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o

The peak photon detection efficiency (PDE) of silicon photomultipliers (SiPMs) can be as good or better than the PDE of
photomultiplier tubes (PMTs). There are experiments where the signal is measured in the presence of a strong, steady background
light emission. In these, one needs to accurately evaluate the signal-to-noise ratio. Imaging Atmospheric Cherenkov Telescopes
(IACTs) observe in the presence of strong noise induced by the light of the night sky. It is certainly interesting to investigate the
SiPM performance under operational conditions of IACTs and to compare it with that of the PMTs.

<E For that purpose, we built a SiPM-based detector module, which was installed in one of the imaging cameras of the two Major

O\l Atmospheric Gamma-ray Imaging Cherenkov (MAGIC) telescopes in 2015. The experience gained from that module was used to

Q\ design the second generation of modules of improved performance. Two such modules were installed in 2017.

'_MAGIC is a system of two IACTs located on the Canary Island of La Palma. The mechanical structure of the MAGIC imaging

E cameras offers the possibility to install up to 6 additional detector modules of 7 pixels each into the open vertices of the
hexagonal-shaped camera. This allows us to directly, without making any assumption, compare the performance of the PMT-based

modules with that of the SiPM-based prototype modules, where SiPMs from three different manufacturers are used.
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1. Introduction

Imaging Atmospheric Cherenkov Telescopes (IACT) cap-
ture faint images in Cherenkov light, lasting a few nanosec-
onds. These are produced in the atmosphere by very high-
energy cosmic and gamma rays [[1]. Currently, the cameras
CY) of all relatively large-size IACTs are based on classical Photo
Multiplier Tubes (PMTs) as light detectors [2H6]. SiPMs
are being considered for the next generation of cameras for
<I" the Large-Sized Telescopes (LSTs) of the Cherenkov Tele-
scope Array (CTA) [7]. Smaller-size IACTs such as FACT
or the prototypes of the Small-Sized telescopes (SSTs) and
= = Schwarzschild—Couder telescopes (SCTs) of CTA use Silicon
2 Photomultipliers (SiPMs) as light detectors [8H13]. The in-
>< creasing popularity of SiPMs might suggest that also large-size
a TIACTSs could be based on SiPMs. However, there is no conclu-

sive study that directly compares and measures the PMT and
SiPM performances within large-size IACTs. Instead, there is
much speculation about the comparative performance of SiPMs
and PMTs.

We developed three SiPM prototype detector modules at
the Max Planck Institute for Physics (Munich, Germany) [14].
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These modules are adapted to the mechanical, electronic, and
signal requirements to be installed in the imaging camera of the
MAGIC-I telescope [15].

The imaging camera of a MAGIC telescope includes 1039
PMT-based channels (pixels), which are combined into clusters
of seven [3]]. The 1-inch size PMTs of enhanced quantum effi-
ciency, hemispherical-shape input window, and 6-dynodes from
Hamamatsu (type R-10408-01) are used in the cameras. The
average peak quantum efficiencies of the bialkali photocathodes
are 34 % and 32 % for MAGIC-I and MAGIC-II, respectively
[16]. The light-sensitive area of the camera has a round shape
that fits the inner circle of the hexagonal shape cluster carrying
mechanics. The six corners of the hexagon offer the possibil-
ity to install up to six additional detector modules, each of up
to seven pixels. Each PMT is given a hexagonal-shaped light
guide that collects light, minimizes the inter-pixel dead area, as
well as rejects the stray light (albedo).

To be able to build a SiPM-based pixel that can replace the 1-
inch PMT we used closely-packed matrices of seven or nine
6 x 6 mm? SiPMs. We actively sum up the signal outputs of the
7 (or 9) SiPM chips to mimic a composite sensor with an area
equivalent to that of the PMT [17,18]].

The first SiPM detector module, based on 7 pixels, each com-
posed of 7 chips of 6 x 6 mm? size from Excelitas, was installed
on May 9, 2015 in the MAGIC-I camera [19]]. The experiences
gained from its design and operation led to a second-generation
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design with improved sensitivity and stability. The latter mod-
ules were installed in 2017 [20]. All SiPM modules have been
in regular operation since their installation in the MAGIC-I
camera.
We regularly perform different calibrations and check the sta-
bility of the modules. Here we compare the SiPM and PMT
performances directly, with no assumptions. For this, we use
Cherenkov light flashes from cosmic-ray air showers. In addi-
tion, we flash nanosecond (ns) short pulses from a laser operat-
ing at 355 nm, installed in the center of the reflector. The inclu-
sion of realistic pixel designs, fill factors, electronics, and cal-
ibration procedures verified by various measurements allowed
us to precisely assess the performances. Our results may show
differences from other studies, probably due to their sometimes
simplified assumptions see, for example, [21]].

We describe the operational parameters of IACTs in Section
2, followed by an exploration of the general SiPMs pixel de-
signs and light guides in Section 3. Section 4 elaborates on the
design of the supply voltage and signal summation electronics.
In Section 5, we calculate the expected responses and signal-to-
noise ratios for both SiPM-based and PMT-based pixels, draw-
ing from the spectra of the light of the night sky (LoNS) and
airshower Cherenkov light. Additionally, in Section 5, we as-
sess the linearity of our SiPM pixels and investigate their tem-
perature stability. The installation of the SiPM modules into the
MAGIC-I camera is briefly described in Section 6, while Sec-
tion 7 elucidates various calibration procedures. Measured per-
formances, utilizing artificial light pulses, airshower Cherenkov
light from protons and muons, as well as analyses of time reso-
lution and trigger performance, are discussed in Section 8. Sec-
tion 9 covers the utilization of bandpass filters to mitigate the
impact of LoNS. We summarize our findings in section 10.

2. Operational conditions in IACTs

In contrast to many particle physics experiments (see e.g.,
[22]]), the cameras of IACTSs operate at close to ambient tem-
peratures. This has almost no influence on the performance of
PMTs but SiPMs show a variable level of noise due to thermally
excited dark counts [8), [23]. We want to note that this contri-
bution is significantly less compared to the photo-electron rate
induced by LoNS.

For installation of a SiPM prototype module in the MAGIC-I
imaging camera housing one needs to cope with a number of
constraints such as the size, required power, heat dissipation,
and electronic noise. Because the project’s aim is to directly
compare SiPM to PMT-based pixels, we use the same light
guide entrance aperture and the number of pixels per module.

All detector modules are connected to two cooling plates which
are centered in the camera housing [[16]. The dissipated heat of
the light sensors and electronics is conducted via the module’s
metal structure to those cooling plates. These cooling plates use
a closed circuit of liquid coolant to transport the excess heat
from the modules to the outside of the camera. Typically we
stabilize the camera temperature not too far from the ambient
temperature. In the SiPM prototype modules, we use several
sensors to monitor the temperature at different locations across

the module. Our study of operation temperature and stability is
described in section[5.41

The Domino Ring Sampler version 4 (DRS4) [24]] based read-
out of the MAGIC telescopes is located in the counting house
of the experiment. The analog electronic signals of the light
sensors are converted to analog optical signals by fiber-coupled
vertical-cavity surface-emitting laser (VCSEL) diodes and then
transmitted to the readout via 162 m long multimode optical
fibers [3l 25]. The sampling frequency of the DRS4 readout
is set to 1.64 GHz and stored events consist of 50 samples, re-
sulting in a waveform of about 30 ns per event. The SiPM pro-
totype modules provide analog optical output for each pixel and
are connected to spare channels of the MAGIC readout system.

3. Sensors and light guides

3.1. Types of used SiPMs

For the first prototype, we chose Excelitas SiPMs of type
C30742-66-050-X of size 6 x 6 mm? and 50 um cell pitch. Each
pixel of this first-generation module uses seven SiPMs. The
second generation modules followed two years after the first
module. These were based on S13360-6075VS Hamamatsu
SiPMs (6 x 6 mm?, 75 um cell pitch) and MicroFJ-60035-TSV
SiPMs from SensL (6 x 6 mm?, 35 um cell pitch). The second-
generation pixels use a matrix of nine SiPMs. All three pixel
designs are shown in figure T}

3.2. Acceptance and angular cut-off

The pixels of an IACT are coupled to light guides. These
have a twofold purpose: a) they minimize the dead area be-
tween the pixels by concentrating the light to a small active
area, and b) albedo reduction — reject incident light arriving
from beyond the telescope’s mirror dish. Even though we tar-
geted a pixel with an area similar to that of a PMT, we could
not use the same light guides because these were optimized for
a PMT with a hemispherical photocathode shape but the SiPMs
are flat. In addition, SiPMs are only sensitive to light arriving
at an incident angle of less than 70° due to Fresnel reflection
[26]. For the given topology of the MAGIC telescope, we cal-
culated an optimal cut-off angle of 31.22° from the normal to
reject ambient light. More details on the incident angles and the
optimized light guide can be found in [19]].

Under these boundary conditions, the light concentrator’s max-
imum useful compression ratio is 3.28 for a hollow light guide.
Each side of our hexagonal light guides is parabolic and covered
with a high reflectivity aluminized mylar film. We optimized
the acceptance (i.e. ratio of incident photons to photons reach-
ing the detector surface) of our light guides with simulations
using the ray-tracing library ROBAST [27} 28]. This optimiza-
tion took the spectrum of the air shower Cherenkov light and
the wavelength-dependent reflectivity of the aluminized mylar
into account.

The simulations yield a collection efficiency of 91.8 % + 0.3 %.
We measured the collection efficiency to be 92.1% * 9% for
light that can be detected by the SiPM. This efficiency of our
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Figure 1: The first generation SiPM pixel is based on Excelitas SiPMs (a). Two second-generation pixels, one based on Hamamatsu (b) and the other one on SensL

SiPMs (c). Images from [20].
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Figure 2: Comparison of simulated and measured acceptance of the light guide.
Uncertainty bars include systematic and statistical errors.

adapted light concentrator design is within 1% of the stan-
dard MAGIC light concentrator efficiency when mounted on the
hemispherical PMT cathode for which it was optimized. Simu-
lation and measurement of the acceptance of the produced light
guide are shown in figure[2] They show agreement within un-
certainties with an absolute difference of only 0.3 %. The dis-
crepancy between simulation and measurement at around 45°
is likely caused by manufacturing imperfections and potential
dust deposits on the reflective surface which play a more domi-
nant role at the shallow angles under which reflections occur at
these incident angles.

3.3. Pixel dead area

The SiPMs of one pixel are soldered onto a printed circuit
board (PCB). Dead area of the pixel is caused by the packaging
of the SiPM as well as small gaps that are left between the sen-
sors after the reflow soldering process. In addition, the first gen-
eration of SiPM pixels using Excelitas SiPMs had four dead ar-
eas in the corners where electronic components were soldered.

Figure 3: First generation pixel (Excelitas) with mounted light guide, top view.
The dead area of the SiPM packaging, between the individual SiPMs and at the
corners can be clearly seen.

This can be clearly seen in figures[Tajand 3] By increasing the
number of SiPMs to nine for the second generation of modules,
these dead corners were eliminated, see figures @ and We
show a complete module of seven second-generation pixels in
figure [d]

Only part of the active area of the SiPMs is exposed to light
through the light guide. This has no significant implications as
the inaccessible active area contributes only little to the total
count rate (see further discussion in section [5.1).

Using microscope images we measured the fraction of active
area taking into account the above-mentioned effects to be 69 %
for the Excelitas pixels which was acceptable for a first proof
of principle, 87 % for the SensL and 84 % for the Hamamatsu
SiPM pixels. This does not include the fill factor of the SiPMs,



Figure 4: Hamamatsu SiPM prototype module with seven SiPM pixels with
light guides, top view.

since it is already included in the PDE of the devices. These
measured fractions are also listed in table 2]

4. Electronics

4.1. HV and offset voltages

The Excelitas SiPMs of the first module showed a wide
spread in their breakdown voltages ranging of about 13 V. To
be able to set the bias voltage to all the seven SiPMs of a pixel in
an economic way we combined the individual SiPMs into three
groups, containing 2, 2, and 3 sensors each. The SiPMs for a
given group were selected to have similar breakdown voltages.
During the later construction of the Hamamatsu and SensL
SiPM pixels, we kept this combination into three groups of
consequently three SiPMs each, although the low spread in
the breakdown voltages, between 0.04 V and 0.14 V per pixel,
would not have made this necessary. The reason is that this
subdivision of a pixel, apart from setting equal bias voltages to
each group, enabled us to switch parts of a pixel on and off.

All pixels of a module share a single relative high voltage
(hereafter HV) power supply. The bias voltage of each SiPM
group of each pixel is adjusted by applying an offset voltage
on the anode side of each SiPM group. The total bias voltage
is then the difference between the HV and offset voltage. The
simplified schematic circuit can be seen in figure 5]
If the current limiting resistor in the HV path is chosen too high,
it would lead to a varying bias voltage and, consequently, SiPM
gain with changing SiPM currents, rendering any calibration
unreliable. To circumvent this we chose a very small resistor
of only 56 Q (120Q in the case of Excelitas). This way the
HV variations stay below 10mV for all realistic illumination
scenarios. The original idea was to use an inductor, but noise
pickup proved to be better attenuated by the combination of the
small series resistance and the device’s capacitance.

Summed signal
out
)

2 of 7 SiPMs

1 of 7 common
base transistors

Group current
measurement

Offset
lof3

Figure 5: Schematic circuit diagram.

4.2. Summation

Currently, the size of a genuine (not composite) SiPM is lim-
ited to not more than 6-7 mm edge length. For a SiPM of
larger size, one can use several SiPMs and sum up their out-
puts. A simple parallel connection of SiPMs will suffer from the
large capacitance and consequently low bandwidth, and slow
response time. To keep the original fast response time of the
used single SiPM chips, the outputs of the SiPMs shall be “iso-
lated” from each other before summation. This can be done,
for example, by using a single transistor decoupling ’com-
mon base” stage with low input and high output impedances as
shown in figure[5] A detailed description of the circuit design
can be found in and [18].

The second generation of SiPM-based pixels uses a similar
transistor circuit design. In figure [f] we compare the average
pulse shapes of one single Hamamatsu SiPM with the summed
output signal of the nine SiPMs of one pixel. The pulses shown
are the amplitude normalized averages of 85,000 light-emitting
diode (LED) flasher events sampled at a resolution of 10 ps
for the single SiPM and 174,000 events sampled at a resolu-
tion of 20 ps for nine SiPMs. This results in negligible system-
atic and statistical uncertainties for this measurement. The out-
put pulse full width at half maximum (FWHM) increases only
slightly from 2.4 ns to 2.8 ns for Hamamatsu SiPM-based pix-
els and similarly from 3.1 ns to 3.4 ns for pixels based on SensL
SiPMs. For the first generation SiPM-based pixels using Ex-
celitas SiPMs, the FWHM increased from 5.1 ns to 5.9 ns [19].

5. Expected LoNS and Cherenkov light responses

5.1. Spectra and integrals

To estimate the expected performance of our SiPM proto-
type modules we compared the spectral photon detection effi-
ciency PDE(1) curves of light sensors with the spectra of the
LoNS and the Cherenkov light from air showers reaching the
telescope camera. The spectra are shown in figure [/} In re-
cent years, MAGIC observations’ mean zenith distance (ZD),
which denotes the angular distance between the telescope point-
ing direction and zenith, has steadily increased to cover a larger
solid angle with more astrophysical sources and a wider en-
ergy range. For an example see [29]]. Therefore, it is important
to compare the detector’s PDE with the Cherenkov and LoNS
spectra not only close to the zenith but also at large zenith dis-
tances.



[0}
ES i — Single SiPM
s
E [ — Nine SiPMs
kel -
[0}
NO.8—
© -
E |
(e}
s L
0.6—
0.4
0.2—
0_
T A N R R N RS R RR NI R
-2 0 2 4 6 8
Time (ns)

Figure 6: Comparison of the pulse shape of a single SiPM chip with the active
sum of nine Hamamatsu SiPM chips. The pulse FWHM widens only slightly
from 2.4 ns to 2.8 ns. The amplitudes were normalized for better visualization.

The Cherenkov light spectrum of air showers at the telescope
camera peaks at around 320 nm for low zenith observations, at
an observational altitude of 2.2 km. The peak quantum effi-
ciency (QE) of PMTs makes a good match with the Cherenkov
light spectrum. All of the SiPMs we used have their peak sen-
sitivity at longer wavelengths, thus detecting a lower number of
Cherenkov photons from the main peak in the near UV region.
On the other hand, these collect more photons from the long-
wavelength tail of the Cherenkov spectrum. At large and very-
large zenith distances the peak of the Cherenkov light spectrum
shifts towards the blue-green region. This is due to the longer
distance to the shower maximum region, from where the major-
ity of photons arrive at the telescope. The longer paths attenuate
the near-UV part of the spectrum, due to the Rayleigh scatter-
ing and absorption effects. The Cherenkov spectra were gen-
erated with CORSIKA [30] and the photon propagation to the
IACT camera was modeled with an adapted version of MARS,
the MAGIC Analysis and Reconstruction Software [31]]. We
checked the dependency of the Cherenkov spectra on the im-
pact parameter and energy for different airmasses. The impact
parameter refers to the distance between the telescope and the
point where the shower axis intersects the ground, while air-
mass quantifies the ratio of atmospheric column density along
the line of sight compared to the column density when ob-
serving at zenith. We found that the Cherenkov spectrum has
slightly more UV light for showers with an impact parameter of
O m at low zenith distances and for low and medium zenith dis-
tance showers with energies = 15 TeV. This is of course to be
expected because the Cherenkov photons have to traverse less
atmosphere which leads to less absorption of the UV light. A
semi-empirical model of the electromagnetic shower develop-
ment as a function of atmospheric depth can be found in [32].
In reality, most triggered events have an impact parameter of
100 — 150 m, and hardly any events have an impact of O m for
low and medium zenith distances, even before the stereo recon-
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Figure 7: PDEs (Excelitas (a), SensL (b), Hamamatsu (c)) shown in red, QE
of MAGIC PMTs shown in blue, LoNS spectrum (black, in arbitrary units
(A.U.)) and Cherenkov spectra of air showers observed under 15° (green, in
A.U.) and 80° (light green, in A.U.) zenith distance. The zenith dependency of
the LoNS can be seen in figure[T0] The Cherenkov spectra are generated from
Monte-Carlo simulations summing all azimuth angles. The mirror reflectivity
of the MAGIC-1 mirrors is shown in orange. Cherenkov and LoNS spectra
were scaled for better visibility.



struction and the quality selection. The count rates of astro-
physical sources at energies > 10 TeV are universally expected
to be very low, making it more feasible to observe such high en-
ergies at very large zenith distances, where the collection area
is about one order of magnitude larger than at low zenith dis-
tances [29, 33l]. For large and very large zenith distance air
showers (airmass 2> 3 (AM3)) there is no dependency of the
spectral shape on the energy or impact parameter. We, there-
fore, simulate air showers of 5TeV gamma rays to achieve a
high photon statistic per simulated event, with impact parame-
ters between 0 — 600 m (same as used in the standard MAGIC
Monte-Carlo (MC) simulations), randomly distributed along 27
in azimuth. We note that the increase in the simulated impact
parameter range is not relevant for the determination of the
Cherenkov spectra, but only for a potential calculation of the
effective collection area of the telescope. This is very similar
to the approach used in [2I]]. The shown spectra in figure 7] are
the result of several thousand of such simulated events at zenith
distances 10° and 80°. We considered all photons reaching the
imaging camera and did not include any simulation of a trigger
logic, since this happens only after the photons are converted
into electronic signals.

By multiplying the detection efficiency of a given detector
with the wavelength-dependent mirror reflectivity, the absorp-
tion of the camera entrance window, and the Cherenkov spec-
trum of a given zenith distance one can calculate the detectable
fraction of Cherenkov photons for this detector type. This rep-
resents the maximum achievable efficiency as it does not take
into account camera and pixel fill factors. This fraction is shown
in figure [§] for the four different light detectors under study.
In addition, we also show the resulting graph for the recent 7-
dynode Hamamatsu PMT R12992-100-05 as measured by [34]]
and used for the medium and large-size telescope imaging cam-
eras of CTA. It is interesting to note that the SiPMs show a more
flat behavior compared to the PMTs. All sensors show an ef-
ficiency drop once the majority of the Cherenkov light distri-
bution is shifted towards longer wavelengths than the optimal
PDE range.

The main reason for building a large IACT is to achieve a low
energy threshold. Especially low or medium zenith distance ob-
servations can provide a low threshold. On the other hand, over
the course of recent years MAGIC has maximized observations
at large zenith distances, see for example [29} |33} 135]]. These
observations can allow one to access sources in a wider solid
angle as well as to extend the energy range of MAGIC towards
higher energies, from multiple tens of TeV to above 100 TeV.
To further motivate the necessity of larger zenith distance ob-
servations we compute the number of observable point sources
from the Third Catalog of Hard Fermi-LAT Sources (3FHL)
[36] from the MAGIC telescopes’ site. This evaluation gives an
even better estimate than just calculating the observable frac-
tion of the celestial sphere because it takes into account the dis-
tribution of high-energy gamma-ray sources, which leads to a
steeper rise in mid-zenith range. For the sake of simplicity, we
ignore the potential existence of a spectral cut-off. By increas-
ing the maximum zenith distance for observations from 50° to
85°, the fraction of observable 3FHL sources more than dou-
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Figure 8: Fraction of the detectable Cherenkov photons in the range of 250 nm
to 900 nm with a given photosensor after atmospheric absorption, mirror reflec-
tivity, and camera entrance window. Effects like the pixel fill factor or possible
total reflection at the sensor’s surface for photons with low incident angles are
not included here.

bles from 21% to 46%. Similar numbers can be obtained us-
ing the more recent fourth Fermi Large Area Telescope (LAT)
catalog of y-ray sources (4FGL-DR3) [37]. Here we ignored
possibly curved spectra of the sources, the reason as to why
many sources are not detectable or only detectable below a
given zenith distance in the IACT energy range. Further as-
sumptions on the flux levels and spectral shapes, necessary for
accurate calculations, are beyond the scope of this paper. The
number of observable 3FHL sources is shown in figure 9| for all
possible zenith distances at which MAGIC can observe while
taking into account the surrounding landscape.

After taking into account the pixel fill factors in the imag-
ing camera, the spectral responses can be integrated and allow
a direct comparison between different sensors. For low zenith
distance observations this yields that with the first generation
pixels based on the 10-year-old Excelitas SiPMs one will de-
tect about 25 % less Cherenkov photons than with the MAGIC
PMTs. On the contrary, with the Hamamatsu and SensL SiPMs,
the telescope will detect about 70 % and 60 % more Cherenkov
photons than with the MAGIC PMTs used.

The emission spectrum of LoNS increases towards longer
wavelengths and shows strong emission lines. For example, one
can clearly see the atomic Oxygen line O('S — 'D) at 557.7 nm
above a rising pseudo-continuum starting from the atmospheric
cut-off at about 300 nm. For more details on the LoNS spec-
trum, we refer the reader to [39-41]. The LoNS spectrum at
the MAGIC site was measured in the range from 350 -950 nm
by [42]. For the ranges 4 < 350nm and A > 950nm we used
the SKYCALC Sky Model Calculatorﬂ using the Cerro Paranal
Sky Model for a moonless night at the La Silla site [43] 44].

Ihttps://wuw.eso.org/observing/etc/bin/gen/form?INS.
MODE=swspectr+INS.NAME=SKYCALC
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Since the LoNS spectrum by [42] was measured at a low zenith
distance we used the relative changes of each wavelength with
zenith distance from SKYCALC to extrapolate the measured La
Palma LoNS spectrum to higher zenith distances. The uncer-
tainty of this extrapolation is wavelength dependent and in-
creases especially for wavelength < 500nm and zenith dis-
tances larger than 60° [43]]. In the future, we plan to perform
dedicated LoNS spectrum measurements at La Palma for differ-
ent zenith distances. The extrapolation is done in airmass space
instead of zenith distance space using the formula for determin-
ing the airmass at a given zenith distance from [45]], although
we find that the improvements compared to extrapolation in
zenith distance space are marginal. Here it is worth mention-
ing that the quantitative change of the LoNS background rate at
532 nm was measured with the MAGIC atmospheric LIDAR
system in [46]. Given the respective resolutions, our model
agrees with [46], although we note that the LoNS increase at
532 nm is rather small with increasing zenith distance, as can
also be seen in figure [24]

To estimate the systematic uncertainties of this atmospheric
modeling we used the radiance ratio of the SKYCALC model to
the FORS 1 spectra presented by [43]]. As described in their pa-
per, we divided the radiance ratio curve into two sections, one
for B+V optical bands and one for longer wavelengths. We then
calculated the 68% (1 o) containment levels and used these as
the initial uncertainty levels from the SKYCALC model. [43]
mentions larger uncertainties for airmass > 2. Therefore, we
assume that the model uncertainty for each wavelength scales
linearly with the airmass. Further systematic uncertainties for
the light guide efficiency, non-linearity of the readout, and mir-
ror reflectivity were taken from [47]. The uncertainty of the
photon-detection efficiency for the PMTs was taken from [48]].
For the SiPMs we used the spread between the used sensors for
the systematic uncertainty calculation.

The measured direct current (DC) versus prediction from our
model is shown in figure [I0] where we show the average cur-
rent of a PMT and a SiPM-based module during a moon-less
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Figure 10: Average PMT (orange) scaled by a factor of 3 for better visibility
and Hamamatsu SiPM DCs (red) compared to our predictions from our LoNS
model based on [42] (blue, green). In both cases, the average of seven pixels
is plotted during real telescope observations of one source during one night of
moon-less data taking. The observations were all conducted after 23 UT, which
proves to be relevant due to a change of the street lighting at midnight local
time as described in section 9 of [46].

night observing a single astrophysical target. We note that
we accounted for the fact that the SiPM modules are located
at the camera edge and therefore the observed zenith distance
is slightly different for the SiPM pixels than for the central
PMTs. Not accounting for this effect would, for example, lead
to a 7.5% error in the determined airmass at 70°. It can be
seen that our LoNS model sufficiently describes the qualitative
changes of the measured pixel current averages. The biggest
discrepancy is seen for the SiPM pixels at very large zenith
distances where the model over-predicts the measurement by
4% at ZD=T70°, 9% at ZD=74°. The brightest star in the field
of view (FoV) near the SiPM pixels during this observation
had the magnitude ~ 6.4. This star could be an explanation
for the discrepancy between the LoNS model curve and data
points around ZD=30° where it came closest to the SiPM pix-
els. There was no star brighter than magnitude 6.5 close to the
relevant PMT pixels during the observation time. The grow-
ing difference between the LoNS model curve and SiPM cur-
rent above ZD ~ 70° is reflected by the diverging uncertainties
due to the extrapolation uncertainties with the rapidly increas-
ing airmass.

We draw +1o containment contours around the predicted
model curve which increase linearly for airmass > 2 similar
to our ansatz for the atmospheric modeling above. We take the
determined width of these containment contours as the system-
atic uncertainty of fast atmospheric changes and include it in
our uncertainty calculation of the signal-to-noise ratio below.

Comparing the PDE curves point-wise multiplied with the
LoNS spectrum provides an estimate on the relative increase of
detected LoNS signal with respect to the PMTs: The Excelitas-
based pixels will see ~ 3 times, the Hamamatsu-based pixels
~ 4.9 times and the SensL based pixels ~ 4.4 times more LoNS.
Based on the LoNS rate measured by [49] and accounting for
the hardware changes since their measurement we calculate a
LoNS induced rate of about 550 MHz for the Excelitas pixels,



880 MHz for the Hamamatsu pixels and 800 MHz for the SensL
pixels. The results are summarized in table[I] The uncertainties
of the LoNS-induced rate were calculated using the uncertainty
range from our LoNS model.

The FWHM of a SiPM single photoelectron (abbreviated as
phe) is about 3ns. With such high background rates close to
the order of GHz this results in a strong pileup of single phe
which makes it impossible to distinguish between single phes
during astrophysical observations.

The direct measurement of the LoNS rate is further compli-
cated due to the sliding window peak search charge extraction
algorithm used by MAGIC in the standard analysis [47]. This
algorithm will only detect a maximum of one LoNS-induced
pulse in the readout window and will ignore all other poten-
tially occurring LoNS pulses. To measure the LoNS rate we
therefore integrate the charge in a fixed window in the cen-
ter of the waveform of ~ 65000 pedestal events recorded with
an opened camera observing at a low zenith distance during a
moon-less night. These pedestal events are recorded at a fixed
frequency of 25 Hz during observations [3]. Stars and atmo-
spheric phenomena in the FoV can affect the measured LoNs.
To be able to directly compare the PMT and SiPM-based pixels
we used a data run during which the Hamamatsu SiPM module
was installed in the camera center, thus being surrounded by
PMT pixels. This provides us with 12 symmetrical next neigh-
bors, compared to just 2 asymmetrically distributed neighbors
when the SiPM modules are installed in their usual location at
the camera edges (see figure [I4). This data set is further de-
scribed for the evaluation of the SiPM module performance on
air shower Cherenkov light in section[8.3] The number of phe in
the fixed window will show Poissonian fluctuations due to the
LoNS at the level of VLoNS. With this method, we measure an
averaged LoNS rate during this observation of 232 MHz in the
neighboring PMT pixels and 864 MHz in the Hamamatsu SiPM
pixels in the camera center. The determined Hamamatsu SiPM
LoNS rate agrees very well with the calculation summarized in
table [l The MAGIC PMT LoNS rate is almost 30% above the
predicted value and outside the 1-0 uncertainty range of the av-
eraged value. This discrepancy is primarily caused by a single
PMT pixel showing a rate of 442 MHz. Excluding this out-
lier would reduce the determined PMT LoNS rate to 197 MHz
which is well within the uncertainty. The brightest star in the
vicinity of the relevant PMT pixels was magnitude > 8 so we
can exclude a star being the cause for this high rate. It is how-
ever conceivable that a misaligned mirror panel was reflecting
some other star close to the FoV into this pixel.

Depending on the Moon phase the LoNS can significantly in-
crease compared to a moon-less night. The spectrum of the
moonlight is very similar to the black body approximating the
solar spectrum, but slightly colder (less blue) due to the lunar
albedo [50]. The spectrum of the moonlight reaching the IACT
camera depends on the angular separation between the observa-
tion target and the Moon [S1]]. Non-optimal atmospheric con-
ditions due to the presence of, for example, dust or clouds can
further increase the LoNS due to increased scattering of moon-
light. While it is safe to operate a SiPM-based camera during
high LoNS levels from a hardware point of view, linearity and

temperature considerations (due to the flow of high currents)
need to be carefully assessed. The use of a bandpass filter to
suppress the LoNS is discussed in section [}

5.2. Signal-to-noise ratio

We define the signal-to-noise ratio (SNR) of signal S
and noise N as the ratio of the mean generalized Poisson-
distributed signal pggna to the standard deviation of the
generalized Poisson-distributed noise o ppjse:

Msignal (S)
SNR = = X VI -4 1
O noise V(S) + (N) M

with VI -2 and 4 = In ﬁ with p the cross-talk probability
describing the additional noise contribution from a cross-talk
to the mean Poisson-distributed signal (S) and noise (N). The
effects of cross-talk on the expectation value and variance of the
signal and noise, described by a branching Poisson process, are
derived in [52]. General properties of the generalized Poisson
distribution are discussed in [53].

In a real measurement, S always consists of the real signal
Swue and the noise contribution underlying it: (S) = (S e +
N) = (S que)+(N). Therefore, the signal-to-noise ratio at trigger
level SNRsigger 18

(S true)
V(S true) + 2 X (N)

For a real measurement without background subtraction, one
would get

x VI - . 2)

SNRtrigger =

(S irue) +AN)
V(S true) + 2 X (N)

This is equivalent to the formalism used for example by [54]
(see also [55]]) with explicitly including the cross-talk. For the
reasons given above additional excess noise factor (ENF) con-
tributions as described in [56] adding to the noise term are very
small and we will only consider the background noise caused
by the LoNS.

The change of the SNR with increasing zenith distance is a
combination of increasing atmospheric absorption, increasing
LoNS background, and decreasing shower image size. We sim-
ulated 5 TeV gamma-ray events at zenith distances between 5°
and 85°. The simulated camera was fully equipped with one
given sensor type. The result is shown in figure [IT| where we
show the SNR using the photons in a single pixel. At low zenith
distances PMTs show a slightly higher SNR. From medium to
very large zenith distances, our SiPM-based pixels show a com-
parable SNR to the MAGIC PMTs. The newer PMTs used in
LSTs show consistently higher SNR but agree with our sec-
ond generation of SiPM-based pixels within uncertainties for
ZD> 50°. It is interesting to note that even in a hypothetical
case of absence of cross-talk in SiPMs (p = 0 = 4 = 0),
these only marginally outperform the PMTs in the range be-
tween ~ 45° to ~ 65° while showing comparable SNR every-
where else.

The calculation or comparison of SNRs does however not di-
rectly allow us to infer similar changes in a complete telescope

xVi-1 (3

SNR easurement =



Efficiency on Cherenkov LoNSrate  LoNS rate
wrt. MAGIC PMTs sim.(MHz) meas. (MHz)
MAGIC PMTs 1 180 + 24 232
Excelitas 0.75 + 0.134y, 550 110
Hamamatsu 1.7 +0.2 880 + 150 864
SensL 1.6 £ 0.2, 800 + 130

Table 1: Summary of estimated SiPM module performances on Cherenkov light from air showers at low zenith distances and LoNS photons.
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Figure 11: SNR of a camera completely based on a given sensor for simulated
5 TeV gamma-ray events for different zenith distances. The diminishing uncer-
tainties at larger zenith distances are caused by the diminishing signal (see eq.
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system sensitivity. This would require full and detailed simu-
lations for the trigger, analysis pipelines etc. which is beyond
the scope of this study. A specific realization was studied in
e.g. [21].

5.3. Linearity and cell recharging (gain stability)

The finite number of Geiger-mode avalanche photodiode (G-
APD) cells on a SiPM introduces some non-linearity in the re-
sponse under certain conditions (see e.g. [56,157]).

The saturation effect that causes a non-linearity at high signal

inputs can safely be neglected for the detection of atmospheric
air showers, which are too faint to suffer noticeably from this
effect. This holds true even taking into account the LoNS as we
will discuss below.
At high background rates, G-APDs can be triggered before fully
recovering from a previous discharge. This would increase the
gain variance and lower the mean gain of the device. We calcu-
lated the time for a 90% recharge 79y and the Poisson probabil-
ities of another LoNS photon hitting the same cell within this
time period pgoy. We find pgg < 1.2% for all three pixel designs.
Here we neglect the fact that a G-APD can not develop another
charge avalanche right away but needs to be charged to a mini-
mum level. The presented value can therefore be regarded as a
conservative estimate.

Under the influence of strong moonlight pgy increases sig-
nificantly. For simplicity, we assume here that the LoNS rate
increases by a factor of 12, which is the standard operational
upper limit for MAGIC (see [51]) since the exact conditions
strongly depend on the telescope’s orientation, angular distance
to the Moon (due to Rayleigh scattering) and the Moon phase.
We calculate pgg to be ~ 13% for the Excelitas-based module,
~ 1.2% for the Hamamatsu-based module, and ~ 0.7% for the
SensL-based module. This, especially for the first-generation
module, will result in reduced charge resolution and increased
systematic uncertainties for observations under strong moon-
light.

Table [2] summarizes these calculated probabilities and con-
nected parameters.

5.4. Thermal management and temperature stability

The first SiPM-based detector module used regular multi-
layer PCBs for its pixels. The heat generated in those pix-
els flows along the pixels, through the PCB substrate, to the
aluminum front structure where these are mounted. The heat
is then guided along the two inner and six outer metal rods
~ 14 cm to the camera cooling and temperature stabilization
plate.
For the second generation of SiPM-based modules, we used
multi-layer aluminum core PCBs and an improved inner me-
chanical module structure. Figure shows the bottom side
of such a pixel PCB. One can see the inner aluminum core,
surrounding the smaller bottom PCB layer. This electrically in-
sulated inner aluminum layer of the PCB is in thermal contact
with the module’s front aluminum structure, directly transfer-
ring the heat generated in the pixels. The module’s inner two
metal rods were replaced by a single thickened plate, mounted
with thermal pads, further improving the thermal conductivity
between the pixels and the camera cooling plate. We tested
for potential broadening of the SiPM waveform due to possible
capacitive coupling between the SiPM and the comparatively
thick inner aluminum layer but found none.
The mean pixel temperatures of the seven pixels of a first and
a second-generation SiPM-based module during regular tele-
scope operations are shown in figure[T3] After the regular elec-
tronics warm-up, the SiPM pixels were operated at a stable tem-
perature until ~23:30 when the bright Moon (83% moon illu-
mination, 4% night after full Moon) starts to rise. With the in-
creasing background light, the temperature of both pixel types
increases until a new stable plateau is reached. The plateau level
depends on the angular separation between the observed astro-
physical source and the Moon, as can be seen from the step at



Cells/SiPM  Cells/pixel Accessible Too (ns) oo (%)

active area (%) dark  moon
Excelitas 14,400 100,800 69 219 1.2 13
Hamamatsu 6,400 57,600 84 69 0.1 1.2
SensL 22,300 200,600 87 111 0.1 0.7

Table 2: Characteristic parameters for the G-APD cell recharging under the influence of LoNS.

~01:00 caused by the repointing of the telescope to a different
celestial position. At ~02:00 the camera is switched off for an
engineering run and the pixels return to the same temperature
as during the data taking under dark conditions.

Figure 12: Bottom view of a second generation SiPM pixel. The border of
the central aluminum core layer can be seen surrounding the slightly smaller
bottom PCB layer. The aluminum core is in thermal contact with the metal
structure of the SiPM module, conducting the dissipated heat from the elec-
tronics components to the cooling plates further back in the camera housing.

6. Installation

The inner structure of the MAGIC camera housing which can
be equipped with photodetectors is hexagonal. It is equipped
with 1039 PMTs in a circular shape [3]. This leaves the six
vertices of the hexagon open for the installation of prototype
modules. A front view photo can be seen in figure [T4]

We installed our first SiPM-based detector module in 2015
and the two second-generation SiPM modules in 2017. The
Excelitas-based module is located in the left corner, the SensL-
based module in the bottom right corner, and the Hamamatsu-
based module in the top left corner. In the top right corner,
one can also see a different SiPM-based prototype, the so-called
light-trap which is discussed in [58}[59]. The SiPM modules are
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Figure 13: Mean pixel temperature of the seven pixels of a first and a second-
generation SiPM-based module during a dark night, moon observations, and an
engineering run. Figure taken from [13].

controlled and monitored by the general MAGIC camera slow
control. They are integrated into the MAGIC data-taking sys-
tem though they are not used in the astrophysical data analysis.
The SiPM modules record events in “parasitic” trigger mode,
i.e. when the inner region of the PMT-based camera (see [3])) is
triggered. The SiPMs are operated every night when MAGIC is
taking gamma-ray data.

As mentioned in section [2] the analog optical signals are
transmitted to the data acquisition system in the counting house
via optical fibers. Due to the lower signal transit time of SiPMs
compared to PMTs, we added an additional 1.5m of optical
fiber to ensure that SiPM and PMT pulses arrive at about the
same time.

7. Calibration

7.1. Single photo-electron spectrum method

The PMTs of the MAGIC cameras are calibrated utilizing
the detector’s intrinsic F-factor, sometimes also known as ENF
[3L61]]. However, this method is not straightforwardly applica-
ble for the calibration of SiPMs because of the fundamentally
different origin of the excess noise in SiPMs [23]]. Therefore
we use the pulse charge spectrum of single photo-electrons for
the calibration of gain and the determination of the cross-talk
probability when possible. An alternative method, based on the
F-factor is described in section [7.21
As explained above in section [5.1] the pileup renders it impos-
sible to distinguish the individual photo—electron peaks in a



Hamamatsu

Figure 14: Front view of the MAGICI-I camera with the installed SiPM pro-
totype modules. The three SiPM-based modules described in this work are
labeled. In addition, one can spot the installed light-trap module in the top right
corner and another SensL. SiPM-based module featuring an alternative light-
guide design in the far right corner. See [59] and for more details on
these additional SiPM-based modules.

charge histogram with the camera illuminated by the LoNS. But
with the camera lids closed the recorded events consist only of
pedestals and dark counts with a probabilistic cross-talk con-
tribution. 103 of such events are recorded at a fixed frequency
prior to data taking every night.

The signal charge is extracted with a sliding window integrating
peak search algorithm, the same procedure as used by MAGIC
[47]. For a more detailed description and comparison with other
charge extractors, we refer to [62]. The total length of the read-
out window for an event is 30 ns but we exclude the first and
last 3 ns from the charge integration to avoid pulses which are
only partially contained in the readout window or suffer from
additional noise near the readout window edge [10]. A baseline
is calculated from samples outside the integrating window and
subtracted from the extracted charge. The so extracted charge
of this 3ns wide sliding window suffers from a positive bias
because the extractor intrinsically favors positive fluctuations.
Therefore, the pedestal peak of the charge histogram is not
Gaussian distributed and not centered around zero but shifted
and skewed towards higher values. This shift and skew are de-
creasing with the number of photo-electrons because of a de-
creasing noise contribution to the signal but they are already
sufficiently small even for single phe pulses. Therefore the dis-
tance between the single and the two photo-electron peaks in
the charge histogram provides the calibration constant to con-
vert the recorded charge into number of photo-electrons. The
width of 3 ns of the charge extraction window is on the order of
the FWHM of the summed SiPM pulses, see section @

The individual peaks of the charge histogram are not well sep-
arated as can be seen in figure[I3] Fitting this charge spectrum
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Figure 15: Raw and filtered charge histogram of pedestal events. The range of
single and the two photo-electron peak are fitted by a spectrum function. Figure
taken from [[14]).

would give less reliable results with large uncertainties. We de-
veloped an event filtering algorithm to improve the charge sepa-
ration and consequently the calibration. The filtering conditions
are:

the pulse must be approximately Gaussian in shape,

o the pulse FWHM must be narrow enough to exclude over-
lapping pulses,

o the baseline throughout the full readout window must be
stable,

¢ and the readout window must not contain after pulsing or
delayed cross-talk events.

About 5% of the initially recorded events fulfill these restric-
tive conditions. The resulting histogram, which shows a signif-
icantly improved charge separation, is also plotted in figure[T3]
This filtered histogram is then fitted to obtain the calibration
constant. By integrating the number of events in the unfiltered
histogram with two or more photo-electrons and dividing it by
the number of events with at least one phe we calculate the
cross-talk probability. The integration ranges are determined
from the filtered data but to avoid biases from the described
event filter the unfiltered data has to be integrated. The proba-
bility of two dark count events occurring so close in time to be
interpreted as a cross-talk event is negligible.

7.2. SiPM F-factor and the difference to the PMT F-factor
method

In case the charge separation is not sufficient and prevents
a reliable fit of the individual peaks in the charge histogram
one can use an adapted F-factor based calibration similar to the
PMT calibration method. For PMTs the main contribution to
the excess noise is variations in the multiplication on the first
dynode [63} 64 and the inelastic back-scattering of accelerated
electrons off the dynodes. For SiPMs cross-talk is the cause of
an excess noise factor F > 1 [23]. Still, the general relation be-
tween mean charge @, the mean charge distribution’s FWHM,



excess noise F and mean number of detected photo-electrons
Tiphe from e.g. [65]] or [66] holds and can be transformed to:

- 2
Q2

FWHM |
[52] showed that a branching Poisson process provides ex-

pressions for the probability distributions and excess noise of
SiPM signals with cross-talk. We adopt

ﬁ;;:g-mz-F?( 4)

1 1

1-1" 1_1n1+p’

F =

&)

This is equal to the ENF of a branching Poisson process in
[52] table 2 without the Taylor expansion. This analytical form
proved to be computationally less demanding than calculating
all necessary leading order terms of the Taylor expanded form.
The cross-talk probability p depends on the applied over-
voltage Ugyyer. Also the dark current Iy, rises with increasing
over-voltage. We conducted lab measurements of p and I, at
varying U,yer. To achieve transferable results we read out Iy,
and U,y With a setup identical to the slow control electronics in
our SiPM modules. By using p(l4a) the dependence on Ugyer
is removed and we can directly calculate p and consequently F
for every given Iy, in a meaningful range. Without the depen-
dency on U,y also the temperature dependency is removed for
our operating conditions. For the calibration of a SiPM module
during telescope operations, we use the measured g, in paral-
lel to the dark data run for the single photo-electron calibration
method with closed camera lids.

It has to be emphasized that in contrast to the first method this
excess-noise-based calibration method relies on lab measure-
ments of F, similar to the calibration of PMTs [3].

O and FWHM are extracted from calibration events, records
of homogeneous light flashes of fixed brightness, timing, and
wavelength. These calibration events are generated by the so-
called calibration box, a laser flasher installed in the center of
the mirror dish. A detailed description of the calibration box
can be found in [67] with later upgrades, most importantly the
improved homogeneity described in [3]].

We remark that an F-factor calibration method was used in the
MC study of [21] to simulate the calibration of SiPM pixels
alongside PMT pixels.

7.3. Long-term stability

The SiPM modules are operated in parallel with the PMT-
based scientific camera on a nightly basis. With several years
of data collected so far, we studied the stability of the calibra-
tion. In figure [16| we show the calibration constant between
2017 and 2023. One can see seasonal oscillations of the calibra-
tion constants due to changing temperatures. This is matched
by the behavior of the SiPM pixel temperatures and the air tem-
perature inside the camera measured at the front, shown in the
bottom panel of figure It is clearly visible that the air tem-
perature variations are much larger than the pixel and module
temperature variations. Apart from these temperature-related
changes of the calibration constant, we see no long-term deteri-
oration trend that would indicate an ageing of the SiPMs. Two
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larger gaps in the operation can be seen which are caused by the
COVID-19 pandemic and a volcanic eruption.

We marked changes in the SiPM module configuration e.g. the
change of the operational voltage or the installation of a band-
pass filter. To study the differences between the readout chan-
nels of one module we permuted the optical fibers of the con-
nected pixels during the course of two years. We however note
that such differences are not part of the systematic uncertainty
due to the pixel-wise calibration procedure. Only if a mean or
global calibration procedure would be applied such a system-
atic uncertainty would need to be considered.

To assess the long-term systematic uncertainty of the cali-
bration we binned the obtained calibration constants by pixel
temperature during the calibration run and determined the stan-
dard deviation of the calibration constants within a 0.5°C wide
bin. We only used data that had the same hardware and soft-
ware configurations to eliminate other effects from this study.
The maximum long-term standard deviation obtained is 19%.
Finally, we would like to note that other calibration meth-
ods, which can even work with unresolved single-photoelectron
spectra [68]], exist but were beyond the scope of this work and
should be studied in a follow-up work.
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Figure 16: Top: Calibration constants of an Excelitas and a Hamamatsu pixel
since their installation. Vertical dashed lines indicate a change in the configu-
ration e.g. a different voltage setting, connecting the pixel to a different readout
channel, or the installation or removal of a band-pass filter. Bottom: SiPM
pixel temperature spread during dark night times and seven pixels of one de-
tector module of the given type (red and green). Camera air temperature mea-
sured at the front (blue). Two periods of interrupted operation can be seen due
to stopped operations during the COVID-19 pandemic in 2020 and a volcanic
eruption in La Palma end of 2021.

8. Performance

8.1. Calibration light performance
First, we evaluate the performance of the SiPM-based mod-
ules with light pulses from the calibration laser. During data ac-



quisition, the MAGIC cameras are homogeneously illuminated
with the light pulses from a Nd: YAG laser, operating at the third
harmonic (355 nm). The duration of an individual pulse is 1 ns,
and the laser is fired at the frequency of 25 Hz [3]]. The Exceli-
tas and the Hamamatsu-based SiPM modules were calibrated
using the single photoelectron spectra, while the SensL-based
SiPM module, due to the high dark rate, was calibrated using
the F-factor method. The mean extracted charge of 1000 cali-
bration events (= 40 s of observation) is shown in ﬁgurefor
the typical duration of an astrophysical source during one night.
The obtained number of photo-electrons is in good agreement
with the expectation using the PDE value of the SiPMs at the
calibration laser wavelength from figure[7} In the MAGIC cam-
era, the PMT pixel calibration factors are updated periodically
using the same 1000 calibration events. A similar procedure can
be applied also to the SiPM-based pixels, which are operated at
the close to saturation applied overvoltage.

8.2. Time resolution

To study the time resolution of the camera modules we fol-
lowed the procedure in [69]]. This required correcting for DRS4
non-equal sampling delay effects, which is part of the standard
MAGIC analysis procedure [3] and also described in [69]. We
first determine the mean arrival time for all light sensors of one
type. Then we calculate the difference of the arrival time in each
pixel to its type’s mean arrival time. For 5000 events this arrival
time deviation is calculated and subsequently fit by a Gaussian
distribution. The final time spread AT is calculated as the mean
of all pixel standard deviations. This procedure is repeated for
calibration light flashes of several different intensities that yield
from a few to several hundred photoelectrons. The number of
photoelectrons Npye is determined individually for each pixel
and event. Due to the Poissonian distribution of the intensity
of laser light pulses this binning in single phes might provide a
more accurate result than the binning per filter setting as used
in [69]. To have sufficient events per bin we chose 10 phe wide
bins for signals > 50 phe and 100 phe wide bins for signals >
100 phe. The data was gathered while tracking a source-free
region at 22° zenith distance.

To study the individual contributions we fit the obtained time
spread AT (Nphe) with the parameterized form of individual
time resolutions

2
TO

a0 i

according to [[62]]. Ty contains the contributions from the intrin-
sic pulse width and the transit time spread (TTS) of the pixel.
T, is dependent on the pulse shape and resolution of the signal
extraction. 7, contains the residual ADC clock jitter and the
possible jitter of other electronic components. Details can be
found in [62].

The uncertainties of each data point are calculated from the
Gaussian fit to the individual pixel arrival time deviations and
the standard deviation of Npp.. We add the square root of the
expected number of LoNS-induced photoelectrons from section
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Figure 17: Number of photo-electrons from calibration laser light flashes during
the observation of one astrophysical source for the Excelitas (a), Hamamatsu
(b), SensL (c) SiPM pixels, as well as the two next-neighbour PMT pixels and
the PMT camera average. (b) and (c) from [20].

[5.1)in quadrature to the uncertainty of Npp., which becomes im-
portant for calibration light flashes of low intensity. The data
and fit curves are shown in figure [I8]

To obtain the time resolution for extensive air showers Ty gas
we correct the fit Ty subtracting the intrinsic time spread of the
calibration laser light pulse of 0.47 ns and add the time spread
of air shower photons in a single pixel of 0.3 ns in quadrature.
For the specific case of MAGIC-I, we also have to quadratically
add an additional contribution due to the design of the MAGIC-
I mirror dish consisting of staggered mirror tiles of 0.3 ns. The
numerical values of these correcting factors were taken from
[69]. The time resolution parameters for extensive air showers
are summarized in table

For the MAGIC PMTs we obtain results close to the parame-
ters in [69]]. The rather small differences to the previously pub-
lished values can be attributed to the decrease in the sampling
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Figure 18: Time spread of calibration light events of different detector module
types measured from different calibration light intensities.

Ty eas(ns) T1(ns) T>(ns)
PMT 0.74+001 14+03 0.178 +£0.005
Excelitas 05+0.3 27+04 0.188+0.015
Hamamatsu 0.2 +£0.5 25+0.1 0.144 +£0.005
SensL 02+04 2.1+0.2 0.145 £ 0.006

Table 3: Summary of obtained time resolution parameters in the MAGIC-I cam-
era.

frequency from 2.0 GHz [69] to 1.64 GHz in November 2014
[70l]. The large uncertainties for the three SiPM’s T are caused
by a combination of the large uncertainties in Nppe due to the
higher sensitivity to LoNS and the poor sampling in the low
Nphe region. The respective Ty of the three SiPM-based mod-
ules is substantially below that of the PMT modules as can be
expected from the intrinsically much smaller TTS of SiPMs.
The resolution of the signal reconstruction is expected to be
identical for SiPM and PMT modules, but the pulse shapes are
different, resulting in a slightly larger 7 for all three SiPM
modules compared to the MAGIC PMTs. T, should not depend
on the type of sensor, only the readout. In the fit we attribute
the up to 0.03 ns lower T to variations in the different readout
channels and the much lower number of SiPM pixels. We note
that fixing 7, of the SiPM-based modules to the value obtained
from the MAGIC PMT modules did not significantly alter the
curvature of the fit and thus the best-fit values of Ty and T, but
mainly increased their uncertainties.

In summary, and independent of the small differences in 75, the
SiPM-based modules have better time resolution at more than
16 photoelectrons for the first generation and at more than 6
photoelectrons for the second generation SiPM modules. For
a better comparison, one must consider the photon detection
efficiency of the SiPM modules compared to the PMTs. This
means that for an equal illumination by air shower Cherenkov
photons, the SiPMs of the second generation have a better time
resolution across the whole range covered by this measurement.

8.3. Air shower Cherenkov light performance

Due to the fact that the SiPM modules are installed at the
edges of the imaging camera, they do not participate in the trig-
ger as described in section [f] To investigate their performance
in the trigger, we installed the Hamamatsu SiPM module in
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the camera center for one observational night. The collected
40 minutes of moon-less low-zenith data were analyzed by se-
lecting only very large and bright shower images that illumi-
nate the camera center. This corresponds to the 5TeV events
we simulated in section for the SNR calculations, which
also illuminate most of the camera for low zenith distances.
The trigger and the image cleaning algorithms were the stan-
dard ones from MAGIC as described in [47,|71]. For the PMT
pixels, the image cleaning was performed with the setting 6 phe
for the core pixel thresholds and 3.5 phe for boundary pixels,
which are the default settings used by MAGIC for observations
under dark conditions [51]. We refer the reader to [[72],[73]] for a
description of the two thresholds and the image cleaning using
the sum of the next neighbors. For the Hamamatsu SiPM pixels,
we used the fluctuations of the LoNS-induced charge, extracted
by the sliding window peak search algorithm, to calculate the
corresponding image cleaning levels. We used 11.6 phe as the
threshold for core pixels and 6.8 phe for the boundary pixels.
We note that this differs from the findings by [21]], who de-
termined very similar cleaning thresholds for PMT and SiPM
pixels in their MC study. We also note that the better time reso-
lution of SiPMs compared to PMTs (section[8.2)) could be used
for an improved image cleaning with a SiPM-based imaging
camera. In this study, most of our SiPM pixels have four PMT
pixels as neighbors. Therefore we kept the thresholds for the al-
lowed time differences between neighboring pixels the same as
for the MAGIC PMT camera, as described in [47]]. Very large
shower events can saturate the individual pixels. We, therefore,
exclude events that contain PMT pixels with more than 700 phe
or Hamamatsu SiPM pixels with more than 1500 phe although
we note that this affects only 5 % of events.

An example of such a large cosmic-ray event is shown in fig-
ure[T9] The SiPMs were calibrated using the method described
in section [ZJl We cross-checked the obtained calibration with
the method described in section and found good agree-
ment. Comparing the trigger rates of the Hamamatsu SiPMs
and neighboring PMTs we found that the SiPMs measure 4.3
times more LoNS. From the shower image analysis, we found
that 2.08 + 0.09 times more Cherenkov photons were detected
by the SiPMs. Selecting only very large events could slightly
bias the comparison because these are predominantly produced
by high-energy primary protons, which have a lower first in-
teraction point and longer shower development. From such air
showers, more UV photons can reach the camera. To study
this possible effect we produced Cherenkov spectra for proton-
induced air showers for nine fixed energies in the range from
100 GeV to 1PeV. We found that while there are differences
in the share of UV photons in the Cherenkov light from pro-
ton and gamma-ray-induced air showers, the overall responses
of the PMT and the SiPM pixels are similar. The maximum
difference between MAGIC PMT to Hamamatsu SiPM pixels
between the ratios of detected photons from proton air showers
with the primary energy between 100 GeV — 1 PeV and gamma-
ray air showers of 5TeV is 4 %. We take this as an additional
systematic uncertainty of our measurement. These 4 % can be
considered conservative because the expected number of pro-
tons of a high enough energy is very low due to a primary cos-
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Figure 19: Cherenkov light from extended air shower illuminating a large part
of the camera center. The central seven-pixel module is marked by a yellow
border.

mic ray proton spectral index of -2.7 [[74]. Although performing
~ 22 % better than estimated, this is still in fair agreement with
the calculations in section[5.1] This is true especially when con-
sidering the systematic uncertainties of the sensors under study
as described in section [5.1] and table[T] the above described ef-
fect due to Cherenkov light from proton showers, and the so far
unaccounted effects of atmospheric variations [46], and LoNS
variations at different timescales [40l [75H77].

8.4. Isolated muons Cherenkov light performance

Isolated muon events from low-impact parameters produce
ring or arc shaped images in the camera [78]. Such muon rings
can be used for absolute calibration of the light collection effi-
ciency of the IACT [79,80]. We used the same data set as in
section [83] with the SiPM-based module installed in the cam-
era center to reduce the effect of coma aberration that affects
pixels towards the camera edge. We found 630 muon ring-
shaped events after quality cuts and image cleaning of which
126 produce a signal in the central SiPM module. This number
of events is much less than the expected rate of muons because
the MAGIC telescopes were operated in stereo-trigger mode.
The latter means that a muon event is only saved to disk if there
is a simultaneous accidental event measured by the second tele-
scope’s imaging camera.

We simulated muon events for the same zenith range as in
section starting at 285 g/cm? which corresponds to an al-
titude of about 10km above sea level. This is the height at
which the muon production from proton air showers reaches its
maximum [81]]. The additional simulation of muon events is
necessary because their Cherenkov light, from several hundred
meters above the telescope, gets detected as a ring-shaped im-
age. Due to the short distance, the UV part of such a spectrum is
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less absorbed in the atmosphere. A dependency on the incident
angle of the muon can be neglected, see [82].

We measured a mean of 20.5 + 0.4 phe in the Hamamatsu
pixels and 10.8 + 0.2 phe in the neighboring PMTs. The ra-
tio is 1.91 + 0.064, + 0.22, which is in agreement with the
simulated value of 1.7 and shows that our calibration procedure
from section [7.1] is valid and the nightly uncertainty lays be-
low the aforementioned long-term behavior. The rather large
systematic uncertainty was taken from [80] and is extensively
discussed in [82].

8.5. Triggering on SiPMs

During two nights the three SiPM-based modules were con-
nected to the trigger system. We did not physically move the
modules in the camera but simply reconnected their analog op-
tical signal output fibers. We performed rate scans to determine
the trigger rate as a function of the trigger threshold. These
scans were performed during good atmospheric conditions at
low zenith distances observing a source-free region in the night
sky. Three PMT modules in symmetric orientation were used
for comparison. Several logic patterns of different compact next
neighbor (NN) configurations are available for the trigger set-
ting. A description can be found in [3]].

One rate scan for the 3NN trigger configuration is shown in
figure[20] The rate scan can be fitted by two distributions, one
steep power law due to the LoNS and a more shallow power
law due to the cosmic ray events. The crossing of the two distri-
butions defines the minimal trigger threshold for the telescope
for the given trigger configuration. The minimal threshold is
shown in ﬁgure@ for 2NN, 3NN, 4NN, and 5NN for the three
different SiPM module types and the used MAGIC PMTs. It
can be seen that the Excelitas, SensL, and Hamamatsu-based
SiPM modules result in higher trigger thresholds compared to
the PMT-based modules. As for the SNR, it can be seen that
SensL, Hamamatsu, and MAGIC PMT performances are simi-
lar, except for the 2NN trigger configuration, whereas the older
Excelitas-based module performs worse. For the 3NN trigger
configuration, the thresholds can be directly compared to the
SNR of section [5.2} which shows agreement within uncertain-
ties.

During another night we mounted a UV-pass filter on top of
the Hamamatsu-based SiPM module and took rate scans. The
colored glass 335nm — 610 nm bandpass filter [83]] on top of
the Hamamatsu SiPM module covered all seven pixels (band-
pass filters in general are discussed in section[9). We measured
the transmission for light incoming perpendicular to the filter
and under an angle of 45°, which serves as a conservative esti-
mate because this angle is higher than the most extreme case of
31.22° for light coming reflected from the mirror as discussed
in section The transmissions agree within fg:iZZ, and the
average difference was 1% in the range 300 nm — 700 nm. Fol-
lowing this, we took the angular filter response for light coming
reflected from the mirror as constant. The result is shown in fig-
ure[22] It can be seen that due to different atmospheric condi-
tions and a different observed star field and therefore LoNS rate,
we obtained generally lower thresholds compared to figure [21]
but with the same tendencies between the different sensor types.



We also note that the trigger rates at the corresponding inter-
sections agreed within uncertainties for both nights. The SiPM
modules equipped with Excelitas and SensL SiPMs showed a
higher trigger threshold than the PMT modules. In contrast, the
Hamamatsu-based pixels with the additional UV bandpass filter
provided a lower trigger threshold.

In the presence of moonlight the LoNS increases signifi-
cantly, leading to an elevated trigger threshold. A scan with
identical trigger configurations as in Figure 21| but from a dif-
ferent night under the presence of moonlight is shown in Figure
[23] During the time of the measurement, the angular separation
between the telescope pointing and the Moon was ~ 50° and
the waning Moon was 70% illuminated.
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Figure 20: 3NN rate scan with fitted cosmic-ray and air shower parts.
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Figure 21: Dependence of the threshold on the next neighbor trigger configura-
tion for the sensors under study. The threshold value in phe was normalized to
the value that the MAGIC PMTs would detect so that the curves can be directly
compared with each other.

A comparison of SiPM and PMT trigger rates can also be
found in [[15]].

We would like to emphasize that the comparison of the
thresholds determined by rate scans should not be confused
with an equivalent improvement (or lack thereof) in the per-
formance of the entire telescope. Rate scans are only a first
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Figure 22: Minimal threshold depending on the next-neighbor trigger configu-
ration for the given sensors, same as in ﬁgure@but with an additional UV-pass
filter on top of the Hamamatsu SiPM module. The generally lower thresholds
are caused by different atmospheric conditions and a different pointing direc-
tion.

step. To understand the telescope threshold for gamma rays,
one needs to take into account the trigger, the image reconstruc-
tion, its parameterization, and the analysis pipeline; usually, the
threshold after the analysis is higher than that just after the trig-
ger [47]. The study of these is beyond the scope of the current
work. However, the SNR of the photosensors is the fundamen-
tal parameter for assessing the performance of an imaging cam-
era.

9. Simulation of bandpass filters

To reduce the effect of the LoNS for SiPM-based imaging
cameras one can use UV/blue-pass filters (see [12, [84]). Al-
ternatively, the telescope mirrors could be coated by a dielec-
tric coating [85]], the light guides of the pixels could be coated
[86], or the pixel could be constructed as a so-called Light-
Trap, consisting of a SiPM coupled to a polymethylmethacry-
late (PMMA) disk doped with a wavelength-shifter [59]. The
UV/blue pass filter can alternatively be placed directly on the
SiPM chips but will increase the crosstalk[87]. The filter can
also be mounted above the surface of the light guides, poten-
tially replacing the “usual” MAGIC protective camera entrance
window. In MAGIC, such a setup for attenuating the moonlight
was tested several years ago [S1]. [21] discusses the techni-
cal aspects of such a camera window with a dichroic filter and
concludes the financial affordability. Also, the MAGIC light
detection and ranging (LIDAR) atmospheric monitoring sys-
tem uses a narrow interference filter for LoNS rejection [46].
We repeated our LoNS and Cherenkov light simulations from
section [5.2 with an additional bandpass filter installed in front
of the detector modules. For the simulations in this section,
we again include the novel PMT R-12992-100, which is used
in the imaging cameras of the large (LST) and middle (MST)
sized IACTs of CTA [34]].
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We simulated idealized filters with transmission curves fol-
lowing a Heaviside step function which only allows all photons
below a certain cut-off wavelength to pass the filter. We deter-
mined the ideal cut-off wavelength in terms of maximizing the
SNR as defined in formula[3} An example showing the 2D his-
tograms for the Hamamatsu-based SiPM pixels is presented in
figure24] Depending on the zenith distance, two dominant cut-
off wavelengths were found, one at 555 nm and one at 722 nm.
Comparing to the LoNS spectrum in figure [/| one can see that
this corresponds to a cut-off just below of the O('S) peak cen-
tered at 557.7 nm [88]] and just below a set of Meinel OH bands
above ~725nm [89]. For few zenith distances, the maximum
SNR was achieved with a cut-off wavelength just below the
O(ID) line at 630 nm [76]]. An ideal filter cutting wavelengths
of around 550 nm was also obtained from an MC study of [21].
The differences between the three SNRs for filters at 555 nm,
722 nm, or 630nm are generally very small for SiPM and R-
12992-100 pixels and negligible for MAGIC PMT pixels. To
exemplify this the SNRs for filters with a cut-off wavelength
of 555 nm and 722 nm are shown in the center bottom panel of
figure 24] The maximal difference in SNR between these two
filter cut-offs, which is always reached at a zenith distance of
55°, is 6.4% for the Excelitas SiPMs, 4.5% for the Hamamatsu
SiPMs, 2.9% for the SensL SiPMs, 0.2% for the MAGIC PMTs
and 0.6% for the R-12992-100 PMTs.

The ratios of the SNR with a filter cut-off at 555nm or
722 nm to the SNR without a filter are shown in figure Up
to 25% improvement in SNR is possible at very large zenith
distances where the LoNS is more intense. One can also see
that a filter cut-off at 722 nm performs much better at medium
zenith distances, while there is a smaller difference at small
zenith distances. The use of a bandpass filter inevitably also
reduces the number of Cherenkov photons. The ratios of the
Cherenkov photons detectable by the different pixels are shown
in figure 26| It is obvious that a filter cutoff at 555 nm will
dramatically reduce the number of Cherenkov photons detected
by SiPM-based pixels. This can seriously deteriorate the tele-

17

scope’s trigger and analysis thresholds, especially at very large
zenith distances. Therefore, a cut-off wavelength at 722 nm
seems to offer a reasonable compromise for SiPM pixels as it
provides a good SNR improvement and reduces the number of
Cherenkov photons by less than 10% for all zenith distances.
The use of such filters for PMTs does not seem to be worth the
additional cost and complexity. This is due to the fact that the
shape of the wavelength-dependent QE for a PMT with bial-
kali photocathode makes a very good match with the shape of
the Cherenkov light spectrum, see figure [/} Also, in a natural
way, it suppresses the most intense part of the LoNS spectrum
at longer wavelengths. Therefore, the SNR and the number of
Cherenkov photons are influenced much less than for SiPMs.
The performance of an IACT in the first place depends on the
discussed SNR, but the final evaluation will be based on the im-
age reconstruction and noise suppression. The detailed study of
the influence of a bandpass filter on the trigger threshold and
image reconstruction, including the gamma/hadron separation
(for MAGIC see [90]) is beyond the scope of this work and will
be discussed in a dedicated follow-up publication.
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10. Summary

The main objective of this study was to compare the perfor-
mance of SiPM and PMT light sensors in the imaging cameras
of TACTs directly and without any assumptions. Although to-
day’s SiPMs have comparable or even better peak PDE than the
best classical PMTs, due to the strong background from LoNS
(noise) and spectral differences between the sensors, this alone
is not an indication of their better performance. Only a careful
evaluation of the signal-to-noise ratio can provide an answer to
the problem under study. For this purpose, we built three SiPM-
based 7-pixel modules with sensors from three different manu-
facturers. To achieve a similar active area as for the PMTs in
the imaging camera, we developed an analog electronic circuit
that actively sums the outputs of seven/nine SiPM chips into
a composite pixel, thereby virtually preserving the fast signal
timing of a single chip. We calculated the SNR for SiPM and
PMT pixels using simulated LoNS and Cherenkov light spec-
tra and showed that a similar performance can be achieved at
most zenith distances with both types of sensors. At low zenith
distances, the PMTs have a slightly higher SNR. At medium
to very large zenith distances, our SiPM-based pixels show a
comparable SNR to the MAGIC PMTs. The newer PMTs used
in the LSTs consistently achieve a higher SNR, while matching
our second generation of SiPM-based pixels within uncertain-
ties at ZD> 50°. It is worth noting that even in the hypothetical
absence of the effect of cross-talk, PMTs and SiPMs demon-
strate very similar SNRs across all zenith distances, except for
marginally higher SNR of SiPMs in the range between ~ 45°
and ~ 65°. We performed measurements to validate the simu-
lations by using Cherenkov light from cosmic-ray air showers
as well as ns fast laser pulses at 355 nm. Simulations and mea-
surements are in agreement. We validated our LoNS spectrum
model for a wide range of zenith distances by using the signal
currents in SiPM and PMT pixels. Two types of calibrations
were applied, one using the single photoelectron spectrum and
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Figure 26: Ratios of the Cherenkov photons detected by using filters with given
cut-offs to the Cherenkov light without the use of a bandpass filter for the dif-
ferent light sensors.

the other using the F-factor method. The measured time res-
olution showed an improved Ty gas which could be of interest
for the developing field of intensity interferometry with IACTs
[91L 92]]. Using rate scans, we showed that a lower trigger
threshold can be achieved with SiPMs, but only if a bandpass
filter (or some other similar measure) is used to reduce the re-
sponse to long-wavelength photons in the LoNS spectrum. Mo-
tivated by the increasing number of observations at large zenith
distances with MAGIC, we showed the necessity to consider the
zenith distance dependence of the Cherenkov and LoNS spec-
tra when selecting a UV/blue-pass filter. This results in two
possible (idealized) filters that optimize the SNR for the SiPMs
for all zenith ranges. This study was not targeted at upgrading
a specific telescope system. The aim was to underline the im-
portance of the signal-to-noise ratio as the key parameter and
provide useful information. So, unlike [21]], we refrained from
simulating a full telescope sensitivity for a specific sensor type,
analysis pipeline, and (standard candle) source spectrum.
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