that can look only at
one source at a time. An instrument with CTA-like sensitivity is ex-
pected to detect of the order of 1000 sources. In the Galactic plane,
one would always find multiple sources in a FoV. In extragalactic
space, the average angular distance between (an estimated 500)
sources would be about 10°, implying that even for the maximum
conceivable FoVs the gain is modest, but not negligible. Even in the
Galactic plane, a very large field of view will not be the most cost
effective solution, since the gain in terms of the number of sources
viewed simultaneously scales essentially linearly with the diame-
ter of the field of view, given that sources are likely to cluster with-
in a fraction of a degree from the Galactic plane, whereas camera
costs scale with the diameter squared. A rough estimate based
on typical mirror costs and per-channel pixel and readout costs
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Fig. 6. Different possible array layouts with estimated construction costs within the assumed budget. The circle sizes (not to scale) identify LSTs (large circles), MSTs (mid-
size circles) and SSTs (small circles). The array with the most balanced performance in MC production 1 was array E.

001 E

Differential sensitivity (C.U.)
o

Energy (TeV)

Fig. 7. Differential sensitivity (in units of the energy-dependent flux of the Crab
nebula) for array E (50 h, 50, 5% background, 10 events, alpha = 0.2, i.e. intervals of
the decimal exponent of 0.2 meaning 5 logarithmic bins per energy decade). Thin
lines with small symbols illustrate the limited impact of a reduced dynamic range
of the readout electronics (clipped at 1000 photoelectrons). The dashed black line
with diamonds, shows the sensitivity if there was no electron background.

suggests an economic optimum in the cost per source-hour at
around a FoV of 6-8°.

Detailed studies related to dish and mirror technology and
costs, and the per-channel cost of the detection system, justify
the FoV and pixel size for the various telescope designs shown in
Figs. 1-5.

The detailed design of these telescopes, their structures, reflec-
tors and cameras, is largely based on well-proven technologies
developed for the telescopes of H.E.S.S., MAGIC and VERITAS, yet,
significantly improved in terms of reliability, availability, main-
tainability and safety (RAMS). Some novel design features are
extensively tested and benefit greatly from the general experience
gained in current projects.

The main design drivers for these telescopes are the following:

LSTs: The desire to rapidly repoint the telescopes for rapid GRB
follow-up motivates the choice of a light-weight structure of stiff
carbon tubes holding a 23 m diameter reflector, similar to the MA-
GIC design. At most, four of these telescopes will be used in each
CTA observatory. Their design is optimised to reach the best perfor-
mance with lowest-possible energy threshold. The baseline design
has a parabolic mirror with 27.8 m focal length, 4.5° FoV and 0.1°
pixels using PMTs (see Fig. 2).

MSTs: The MST design is a blend between the H.E.S.S. and VERI-
TAS concepts for a 12 m diameter Davies—Cotton reflector, opti-
mised for reliability, simplicity and cost-saving, given that of the
order of 30 such telescopes will be used at each site. The optical
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Fig. 8. Integral sensitivity for CTA from MC simulations, together with the
sensitivities in comparable conditions (50 h for IACTs, 1 year for Fermi-LAT and
HAWC) for some gamma-ray observatories.

design foresees 16 m focal length, 7-8° FoV and 0.18° pixels
(Fig. 3). Currently a full-scale prototype is under construction. In
addition to these telescopes, CTA is exploring a design for a dual-
mirror MST. This design might become a first extension of the
southern CTA array, where as many as 36 telescopes could comple-
ment the baseline MST array. It has a Schwarzschild-Couder optics
providing a 10° FoV and a very small plate scale. The latter allows
for much finer pixelation and the use of much cheaper photo sen-
sors (either multi-anode photomultiplier tubes or Silicon photo-
multipliers) in the camera. This is a completely new concept for
IACTs and a prototype to prove its viability is being constructed
(Fig. 4).

SSTs: A rather large number (35-70, depending on cost) of
small-size telescopes spread out over a large area are needed to
reach the desired sensitivity at the highest energies. Therefore,
the cost per telescope is one of the strongest drivers in the choice
of the technology. In principle the SSTs could be designed as a sim-
plified and downscaled version of the MSTs. However, the need for
a large FoV due to the large inter-telescope spacing, would lead to
the cost of the camera dominating the total SST cost. Therefore, dif-
ferent solutions are being explored (Fig. 5). Possibilities are, for in-
stance, the use of compact dual-mirror Schwarzschild-Couder (SC)
optical design, with a very small plate scale (allowing for a small
and thus inexpensive camera) or Davies—Cotton telescopes with
cameras using the same new and inexpensive photosensor tech-
nologies that are proposed for the SC MST design. At present, dif-
ferent prototypes of both options are being developed to evaluate
the feasibility and cost.
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The advantages of Silicon-based detectors, such as their low
power consumption, high photon detection efficiency and opera-
tional stability have recently been demonstrated with the FACT
telescope [30].

Fig. 1 shows a partial view of the central part of a possible CTA
array configuration with the current designs for the LSTs, MSTs and
SSTs.

5. CTA performance

Determining the arrangement and characteristics of the CTA
telescopes in the southern and northern arrays is a complex opti-
misation problem, requiring a balance of cost against performance
in different bands of the spectrum. The article on Monte Carlo (MC)
simulation in this issue [31] gives a detailed description of the lay-
out and performance studies conducted so far for CTA.# Many can-
didate layouts have been considered. One promising configuration
which is a good compromise between high-energy and low-energy
performance was array E, which is shown on the right in Fig. 6.
The final array will likely look similar. Array E consists of three tele-
scope types: 4 telescopes of 24 m diameter with 5° FoV and 0.09°
pixels, 23 telescopes of 12 m diameter with 8° FoV and 0.18° pixels,
and 32 telescopes of 7 m diameter with a 10° FoV and 0.25° pixels.

For comparison also arrays B and C are shown. Array B has four
LSTs in the centre and a compact array of MSTs surrounding it, but
no SSTs. Consequently, it has a better performance than array E at
low energies and a worse one at high energies. Array C consists
only of MSTs which are positioned closer together in the centre
and further apart away from the centre. A much larger area is cov-
ered by this array, and consequently it has a better high-energy
performance than arrays B and E, yet its low-energy performance
is worse.

The telescopes are distributed over ~3 km? on the ground and
the effective collection area of the array at energies beyond
10 TeV is considerably larger than this. The differential sensitivity
of array E, derived from detailed MC calculations and standard data
analysis techniques, is shown in Fig. 7. For the northern CTA obser-
vatory the sensitivity at the highest energies will be reduced, due
to the lack of SSTs. The figure illustrates the ranges in which each
of the telescope types (LST, MST and SST) dominate the sensitivity,
and the complementarity of the three telescope sizes to reach a
seamless coverage of the whole CTA energy range.

As can be seen from Fig. 8, such an array performs an order of
magnitude better than other instruments over much of the target
energy range. The figure shows the integral sensitivity estimated
with MC simulations for CTA, together with the sensitivity in com-
parable conditions for some of the existing and future VHE gam-
ma-ray installations. More sophisticated analyses are expected to
give up to a factor of two better sensitivities.

The angular resolution of this array approaches 1 arc minute at
high energies as can be seen in Fig. 9, which displays the angular
resolution from MC simulations for CTA, compared with the reso-
lutions for some of the existing and future VHE gamma-ray instal-
lations. Events with many shower images, as they will be recorded
with CTA, provide a clearly better resolution than events with only
two images, which is the most common case for H.E.S.S. and VERI-
TAS. In addition, the energy resolution of layout E is better than
10% above a few hundred GeV.

Array layout E has a nominal construction cost of 80 M€ (at
2006 cost levels) and meets the main design goals of CTA. Given
that the configuration and the analysis methods used have not

4 The first, large MC production used reasonable values for the various telescope
parameters. For the second production, which is now in progress, the telescope
specifications correspond more closely to the current base-line design.
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Fig. 9. Angular resolution for CTA, compared with some existing and future VHE
gamma-ray observatories. The solid line provides the angular resolution of CTA
obtained from events with ten or more images, the dashed line shows the angular
resolution for events with only two images.

yet been fully optimised, it is likely that a significantly better sen-
sitivity can be achieved, at nominal cost, with an array that follows
basically this layout. Therefore, we are confident that the design
goals of CTA can be realised within the envisaged cost, despite
the uncertainties that are still present in the cost model.

6. CTA as an observatory

CTA is to address a wide range of questions from astroparticle
physics, astrophysics, cosmology and fundamental physics. Sur-
veys will constitute a fundamental part of the core science pro-
gram, which will include for example a survey of the Galaxy and
deep observations of “legacy sources”. As CTA will be operated as
an open observatory, the scientific programme will be largely dri-
ven by observing proposals for individual sources which will be
selected by peer-review for scientific excellence among sugges-
tions received from the wider community.

The terms of access of scientists from outside the CTA Consor-
tium and the countries who are funding the construction and oper-
ation of CTA are yet to be specified, but, as for other major
astrophysical facilities, a fraction of the observing time will be
open to the whole astrophysics community. In addition, it is
planned that at some point the archive of all data from CTA will
be made public without restrictions.

As for current Cherenkov telescope arrays, the actual observa-
tions will normally be conducted over an extended period, with
several different projects being scheduled each night. Due to the
size of CTA and various observing modes available, the operation
of the array will be fairly complex. Therefore, CTA observations
will not be conducted by the scientists who proposed the observa-
tion, but by a team of dedicated operators. CTA observatory oper-
ation involves proposal handling and evaluation, managing
observations and data-flow, conducting maintenance and planning
of upgrades.

6.1. Observatory organisation

The main elements that guarantee the smooth running of the
CTA observatory are (i) the Science Operation Centre, which is in
charge of the organisation of observations, (ii) the Array Operation
Centre, which conducts the operation, monitors the telescopes and
the atmosphere, and provides all calibration and environmental
data necessary for the analysis, and (iii) the Science Data Centre,
which provides and disseminates data and analysis software to
the science community at large, using common astronomical stan-
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dards and existing computing infrastructures. (see Fig. 10). The
high data rate of CTA and the large computing power required
for data analysis, data transfer, distributed data storage, analysis
and data access. demand dedicated resources, such as GEANT and
EGI. The CTA observatories will be placed in remote locations.
Thus, high-bandwidth networking is critical for remote diagnostics
and speedy transfer of the data to well-connected data centres. CTA
aims to support a wide scientific community, providing access to
its scientific data that is archived in a standardised way. As for
other projects in astronomy, a “virtual observatory” will provide
access to the data.

It is envisaged to start CTA operations during the construction
phase, as soon as the first telescopes are ready to conduct compet-
itive science observations.

6.2. Proposal handling

Observations with CTA are expected to serve a community of at
least 1000 scientists, more than that of any national astronomical
facility in Europe, and comparable to the size of the community
using the ESO observatories in the 1980s. Therefore, CTA must deal
efficiently with a large number of internal and external proposals
for an observatory which is expected to be oversubscribed by a
large factor. CTA plans to follow the practice of other major
observatories and will announce calls for proposals at regular
intervals. These proposals will be peer-reviewed by a group of
international experts that will change on a regular basis. Different
classes of proposals (targeted, surveys, coordinated multi wave-
length campaigns, time-critical, target of opportunity, and regular
programmes) are foreseen, as for current IACT experiments and
ground-based observatories. Depending on the science under
investigation, subarray operation may be required and each site
can run several different observation programmes concurrently.

6.3. Observatory operations

Observatory operations covers day-to-day use of the arrays,
observations and continuous hardware and software maintenance,
proposal handling and evaluation, automated analysis and user
support, as well as the long-term programme for upgrades and

improvements to ensure continued competitiveness over the life-
time of the observatory.

The observing programme of the CTA will be driven by the best
proposals from the scientific community, selected in a peer-review
process. The programme will be conducted in an automated fash-
ion with a minimum number of observatory staff required on site.
A quick pre-analysis will enable early checks and modification of
observations, if necessary. After the observation, data and calibra-
tion files will be made available to the users.

Frequent modifications to the scheduled observing programme
can be expected for several reasons. The transitory and variable
nature of many of the phenomena to be studied requires flexible
switching to flaring sources or bursts. CTA must adapt its schedule
to changing atmospheric conditions. The possibility to pursue sev-
eral potentially very different programmes at the same time
increases the productivity of the CTA observatory. Routine calibra-
tions and monitoring of the array and of environmental data must
be scheduled as needed to ensure the required data quality.

6.4. Data dissemination

All measurements made with CTA will be subject to a rapid data
analysis, including event selection and calibration of instrumental
and environmental effects. The analysis of data obtained with
Cherenkov telescopes differs from the procedures typical in other
wavelength ranges in that extended MC simulations are needed
to determine the effects of, and correct for, the influence of a large
number of factors on the measurements. The necessary simula-
tions will be carried out by CTA and will be used for the analysis
of the data. Users will have access to the outputs of the standard
data analysis and to the tools needed to use them. Storage of data
and archiving of scientific and calibration data, programs, and MC
simulations will be provided via distributed computing resources
made available using the CTA EGI Virtual Organisation. The pro-
cessing of CTA data is a major computational challenge. It will be
necessary to reduce a volume of typically 10 TB of raw data per
night to a few tens of MBytes of high-level data within a couple
of hours. This first-level data processing will require hundreds of
processors running in parallel on each site.

All levels of data will be archived in a standardised way, to
allow access and reprocessing. Access to data, support services,
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Fig. 10. Organisation and work flow of the CTA observatory. The main elements are the Science Operation Centre, the Array Operation Centre and the Science Data Centre.
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Fig. 11. Current timeline of the CTA project.
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Fig. 12. Approximate location of candidate sites in the range of +20-30° latitude.

software and data center infrastructures will be provided through a
single access point, the “VHE gamma-ray Science Gateway”. It is
foreseen that individual scientists using the analysis software
made available by CTA can conduct the high-level analysis of
CTA data. This software will follow the standards used by other
observatories. All aspects of data preparation, processing, dissemi-
nation and archiving will be organised and conducted by the
science data centre.

7. CTA status and plans

CTA is the worldwide project for the future of VHE gamma-ray
astronomy with Cherenkov Telescopes. It will consolidate VHE
gamma-ray astronomy as one of the modern branches of astron-
omy. CTA is already considered one of the leading large astronom-
ical observatories of this decade, together with ALMA [32], the
E-ELT [33], SKA [34] and the LSST [35].

Currently, the CTA Consortium consists of over scientists and
engineers from 27 countries from 5 continents and has become a
truly global project.

Since 2008, CTA has been included in the roadmap of the Euro-
pean Strategy Forum on Research Infrastructures (ESFRI) [36]. It is
one of the high-priority “Magnificent Seven” of the European strat-
egy for astroparticle physics published by ASPERA [37], and is
highly ranked in the “strategic plan for European astronomy” of
ASTRONET [38]. In addition, CTA is a prioritised project for the cur-
rent decade in the recently completed Decadal Survey of the US
National Academy of Sciences [39].

The CTA Consortium started in 2007 to design the installation
and to work towards its implementation. A Design Study phase
has been ended in 2010 with the publication of a 120-page report
[12]. CTA is now in the middle of a three-year EU funded Prepara-
tory Phase, aimed to deliver a Technical Design Report and being
“construction ready” towards the end of 2014. The five-year con-
struction period could then be started in early 2015 (Fig. 11).

An important milestone will be the selection of the location for
the two CTA observatories. Ideal sites should provide a flat area of
about 10 km? at an altitude of 1.5-4.0 km a.s.l., supreme astronom-
ical sky conditions with minimum cloud cover and low levels of
ambient light, easy access, and good local infrastructure. There
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are candidates for the southern site in Argentina, Namibia and
Chile, and for the northern site on the Canary Islands, in Arizona,
Mexico, China and India (see Fig. 12). Currently, the suitability of
all sites is investigated, and the site decision is anticipated in late
2013.

Funding agencies of the main countries participating in CTA
have signed a “Declaration of Interest” in July 2012 to express their
willingness to participate in the construction and operation of CTA.
With their support it could be possible to start the scientific exploi-
tation of the CTA observatories already by 2016, with a partial
array, while the construction is still in progress. In just a few years,
an exciting new view on the Universe at energies of up to 300 TeV
will emerge, and this new window will be pushed wide open.
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