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The Pierre Auger Observatory uses 27 large-aperture wide-angle Schmidt telescopes to measure
the longitudinal profile of air showers using the air-fluorescence technique. Up to the year 2013,
the absolute calibration of the telescopes was performed by mounting a uniform large-diameter
light source on each of the telescopes and illuminating the entire aperture with a known photon
flux. Due to the high amount of work and person-power required, this procedure was only carried
out roughly once every three years, and a relative calibration was performed every night to track
short-term changes. Since 2013, only the relative calibration has been performed. In this paper,
we present a novel tool for the absolute end-to-end calibration of the fluorescence detectors, the
XY-Scanner. The XY-Scanner uses a portable integrating sphere as a light source, which has been
absolutely calibrated. This light source is installed onto a motorized rail system and moved across
the aperture of each telescope. We mimic the illumination of the entire aperture by flashing the
light source at ~1700 positions evenly distributed across the telescope aperture. For the absolute
calibration of the light source, we built a dedicated setup that uses a NIST-calibrated photodiode
to measure the average photon flux and a PMT to track the pulse-to-pulse stability. We present
the laboratory setups used to study the characteristics of the employed light sources and discuss

the inter-calibration between selected telescopes.
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Figure 1: Left: Illustration of the Pierre Auger Observatory. Black dots represent SD stations. The field-of-
view of the 27 FD telescopes are marked in green. Right: Photograph of the Coihueco FD building hosting
six telescopes. Communication tower is visible in the left.

1. Introduction

The Pierre Auger Observatory [1] is constructed as a hybrid cosmic-ray observatory combining
a surface-detector array (SD) with a system of air-fluorescence telescopes (FD) [2]. The SD employs
1660 self-sufficient water-Cherenkov detector stations distributed across an area of ~3000km?.
Each black dot on the left side of Fig. 1 represents one SD station. On the edge of the SD array 27
large-aperture fluorescence telescopes are installed on four different sites. These telescopes build
the FD. The edges of the field of views of the individual telescopes are marked by the blue lines
in the illustration on the left side of Fig. 1. While the SD samples particle reaching the ground,
we use the FD to observe the fluorescence light emitted by nitrogen above the array, induced by
traversing charged shower particles. We analyze the FD observations to reconstruct the longitudinal
shower profile and estimate the energy of the primary cosmic-ray particle as the integral of the
profile. Due to the rather low duty cycle of the FD, we use the correlation between the FD energy
and a shower-size parameter measured by the SD to perform an energy calibration of the SD. For
an accurate energy calibration of the Pierre Auger Observatory, it is therefore mandatory to know
the exact conversion between a captured signal in the FD telescope camera and the flux of incident
photons.

Up to the year 2013, we performed the absolute end-to-end calibration of the FD telescopes with
a uniform large-diameter light source, the so-called drum [3, 4]. Since this method of calibration is
very demanding in person-power and time required to perform measurements, such measurements
were discontinued in 2013. Since then we rely on a nightly relative calibration of the telescope
cameras.

2. XY-Scanner

We developed a novel tool to absolutely calibrate the fluorescence telescopes of the Pierre Auger
Observatory — the XY-Scanner. The XY-Scanner employs a portable and absolutely calibrated light
source, which we mount onto a motorized rail system. As light sources we use modified general-
purpose integrating spheres (Ulbricht spheres), which are equipped with an LED emitting at a
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Figure 2: Schematics of the laboratory setup to characterize the angular emission of the light sources.

wavelength of 365 nm. Due to internal reflections within the integrating sphere, its exit port appears
as a Lambertian source.

A summary of the XY-Scanner setup and the measuring procedure was presented at the last
ICRC in 2021 [5] and a detailed description of the system is given in Ref. [6]. We give here only a
very brief description of the system.

The rail system consists of two vertical linear stages, which are permanently installed onto
the aperture of each FD telescope. With some delay due to the global pandemic, we completed
equipping all 27 telescopes of the observatory with such rail systems in spring 2023. A horizontal
axis is only mounted for XY-Scanner measurements and otherwise stored inside the telescope
building. For calibration measurements, we drive the light source to ~1700 evenly distributed
positions on the scanner. At each position, the light source emits a short light pulse and we capture
the total signal collected in the telescope camera. Depending on the distance between light source
positions (step size), the total number of positions and thus the total actually illuminated area varies.
Since the readout of the entire FD camera takes slightly longer than ~1 s, we made a compromise
between the illuminated area and the required measuring time. We decided on a step size of 6 cm,
which results in a measuring time of less than ~45 min per telescope, while still ~65% of the
telescope aperture is actually illuminated.

We then combine (a) the total signal collected by the telescope for all positions of the light
source, (b) corrections we obtain from ray-traced simulations of the light source and telescope,
and (c) detailed studies of the light source emission characteristics to estimate an absolute end-to-
end calibration constant for each pixel-PMT of the telescope camera. Combining all contributing
uncertainties we are able to reach a total uncertainty of less than 4.5% on the absolute calibration
estimated from XY-Scanner measurements.

3. Angular Emission Characteristics of Light Sources

We developed a laboratory setup to estimate the angular emission characteristics of the cali-
bration light sources. For this setup, the light source is mounted onto a combination of motorized
rotation stages, which allows us to rotate the source around two independent axes. The first axis
is the vertical, going through the midpoint of the exit port, which rotation is denoted by an angle
a. The second rotation is around the optical axis of the light source and is labeled 5. A schematic
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Figure 3: Measurements of the angular emission characteristics of the two generations of integrating-sphere
light sources.

drawing of the setup is shown in Fig. 2. Within this figure the rotation axes are indicated by orange
lines. At a distance of ~5m a PMT observes the emission from the light source. We choose
this particular distance so that the laboratory PMT covers approximately the same solid angle as
a pixel-PMT of the FD telescope camera. This setup allows us to directly measure the angular
emission of all light sources by observing the source under different viewing angles (a, §) with one
single PMT.

Fig. 3 shows the measured angular emission profiles of the two integrating-sphere light sources
employed by the X'Y-Scanner. For the first generation of light sources, we observe a deviation from
an ideal Lambertian emitter on the order of ~10%. This deviation is induced by the baffle installed
in this integrating sphere, as indicated in the top-left photograph of Fig. 3. A baffle is a structural
element included in the integrating spheres to prohibit photons emitted from the LED from directly
leaving the sphere without any internal reflections. For the second-generation light sources we
replaced the large baffle with a smaller one, resulting in a closer agreement between the measured
angular emission profile and an ideal Lambertian source. See the bottom row of Fig. 3.

In addition, we implemented the measured angular emission of the two light sources into the
XY-Scanner simulation and compared the results of the simulation with measurements at the FD
telescopes. We present the results of this comparison in Fig. 4. Therein the top-left plot shows
the ratio between the pixel signals captured during two XY-Scanner measurements performed at
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Figure 4: Top-left: Ratio of the FD pixel signals for XY-Scanner measurements employing either of the two
integrating-sphere light sources. Top-right: Similar to the left plot, but the results of simulations are shown.
Bottom: Shown is the same data as in the top plots, but as a function of the pixel number. Difference Ar
between FD measurement and simulation is attached below.

a FD telescope and employing the two different generations of light sources. The top-right plot
shows the results of simulating the very same conditions, including the angular source emission
as discussed above. In the bottom plots, we show again the ratios from the real FD measurements
rep and simulations rgy, as a function of pixel number. Additionally, we show a plot of the
difference between measurement and simulation below. We observe a maximal difference of less
than 2% while the mean difference is compatible with zero, which we interpret as a validation of
our laboratory setup and simulation chain.

4. Absolute Calibration of Light Sources

For the absolute calibration of the light sources we setup and are operating two calibration
benches, which are installed at two different institutes. The setups are located at the Bergische
Universitdt Wuppertal (BUW) and the Karlsruhe Institute of Technology (KIT). Since both setups
rely on a similar working principle, we focus the following discussion on the setup at KIT.

In Fig. 5 a photograph of this absolute light-source calibration setup is shown. The setup is
entirely installed within a light-tight enclosure. To measure the emitted photon flux from the source
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Figure 5: Photograph of one of the setups to absolutely calibrate the light sources of the XY-Scanner. All
important components are labeled.

we employ a NIST absolutely-calibrated photodiode. We installed the photodiode on a motorized
linear stage, which allows us to change the distance between the source and detector without breaking
the light-tightness of the setup. The employed photodiode is designed to be operated with a constant
illumination, however for the calibration of the FD telescopes we need to operate the light source
in a pulsed mode. Furthermore, we are limited to a maximal flashing frequency of ~1 Hz due to
the time needed to read out the 440 pixel-PMTs of a telescope camera. We overcame this issue by
increasing the flashing frequency for the source calibration and thus nearly constantly illuminating
the photodiode. By including two PMTs into the setup, which can resolve each individual light
pulse from the source, we are able to correct frequency-depended intensity variations of the light
source.

We calibrated both integrating-sphere light sources in both absolute-calibration setups and
obtained compatible results. Depending on the setup we reach an uncertainty of the estimated
photon flux emitted from the sources between ~2.8% and ~3.5%. We are currently working
on upgrading our calibration setups, which will probably reduce the uncertainties on the source
calibration measurements even further.

5. Comparison with Night-Sky-Brightness Method

Out of the 27 FD telescopes of the Pierre Auger Observatory, three telescopes take on a special
role. These three High Elevation Auger Telescopes (HEAT) can be tilted and thus their field of
view covers higher elevation angles than the standard telescopes. HEAT is located close (~150 m)
to the FD site of Coihueco in the North-West of the observatory. The location of HEAT is drawn
on the map in the left part of Fig. 1. We can use a combination of the HEAT and the standard FD
telescopes at Coihueco to observe a larger fraction of the longitudinal profiles of deposited energy



XY-Scanner Christoph M. Schifer

e NSB CO3/HE1 @ XY-Scanner CO3/HE1
1.50
— ]
e ]
1.25 ® .
S puitih,e eV QRO A s
T 1.00-
0.75 i j i i
—
£ ] o NSBCO4/HE2 @ XY-Scanner CO4/HE2
RS 1.50 e NSB CO5/HE2 @ XY-Scanner CO5/HE2
c (q\] ]
g 1259 .
9] E ° () o
e S
S 00" Wiateg: ¥9upatt yoybanys § e iy & e !%m
z 0'75 ; T T T j T
=
= ] o NSBCO6/HE3 @ XY-Scanner CO6/HE3
1.501
o ]
z 1.251 ®
T 1.00 g ¢ 3 e e
0.75 ; T T T T T T T
2017 2018 2019 2020 2021 2022 2023 2024

Figure 6: Inter-calibration between the three telescopes of HEAT and the corresponding Coihueco telescopes.
Blue and cyan data points represent the NSB method. Results from XY-Scanner measurements are plotted
in red and orange.

by air showers. Therefore, the inter-calibration between the telescopes of HEAT and Coihueco is
of special interest.

We make use of the continuous estimation of the Night Sky Brightness (NSB) by the HEAT
and Coihueco telescopes to monitor their inter-calibration [7]. Due to historic reasons, we adjust the
calibration of HEAT to the corresponding Coihueco telescopes. The estimated HEAT correction
factors are stored in a database and requested for event reconstruction.

In the following, we present a comparison between the HEAT-Coihueco inter-calibrations
obtained from analyzing the NSB and the measurements performed with the XY-Scanner. Note
that the XY-Scanner measurements and the NSB observations are independent methods.

We estimate the total signal captured during a complete X'Y-Scanner measurement as the sum
of the calibrated pixel signals for all positions of the light source on the scanning grid. Since
the telescopes are designed and constructed in an almost identical way, we can directly calculate
the inter-calibration factors between telescopes as the ratio between the signals captured by the
corresponding telescopes.

Fig. 6 shows the HEAT correction factors estimated by the NSB method [7] as blue and cyan
markers, together with the XY-Scanner measurements depicted as red and orange markers. The
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three panels of Fig. 6 show the inter-calibration for the three telescopes of HEAT.

The inter-calibration factors obtained from the XY-Scanner measurements are of the same
order as the HEAT correction factors obtained from the NSB observations. Therefore, we give an
independent validation of the HEAT correction factors obtained via the NSB analysis.

6. Conclusion and Outlook

In this proceeding, we briefly introduced the XY-Scanner, which is a novel and versatile tool
for the absolute end-to-end calibration of the fluorescence telescopes operated by the Pierre Auger
Observatory. The setup and the measuring procedure were already presented at the last ICRC in
2021 and are summarized in Refs. [5, 6]. We finished the installation of XY-Scanner systems on all
27 FD telescopes of the observatory in early 2023.

We focused this proceeding on the measurements we performed in the laboratory to accurately
study the light-source characteristics. We designed and built two setups to (a) measure the angular
emission profiles and (b) estimate the absolute calibration of the employed light sources. For the
second case, we installed two independent calibration setups at different institutes, which provide
us with necessary redundancy and cross checks.

By including the measured angular emission characteristics of the different light sources into
our ray-traced simulations, we observe an excellent agreement between the simulated and the actual
(at an FD telescope performed) XY-Scanner measurements.

Furthermore, we used the measurements performed with the XY-Scanner at the FD telescopes
to give an independent validation of the inter-calibration between telescopes obtained from analyzing
the night-sky-background observations.

We plan to provide a novel absolute end-to-end calibration of all FD telescopes of the Pierre
Auger Observatory in the foreseeable future. On a longer time scale, we aim to perform the
XY-Scanner calibration campaigns on a yearly basis.
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