AtmoHEAD 2022

IOP Publishing

Journal of Physics: Conference Series 2398(2022) 012011  doi:10.1088/1742-6596/2398/1/012011

Correcting MAGIC Telescope data taken under
non-optimal atmospheric conditions with an elastic

LIDAR
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Abstract. The Major Atmospheric Gamma-ray Imaging Cherenkov (MAGIC) telescopes are
a system of two Imaging Atmospheric Cherenkov Telescopes (IACTs). TACTs make calorimetric
use of the Earth’s atmosphere, which allows them to reach large effective areas, but also makes
them strongly dependent on the quality of the atmosphere at the time of the observations.
Dust intrusions or clouds obscuring the observed Cherenkov light can then lead to a wrong
reconstruction of the gamma-ray data. In order to mitigate this problem, the MPP group built
and has been operating a single wavelength elastic LIDAR (LIght Detection And Ranging)
system to perform real time ranged-resolved measurements of the aerosol transmission. This
information is then used to quantify the quality of the telescope data, as well as to correct the
data taken under suboptimal aerosol conditions. In this talk, the correction of atmospherically
impaired TACT data will be described and the first systematic evaluation of the correction
capabilities of the LIDAR system will be presented. The results describe the impact of the
LIDAR corrections for a variety of atmospheric and observational conditions, and therefore
contribute to a better understanding of the telescope’s performance and related systematic
uncertainties.

on

The MAGIC telescopes consist of two IACTs (MAGIC I and MAGIC II) located at the
Observatorio del Roque de los Muchachos (28.76°N 17.89°W, 2200m a.s.l.) on the Canary

Island of La P

alma. Stereoscopic observations started in 2009, allowing detection of gamma

rays with energies from around 50 GeV up to 100 TeV [1; 2]. TACTs make calorimetric use of
the Earth’s atmosphere, which allows these instruments to reach effective areas of the order of
km?, but also makes them strongly dependent on the quality of the atmosphere at the time of
the observations. Changes in the aerosol conditions due to clouds or dust can affect the shape

and brightness

of the shower images detected in the telescope cameras, which ultimately can

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY

of this

work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd 1


https://orcid.org/0000-0003-2089-0277
https://orcid.org/0000-0001-8442-7877
https://orcid.org/0000-0001-5880-7518
https://orcid.org/0000-0003-0827-5642
https://orcid.org/0000-0001-8307-2007
https://orcid.org/0000-0002-9880-5039
https://orcid.org/0000-0001-8823-479X
https://orcid.org/0000-0003-2109-5961
https://orcid.org/0000-0002-0076-3134
https://orcid.org/0000-0003-0163-7233
https://orcid.org/0000-0002-9926-0405
https://orcid.org/0000-0002-7504-2083

AtmoHEAD 2022 IOP Publishing
Journal of Physics: Conference Series 2398(2022) 012011  doi:10.1088/1742-6596/2398/1/012011

lead to wrong reconstruction of the gamma-ray data. In order to mitigate this problem, the
MAGIC collaboration has been operating a single wavelength elastic LIDAR (LIght Detection
And Ranging) system, located next to the MAGIC
telescopes, to perform real time ranged-resolved
measurements of the atmospheric transmission.
This information is then used to quantify the
quality of the telescope data, as well as to
\ correct the data taken under sub-optimal aerosol
i conditions.
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Wil 2. Data Corrections
using the Atmospheric Transmission Profile
10° 2.1. Obtaining the LIDAR transmission profiles
10 2. The LIDAR initially provides a profile of the photo-
electron counts. Figure 1 shows some examples
Figure 1. Range-corrected photo-electron of the range-corrected profiles as a function of
count taken on November 13, 2015, re- altitude.  Using the signal-inversion algorithm
vealing a higher aerosol content above the described in [3] the aerosol extinction profile,
ground up to around 1.5 km as well as a arLpAR(r), can be extracted for the 532nm laser
layer of clouds between 8.5 km and 11 km wavelength. These profiles are then corrected for
above MAGIC. the fact that the wavelength spectrum of detected
Cherenkov light is not centered at the LIDAR
wavelength, but instead shows a strong contribution of UV light, centered at 400 nm.
The MAGIC LIDAR precedes the observed field-of-view of the MAGIC Telescopes with an
angular offset of ~ 5°. Aerosol extinction profiles, aqer(r), are then evaluated as a function of
range, r, and converted to integrated aerosol transmissions:

Range-corrected counts (N -

4 6 8
Altitude above MAGIC [km]

Taer (T) = €Xp (— /OT Qaer (1) r') = Taer(h) = exp (— /Oh/ os? Qaer(h')/ cos 0 h') , (1)

where 6 is the LIDAR pointing zenith angle.
The aerosol transmissions, Taer(h), are then divided into equidistant altitude, h, bins of
250 m bin width. Each altitude bin gets then interpolated in time. For observation periods
up to 15 minutes outside the time range covered by
LIDAR, the transmission profiles get extrapolated
in time. In this way, an aerosol transmission
profile can be attributed to each individual
MAGIC science data event. Figure 2 shows
example transmission profiles resulting from the
atmospheric conditions portrayed in figure 1.
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2.2. Energy correction

In first order approximation, the amount of
Cherenkov light that reaches the IACT, for a given

impact parameter, scales linearly with the gamma-  *% T e 12
ray energy [4]. This means that the relative

energy bias, introduced by aerosol extinction, can  pjgure 2. Integrated atmospheric trans-

be assumed proportional to Taer. mission indicating a transmission at 9 km

Normally, and particularly in case of cloud ofaround 0.7 during the night of November
layers, different parts of the Cherenkov light 13 2015,

Aerosol transmission to MAGIC
o
e <
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emitting particle shower lie within, above, or below the attenuating layer of particulates. For
layers of low and moderate optical depth, it is sufficient [5] to simply scale the reconstructed
shower energy with the average transmission seen by the Cherenkov light emitted along the
shower:

For = /0 T eh) - Tan(h) dh 2)

The normalized emission profile of observable Cherenkov light from each shower, €(r), is
estimated using the respective reconstructed altitudes of each shower maximum [1; 6], obtained
from stereo reconstruction, and an energy-dependent, Gaussian, longitudinal extension of width
o, which has been obtained from toy MC air-shower simulations.

The new energy estimation F.q,; is obtained by scaling the old estimate Feg with the inverse

of the average optical depth:

E
Ecorr = 7est . (3)

T aer

Since the reconstructed energy appears in the width of the longitudinal profile, this process is
iterated until convergence is reached.

2.3. Instrument response function correction

Up-scaling the energy of each air shower event alone is not sufficient for a retrieval of the correct
energy spectrum, because the instrument response functions of MAGIC also show a strong
dependence on energy [1]. Therefore, the correction of the energy spectrum is implemented
with a bin-wise correction of the effective collection areas and energy migration functions of
the system. In this approach, we explicitly assume that the cut-efficiencies, which themselves
depend on the distributions of the Hillas parameters [4; 6; 7], are not altered by the presence of
aerosols, an assumption that is only approximately true for not too large values of Taer [8].

We make an elapsed-time-weighted histogram of the event-wise correction factors. The
histogram represents for how long has the atmosphere been in conditions in which the energy
correction factor (averaged for gamma-like events of all energies) had a given value. This is done
in bins of zenith angle 6, hence we have tejapsed in bins of T,er and 6. Then we can obtain the
average corrected effective area for a given zenith angle as:

_ Zz Aeff (Etrue : ?aer,i) : telapsed,i(e)
Zi telapsed,i(e)

where the sum is over the bins of T,¢,. This is therefore the average of energy-shifted effective
areas, weighted with the time spent in each observation condition. The use of the elapsed time
(instead of effective time) simplifies the calculation, and makes no actual difference given that
dead time fraction is of around 1% and similar for all data. Finally, averaging in zenith bins
provides the average effective area for the whole sample.

(Aeff (Etrue> 9))

(4)

3. Evaluation of the performance of the LIDAR-based corrections

3.1. Data set

In this work, Crab Nebula data from mid 2013 until early 2020 is analyzed, covering a time
period of almost seven years. The Crab Nebula is observable by MAGIC only from September
until April. The data set contains observations taken at zenith angles between 5° and 62°. At
higher zeniths, it becomes increasingly challenging for the LIDAR to reach the necessary heights
with its limited range, which makes an alternative measurement of the atmospheric extinction
necessary [9]. Due to the very different systematics involved, we have decided not to include
those ”very large zenith angle” data sets. Furthermore, only data taken under dark conditions
have been used, requiring a low level of night sky background [10].
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The data were then classified according to aerosol transmission from 9 km above ground, Ty yy,.
The maximum emission of Cherenkov light of atmospheric air showers for 100 GeV gamma-rays
is reached at a height of close to 9 km [11]. The Crab Nebula data were then divided into
four groups: A low transmission region (0.5 < Tyg;, < 0.65), a medium transmission region
(0.65 < Tygm < 0.82), a high transmission region (0.82 < Tyk, < 0.9) and lastly a region with
only data of the best possible quality (Tg g, > 0.95). In total, about 176 hours of data with Ty g,
above 0.95 have been used, 26 hours in the high transmission range, 16 hours in the medium and
10 hours in the low transmission range.

3.2. Construction of the reference spectrum

In order to quantify improvements to the spectra taken under non-optimal conditions, a reference
spectrum, which serves as the standard for comparison, needs to be defined. The reference
spectrum has been built from the best possible data with Ty, > 0.95 only. For the following
results, only a single spectrum is used, for which all the available data is combined. The spectra
is obtained by fitting the data with a log-parabola function:

5= ()

do E a=b*log1o (775 Gov )
‘ (275 Gev>

The same spectral fit will also be used for the

data taken under non-optimal atmospheric

conditions.

» No lidar corrections
e With lidar corrections
—=- Reference spectrum

10—10

3.8. Bvaluation of the LIDAR performance

Figure 3 shows the uncorrected and corrected
SED taken in the night previously used for
the example photo-electron and transmission
profiles (November 13, 2015), where Ty
showed values of around 0.7. The reference
spectrum is given by the dashed spectrum in
dark green. After applying corrections, a good
agreement of the corrected spectrum with the .
reference can be seen for this night. ° 10° Energyl?zeev] 10°

In order to further investigate the influence

of the zenith angle, under which the data was
taken, the data have been further classified

E2d®/dE[TeVecm~2s71]
5

Figure 3. Example spectrum from November

into three zenith bins: A low zenith bin from
5° to 35°, a mid zenith bin from 35° to 50°
and a high zenith bin from 50° to 62°.

Since individual nights can show limited
statistics, one can combine all available nights

13, 2015, showing the impact of the LIDAR
corrections on data in the 0.65 to 0.82
transmission bin without LIDAR corrections
(red) and in with corrections (blue). The
corresponding reference spectrum is shown in

from a certain transmission and zenith bin
into a single spectrum, to systematically
evaluate the effect of the corrections. Figure 4 portrays the resulting spectra. A three by
three arrangement covers all combinations of aerosol transmission and zenith angle bins. The
transmission and zenith angle region is given in the subplot titles. An individual subplot contains
the resulting SED before and after applying the LIDAR corrections shown together with the
reference spectrum. The effective observation time of the corrected and uncorrected data is
shown in the top right of each subplot.

green.
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Figure 4. Overall spectral fits for nine different zenith angle and aerosol transmission bins
without (red) and with (blue) LIDAR corrections. The reference spectrum is given in green.
The effective time of the data used for the individual spectra is given in the top right corner of
each subplot.

In the top row, results for the highest transmission bin are portrayed. The spectra show only
small offsets from the reference without using LIDAR corrections. Using the corrections, an
agreement better than 15% (maximum deviation) is achieved for all zenith angles.

For medium transmissions, the uncorrected spectra can show deviations up to 50%. The
spectra achieve an agreement up to 15% with the reference for all zeniths after applying LIDAR
corrections.

For the lowest transmission, the limitations of the method become apparent. For low zeniths,
the spectrum gets up-scaled by over 30% but still shows some remaining deviation from the
reference by around 20%. For medium zeniths, a strong correction is also achieved, but deviations
from 25-40% to the reference prevail. In the highest transmission regime only very little data
is available. Again, a strong correction can be seen but the results are not sufficient for regular
usage of the data.
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4. Conclusion

An elastic LIDAR serves as the main atmospheric monitoring instrument for the MAGIC
telescopes. In addition to characterizing the atmospheric conditions for the application of
quality cuts, the obtained aerosol extinction profiles can be used to correct MAGIC science data
collected under non-optimal aerosol conditions. We have presented a method for the correction
of the energy of individual gamma-ray events, as well as the instrument response function. We
evaluated the performance of LIDAR-based corrections under different aerosol conditions and
zenith angles by comparing spectral fits of almost seven years of Crab data. The results allow
for a better estimation as well as a reduction of the systematic uncertainties of TACTs under
sub-optimal aerosol conditions.
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