Journal of @@

Instrumentation

PAPER » OPEN ACCESS You may also like

- Multi-messenger Observations of a Binary

Long-term monitoring of the optical performance of Neuon Sarterger
. . . .P. ott, R. Abbott, T. D. Abbott et al.

the primary mirrors at the Coihueco and Loma oot roconee and radiation darmace

Amairilla sites of the Pierre Auger Observatory Derecr e ATLAS L

G. Aad, E. Aakvaag, B. Abbott et al.

To cite this article: A. Abdul Halim et al 2026 JINST 21 P06040 - East b-tagqging at the high-level trigger of
the ATLAS experiment in LHC Run 3

G. Aad, B. Abbott, K. Abeling et al.

View the article online for updates and enhancements.

This content was downloaded from IP address 94.31.72.233 on 03/07/2026 at 10:41


https://doi.org/10.1088/1748-0221/21/06/P06040
https://iopscience.iop.org/article/10.3847/2041-8213/aa91c9
https://iopscience.iop.org/article/10.3847/2041-8213/aa91c9
https://iopscience.iop.org/article/10.1088/1748-0221/19/10/P10008
https://iopscience.iop.org/article/10.1088/1748-0221/19/10/P10008
https://iopscience.iop.org/article/10.1088/1748-0221/19/10/P10008
https://iopscience.iop.org/article/10.1088/1748-0221/18/11/P11006
https://iopscience.iop.org/article/10.1088/1748-0221/18/11/P11006
https://iopscience.iop.org/article/10.1088/1748-0221/18/11/P11006
https://iopscience.iop.org/article/10.1088/1748-0221/18/11/P11006

]inst PusLisHED BY IOP PUBLISHING FOR SiSSA MEDIALAB

REcElvED: April 17, 2026
AccEePTED: May 27, 2026
PuBLISHED: June 22, 2026

Long-term monitoring of the optical performance of the
primary mirrors at the Coihueco and Loma Amarilla sites
of the Pierre Auger Observatory

The Pierre Auger collaboration

Full author list at the end of the paper

E-mail: spokespersons@auger.org

ABsTRACT: This paper presents the results of an optical performance monitoring campaign for the
primary mirrors installed in fluorescence telescopes at the Coihueco and Loma Amarilla sites at the
Pierre Auger Observatory in Argentina. Since the end of 2003, this effort has developed into a unique
long-term dataset that addresses the performance of the primary mirrors. We have focused on the
scattering characteristics and specular reflectance of mirror segments, as well as their evolution over
several years of operation. Despite being housed in climate-controlled buildings, dust accumulation,
impurities, and natural aging — such as oxidation or other chemical or physical degradation processes
— gradually deteriorate the specular reflectivity of the mirror segments. In this paper, we summarize
data collected over eight years of fluorescence telescope operation since the last major cleaning
in autumn 2016. During this period, periodic in situ measurements were performed of scattering
characteristics using two techniques: (1) specular and diffuse reflectance measurements at a wavelength
of 670 nm using a portable scatterometer, and (2) spectral reflectance measurements in the range from
300 nm to 700 nm using an integrating sphere and a spectrometer. This study builds upon a previous
monitoring campaign conducted between 2012 and 2017. The measurements show that the primary
mirrors remain in acceptable condition after more than 20 years of operation.

Keyworbps: Detector control systems (detector and experiment monitoring and slow-control systems,
architecture, hardware, algorithms, databases); Large detector systems for particle and astroparticle
physics; Mirror Quality factor
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1 Introduction

The Pierre Auger Observatory [1] is located on the Pampa Amarilla plain near Malargiie in Mendoza
Province, Argentina. It detects ultra high energy cosmic rays (UHECRs) with a hybrid system
composed of two nearly independent detectors: the surface detector (SD) [2] and the fluorescence
detector (FD) [3]. The SD spans about 3000 km? and comprises 1660 water Cherenkov detectors
(WCDs) arranged on a triangular grid with 1.5 km spacing, providing lateral sampling of extensive
air showers (EAS) at ground level. The FD consists of 27 fluorescence telescopes at four sites around
the array that observe the atmosphere above the SD and measure the shower longitudinal profile from
the UV fluorescence emitted by excited nitrogen molecules as the shower passes through the air [4].
There is an infill array in the north-west region of the SD array with more dense distribution of the
WCDs with the spacing of 750 m (23 km?) and 433 m (1.9 km?). At the location of the infill, an area
of 17 km? is instrumented with and extension called Auger Engineering Radio Array (AERA) to
study cosmic rays using radio antennas [5]. Moreover, this area is also enhanced by the subsystem
Auger Muons and Infill for the Ground Array (AMIGA), which consists of buried muon scintillation
detectors (2.3 m under the ground) across the WCD stations in the 23 km? area of the infill array [0, 7].
Even outside the infill area, there are more enhancements to the Pierre Auger Observatory such as
installation of radio antennas and Surface Scintillator Detectors [8] to each WCD across the entire array.
The above mentioned is a part of the AugerPrime upgrade-endeavour that addresses the challenge
of dedicated instrumental upgrades of the entire observatory [9, 10]. The physics programme of
the Observatory is introduced in [11-13].

Since 2003, monitoring of the optical performance of FD telescopes has been performed in
periods between cleaning of mirror segments. The last time the FD telescopes were cleaned was in
the fall of 2016. The only global cleaning of FD telescopes took place in the autumn of 2016. A
wet cleaning procedure was used as described in [14]. Results of the first period were presented
in the same publication. Here, we summarize the developments since November 2017. Due to the



two designs of mirrors used in the observatory, this text focuses on the type used in two of the four
FD sites. Details are provided in the next section.

2 Fluorescence detector

The FD consists of 27 telescopes: six at each of four locations: Los Leones (LL), Los Morados (LM),
Loma Amarilla (LA), and Coihueco (CO) [3] plus three additional FD telescopes at Coihueco called
HEAT (High Elevation Auger Telescope) [15]. Telescopes are housed in clean climate-controlled
buildings. Air fluorescence light enters through a large segmented near-UV transparent filter window
(MUG-6) and a Schmidt optics corrector ring in the form of a 0.250 m wide annulus with an outer
diameter of 2.2 m. The light is focused by a 13 m? primary mirror onto a camera in the form of a
matrix of 440 photomultiplier tubes (PMTs). The radius of curvature of the mirror is 3.410 m (nominal
value). The optical axis of the mirror is elevated 15° above the ground. This is a significant factor in
the process of dust sedimentation on the surface of the primary mirror.

Due to the large area, the primary mirror of each telescope is segmented to circumvent the
technological complexity of its production. Two different segmentation configurations are used
depending on the site: a structure of 60 hexagonal glass segments at CO and LA sites, and a tessellation
of 36 rectangular anodized aluminum mirror segments of three different sizes at LL and LM sites.
Figure 1 depicts the schematic layout of the primary mirror of FD telescopes installed at the CO and
LA sites, and an example picture of a telescope. The primary mirror is assembled from hexagonal
mirror segments with spherical surfaces and a curvature radius of 3.410 + 0.010 m.
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Figure 1. (a) Segmentation of the primary mirror into four segment types (labeled as I, II, IIL, IV), (b) photography
of the mirror. As for telescopes COS and LA3, segments marked by red circles were measured by the uScan
device and only CO-53 was measured on other telescopes. Spectral reflectance was measured only on segments
CO5-60 and LA3-60 (the purple circle).

Based on the design, four types of hexagonal shapes were implemented: denoted I, II, III and
IV, see figure 1(a). Each type has a circumscribed circle diameter of 0.623 m. Table 1 summarizes
the shape types and the tilt of the mirror segments in each row with respect to the horizontal plane.



Note that rows 7 and 8 exhibit negative angles, making them less affected by falling dust particles.
Conversely, bottom rows are directly exposed to the falling dust.

Table 1. Shape type and the tilt of mirror segments in rows.

Row 1 2 3 4 5 6 7 8
Shape v 111 II | I II 11 v
Tilt @ [°] | 43.02 | 3493 | 2693 | 18.89 | 11.02 | 3.07 | -4.93 | -13.02

The reflection on the mirror segments is based on a thin aluminum layer that is protected by a
Si0O; layer, which is deposited using the physical vapor deposition (PVD) technique [3]. The entire
layer stack is depicted in figure 2(a). Figure 2(b) shows the design spectral reflectivity of the mirror
segments. The layer thickness is designed to maximize its reflectivity in the 300—400 nm spectral
range, which corresponds to the region of interest of nitrogen fluorescence. Note that the main
in situ scatter measurements have been conducted at a wavelength of 670 nm due to the device
used for the measurements.
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Figure 2. (a) structure of the reflective layer stack, (b) corresponding design spectral reflectivity.

To accurately describe a telescope’s optical performance, one must account for unwanted light
scattering by dust particles on the mirror surface. This contamination does not significantly reduce the
intrinsic reflectivity of the coating. Rather, it scatters reflected light at larger angles, which weakens
the specular reflection, an effect that is particularly pronounced in the ultraviolet region. Increased
scattering raises the telescope’s background light level and reduces the measured specular reflectance.

3 Methods and instruments

3.1 Measurements of scattering profiles

In the previous report [14], a complete angle scatterometer CASI (by Schmitt Industries, Inc., now
The Scatter Works, Inc.) was introduced for precise measurements of the bidirectional reflectance



distribution function (BRDF) [16, 17] at wavelengths of 325 nm and 633 nm. This allowed for an
angle mapping of the reflectance scattering profiles of mirror segments. However, it does not allow for
in situ measurements due to its design. It was used as a reference for validation of a portable in situ
handheld device uScan (by the same company), see figure 3(a). This device was designed to measure
only at 670 nm and at three scatter angles lying in a plane, as depicted in figure 3(b). The laser source
illuminates the sample at an incident angle of 25°. The specular reflectance Rgpe. is detected by means
of Detector 1. The diffuse component Rg;g is detected by means of Detector 2 (at 0° from the surface
normal) and Detector 3 (50°). As the angles are referenced with respect to the direction of the specular
reflection, detection angles are 0°, 25°, and 75° for detectors 1, 2, and 3, respectively.

The unit calculates the root mean square (RMS) roughness of the measured sample using BRDF
values and an adjustable range of spatial frequencies. However, we focus on the calculation of the
diffusive reflectance Rgig as follows [14]:

65°

Rar =21 | BROFinay (6, cos (60)sin (6)d 6,) G.0)
0.04°

where 6 is the scatter angle and BRDF e is a linear interpolation of the measured BRFD points

within the range of scatter angles from 0.04° to 65° (see [14] for details). Note that both quantities

Rspec and Rgir are measured at a wavelength of 670 nm and are anticorrelated.

Detector 1

Laser source X/
Detector 2

Detector 3
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Figure 3. (a) Handheld scatterometer uScan by Schmitt Industries, Inc., (b) scheme of its optical layout.

3.2 Measurements of spectral reflectance

Spectral reflectance has been monitored since November 2017. We adopted a standard procedure
based on relative measurements using an opto-fiber integrating sphere calibrated with a reflectance
standard. Specifically, we utilize an integrating sphere AvaSphere-50-REFL by Avantes B.V. with
an internal diameter of 50 mm and a port opening diameter of 10 mm (located opposite the entrance
port). Integrating spheres collect both specularly reflected and diffusely scattered light. Thus, the
measured quantity is hemispherical reflectance. Two reference standards by Avantes were used during
the monitoring period: RS-2 (in year 2017), RS-2-CAL (2018-2024). A deuterium-halogen lamp
(deuterium lamp 78 W, halogen lamp 5 W) is used as a light source. The input light is guided into
the sphere via an optical fiber with a core diameter of 400 pm (numerical aperture of 0.22). Then,



the output light from the sphere is guided to a spectrometer using an optical fiber of the same type.
An Avaspec-2048 spectrometer (again by Avantes) is used to measure the spectrum of reflected light
in the wavelength range of 300—700 nm. The main focus is on spectral reflectance measurements
in the lower rows of mirror segments due to the difficulties in ensuring consistent conditions for
measurements of reference and segments under investigation located in the higher rows. Moreover,
the lower rows are subject to significant dust contamination.

4 Measurements and results

There are six telescopes at each of CO and LA sites. However, we have only regularly monitored
two of the telescopes: telescope no. 5 at the CO site (COS) and telescope no. 3 at the LA site (LA3).
Measurements for each row were limited to the edge segments marked by red circles in figure 1(a).
Regarding the other telescopes, only the mirror segment 53 at the edge of the second row was included
in the measurements, as the observed trend in other rows is expected to be consistent across the entire
site. Figures 4 and 5 summarize the time development of diffuse and specular reflectance measured by
the uScan device for CO and LA sites, respectively. Time is counted in months since November 2016
after the last cleaning campaign. Missing data points between the months 40 and 65 are due to travel
restrictions during the COVID-19 pandemic. For each row, mean values and their associated standard
deviations were calculated from measurement results obtained by the device at five different positions
of the corresponding segment. The error bars represent type A standard uncertainty, accounting for
the local variations in dust distribution across the segment surface.
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Figure 4. (a) Diffuse and (b) specular reflectance characteristics over time at the COS5 telescope and in all rows
of the telescope (measured at the edge segments). The results were obtained at a wavelength of 670 nm and
an angle of incidence of 25° according to the specification of the uScan device. Mean values and standard
deviations were calculated from measurements at five different positions on each segment.

At first glance, the CO telescopes seem to be affected more by impurity sedimentation than the
LA telescopes. The lower parts have almost twice the diffuse reflectance after 96 months since
the last cleaning. The mutual correlation between Rgpec and Rgif is clearly visible in figures 6(a)
and 7(a) for CO and LA sites, respectively, for the most recent measurements in November 2024.
The correlation is negative, with Rgpe. increasing and Rgig decreasing, and vice versa. Therefore,
the quantities are mutually anticorrelated.
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Figure 5. (a) Diffuse and (b) specular reflectance characteristics over time at the A3 telescope and in all rows
of the telescope (measured at the edge segments). The results were obtained at a wavelength of 670 nm and
an angle of incidence of 25° according to the specification of the uScan device. Mean values and standard
deviations were calculated from measurements at five different positions on each segment.

There is also clear evidence of the influence of row tilt on diffuse reflectance. According to the
cosine law, assuming that the rate of dust sedimentation is proportional to the row tilt (table 1), the
relationship Rgig o< cos @ can be expected, as seen in figures 6(b) and 7(b). Note that the mirror
segments at rows 7 and 8 have a negative tilt with respect to the horizontal plane, so they were
excluded from the linear fit. The fit slope at the CO site is approximately three times higher than
at the LA site, indicating that the vertical gradient of the dust contamination of the primary mirror
at the CO site is more pronounced.

Diffuse vs. specular reflectivity (Coihueco) Diffuse reflectivity vs. row tilt (Coihueco)

) ® row1
K ¢ row?2

{row 2 row 3

4w
1 v row4

> rowb
row 6

* row7

* row8
ro linear fit

}row 5

row 3

R [%]

N w B [4)] [} ~ [e ]
T T T T T T 1

Rdiff @ 670 nm [%]

8
7
6
5r row 3
4
3
2

LTow8  rolp¥ 6 | fit equation: y=-23.3x+24.4
— | I I [

. . . 0 | row E8% §
65 70 75 80 85 0 070 075 080 085 090 095 1.00 1.05
R @ 670 nm [%]

spec cos(a) [-]
(a) (b)

Figure 6. (a) Negative correlation between quantities Rqir and Rgpec at the COS telescope. As seen in (b) the
diffuse reflectance depends on the tilt of the row. The results were obtained at 670 nm and an angle of incidence
of 25° according to the specification of the uScan device. These results are based on measurements taken
in November 2024 (96 months from cleaning). Mean values and standard deviations were calculated from
measurements at five different positions on each segment.

In situ spectral measurements of hemispherical reflectance have been done irregularly since 2017.
The methodology is continuously improved in order to minimize the side effects due to uneven bending
of the fibers between the reference and measurement paths. For this reason, we have limited our
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Figure 7. (a) Negative correlation between quantities Rgi and Rgpec at the LA3 telescope. As seen in (b) the
diffuse reflectance depends on the tilt of the row. The results were obtained at 670 nm and an angle of incidence
of 25° according to the specification of the uScan device. These results are based on measurements taken
in November 2024 (96 months from cleaning). Mean values and standard deviations were calculated from
measurements at five different positions on each segment.

measurements to the lower part of the representative telescopes, specifically segments CO5-60 and
LA3-60, see the purple circle mark in figure 1(a).

Figure 8 shows a decrease in hemispherical reflectance over time for the most affected mirror
segments in the first row. Note that losses due to diffusion are more pronounced in the UV region
of wavelengths than at 670 nm, where puScan operates. At the CO site, the average decrease in
hemispherical reflectance within the wavelength range of interest (300400 nm) is 14% after 96 months
since the last cleaning. At the LA site, the average decrease is 9%.
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Figure 8. Evolution of the spectral hemispherical reflectance over time for (a) CO5-60 at Coihueco, and (b)
LA3-60 at Loma Amarilla representing mirror segments in the lowest row. The marks at 670 nm are estimated
hemispherical reflectivities by uScan calculated simply as the sum Rgpec + Ryiff-



5 Discussion

Diffuse reflectance is one source of light background in FD telescopes at the Pierre Auger Observatory
(the night-sky background being a major source). According to the data from pScan at 670 nm,
its values grew up to almost 7% at the CO site in 96 months after the cleaning. Measured values
at Coihueco are in accordance with the measurements made during the previous period in which
the diffuse reflectance reached 6% in 100 months. As for the spectral reflectance measurements,
note that the hemispherical reflectance measured by the integrating sphere consists of both specular
and diffuse components. The diffuse part contains light scattered up to approximately 76° from the
surface normal. Higher angles are obscured by the body of the integrating sphere. Due to increased
diffusion caused by impurities, light losses in this region have increased. Thus, the total decrease of
hemispherical reflectance is caused by increased absorption due to higher concentration of impurities
together with increased light losses in the obscured region. Based on the data previously obtained
with the CASI instrument at 325 nm, we can state that the losses are about 15% in the UV region, see
also [14]. Results from the spectral reflectance measurements in figure 8 validate this presumption.
Thus, diffusely reflected light deteriorates the total signal-to-noise characteristics of the telescopes
by 15% in the worst case (the lowest rows of the primary mirrors).

Compared to the CO site, LA site exhibits less than half the rate of dust sedimentation as indicated
by its lower diffuse reflectance (see figures 4 and 5, and 6 and 7). One might speculate that this difference
is due to better shielding against dust penetration from the outside. Another relevant fact is that the
area of Coihueco is exposed to stronger winds than Loma Amarilla. Figure 9 illustrates the evolution of
reflectivity at the CO site over the entire operational period of the observatory since September 2003,
when the CO site was completed. Note that the initial data points were obtained from measurements
on representative mirror segments prior to their installation. The plots demonstrate the cyclical nature
of reflectivity characteristics over an extended period of more than 250 months (over 20 years).

Diffuse reflectivity in time (Coihueco) Specular reflectivity in time (Coihueco)

10 95
gl |~ row1 —o—row 1
—v—row 4
IS 8 row 8 € ' .
< c 1
7 o 1 +
o 1 1
~ : : fter cleanin © , T
© 6n i (aa t 201%) © 80 no data in |
utumn
® s5hi ® i this period i
—_ 1 1 ey [ 1
§ 4 E no data_in E éo 75 E i
% 30 iilporiod 1 :’5-70 ki i after cleaning
x 2L | H H (autumn 2016)
i 1 651 i
1 1 1 1 1
NI P ¢ - ol o N N A
0 25 50 75 100 125 150 175 200 225 250 0 25 50 75 100 125 150 175 200 225 250
Time [months] Time [months]

(@)

Figure 9. Development of (a) diffuse and (b) specular reflectance characteristics since the installation of
mirror segments in dedicated rows 1 (the lowest), 4 (the middle), and 8 (the topmost) at the COS5 telescope
(measured at the edge segments) in 2003. The results were obtained at 670 nm and an angle of incidence of 25°
according to the specification of the uScan device. Mean values and standard deviations were calculated from
measurements at five different positions on each segment. Initial data of representative segments were measured
in the laboratory one month after their production.



6 Conclusion

The condition of the primary mirror is an important factor that influences the performance of
fluorescence telescopes at any astroparticle observatory employing the fluorescence detection technique.
Therefore, it is monitored over time and thoroughly described. The fluorescence telescopes of the
Pierre Auger Observatory are housed in climate-controlled buildings to prevent their mirrors from
being directly exposed to the destructive effects of the atmosphere. Nevertheless, gradual dust
accumulation and other contaminants steadily degrade their optical performance, which was expected.
Measurements showed that the primary mirrors retain good optical performance after more than 20
years of operation, allowing reliable data taking by the FD at the Pierre Auger Observatory.
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