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Abstract

Cherenkov techniques are widely used in astroparticle experiments. This article reviews the various detection principles and the

corresponding experiments, including some of the physics breakthroughs. In particular, it traces the development since the mid of

the 1990s, a period when the field took a particularly dynamic development.
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Introduction

When Pavel Cherenkov in 1934 discovered the radiation

named after him [1], no one could have imagined the enormous

significance which this discovery would later have for particle

and astroparticle physics. What concerns the latter, it took until

1953 that Bill Galbraith and John Jelley observed for the first

time Cherenkov light produced by cosmic rays passing through

the atmosphere [2]. Seven years later, at the ICRC in 1959,

Giuseppe Cocconi predicted that the Crab Nebula should be

a strong emitter of gamma rays at TeV energies [3] – a key

prediction for the field of astroparticle physics. This stimu-

lated further work, most notably the construction of the first air-

Cherenkov telescope by Alexandr Chudakov in the early 1960s.

His telescope consisted of 12 mirrors of 1.5 m diameter, each

focusing the light to a single photomultiplier. Observed sources

included Cygnus-A and the Crab Nebula but, in the absence of a

signal, Chudakov only could derive upper limits on the gamma-

ray flux [4]. Seen from today, this is no surprise: compared to

the cosmic-ray background, the gamma-ray fluxes are much too

small to be identified without using either imaging or timing

techniques. Another 25 years had to pass before the first cos-

mic source of TeV gamma rays could be pinpointed: the Crab

Nebula, identified in 1989 with the Whipple Cherenkov Imag-

ing Telescope in Arizona [5]. Two years earlier, however, an

even more spectacular result in Cherenkov-light based astropar-

ticle physics had been achieved, in this case not with Cherenkov

emitted from atmospheric particle showers, but with Cherenkov

light emitted by positrons in big water tanks: the detection of

anti-neutrinos from the Supernova 1987A by the Kamiokande

and IMB detectors [6, 7].

This review will cover detectors using just these two media,

air and water (or ice). The detectors can be classified accord-

ing to their location (underground, underwater, ground based)

and according to the technique (ring imaging, imaging of air

showers, timing techniques). The next table relates location,

Cherenkov medium and detection technique for the different

detector classes, here also including radio Cherenkov detection

in ice [8] and space detectors [9] which will not be discussed

in the following. Table 2 gives emission angle and intensity of

Cherenkov light in air and water/ice.

Table 1: Location, radiation medium and techniques for Cherenkov detectors

in astroparticle physics

Location Cherenkov Medium Technique Example

Underground Ultrapure water Ring imaging Super-

Kamiokande

Underwater/ice Natural water/ice Timing

optical IceCube

radio RNO-G

(Greenland)

Ground Atmosphere Imaging H.E.S.S.

Atmosphere Timing TAIGA

water in tanks Timing HAWC

Space, balloons e.g. NaF Ring imaging AMS

Table 2: Cherenkov emission angle and photon intensity (300 nm< λ <600 nm)

for a single-charged particle moving with v/c∼ 1 in air and in water

Air Water/Ice

Emission angle 1.1° (1.4°) for 41. 2°/ 40.3°

8 (0) km altitude

Intensity ≈15 m ≈ 3 × 104 m

Actually, I have given a similar talk, ”Cherenkov imaging

and timing techniques in astroparticle physics” at the 1995

RICH conference in Uppsala [10]. I will therefore take the op-

portunity to compare the status of today with that from 1995.

This will illustrate the bold progress in astroparticle physics

over the last three to four decades, including the central role

which Cherenkov detection techniques have played and are

playing for this amazing development.

1. RICH detectors underground

The principle of RICH detectors underground is illustrated in

Fig.1. The walls of a tank filled with ultrapure water are paved

with photomultipliers tubes (PMTs). The PMTs record the

ring pattern of the Cherenkov light which has been emitted by
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figurations of NTs in Lake Baikal and at the South Pole to a

cubic kilometer NT completed 12 years ago. Right now, two

NTs of similar size are under construction and two others con-

ceived. IceCube has led to several breakthrough results, proving

that first steps into high-energy neutrino astronomy are possible

with a cubic-kilometer NT. It can be taken for almost granted

that a further order of magnitude in size will allow mapping the

landscape of celestial high-energy neutrino sources – both in

terms of the number of sources and in terms of their character.

Imaging Air Cherenkov Telescopes (IACTs)

Air showers from gamma rays can be detected on ground by

shower imaging or by timing (wave-front sampling) techniques.

History and development of these techniques are comprehen-

sively described in a recent review [28]. The present section is

devoted to imaging techniques, the next section to timing tech-

niques.

Imaging Air Cherenkov Telescopes record the image in

Cherenkov light of air showers generated by gamma rays in

the atmosphere. At energies above ≈20 GeV, gamma rays ini-

tiate electromagnetic cascades extending over several kilome-

ters, with a maximum at a height of 10-15 km above sea level.

The electrons and positrons in the cascade generate Cherenkov

light. Its amount is proportional to the integrated track length of

all particles and is therefore, to a good approximation, propor-

tional to the initial gamma-ray energy. Due to the small emis-

sion angle of Cherenkov light in air, the Cherenkov light pool

at ground level has a radius of only 100–150 m.

An IACT consists of a large segmented mirror which focuses

the light to a matrix of PMTs which record the cigar-shaped

image of the air shower as shown in Fig.7. The gamma-ray

direction and energy are reconstructed from the recorded light

pattern and intensity. Cascades induced by charged cosmic rays

are three orders of magnitude more frequent than gamma rays.

However, since their image is wider and fuzzier than that of

gamma-ray showers, they can be efficiently suppressed – the

finer the pixelization of the camera the more efficiently. Using

more than one telescope (see Fig.7) allows stereoscopic imag-

ing and results in better angular and energy resolution as well

as better background suppression.

Figure 7: Principle of Imaging Air Shower Telescopes.

The main parameters defining the quality of a telescope are

the pixelization of the camera (the finer, the better are angu-

lar resolution and background suppression via image topology),

the mirror size (the larger, the lower is the energy threshold), the

altitude (the higher, the lower is the energy threshold), the qual-

ity of the night sky (low light pollution and good air quality)

and the field of view.

The Whipple Telescope at Mt. Hopkins in Arizona has pio-

neered the imaging technique by operating in the late 1980s an

array of only 37 PMTs in the focal plane of a 10 m diameter

mirror [5]. The limited resolution of only 37 pixels did not al-

low image analyses as used today (see Fig.8 for a comparison

of the Whipple camera to a modern camera). Instead, the image

was analyzed in terms of a simple but ingenious parametrization

[29]. So, the collaboration could report in 1989 the first clear

observation of a TeV gamma-ray source, the Crab Nebula, with

a significance of 9σ.

In 1996, three TeV gamma-ray sources had been detected

with the Whipple telescope: the Crab Nebula and two active

galaxies, Mk 421 and Mk 501 (for the latter, the HEGRA tele-

scope array on the Canary Island La Palma followed in 1997

[30]). HEGRA was the first project using the stereoscopic tech-

nique which is also used by the present IACT working horses:

H.E.S.S. [31] in Namibia (5 telescopes), MAGIC [32] on La

Palma (2 telescopes) and VERITAS [33] in Arizona (4 tele-

scopes). Table 4 summarizes the basic parameters of these ob-

servatories. Figure 8 illustrates the huge step in pixelization and

corresponding shower image resolution made from the 1989

Whipple camera to the largest of the H.E.S.S. cameras.

Table 4: Basic parameters of H.E.S.S., MAGIC and VERITAS. The fifth, large

H.E.S.S. telescope started operation 9 years later than the other four, and also

the second MAGIC telescope came only five years after the first one into

operation

H.E.S.S. MAGIC VERITAS

Altitude 1800 m 2200 m 1270 m

Dish diameter 4× 12 m 2× 17 m 4×12 m

1× 28 m

Nb. of pixels 4× 960 2× 576 4× 499

1× 2048

Field of view 5◦ 3.5◦ 3.5◦

Start of operation 2003/2012 2004/2009 2007

Figure 8: Comparison of the 1989 Whipple camera and the camera of the fifth

H.E.S.S. telescope (2012). Shown sizes are chosen according to the field of

view (FoV).
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The field took an amazing development: from one source in

1989 to three sources in 1997, about thirty in 2005 and about

250 as of today [28]. Figure 9 illustrates this development and

the status in 2007, when H.E.S.S. published its second galac-

tic scan [35]. Meanwhile, gamma-ray astronomy with IACTs

is approaching standard astronomy in several aspects. Source

positions can be determined with arc-second accuracy. The

morphology of extended sources can be resolved on the arc-

minute level. Variability or periodicity have been measured for

time scales ranging from milliseconds to years. In addition,

the gamma-ray spectrum can be measured over several decades

in energy, from MeV (with satellites) to about one PeV (with

earth-bound detectors).

Figure 9: Results of the second scan of the galactic plane in 2007. The rise in

the number of detected sources is shown on the right side.

The next big step in the field is the Cherenkov Telescope Ar-

ray, CTA [36, 37]. It will be installed at two sites, one in the

Northern hemisphere on La Palma and the other in the South-

ern hemisphere close to the ESO Paranal Observatory in Chile.

CTA will comprise telescopes of three sizes, LSTs (large size

telescopes), MSTs (medium) and SSTs (small), which are fo-

cusing to different energy ranges (see Fig.10). Table 5 sum-

marizes the basic parameters of these telescopes. The SSTs

are equipped with SiPMs rather than PMTs, a technique which

has been pioneered with the FACT telescope on La Palma [38].

SiPMs can take very high rates, enabling operation during full

moon nights.

Table 5: Basic parameters of the three telescope types in CTA. Two camera

designs exist for the MST, one to be installed at the Southern site, the other at

the Northern site.

SST MST LST

Optics 2-mirror 1-mirror 1-mirror

(Schwarzschild- (Davis-Cotton) (parabolic)

Couder)

Mirror diameter 4.3 m 12 m 23 m

Nb. of camera 2048 1855/1764 1855

pixels (SiPM) (PMT) (PMT)

Field of view 8.8◦ 7◦ 4.5◦

Figure 10: The three telescope types in CTA and the energy ranges for which

they are optimized.

According to the current plans (Dec. 2022), the Northern ar-

ray will include 13 telescopes distributed over an area of about

0.5 km2: four LSTs and nine MSTs. The array, which is opti-

mized for the energy range 20 GeV to 5 TeV, will specialize in

extragalactic sources, (gamma rays with much higher energies

are absorbed by CMB over larger distances). The Southern ar-

ray will include 51 telescopes over a ≈3 km2 area, consisting

of 14 MSTs and 37 SSTs. This telescope configuration allows

the southern array to focus on Galactic targets, optimizing its

capabilities on the medium- and high-energy range (150 GeV

–300 TeV). This so-called Alpha Configuration does not con-

sider LSTs in the South, but it includes the preparation of the

foundation for four of them, as well as the foundation for three

more SSTs, to allow for the construction of these telescopes in a

future enhancement of the array. There exists also an additional

design for the MSTs, using the 2-mirror Schwarzschild-Couder

option [39]. Its implementation in CTA depends on funding.

Figure 11 demonstrates the leap in sensitivity which CTA

will achieve, compared to the present-generation IACTs.

Figure 11: Differential flux sensitivity of the current (H.E.S.S., MAGIC, VER-

ITAS) and the future (CTA) ground-based IACTs. Also shown are the corre-

sponding sensitivities for timing arrays like HAWC, LHAASO and SWGO (see

the next section for more details on these instruments). The green, dash-dotted

lines indicate the sensitivity of the satellite instrument Fermi-LAT for two dif-

ferent directions of observation. ASTRI is an array of two-mirror telescopes

based on an early version of the CTA SST [40]. Picture taken from [36].
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The technique depicted in Figure 12 (right) was pioneered

in the early 1990s by AIROBICC, a small experiment on the

Canary Island La Palma. It consisted of a 7 × 7 matrix of wide-

angle Cherenkov counters equipped each with one large PMT

which measured the arrival time of the Cherenkov light front

[45]. A present experiment based both on timing and imag-

ing techniques is TAIGA (Tunka Advanced Instrument for cos-

mic ray physics and Gamma Astronomy) in the Siberian Tunka

valley close to Lake Baikal. When finished, it will consist of

120 wide angle timing detectors spread over 1 km2 [46], at least

three imaging telescopes, and a large number of buried scintil-

lation muon counters. The timing detector HiSCORE follows

the same detection principle as AIROBICC and as Tunka-133

(a cosmic-ray detector at the same Siberian site [47]). TAIGA

has a much better time resolution, i.e. directional precision,

than Tunka-133 and will allow good gamma/hadron separation

at high energies. The imaging telescopes yield a superior direc-

tional resolution and improve, together with the muon counters,

gamma/hadron separation. With the stereoscopic operation of

the first two IACTs, first gamma-ray sources have been identi-

fied up to ≈50 TeV energy, adding the HiSCORE data even up

to energies of up to ≈100 TeV [48].

Summary

Cherenkov techniques are essential tools of astroparticle

physics. Enormous progress and several breakthrough results

have been obtained during the past 25 years, for instance the

confirmation of neutrino oscillations with the help of solar and

atmospheric neutrinos. The realm of gamma-ray astronomy has

been extended far into the TeV range. The number of identified

TeV gamma-ray sources has increased by a factor of 100, in-

cluding the detection of first PeV gamma-ray sources. The im-

proved angular resolution of IACTs even allows revealing the

morphology of sources. Last but not least, the sensitivity of

neutrino telescopes has been improved by almost three orders

of magnitude, and the window to the high-energy neutrino sky

has been opened with the detection of a diffuse flux and of point

sources of energetic neutrinos.

This incredible progress has been achieved due to several fac-

tors:

• the size of the detectors,

• advances in technology,

• sophisticated analysis methods,

• the choice of appropriate sites,

• the combination of complementary detection methods,

• the combination of information from different messengers

(multi-messenger approach).

Next-generation projects like Hyper-Kamiokande, KM3NeT,

Baikal-GVD, IceCube-Gen2, CTA, LHAASO or SWGO will

continue this success story.
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