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Abstract
An experiment with a small (<1 m2) scintillation muon detector was carried out at IZMIRAN (N55.47 E37.32, 

120 m a.s.l.) in recent years (since 2022). The instrument was built based on polystyrene solid scintillators 

with optical fiber light collection and silicon photomultipliers. It was tested and later put into constant 

monitoring for galactic cosmic rays variations research.  Despite the instrument’s size, the experiment 

provides reliable, statistically supported results. This paper describes the setup of the experiment in detail. 

It also discusses possibilities of using networks of similar instruments for global cosmic rays modelling 

methods. The resulting data are displayed with an example of a Forbush-effect during the 2024 May storm, 

which resulted in a 5% decrease in the detector’s count rate.

1. Introduction

Regular cosmic ray measurements began as early as the 1930s, they were based on small charged partic-
le counters (Alfven et al. 1943; Elliot et al. 1950) and ionization chambers (Forbush 1958). Since then, de-
tectors have undergone substantial evolution and nowadays we have an operating network of neutron 
supermonitors and several large multi-directional muon telescopes, i.e. Nagoya Multi-Directional Muon 
Telescope and URAGAN muon hodoscope in MEPhI (Barbashina et al. 2008). The muon component of 
secondary cosmic rays poses a special interest due to their high penetration capabilities, allowing them 
to be measured even deep underground, which makes it a good candidate for measuring time and space 
distribution of cosmic rays. Large telescopes and hodoscopes are an interesting and fruitful develop-
ment direction, allowing one to obtain high resolution maps of the sky and not only that. Despite this, 
small instruments may also have their important niche.
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One very important aspect of studying galactic cosmic rays (GCR) is studying their long-term and 
short-term variations. GCR flux is anisotropic and some of the most interesting changes may be observed 
in one hemisphere while being completely unnoticeable in the other. This makes individual instruments, 
however complex, not suitable for the task, and leads to creation and development of complex empiri-
cal modelling methods (i.e. Global Survey Method, Belov at al. 2018), that aim to process all available 
ground measurements to try to reach a more accurate understanding of what exactly is happening with 
GCR particles around the Earth.

Naturally, such methods require many instruments to feed them, and these instruments should be, 
ideally, uniformly spread both in geographical location and in their detected particles effective rigidity. 
Building large instruments, and especially supporting their operation in the long term is an expensive 
affair. Doing it in remote locations is even more expensive. Hence, the possibility of using more simple, 
cheap and modular systems for this purpose should be explored.

The aim of our work was to design and develop a small SiPM-based muon detector, that can be used 
as a single vertical direction telescope, or as a module of multidirectional setup. The detector was to be 
compact and easily transportable, allowing it to be moved around and, for example, to be sent into an 
expedition on a ship. The resulting appliance, including physical setup, electronics, data acquisition and 
collection systems will be described below.

2. Experiment setup

Historically, all muon detectors were built using photomultiplier tubes (PMTs). However, because these 
tubes have a row of significant drawbacks, in the modern day they are being replaced by silicon photo-
multipliers (SiPMs) (Aab et al. 2017; 2021). SiPMs are more modern devices based on single-photon ava-
lanche diodes implemented on silicon substrate. They have multiple advantages over PMTs, including: 
lower cost per-channel, lower excess noise, 10–100 times lower bias voltage, higher durability and life-
time, higher efficiency of detecting photons at the optic fiber scintillator emission wavelength. However, 
there is one important disadvantage, SiPMs are very sensitive to ambient temperature, requiring either 
a cooling setup or a very careful approach to setting up the surrounding electronics and correcting for 
possible noises and discrepancies due to temperature. Thus, for our purpose, with the cost and size re-
quirements, SiPMs were an obvious choice for photon detection.

For the experiment we have obtained a pair of polystyrene solid scintillators with WLS fibers light col-
lection (Britvich et al. 2015; Gorin et al. 2016) developed at IHEP. Each scintillator is 0.5 by 0.5 meters 
square, 5 cm in thickness and is connected to a single SiPM (Figure 1, on the left). Such scintillators have 
a number of advantages: good stability, high efficiency of particles detection, ease of manufacturing and 
low cost (Kharzheev 2015). However, there is one significant drawback – gradual degradation of the 
scintillating material over long radiation exposure (Kharzheev 2019). Expected loss in light emission is 
about 2% per year. It is especially important, since, among other things, the developed detector is inten-
ded for long-term cosmic rays’ variations study; therefore, attention should be given towards estimating 
degradation effect in count rate data and finding possibilities of correcting it.

Scintillators were put directly above each other with a distance of h=0.5 m, resulting in a telescope of 
cubic geometry (Figure 1, on the right), providing 54.7° solid angle for particle collection. For filtering 
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out the soft component of the radiation spectrum a layer of plumbum absorber (hPb=5 cm) is placed 
between the detectors. Direction patterns of the telescope were computed and are shown in Figure 2. 

As mentioned above, SiPMs are highly sensitive to temperature and supply voltage. Therefore, requiring 
accurate calibration of operating voltage and a stable enough supply of said voltage. For the experiment 
GPS-74303 or PWS-4305/PWS-2721 power supply units were used. These units have integrated systems for 
temperature correction, and SiPMs also do have internal sensors for compensation. Nominal supply voltage 
of the SiPMs is 29.0 ± 0.1 V. A test was performed to evaluate the dependence of amplification coefficient on 
the supply voltage (Figure 3). Showing that around 29 V telescope count rate changes with a rate less than 

Fig.1: Picture of solid scintillator unit (left 
top); Pattern of light collecting channels 
in the scintillator (left bottom); Picture of 
the resulting muon telescope rig, including 
power supply and embedded data acquisition 
system (right).

Fig.2: Integral, zenith and azimuthal direction patterns of the cubic telescope for detecting muon intensity.
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0.005 %/mV. Taking the statistical error of the hourly averaged count rate as 0.3 % we get the requirement for 
the power supply stability equaling 60 mV. Power supply units used for the experiment provide such stability.

Particle rigidity characteristics were computed for the telescope for γ=0.7 primary cosmic rays spec-
trum. Effective rigidity resulted in Reff=39 GV, which is 3 times higher than effective rigidity of the Moscow 
Neutron Monitor (Reff=12 GV) located in the same building as the telescope at the time of experiment. 
Average and median rigidities of the telescope are Ravg=110 GV and Rmed=26 GV. Other important para-
meters of a ground-based detector are geomagnetic cutoff rigidity and asymptotic direction of primary 
particles arrival. They were computed using the online calculator (https://tools.izmiran.ru/cutoff, last 
accessed 2026 Jan 30, Belov et al. 2020). For year 2024 cutoff rigidity in Moscow equals Rc=2.06 GV 
based on the IGRF-14 magnetic field model (Alken et al. 2021).

Lastly, the embedded data acquisition system for the telescope was built based on an STM32f103с8t6 
microcontroller. Pulses from SiPMs amplification come through a coincidence circuit, resulting into three 
separate channels (upper, lower, coincidence), which are counted by the microcontroller using external 
interrupt (EXTI) inputs. Pulses are about 400 ns in duration, frequency on each channel is less than 100 
pps, and time for processing each interrupt is less than 1 ms, which makes the possibility of missing an 
impulse negligible (10-4 %). Time is kept using DS3231 real-time clock and constantly synced over the 
internet using NTP protocol, resulting in accurate time provided stable internet connection. In the ex-
pedition configuration of the instrument a GPS module should be used for time synchronization. In the 
beginning of each minute the counts are saved and sent to the server via ethernet (W5500 controller). If 
sending fails, data are persisted in on-board Flash memory (AT25DF321) for up to 50 hours. Apart from 
three counters, each minute data row also contains: atmospheric pressure and on-board temperature 
(BMP280 sensor, ±0.12hPa, ±0.5°C), external temperature (DS18B20 sensor, ±0.5°C) and SiPM supply 
voltage measured using microcontroller’s built-in 12-bit ADC. The data is then safely stored on the server, 
which provides a web interface, allowing experiment operators to monitor system status and make ma-
nual corrections to the data in case of corruptions that are caused by electronics failure.

Fig.3: Dependence of the count rates on SiPM supply voltage for each individual detector and for telescope in three different 
configurations (vertical, 45°, 64°). Change in inclination was achieved via offsetting the upper scintillator without changing 
its orientation.
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3. Results

Before the obtained count rates can be used for science, they must be corrected for atmospheric effects. 
It is well known, that muon component of cosmic rays is highly sensitive not only to atmospheric pres-
sure (same as neutrons) but also to the temperature of the air in the region where muons are generated 
(Dorman 2004; Adamson et al. 2010; Kuzmenko et al. 2017; Berkova et al. 2008; Maghrabi et al. 2019). 
Different methods exist for practical correction of the temperature effect, in this case we decide to use the 
›mass average temperature‹ method, as it provides sufficient accuracy, while being the easiest to imple-
ment (Berkova et al. 2012). Temperature data on 17 barometric levels is obtained from NCEP-NCAR Reana-
lysis dataset provided by the NOAA PSL, Boulder, Colorado, USA, from their website at https://psl.noaa.
gov (last accessed 2026 Jan 30, Kalnay et al. 1996). Its data is interpolated from 6-hour to 1-hour resolution 
and from 2.5-degree grid to an exact location using simple splines. Atmospheric pressure correction is 
performed based on pressure data recorded by the BMP280 sensor integrated in the telescope. After de-
termining the correction coefficients, the count rates can be corrected in almost real time, depending only 
on the availability of the atmospheric temperature data, which is lagging about a week behind. But in the 
case that such an instrument will be used for a real-time application, such as space weather forecasting 
systems, there is an option to use NCEP’s Global Forecast System data to perform corrections in real-time.

The instrument described in this work (codenamed Moscow-pioneer) is in constant operation since 2022 
Feb 5, providing valuable data on cosmic ray’s variations. Figure 4 shows hourly averaged variations of the 
telescope count rate since 2024 Jan 1. It was a year of high solar activity, the likes of which we have not seen 
for at least 20 years. In the telescope data this activity is clearly manifested in the form of several significant 
Forbush-decreases (Belov, 2008) and as an overall decrease in the average count rate (Potgieter 2013).

Additionally, let us take a look at one of the most popular events in recent years and compare the 
results with the Moscow Neutron Monitor (24NM64, http://cr0.izmiran.ru/mosc/, last accessed 2026 
Jan 30). During the 2024 May extreme storm (Abunina et al. 2025) the telescope registered an abrupt 

Fig.4: Muon telescope (Moscow-pioneer, vertical direction) hourly count rate variation during 2024 Feb–2025 Mar revised 
and corrected for atmospheric pressure and temperature.
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decrease in count rate of around 5.5% (Figure 5), and at the neutron monitor it was about 11.5%. This 
difference (5.5 / 11.5 = 0.49) is matching (within the error margin) the difference of the estimated cou-
pling coefficients of these instruments (0.40 / 0.78 = 0.51) for the average Forbush-decrease spectrum 
(Yasue et al. 1982; Fujimoto et al. 1984).  The profile of the effect is matching closely, further commen-
ding our small telescope’s data quality. On this figure one can observe that solar-diurnal variation wave 
is also apparent in the muon telescope data, even though it is slightly obscured due to worse statistics.

4. Conclusion

A relatively cheap and compact instrument was built for measuring cosmic ray produced muons based 
on polystyrene solid scintillators and silicon photomultipliers. It is operating continuously for more than 
three years now, and provides good quality data suitable for the research of GCR variations. The corrected 
data of the described experiment (and others) is available publically at https://tools.izmiran.ru/w/muon. 
The data collection system operates in real-time, allowing such instruments to be used as an input for 
real-time models for space weather forecasting. From the point of view of global cosmic rays’ models, 
it seems like a valuable addition, since its effective rigidity Reff=39 GV differs significantly from that of 
a neutron monitor, making it a unique input even when placed in the same location. And the cost and 
transportability allow it to be placed into less accessible locations, opening the possibility of growing the 
network at relatively low expense.

Fig.5: Hourly count rate variations of Moscow Neutron Monitor (purple) and Moscow-pioneer muon telescope (green) 
during extreme events of May 2024
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