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The Cherenkov Telescope Array

• the upcoming gamma-ray observatory at energies from 20 GeV to 
beyond 300 TeV 

• will be the largest ground-based gamma-ray detection observatory 
in the world, with more than 100 telescopes in the northern and 
southern hemispheres  

• will have unprecedented accuracy  
—> reducing the systematic uncertainties will be key for the success 
of CTA 

• open to the world-wide astronomical and particle physics 
communities  
—> promise of continuous high quality data products for many years 
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Cherenkov light

Imaging Atmospheric Cherenkov Telescopes
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Operation:	
- mostly	simulation	of	primary	
gamma	rays	

Preparation	&	Pre-construction	
phase:	
-	gamma	rays,	protons,	electrons
+some	special	cases	which	
might	drive	the	accuracy	needed	(e.g.	
direct	Cherenkov	light)



CTA Telescopes
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Large-size telescope 
23 m diameter 
>20 GeV 
rapid slewing (<50s)

Mid-size telescope 
12 m diameter 
90 GeV to 10 TeV 
large field of view 
precision instrument

Small-size telescope 
4-5 m diameter 
>5 TeV 
large field of view 
large collection area
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CTA Southern Site 
Paranal, Chile 
4 large size telescopes 
25 mid-size telescopes 
70 small size telescopes 

CTA Northern Site 
La Palma Island 
4 large-size telescopes 
15 mid-size telescopes
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The Cherenkov Telescope Array
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What will be different with CTA?
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#LSTs: 4 #MSTs: 25 #SSTs: 70

light	pool

• high-multiplicity “ inside 
events” 

• large telescope distances 
(beyond the light pool edge) 

• small pixelation and fast 
timing (0.07-0.25 deg; up to 
GHz sampling)

Average	distances:	
LSTs:	120	m	
MSTs:	180	m	
SSTs:	240	m
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Systematic Uncertainty Budget
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currently	achived goal	for	CTA

Simulation	codes 5	% 1-2	%

Simplification	in	
Detector	MC

2	% 2	%

Cherenkov	light	
production

5	% 2	% mainly	molecular	profile

Ozone	absorption 3	% 1	%
Potential	vorticity,	
spectrometer

Molecular	extinction 2	% 1	% Radio	sondes	and	GDAS

Cirrus	layer	extinction 5-10% 1-2%
Raman	LIDARS	and	

FRAM

Boundary	layer	
extinction

5-10% 1-2%
Raman	LIDARS	and	

FRAM

Scattered	Cherenkov	
light

<1% <2%

Requirement	for	systematic	uncertainties	on	energy	scale:	<10%



CTA Simulation Production Chain

• typical production chain 
with air-shower + 
telescope simulation chain 

• run-wise Monte Carlo 
production 
• simulate (sub-)array of 

telescopes that are 
tracking a sky position 

• consider e.g. broken 
pixels, calibration, 
night-sky background, 
atmospheric model for 
this run
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Intermediate output
(optional)

Air shower simulations 
(particles + Cherenkov light)

Cherenkov light 
propagation, scattering 

and light loss

Ray-tracing of telescope 
optics

Camera, trigger and 
electronics simulations

MC0 archive 
(DL0+MC extension)

Instrument 
Configuration 

and Calibration 
Databases

Cherenkov photons on the 
telescope level; shower 
particles on the ground   
(data level MC-Inter-0)

Cherenkov photons on the 
telescope level  (reduced 
list, data level MC-Inter-1)

Cherenkov photons on the 
focal plane (data level MC-

Inter-2)

MC auxiliary archive 
(MC AUX)

Reconstruction and 
Analysis

Photoelectrons registered 
in the photosensors 

(data level MC-Inter-3)

Configuration builder
(Source model definition and 

sampling)



Cherenkov emission in CORSIKA

• original Cherenkov emission implemented for non-imaging 
arrays (rectangular detector setup on a horizontal plane) 

• extension to CORSIKA: IACT/ATMO package  
(‘bernloehr package’) 
• non-rectangular array layouts and IACT  

geometry 
• use of tabulated atmospheric profiles 
• atmospheric refraction 
• own data format 

• for the new CORSIKA version: coordinate the needs of the 
different instrumental group and obtain one single Cherenkov 
module? 
• aim also for better integration of IACT module in CORSIKA
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Unification	of	all	
Cherenkov	modules??

(same	for	fluorescence?)

See	Johan’s	/	Luisa’s	
presentation	for	the	
relevant	routines



Curved Atmosphere
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( )K. BernlohrrAstroparticle Physics 12 2000 255–268¨266

Fig. 14. The average longitudinal Cherenkov emission profile as a
Žfunction of distance from the observer Cherenkov photons emit-

ted in the wavelength range 300–600 nm per meter along the
.shower axis . An analytical approximation is used for different

Žzenith angles solid lines: spherical geometry, dashed: planar
.geometry .

above threshold into account. This approximation
reproduces the longitudinal profile of Cherenkov
emission in CORSIKA simulations very well for all
model atmospheres. This approximation has been
used with both spherical and planar atmospheric
geometry to show that the difference is insignificant
below 608 zenith angle, and little significant below

Ž .708 see Fig. 14 . For hadronic showers there is a
small additional effect of fewer pions and kaons
decaying before the next interaction and, thus, fewer
muons with the spherical geometry at very large
zenith angles.

6. Refraction

One of the recent achievements in VHE energy
g-astronomy is the fact that TeV g-ray sources can

w xbe located with sub-arcminute accuracy 21 . In addi-
tion, observations at large zenith angles are carried
out by more and more Cherenkov telescope experi-
ments, either to extend the observation time for a
source or the effective area for high-energy showers,
or to detect sources only visible at large zenith
angles. Refraction of Cherenkov light in the atmo-
sphere is therefore of increasing concern but is usu-
ally either neglected entirely or only considered in a
qualitative way. The following discussion is based
on numerical ray-tracing. The refraction method built
into recent CORSIKA versions is based on a fit to
such ray-tracing.

For a plane-parallel atmosphere Snell’s law of
refraction is
n z sinu z s const. , 8Ž . Ž . Ž .

Ž .with n z being the index of refraction at altitude z
Ž .and u z being the zenith angle of the ray at this

altitude. For a spherical atmosphere
n z R qz sinu z s const. 9Ž . Ž . Ž . Ž .E

has to be used instead, with R being the earthE
radius.
The refraction of Cherenkov light emitted in the

atmosphere is evidently smaller than that of star light
seen from the same direction. Thus, even when using
guide stars for tracking of Cherenkov telescopes, a
correction for refraction has to be applied to take full
advantage of measured shower directions. For g-
showers of 0.1–1 TeV the Cherenkov light is re-

Ž .fracted typically 60–50% 70–60% as much as
Ž .stellar light up to 408 near 608 zenith angle, with

Žless refraction for showers of higher energy see Fig.
.15 . The different amount of refraction of light from

the beginning and the end of the shower, respec-
tively, leads to a change of image length. When an
inclined shower is seen from below the axis, it
appears slightly shorter, and when seen from above
the axis, it appears longer – by a fraction of an
arcminute.

Fig. 15. The refraction angle of Cherenkov light as a function of
zenith angle, expressed as a fraction of the corresponding refrac-
tion of stellar light. Numerical integrations for U.S. standard
atmosphere with spherical geometry and 2200 m observation
altitude. Curves shown are for emission at constant atmospheric
depth along the shower axis. For vertical showers, the depths of
483, 365, 272, and 199 g cmy 2 correspond to altitudes of 6, 8, 10,
and 12 km, respectively.

Bernlöhr	2000

Cherenkov	photons	
300-600	nm

hadronic	showers:	differences	in	shower	development

CTA:	elevation	range	from	20	to	90	deg
Current	separation	of	planar	and	
curved	atmosphere	‘artificial’	



Geomagnetic field

• more realistic assumption on geomagnetic field  
(~roughly) 

• e.g. shower at large zenith angle extents over 10-100 km: 
geomagnetic field changes both in direction and intensity  
+change in height 
(effect of a few percent only, but possibly relevant in future)
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2018-04-16 12K. Bernlöhr, ASWG Meeting, Barcelona

Fit to tabulated atmospheric profiles

Tables used for hadrons, muons, 
and for index of refraction.
Fit used for EGS4 part (e±,γ).

Atmospheres in EGS4

• EGS part in CORSIKA (and output data) hardcoded with five 
atmospheric layers (4 exponential, 1 linear density gradient).  

• Simultaneously fitting density and thickness of tabulated 
atmosphere, with up to a few percent differences for relevant 
altitudes ...  

• percentage-scale 
impact on energy  
scale?
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K.Bernlöhr

Probably	the	most	
pressing	issue	for	CTA:	
affects	already	now	the	
systematic	uncertainty



2. CORSIKA and the IACT option

2.1. Cherenkov light production in CORSIKA

Cherenkov light production in CORSIKA (see Fig. 1) with its var-
ious options1 (like IACT, ATMEXT, CEFFIC, CERWLEN, etc.) has to be
enabled before compilation (see [4] for details). This results in a call
to the Cherenkov subroutine CERENK for each track segment of
charged particles as they are handled by the CORSIKA particle trans-
port code. The transport code takes care of possible interactions, de-
cay, multiple scattering, bending in the geomagnetic field, and
ionization energy loss. As far as Cherenkov light production is con-
cerned, each straight track segment is defined by start and end point
as well as by the initial and final energy of the particle (assuming
continuous energy loss), and its mass and charge.

Since the track segments can have lengths up to several kilome-
tres at high altitudes, the Cherenkov emission subroutine in CORS-
IKA has to take care of changes in the index of refraction of the air
as well as of the change in velocity of the particle. Track segments
in CORSIKA are generally shorter when Cherenkov light production
is enabled, in particular with the IACT option, where typical multi-
ple scattering angles and bending in the geomagnetic field should
be smaller than the pixel scale in the cameras. Too long track seg-
ments could result, for example, in too sharp muon rings or even a
shift in the shower maximum. It has been verified that the reduced
step lengths with the IACT option (compared to those used in
CORSIKA without Cherenkov light production and STEPFC = 1.0)
do not change the amount of Cherenkov light or its average lateral
distribution in any noticeable way, i.e. well below 1%.

The STEPFC parameter of CORSIKA could be used to change step
lengths of gammas and e± relative to the default settings in EGS [5],
which correspond to STEPFC = 1.0. While longer step lengths could
be used to improve the processing speed, they result in a system-
atic excess of Cherenkov light by about 20% for STEPFC = 10 (see
Fig. 2). It is reassuring to find that further reductions of step
lengths (e.g. STEPFC = 0.1) will not result in another systematic
change. The question of proper step lengths is certainly an impor-
tant issue for any shower simulation program – for CORSIKA the
built-in default appears to be just the right choice.

While accurate modelling of the showers is perhaps the prime
objective in CORSIKA, efficiency is important as well. The efficiency
aspect is quite important in the case of the Cherenkov emission
subroutine since most of the CPU time is spent there. For many
applications, the most important performance gain is achieved by
the fact that Cherenkov photons are not simulated one by one
but in bunches. This concept of bunches was already present in
the original implementation [2], with an automatically adapted
bunch size as a function of the energy of the primary particle, opti-
mized for the AIROBICC experiment.

For imaging telescopes, an automatic selection of bunch sizes is
not so easy. Showers induced by high-energy primaries can be de-
tected from large distances while less energetic showers are typi-

Fig. 1. Cherenkov light production in CORSIKA for different primary particle examples in simulations for a site at 2200 m altitude. Darkness of the particle tracks shown
increases with increasing emission of Cherenkov light.
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Fig. 2. Average lateral distribution of 300–600 nm Cherenkov light in simulations
of vertical 100 GeV gamma-rays for a site at 2200 m altitude, with different settings
of the EGS step length parameter STEPFC. Too long step lengths result in a
systematic excess of light inside the light pool (r < 120 m).

1 CORSIKA options discussed in this paper include:

ATMEXT: atmospheric extension, providing tabulated atmospheric profiles to
all CORSIKA variants and refraction to the Cherenkov light.
CEFFIC: Very simple treatment of atmospheric transmission, mirror reflectivity,
and quantum efficiency in CORSIKA itself.
CERENKOV: the master switch for enabling Cherenkov emission. Without IACT
option, a rectangular detector array is simulated.
CERWLEN: the index of refraction and, thus, the emission angle depends on the
wavelength.
IACT: the detectors are defined individually as fiducial spheres and the
machine-independent output data format readable by sim_telarray gets
used.

150 K. Bernlöhr / Astroparticle Physics 30 (2008) 149–158

Particle transport - step sizes

• high angular resolution of IACTs (smallest pixel size: 0.06 deg) 
maximum step sizes in CORSIKA with IACT option are smaller 
than without IACT 

• track segments can have lengths up to several km at high 
altitudes 

• maximum bending in geomagnetic field between two track 
segments must be below pixel size 

• multiple scattering angle  
between track segments  
must be well below pixel size 

• limits are hard-coded  
- need to be reconsidered…
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Bernlöhr	2008



CTA & CORSIKA

• CORSIKA is one of the core software tools essential for the 
success of CTA 

• Essentials, given the lifetime of CTA (30 years+): 
• code quality, documentation, and maintainability  

• CORSIKA is a key tool for CTA - long term support from CTA 
Consortium and/or Observatory for maintenance and 
development can be expected
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Backup 
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Fluorescence light

�17Figure 5: The same as figure 4, but for IACTs with two hypothesis of FoV: 10�
and 20�, and on-axis observation.

a distance would be extremely low and it would only image
the uppermost portion of the shower. Notice that, although
the lateral distributions exhibit a strong mirror symmetry, the
light density decreases slightly more steeply along the negative
x axis, since light travels a longer distance to reach ground.

The narrow FoV of an IACT severely limits the fraction of
both Cherenkov and fluorescence photons detected at a given
core distance. The narrower the FoV, the smaller the portion of
the shower development within it. On the other hand, since the
missed portion of the shower is the lowest one (see figure 1),
only photons with large emission angle relative to the shower
axis are lost. Therefore, the reduction in fraction of detected
photons is more important for the fluorescence component due
to its isotropic nature.

In this work, we define the fluorescence contamination RFC
as the ratio of the fluorescence over Cherenkov light densities.
This quantity is represented as a function of x for the corre-
sponding studied cases in the lower panels of figures 4 and 5.
The parameter RFC is very small (< 1%) inside the Cherenkov
light pool, while it grows roughly exponentially outside this re-
gion. At a core distance of around 1000 m, it will be very sig-
nificant, i.e., ⇠ 5% for an IACT and even larger than 10% for
a WACD. A detailed quantification of RFC as a function of the
observation conditions is given in the next subsections.

As mentioned above, no cut in the arrival photon times has
been applied in this work. Nevertheless, we made some tests
to check that the e↵ect of using a finite time window has a
negligible e↵ect on the calculated RFC values, since both light
components have similar time distributions. For example, for
100 TeV showers with ✓ = 20� and a telescope FoV of 10�, im-
posing a time window of 100 ns reduces RFC from 6% to 5% at
x = 1000 m.

5.2. Energy dependence
The total number of charged particles in an EAS as well

as the energy deposited by them scale approximately with the

energy of the primary particle. Therefore, the total amount
of Cherenkov and fluorescence light scales with energy too.
However, the spatial distributions of both light components on
ground also depend on the longitudinal development of the
shower. The higher the shower energy, the deeper into the atmo-
sphere it develops and the more steeply these light distributions
decrease with core distance. This e↵ect is stronger in the fluo-
rescence component than in the Cherenkov one, since the latter
is concentrated within the pool. As a consequence, the fluores-
cence contamination should in principle increase with increas-
ing energy. On the other hand, a finite FoV has an opposite
e↵ect because it reduces the fluorescence contamination, as ex-
plained before. This reduction is more important as the energy
increases, because the deeper into the atmosphere the shower
develops, the larger the fraction of the shower development out-
side the telescope FoV.

The dependence of the fluorescence contamination on the
primary �-ray energy for wide-angle detectors (60� FoV in the
vertical direction) is shown in figure 6 for showers with ✓ = 20�
and at the characteristic core distances of 500, 750 and 1000 m.
RFC is found to grow approximately as E0.22 for positive x val-
ues (solid lines), reaching up to RFC ⇡ 1 at 1000 m for 1 PeV
showers. The contamination is less significant and weaker de-
pendent on energy for negative x values (dashed lines), because
the impact of the FoV is more important in this region, as shown
in figure 4, and compensates the above-mentioned e↵ect of the
deeper shower development.

Figure 6: Fluorescence contamination RFC, as a function of the shower energy
and x distance for WACDs with FoV of 60� in the vertical direction. Results
were obtained for �-ray showers with a zenith angle of 20�. The statistical error
bars are smaller than the symbol size.

Figure 7 shows the results for IACTs with a FoV of 10�, ob-
serving 20� inclined showers on axis. For this FoV, RFC be-
comes non-negligible (> 1%) at a distance larger than 500 m
and is found to be nearly independent of energy at all core
distances (the asymmetry between positive and negative x val-
ues is very small). Although we report results for a wide
range of shower energies, it should be stressed that, outside the
Cherenkov light pool, the photon density for showers with en-
ergy lower than 1 TeV is comparable to typical night sky back-
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