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ABSTRACT

Plastic scintillators read out by silicon photomultipliers (SiPMs) are now widely used in compact cosmic-ray
muon telescopes, from desktop counters to square-metre muography hodoscopes. The measurements these
instruments report, however, are difficult to compare: vertical intensity, integral flux, coincidence rate, and
acceptance are not always distinguished, and the quantities that control them — geometric acceptance, plane
efficiency, coincidence window, energy threshold, and environmental conditions — are reported
inconsistently. This review is organized around that measurement chain rather than around individual
instruments. It summarizes the muon physics that fixes what a surface telescope can measure, treats the
scintillator and SiPM properties that set the photoelectron budget and the singles rate, classifies published
detector architectures, and analyses coincidence background, acceptance, and efficiency quantitatively.
Published zenith-angle exponents are then compared: acceptance-corrected tracking and pulse-charge
measurements give n = 2.00 £ 0.04 (stat) + 0.14 (syst) and 1.90 + 0.06 (stat) = 0.10 (syst), whereas tilt scans
of wide-acceptance counting telescopes fitted directly with a cosine-power law give 1.39 + 0.01 and 1.44 +
0.06. A numerical acceptance calculation performed for this review, and clearly separated from literature-
derived values, shows that for two square planes of width a separated by d the apparent exponent obtained
from uncorrected tilt-scan rates falls from 1.99 at d/a = 10 to 1.62 at d/a = 1 and 1.28 at d/a = 0.5 when the
true exponent is 2, and that forward folding the same model through the acceptance recovers the input
exponent exactly. Finite acceptance can therefore account for a substantial fraction of the published spread
without invoking atmospheric physics, although the geometries of the published telescopes differ from the
idealization used here and no correction is derived for them. Its principal practical outcome is a minimum
reporting standard for compact scintillator-SiPM muon measurements, set out in Section 15.5 and supported
by an uncertainty framework and an assessment of the gaps that currently limit the comparability and the
imaging performance of these detectors.

Keywords: cosmic-ray muons, plastic scintillator, silicon photomultiplier, coincidence counting, geometric
acceptance, zenith-angle distribution, muography

INTRODUCTION

Scope and Rationale

Cosmic-ray muons are abundant penetrating charged particles at sea level and are available continuously,
without an artificial radiation source or radiological control. For a scintillation detector they are therefore
both a convenient commissioning signal and, in muography, the measurement probe itself. The combination
of plastic scintillator with silicon photomultiplier (SiPM) readout has made such detectors compact, low-
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voltage, and inexpensive enough to be built by school groups [1],[2] and, at the other extreme, to instrument
tens of square metres in the field [3],[4],[5].

Two early experiments established the pattern that much of the later work has followed: the measurement of
tunnel overburden from the attenuation of the muon flux [6] and the search for hidden chambers in the
Second Pyramid of Giza with spark chambers placed in a chamber at its base [7]. Both compared a
measured directional rate with an expected open-sky rate, and both therefore depended on knowing the
detector acceptance, its efficiency, and its background. Modern reviews document how widely the technique
has since spread [8],[9],[10],[11],[12], and the replacement of photomultiplier tubes (PMTs) by SiPMs has
changed the engineering of these detectors substantially: bias voltages of a few tens of volts, insensitivity to
magnetic fields, low power, and mechanical robustness, at the cost of a large thermally generated dark count
rate and a gain that varies with temperature [13],[14],[15].

Gap addressed by This Review

Existing reviews are organized by application or by imaging algorithm [8],[9],[10],[11],[16]. What is
missing is a critical treatment of the measurement chain of the compact scintillator—SiPM telescope itself,
and in particular of why its published results do not compare well. The zenith-angle exponent illustrates the
problem.

Acceptance-corrected measurements give values close to 2 [17],[18], and compilations of low-altitude
results cluster between about 1.96 and 2.2 across a wide range of geomagnetic cut-offs [17]; yet two recent
tilt scans with counting telescopes, fitted directly with a cosine-power law, report 1.39 + 0.01 [19] and 1.44
+ 0.06 [20]. A discrepancy of this size exceeds the spread reported among low-altitude sites, and
instrumental acceptance effects can contribute substantially to it; quantifying that contribution for an
individual experiment requires its specific geometry and analysis to be modelled, which the literature has not
done.

This review therefore (i) collects the muon physics that determines what a surface telescope can measure,
(ii) treats the scintillator and SiPM properties that set the photoelectron budget and the singles rate, (iii)
classifies detector architectures and their front-end and trigger implementations, (iv) analyses coincidence
background, acceptance, and efficiency quantitatively, (v) compares published flux and angular results, and
(vi) presents an original numerical acceptance calculation that quantifies the bias introduced by fitting an
uncorrected cosine-power law. Throughout, results taken from the literature and calculations performed by
the authors are separated explicitly, and Appendix A states the basis of every figure.

Contributions of This Review

Four elements are new relative to existing reviews. First, an explicit treatment of the measurement chain of
compact scintillator—-SiPM telescopes, in which intensity, integral flux, coincidence rate, acceptance and
efficiency are kept distinct (Section 1.3) and their interdependence is made quantitative (Sections 8-10).

Second, an original numerical acceptance calculation, performed by the authors and based on no
experimental data, showing that a direct cosine-power fit to uncorrected tilt-scan rates of two thin square
planes returns an apparent exponent of about 1.62 at d/a = 1 and 1.28 at d/a = 0.5 when the true exponent is
2, and that forward folding the same model through the acceptance recovers n = 2 (Section 11.2). Third, a
comparison of published systems that separates construction from operating parameters and identifies which
reported gquantities can and cannot be compared between instruments (Sections 12 and 15.4, Tables 6, 7 and
10). Fourth, a minimum reporting standard for compact-telescope measurements (Section 15.5), which is the
principal practical outcome of the review.

Terminology, Method, and Conventions

Terms that are frequently conflated are used here as follows. Differential intensity is the flux per unit area,
solid angle, time, and energy; intensity I(0) is its integral above a stated energy or momentum threshold, in
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m~2s ' sr!; integral flux J is the intensity integrated over the upper hemisphere through a horizontal surface,
in m~2 s7!; count rate and coincidence rate are detector observables in s°!; the geometric factor or acceptance
G (m? sr) converts an intensity into a rate for a given geometry; and efficiency-corrected flux is a rate
divided by acceptance and by trigger efficiency. A count rate normalized by detector area alone is none of
these and is not comparable between instruments.

Sources were located on publisher platforms for the instrumentation and astroparticle journals in which this
work appears — principally Nuclear Instruments and Methods A, the Journal of Instrumentation, IEEE
Transactions on Nuclear Science, the Journal of Applied Physics, the Journal of Cosmology and
Astroparticle Physics and Physical Review D — on the arXiv and NASA ADS records of specific detector
platforms, and by following the reference lists of those platform papers; the Particle Data Group review
supplied the reference values [21]. Coverage extends from the first muon-attenuation measurements of the
1950s to mid-2026, with the detector-platform material concentrated in the last decade, during which SiPM
readout became common.

A source was retained when it reported a quantity that can be checked by a reader — a detector geometry,
coincidence window, singles rate, threshold, efficiency, acceptance or fitted exponent — or when it provided
a reference value or a formalism used here; sources offering only qualitative descriptions of a detector were
not used for the comparison tables. Detectors with photomultiplier or gaseous readout are included only
where they supply benchmarks that the scintillator—SiPM literature lacks. Extensive-air-shower physics,
underground muon physics and scattering tomography are outside the scope except where they bear directly
on a surface telescope. Bibliographic details were checked against publisher or arXiv records, and preprints,
technical reports and manufacturer documents are identified as such in the reference list. No formal
systematic-review protocol was applied and no claim of exhaustive coverage is made: the aim is a
representative and verifiable rather than a complete sample. Where a source does not report a quantity, the
tables state “not reported” rather than an estimate.

Cosmic-Ray Muons at the Surface
Production and Intensity Scale

Primary protons and helium nuclei interact in the upper atmosphere and produce charged pions and kaons
whose decays supply almost all ground-level muons (Fig. 1). Production peaks near 15 km; a muon loses
about 2 GeV by ionization on the way down and arrives with a mean energy near 4 GeV [21]. Survival is a
relativistic effect: with a proper lifetime of 2.197 ps, only time dilation allows the flight to the ground. The
vertical intensity above 1 GeV/c is about 70 m™2 s™! sr!, and the flux through a horizontal detector is of
order 1 cm2 min~! [21]. Table 1 collects the reference values used in this review.

primary psHe

first interaction, ~15 km
larger slant depth:
more loss, morg decay

Energy losses in the atmosphere:
ionization = 2 GeV; survival set by ye

" = yr (EM cascade,

absorbed in atmosphere)

werwrdm | ground

sets the effective energy threshold of a surface telescope

Fig. 1. Production and propagation of cosmic-ray muons relevant to a surface telescope: meson production
near 15 km, decay to muons, ionization loss and decay during transit, the increase of slant depth with zenith
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angle, and the overburden that sets the effective energy threshold of an indoor detector. Original schematic,
not to scale.

Table 1. Reference properties of cosmic-ray muons at the surface used in this review. The integral flux entry
is computed from Eq. (2) by the authors using the vertical intensity and exponent in the rows above it.

Quantity Value Basis
Mass; mean lifetime 105.66 MeV/c?; 2.197 us [21]
Typical production altitude; ~15 km; =2 GeV [21]

ionization loss to ground

Mean energy at sea level ~4 GeV [21]

Vertical intensity, p > 1 GeV/c =70 m2s ! sr! [21]

Flux through a horizontal detector | of order 1 cm™ min™! (order-of-magnitude figure) [21]

Integral flux from Eq. (2) forn= |=110 m s ' (0.66 cm™ min") Authors'

2,10=70m2s ! sr! calculation

Zenith exponent n ~2 for E, = 3 GeV; steeper at lower energy, flatter at [21]
higher

Charge ratio 1.2766 + 0.0032 (stat) £ 0.0032 (syst) below 100 [22],[23]
GeV/c; 1.268 world average above 10 GeV/c

Energy loss in plastic (minimum |~2 MeV cm? g [21],[24]

ionizing)

Measured vertical intensities scatter around the reference value by considerably more than the quoted
statistical errors, because they refer to different momentum thresholds, altitudes, and geomagnetic cut-offs.
An acceptance-corrected tracking measurement at 160 m with a threshold near 0.11 GeV/c gives (7.007 +
0.002 stat + 0.526 syst) x 102 cm2 s ! sr!, and earlier low-altitude results compiled in the same work span
about (6.2-9.1) x 1073 cm2 s! sr! [17]; a measurement at 2268 m with a cut-off rigidity of 8.2 GV gives
101.2 + 1.8 (stat) + 5.5 (syst) m2 s7! sr! [18]. Altitude and threshold, not detector quality, dominate this
spread.

Angular Dependence and Integral Flux

Muons arriving at larger zenith angle traverse more atmosphere, lose more energy, and have more time to
decay, so the intensity falls with 0. Near sea level it is conventionally written as

1(0) = Ip cos"® 1)

where lo is the vertical intensity and n an effective exponent. The value n = 2 is characteristic of muons near
3 GeV; the distribution steepens at lower energies and flattens towards a secO dependence for energies well
above the pion critical energy at 0 < 70° [21]. Equation (1) is a flat-atmosphere approximation and fails
towards the horizon, where spherical-atmosphere treatments are required [25],[26]. Figure 2(b) shows Eq.
(2) for the exponents discussed in this review. Integrating over the upper hemisphere gives the flux through
a horizontal surface,
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J=1a1(8) cosd dQ =2nlo / (n + 2) (2)

Forn=2and lo=70 m?2s!sr! Eq. (2) givesJ= 110 m 2 s™! (0.66 cm2 min"!). The familiar figure of
about 1 cm 2 min~! [21] is therefore an order-of-magnitude statement, and comparisons at the 10-50% level
require the threshold and the angular model to be specified.

Energy Spectrum and Charge Ratio

For the design of a telescope the differential spectrum matters mainly through the threshold: the rate is
dominated by muons of a few GeV, while the muons that penetrate substantial overburden lie in the tail. The
standard parametrization is

dl,/dE, = 0.14 (E,/GeV) 27 [ (1 + 1.1E,cos0/115 GeV) ! + 0.054 (1 + 1.1E,c0s0/850 GeV) '] (3)

with E, in GeV, the two terms describing pion and kaon parents [27]. It is valid for E, > 100/cosb GeV and
0 < 70°, because muon decay and the curvature of the atmosphere are neglected [26]; extensions replace
cosO by an effective cos® and add the low-energy behaviour [25],[26],[28]. Figure 2(a) evaluates Eq. (3)
within its stated domain. Equation (3) is therefore a high-energy reference, not a description of the few-GeV
muons that dominate the counting rate of a surface telescope: expected rates near the vertical should be
obtained from the integral intensity of Table 1 together with the angular law of Eq. (1), and a differential
spectrum at few-GeV energies requires the low-energy parametrizations instead [25],[26]. World-average
vertical spectra above 10 GeV are accurate to about 7-17% depending on momentum [23], which sets a
floor on how well any surface telescope can be expected to agree with a model prediction.

The charge ratio N(u*)/N(u") is constant at low momentum and rises above about 100 GeV/c as kaon decays
contribute; the most precise surface measurement gives 1.2766 + 0.0032 (stat) £ 0.0032 (syst) below 100
GeV/c [22], consistent with the world average of earlier data [23]. A scintillator—SiPM telescope without a
magnetic field cannot separate the charges, so the ratio enters only indirectly, through stopping-muon and
decay studies.

(a) Eq. (3), valid for E, > 100/cos 8 GeV (b) Eq. (1) with reported exponents
1076 1.0 A
cosB=1
& === cos0=0.5
—_ -8 | 3
7w 0.8 -
%
_Q 10—10 -
I
& = 0.6 A1
‘ =
-12 | ~
c‘i” 10 5
E = 0.4
= 10714 4
S = 1 = 1.39, counting telescope
:S “16 0.2 1 n = 1.44, counting telescope
10 T 1= 1.90, stationary bar
n = 2.00, tracking stack / canonical
T T T UL AN 0.0 T T T T T
102 103 104 10° 0 15 30 45 60 75 90
E, (GeV) Zenith angle 8 (degrees)

Fig. 2. (a) Differential muon intensity from Eq. (3) for three values of cos6, plotted only within the stated
validity domain E, > 100/cos® GeV. (b) Relative intensity from Eq. (1) for the exponents reported in the
literature and compared in Section 11. Analytical reconstructions from the cited equations; no experimental
data are plotted (Appendix A).
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Environmental Modulation

Two environmental effects modulate the rate at the percent level and are relevant to any measurement
lasting longer than a day. The barometric effect reduces the rate when the overlying air mass increases; the
temperature effect acts through the density of the production layer, changing the competition between meson
decay and interaction. Both have been characterized with dedicated ground-based detectors, and the mass-
weighted temperature method reproduces the observed seasonal variation of muon detector rates [29],[30].
For a compact telescope these effects are usually smaller than its systematic uncertainties, but they set the
limit for long-term stability studies and for muography, where the reference and the measurement exposures
may be separated by weeks.

Propagation Through Matter and Energy Threshold

Muon transport determines three things for a surface telescope: the signal it produces in the scintillator, the
particles it can reject by absorption, and the effective threshold imposed by its surroundings. The mean
energy loss is

( —~dE/dx) =a(E) +b(E) E 4)

where a(E) is the electronic (ionization) term and b(E) the energy-scaled radiative term from
bremsstrahlung, pair production, and photonuclear interactions [24]. At the few-GeV energies that dominate
the surface flux the radiative term b(E)E in Eq. (4) is negligible and muons are close to minimum ionizing,
depositing about 2 MeV cm? g! [21]. In a 1 cm thick plastic scintillator of density near 1.02 g cm™ this
corresponds to roughly 2 MeV, which is the quantity that fixes the photoelectron budget in Section 4 and
makes muon pulses separable from single-photoelectron dark pulses.

Angular deflection is described by the Highland—Lynch—Dahl form of multiple Coulomb scattering,
0o = (13.6 MeV / Bep) z V(x/Xo) [ 1 + 0.038 In(x z2/(Xof?)) ] (5)

with p the momentum, x/Xo the thickness in radiation lengths, and z the charge [21]. For a few-GeV muon
crossing a thin plastic plane the deflection is a fraction of a milliradian and is irrelevant to a counting
telescope; it becomes the measured observable in scattering tomography [31],[32] and a resolution limit in
transmission muography through thick objects.

Because a(E) is slowly varying, the range in matter is approximately proportional to energy, and the opacity
of the overburden — the integrated density along the line of sight — defines the minimum energy a detected
muon must have had at the surface. This is why an indoor telescope does not measure the open-sky flux: the
building above it removes the softest part of the spectrum and steepens the observed angular distribution, an
effect explicitly treated as a systematic in tracking measurements by varying the modelled concrete
thickness by 20% [17]. It is also why absorption checks that compare configurations with different plane
separations are ambiguous: separation changes acceptance as well as path length (Section 8).

Scintillator Physics Relevant to Muon Detection

Sections 4 to 9 follow the chain of Fig. 3, from energy deposit to recorded coincidence. The treatment of
scintillator and SiPM physics here is deliberately restricted to the properties that determine muon-telescope
performance; comprehensive accounts of the materials and of the devices are available elsewhere
[13],[15],[33].
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Muon Scintillator Light transport SiPM Front end Discriminator
MIP) (light yield, (attenuation, (PDE, gain, (amplifier, (threshold)
Birks, decay) wrapping, WLS) DCR, crosstalk) shaper) :

one channel - anes into the trigger
Analogue chain: §4-5, §7

Coincidence logic
(AND / majority, resolving time 1)

DAQ and scaler Environmental

(time stamps, live time, waveform option) logging (T, p)

Trigger and analysis chain: §7-9

Fig. 3. Detection chain of a scintillator-SiPM muon telescope, with the section of this review that treats each
stage. One analogue channel per plane feeds the trigger; environmental logging and live-time recording are
part of the chain rather than optional additions. Original schemati

Light Production and the Photoelectron Budget

Organic scintillators convert a small fraction of the deposited energy into optical photons through excitation
of the polymer base and non-radiative transfer to primary and secondary dyes. The response to densely
ionizing particles is quenched according to Birks’ relation,

dL/dx = S (dE/dx) /[ 1 + kB (dE/dx) ] (6)

where S is the absolute yield and kB the quenching parameter [33]. For minimum-ionizing muons the
quenching correction is negligible, so the light output is proportional to path length, and the pulse-height
distribution of a plate carries the track-length information that can be used to infer the angular distribution
without tilting the detector [18]. The quantity that matters for triggering is the photoelectron yield

Npe =Y - AE - gcon - PDE )

where Y is the light yield per unit deposited energy, AE the deposit, gcon the light-collection efficiency, and
PDE the photon detection efficiency of the SiPM at the emission wavelength. Five distinct quantities are
involved here and are often conflated: the deposited energy, fixed for a minimum-ionizing muon by path
length at about 2 MeV per centimetre of plastic; the scintillation photons produced, YAE, of order 10* per
MeV; the collected photons reaching the photosensor, reduced by bulk attenuation, wrapping, fibre trapping
and coupling losses; the photoelectrons Npe that actually trigger microcells; and the pulse amplitude, which
further depends on SiPM gain and on the front-end transfer function. Only the last is compared with the
discriminator threshold, and the trigger efficiency is the probability that this amplitude exceeds the threshold
for a given impact position, incidence angle and temperature. Because the losses multiply, a high-yield
scintillator with poor collection can give a lower trigger efficiency than a modest scintillator with efficient
fibre coupling, and quoting Npe in photoelectrons, together with the impact position, coupling and
overvoltage at which it was measured, provides a substantially more transferable basis for comparison
between detectors than any of the preceding quantities.

Material and Geometry Choices

Commercial cast plastics differ mainly in light output, decay time, and bulk attenuation length (Table 2)
[34]. For muon telescopes the relevant trade is between attenuation length, which governs response
uniformity over a large plate, and decay time, which governs timing. Polyvinyltoluene-based material yields
about 20% more light than polystyrene, and extruded polystyrene doped with PPO and POPOP reaches
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roughly 80-85% of the light output of cast material at a small fraction of its cost [35]; this economic
argument is what made square-metre muography planes practical [3],[36]. Light output also depends on
temperature: coefficients below about 0.6% °C™! have been measured for several plastics and fibres over 0—
40 °C, with one PVT-based material showing no measurable dependence in that range [37]. This is smaller
than the temperature dependence of SiPM gain (Section 5) but acts in the same direction and is not separable
from it without an independent gain monitor.

Table 2. Properties of representative cast plastic scintillators from the manufacturer data sheet [34], with
extruded polystyrene for comparison. Light-yield temperature coefficients measured for several plastics and
fibres over 040 °C are below about 0.6% °C™', and one PVT-based material showed no measurable
dependence in that range [37].

Material Light output |Photons | Amax Decay |Attenuation |Characteristic
(% per MeV | (nm) (ns) length (cm)
anthracene)
EJ-200 (PVT) 64 10 000 425 2.1 380 Long attenuation,
large plates
EJ-204 (PVT) 68 10 400 408 1.8 160 Highest yield,
fastest
EJ-208 (PVT) 60 9 200 435 3.3 400 Uniformity over
large area
EJ-212 (PVT) 65 10 000 423 2.4 250 Thin sheets
Extruded ~80-85% of not not not not reported Low cost; enables
polystyrene with | cast equivalent |reported |reported |reported square-metre planes
PPO/POPOP [35]

For muon measurements the implication is that the scintillator governs the stability of the trigger efficiency
more than its absolute value: a light-yield temperature coefficient of a few tenths of a percent per degree
moves the pulse-height spectrum across a fixed threshold in the same direction as SiPM gain drift, so long
angular scans and muography exposures need either temperature control or a monitored photoelectron scale.
Light collection is the weakest link in large detectors. Direct coupling of a small tile to a single SiPM gives a
compact and uniform detector but does not scale, because the fraction of light reaching a few-mm? sensor
falls rapidly with plate area. Wavelength-shifting (WLS) fibres embedded in grooves or extrusion holes
solve the scaling problem by absorbing blue light and re-emitting it into a trapped mode that is guided to a
small photosensor; it is widely used in the large-area scintillator—SiPM systems surveyed in Section 6
[3].[4].[5].,[36],[38]. The price is a reduced and position-dependent yield: photoelectron yields measured
along and across extruded counters with embedded fibres vary systematically with the impact point, fibre
diameter, and reflective coating [36], and bar-to-bar response differences of up to 50% have been reported
for a muography tracker, requiring bars to be grouped by counting rate [38]. Response non-uniformity
translates directly into a position-dependent efficiency, which enters the acceptance calculation of Section 9
and is rarely reported.

Silicon Photomultipliers in Muon Telescopes
Operating Principle and Parameters

A SiPM is a dense array of single-photon avalanche diodes, each with its own quenching resistor, biased a
few volts above breakdown and connected in parallel (Fig. 4). Each fired cell delivers the same charge Qcen
= CeelAV, where AV = Vhias — Vig IS the overvoltage, so the output amplitude is proportional to the number
of fired cells, and the gain, defined as the number of carriers produced per detected photon, is
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G=Qce/e=Ccet AV /e, AV = Vpias— Vhd (8)
with Ccen the microcell capacitance and e the elementary charge [13],[39]. Overvoltage is the master control:
gain rises linearly with it, PDE rises and saturates, while dark count rate, optical crosstalk, and afterpulsing

all increase [13],[39],[40]. Table 3 summarizes how each parameter propagates into telescope performance.

(a) Operating principle

(b) Qualitative trends (schematic, no data)

photons = 1.0 gain (linear in overvoltage)
microcells in parallel, = PPE FS&[IIFBI[I]g] ..............
each Geiger-mode SPAD ; 0.8 flark count rate -
- optical crosstalk -
l:l I: I:l |:| fired cells (orange) each g .
deliver the same charge B 4
mm = flverthesamec £ 06 y
l:l I: I: 7= Ceel( Vbias — Via) ” P
l | ] | ] I ‘ I:l I output = sum of fired cells E
L S 0.4 -
[I LI D £
s
saturation when Ny, ~ Neiis E 0.2 4
T
24 -
0.0 - -l- T T T T T
1 2 3 4 5 6

Overvoltage (arbitrary units)

Fig. 4. Silicon photomultiplier. (a) Geiger-mode microcells in parallel: each fired cell contributes the same
charge, so the output is proportional to the number of fired cells, and the gain follows Eqg. (8). (b) Qualitative
dependence of gain, photon detection efficiency, dark count rate and optical crosstalk on overvoltage. Panel
(b) is a schematic of the trends described in Refs. [13],[39],[40] and contains no measured data.

Table 3. SiPM parameters, their physical origin, their effect on a muon telescope, and the established

control. Numerical entries are quoted only where a cited source reports them.

divided by the
elementary charge,

Eq. (8)

relative to a fixed
discriminator threshold

Parameter Physical origin Effect on a muon Control and reported values
telescope
Gain Charge per fired cell | Sets pulse amplitude Bias setting; 1.7-3.0 x 10° measured

for 1 mm? devices in a three-fold
telescope [20]

Photon detection
efficiency

Fill factor x
guantum efficiency
x trigger probability

Enters the photoelectron
budget, Eq. (7); determines
separation of the muon
peak from noise

Overvoltage; spectral match to the
scintillator or fibre [13],[39]

Dark count rate

Thermally
generated carriers

Dominates the singles rate
and therefore the
accidental rate, Eqgs. (9)—
(10)

Threshold in photoelectrons: 51-75
kHz at 0.5 p.e. falling to 0.5-1.2 kHz
at 3 p.e. for 1 mm? devices [20]

Optical crosstalk
and afterpulsing

Secondary photons;
trapped carriers

Distort the photoelectron
scale and add correlated
pulses within the window

Overvoltage; device technology
[39],[40]

Saturation and
dynamic range

Finite number of
microcells

Not limiting for minimum-
ionizing muons, unlike
calorimetry

Cell count [14],[39]
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Single-photon Avalanche and Sub-nanosecond; not the | Front-end walk and cabling dominate
time resolution | transit statistics limiting term for the instead [15],[39],[41]

coincidence window
Breakdown- Bandgap Gain and efficiency drift | Bias compensation: gain held to ~2%
voltage temperature with ambient temperature |over 60 °C by a compensating driver
temperature dependence [42]; dark-pulse feedback reduced a
coefficient 10 °C variation from 22% to 0.78%

[43]

Radiation Bulk defects raising | Negligible at the surface; | Device selection, cooling [44]
damage the dark rate relevant underground and

in space-adjacent use

Three consequences are specific to muon telescopes. First, dark counts set the singles rate, and therefore the
accidental coincidence rate of Section 8: dark count rates of 51-75 kHz at a 0.5 photoelectron threshold
were measured for 1 mm? devices in a three-fold telescope, falling to 0.5-1.2 kHz when the threshold was
raised to 3 photoelectrons [20]. Raising the threshold is thus the cheapest background reduction available,
provided the photoelectron budget of Eq. (7) leaves the muon peak comfortably above it. Second, saturation
is not a limitation here: a minimum-ionizing muon produces far fewer photoelectrons than the cell count of a
typical device, so the response is linear, unlike in calorimetry [14],[39]. Third, the timing limitation is at
system level rather than sensor level: SiPM single-photon time resolution is well below a nanosecond
[15],[39], but the achievable resolving time is set by the whole chain — photoelectron statistics at threshold,
amplitude-dependent walk of leading-edge discriminators, front-end bandwidth, cable-delay matching and
TDC binning — so windows used in practice range from tens of nanoseconds in ASIC-based systems [45] to
200 ns in oscilloscope-triggered ones [20].

Temperature Dependence and Stability

The breakdown voltage rises roughly linearly with temperature, so at fixed bias the overvoltage, and with it
the gain and the PDE, drift [13],[15],[40]. For a detector operated outdoors or in an unconditioned room this
is the dominant source of efficiency drift, because a gain change moves the pulse-height spectrum across a
fixed discriminator threshold. Two remedies are established: compensating the bias against a temperature
measurement, which manufacturers implement in dedicated drivers and which holds the gain constant to
within about 2% over a 60 °C range [42], and closed-loop compensation using the dark pulses of a reference
SiPM, which reduced the dark-pulse amplitude variation over a 10 °C span from about 22% to 0.78% [43].
Radiation damage, which raises the dark count rate substantially [44], is not a limitation at the surface but
matters for long underground or space-adjacent deployments.

Comparison with Photomultiplier Tubes

Against PMTs, SiPMs offer low bias voltage, compactness, magnetic-field immunity, mechanical
robustness, and low power — the last being decisive for solar-powered field telescopes [3],[4]. PMTs retain
advantages in single-channel active area, in dark rate per unit area, and in the absence of correlated noise,
which is why the largest school networks and several reference angular measurements still use them
[18],[46],[47]. For a compact telescope the SiPM disadvantage — a dark count rate of tens of kHz per mm?
at low threshold — is entirely manageable by the combination of threshold setting and coincidence, which is
the subject of Section 8.

Detector Architectures
A Taxonomy

Published scintillator—SiPM muon detectors fall into four classes that differ in what they can measure, not
merely in size (Fig. 5, Table 4). A single counter gives a rate and no direction, and cannot separate muons
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from dark counts, ambient radioactivity, and the soft component. A two-plane telescope adds a coincidence
requirement and a cone-shaped acceptance, which makes rate measurements meaningful and permits tilt
scans. A three- or four-fold stack suppresses accidentals by orders of magnitude and, importantly, allows the
efficiency of an internal plane to be measured in situ from the tracks defined by the others. A tracking
hodoscope with segmented orthogonal planes reconstructs a direction for every event, which removes the
need for tilt scanning and is the prerequisite for imaging.

p \ [ \ A
Single counter Two-plane telescope Three/four-fold stack Tracking hodoscope
> . . >
one tile + SiPM coincidence pair accidental suppression segmented X—Y planes
no direction cone acceptance in-situ efficiency per-event direction
rate only rate and tilt scan tilt scan imaging
J J \ J \ J

increasing channel count, cost and information per event —

« increasing rate per chan

nel and simplicity

X i

Readout coupling

direct tile-SiPM (compact, uniform)

Deployment class

desktop / educational - portable field unit

WLS fibre (large area, non-uniform response)

large-area or buried array - muography tracker

Fig. 5. Taxonomy of scintillator-SiPM muon detector architectures, with the readout-coupling and
deployment axes that cut across it. Capability, cost and calibration burden all increase from left to right.
Original schematic.

Table 4. Architectures of scintillator-SiPM muon detectors and their measurement capabilities.

Architecture | Typical |Direction Strengths Limitations
fold information
Single counter |1 None Simplest; highest rate per | Cannot separate muons from dark
channel counts, ambient radiation or the
soft component
Two-plane 2 Acceptance Simple, cheap, adequate | Wide acceptance biases
telescope cone; tilt scan | for rate work uncorrected angular fits (Section
11.2); accidentals significant at
high singles rate
Three- or four- |3-4 Acceptance Accidental suppression by | Lower rate; more channels and
fold stack cone; tilt scan | orders of magnitude; in- | cabling
situ efficiency by Eq. (13)
Tracking Hit in Per-event Imaging; no tilt scanning; | High channel count; response
hodoscope every direction acceptance computable non-uniformity; large calibration
plane per direction burden
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Representative Implementations

At the compact end, the CosmicWatch design couples a 5 x 5 x 1 cm plastic tile to a single SiPM and forms
a coincidence by cabling two independent units together [1],[48]; the current revision adds on-board storage,
environmental sensors, and a component cost below US$100 [2], and the same hardware has been re-
purposed for laboratory B-source measurements after calibration against the muon flux [49]. A recent three-
fold telescope couples 25 x 2.5 x 1.28 cm bars with embedded 1 mm WLS fibres to 1 mm? multi-pixel
photon counters and triggers on an oscilloscope [20]. Field and imaging systems scale this up with fibres:
MU-RAY built 1 m? and 2 x 2 m? X-Y planes from triangular extruded strips with WLS fibres, SiPMs, and
a SPIROC front-end chosen for low power in a volcanic environment [3],[50]; SiRO uses six 1 m? bar layers
grouped pairwise into three X-Y planes at variable separation [5]; the ScIDEP project operates two
complementary trackers, one based on 61 x 61 x 2 cm PVT plates with orthogonal 2 mm WLS fibres at 1
cm pitch read by SiPMs, and one with four layers of 36 polystyrene bars [38]. A different route to area is a
monolithic plate with segmented light guides: MuGrid-v2 divides a 30 x 30 x 1 cm plastic scintillator into
27 channels using a 3D-printed light-guide grid holding 1 mm wavelength-shifting fibres read by S13360-
1350 MPPCs, reaching an intrinsic spatial resolution of 4.6 mm without cutting the scintillator into strips
[45],[51]. The largest deployed scintillator—SiPM muon system is the buried AMIGA array, whose detectors
comprise three 10 m? scintillation modules at 2.3 m depth read out through a dedicated SiPM front end [4].
School-network detectors with PMT readout and a four-channel discriminator and TDC card remain the
benchmark for distributed operation [46],[52],[53].

Two design regularities emerge. Architecture follows the measurement, not the budget: counting telescopes
remain two- or three-fold and compact, while anything intended to image is segmented and fibre-coupled.
And channel count is a major driver of electronics cost and system complexity, particularly for segmented
readout, which is why portable imaging systems are converging on modest numbers of large, segmented
planes rather than on many small counters [45],[54],[55].

Front-End Electronics and Data Acquisition

The chain from SiPM to stored event (Fig. 3) is short but contains most of the parameters that later prove
difficult to compare. Bias must be stable and, in uncontrolled environments, temperature-compensated
(Section 5.2). The SiPM signal is then amplified and shaped; the shaping time trades pulse-pair resolution
against signal-to-noise, and determines the walk of a leading-edge discriminator, which dominates the
timing spread of a low-cost telescope [41]. Discrimination may be performed by a comparator with a fixed
threshold, expressed either in millivolts or, more usefully, in photoelectrons, since the photoelectron scale
provides a substantially more transferable basis for comparison between detectors.

Coincidence logic is implemented in three ways in the literature: discrete logic or a dedicated counting
module, an ASIC such as SPIROC in large channel-count systems [3], and FPGA-based logic, which is now
standard for hodoscopes because it provides programmable majority conditions, time stamping, and data
formatting in one device [4],[38]. School-network cards occupy an intermediate position, with four
discriminator inputs, time-to-digital conversion of about 1 ns, and programmable trigger logic [46]. A fourth
route, now common in imaging systems, is a commercial timing ASIC: MuGrid-v2 reads 27 channels with a
TOFPET?2 evaluation kit whose per-channel discriminators and 30 ps time binning allow the threshold to be
set at about 2.5 photoelectrons from the measured dark-count step structure and the coincidence window to
be 15 ns [45],[56], about 13 times narrower than the oscilloscope-based case above. At the smallest scale,
microcontrollers [2] and digital oscilloscopes [20] serve as both trigger and DAQ); the oscilloscope route is
convenient but couples the measurement to instrument-specific settings, and a reported coincidence window
of 200 ns is set largely by the readout arrangement rather than by the timing of the muon signal itself [20].

Waveform digitization is worth its cost when pulse height carries information, as in track-length methods
[18], in threshold optimization, and in diagnosing correlated noise; simple scaler readout suffices for rate
work provided live time and dead time are recorded. Two practices are still uncommon and should not be:
logging temperature and pressure alongside the counts, which the latest desktop design does by default [2],

Page 939

www.rsisinternational.org


https://rsisinternational.org/journals/ijrsi
https://rsisinternational.org/journals/ijrsi
http://www.rsisinternational.org/

INTERNATIONAL JOURNAL OF RESEARCH AND SCIENTIFIC INNOVATION (1JRSI)
ISSN No. 2321-2705 | DOI: 10.51244/1JRSI [Volume XIII Issue X September 2026

and recording the singles rate of each channel continuously, without which the accidental rate of Eq. (10)
cannot be reconstructed after the fact.

Coincidence Detection and Background Rejection
Background Taxonomy

Four backgrounds must be distinguished because they scale differently. SiPM dark counts are uncorrelated
between channels and are controlled by threshold and by coincidence fold. Ambient gamma and beta
radiation deposits energy in single planes and is similarly uncorrelated between separated planes, but it is
not reduced by raising the threshold as effectively as dark counts, since its deposits can approach those of a
muon in a thin plate.

The soft electromagnetic component of the shower is correlated with cosmic rays but is absorbed in a few
centimetres of material, so it is rejected by requiring penetration through the stack. Air showers produce
genuinely correlated multi-particle events, which are background for a single-track telescope and signal for a
distributed array [46],[53].

Accidental Coincidences

Conventions differ between authors, so they are fixed here. The resolving time t is defined such that two
discriminated pulses are counted as coincident when their arrival times differ by less than t, which
corresponds to a total overlap window of width 2t; where a window width w = 21 is quoted instead, the
factors of two below are absorbed into w. With this convention, for two independent channels with singles
rates R1 and R», chance coincidences occur at [41]

Racc(z) =2tR1 R (9)

and for n independent channels, all pulses being required to overlap and TR; « 1, the generalization
consistent with Eq. (9) atn=21is

Racc(n) =1n Tn71 Hi:ln Ri (10)

Adding a plane therefore changes the accidental rate by a factor of about [(n+1)/n]tR — 1.5 x 10 at t = 10
ns and R = 1 kHz — while the genuine coincidence rate Riue, given by Eq. (11), falls only by the efficiency
of the added plane and by the change in acceptance. Figure 6 evaluates Egs. (9) and (10) over the window
range used in practice. The published numbers make the point concretely: with singles rates of 1.2, 0.5, and
0.92 kHz at a 3 photoelectron threshold and t = 200 ns, the three-fold accidental rate is 6.6 x 10~> Hz against
a measured vertical three-fold rate of 0.152 Hz [20].

Applying Eqg. (9) to the two outer channels of the same detector gives about 0.44 Hz, which exceeds the
muon signal; at those singles rates a two-fold telescope with that window would have been dominated by
accidentals. Tracking systems with far more channels use much shorter effective windows for the same
reason, for example a 100 ns four-layer trigger in a large RPC stack [17].
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Fig. 6. Coincidence background. (a) Definition of the resolving time. (b) Two-fold accidental rate from Eqg.
(9) for equal singles rates of 0.1, 1 and 10 kHz. (c) n-fold accidental rate from Eq. (10) at R = 1 kHz. The
horizontal line is the genuine coincidence rate Ruue = 0.09 Hz computed from Eq. (11) for two thin 5 x 5 cm
planes 5 cm apart; dash-dotted lines mark windows of 100 ns and 200 ns used in published systems.
Analytical calculation (Appendix A).

Window and Threshold Optimization, and the Limits of the Formulae

A relativistic muon crosses 1 m in 3.3 ns, so true time differences in a laboratory telescope are a few
nanoseconds. The window must nevertheless cover the measured timing spread from discriminator walk,
front-end jitter, and cable mismatch, and should be set from the measured time-difference distribution rather
than adopted from another instrument. Threshold and window are not independent: raising the threshold
lowers R; quadratically or faster in Eq. (9) but also reduces the plane efficiency, so the optimum is the pair
that minimizes the accidental-to-true ratio at acceptable efficiency, which requires a threshold scan with the
coincidence rate measured simultaneously [20].

Equations (9) and (10) describe uncorrelated pulses only. Electronic pickup common to several channels,
particles produced in the material near the telescope, and air-shower events are not described by them, and
in every case the correlated component makes the true background larger than the formula predicts. The
reliable procedure is therefore to measure the accidental rate directly by delayed coincidence, inserting a
delay much longer than t into one channel, and to use Egs. (9) and (10) as a cross-check [41]. This
measurement is inexpensive and is reported in only a minority of compact-telescope papers.

Acceptance and Efficiency
Geometric Factor
For a telescope whose axis is tilted by 6o from the vertical, the true coincidence rate is

R(00) = & Io Ja Aet(®) cos"0(®) dQ = & To Gn(60) (11)
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where Aefi(®) is the projected overlap area of the planes for arrival direction ®, 6(®) the zenith angle of that
direction, and & the combined trigger efficiency; Gn is the acceptance weighted by the angular model. Only
in the limit of planes small compared with their separation does this factorize into the familiar expression

Gn(00) = (A?%/d?) cos"@p, d >a (12)

and A?/d? is an upper bound on the isotropic geometric factor [57]; exact expressions for circular and
rectangular elements are available [57],[58]. Compact telescopes are far from this limit. A numerical
evaluation performed for this review gives, for square planes, an isotropic geometric factor equal to 0.63,
0.86 and 0.96 of A%/d? at d/a = 1, 2 and 4; Eq. (12) therefore overestimates the geometric factor by about
60% at d/a = 1, by 16% at d/a = 2 and by 4% at d/a = 4, and is accurate to about 5% only for d = 4a. This
criterion is derived here for thin, identical, parallel square planes and should not be transferred without
recalculation to elongated bars, thick plates, unequal planes or misaligned geometries. Evaluating Eq. (11)
with the cos?0 weighting for two thin 5 x 5 cm planes 5 cm apart gives G2(0) = 13 cm? sr, a factor 0.52 of
the 25 cm? sr obtained from Eq. (12), the additional reduction coming from the angular weighting that
suppresses inclined directions retained by the thin-telescope formula; with o =70 m2 s sr! and € = 1 the
expected rate is 0.09 Hz.

Equation (11) factorizes the rate into an efficiency, an intensity and a purely geometric acceptance only
under restrictive conditions: the efficiency must be independent of impact position, incidence angle,
deposited energy and time. None holds exactly. Fibre-coupled planes have position-dependent yield (Section
4.2); inclined tracks deposit more energy and are therefore detected with slightly higher probability than
vertical ones at the same threshold, partially compensating the geometric fall-off; and gain drift makes the
efficiency time-dependent. Where these dependences are weak they can be absorbed into an effective
constant ¢ and the factorization is adequate, as it is for thin, directly coupled tiles operated at stable
temperature with a threshold well below the muon peak. Where they are not, the efficiency belongs inside
the integral, ¢ = g(w, r, AE, T), and the acceptance must be evaluated by Monte Carlo using a measured
response map rather than by geometry alone. The distinction matters for reporting, because a single quoted
efficiency implicitly asserts that the factorization holds.

Because the angular half-width scales as arctan(a/d), rate and angular resolution are controlled by the same
ratio. Enlarging the planes at fixed separation raises the rate but widens the acceptance; scaling a and d
together preserves the angular response and increases the rate in proportion to area. Thickness, plate-to-plate
misalignment, and position-dependent efficiency (Section 4.2) all perturb Aets and are the reasons that Monte
Carlo evaluation, typically in GEANT4 [59], is preferred over closed-form expressions once a detector
departs from two identical parallel rectangles [17],[18].

Efficiency

Plane efficiency must be measured, not assumed, because it depends on light yield, impact position, SiPM
overvoltage, and threshold. In a three-plane stack whose middle plane covers the acceptance of the outer
pair,

€2 = N123 / Ni3 (13)

where the counts are corrected for accidentals; outer planes require a fourth plane or an interchange of
positions. Tracking systems generalize this by estimating layer efficiencies from events triggered by other
layers, and additionally map them pixel by pixel, which also exposes correlated inefficiencies [17]. Reported
per-plane efficiencies for a well-characterized scintillator tracking system reach about 97% with a hit
resolution of 2.5 mm [60]. Efficiency must be re-measured whenever threshold, bias, or operating
temperature changes, and this is the point at which the SiPM properties of Section 5 enter the flux
measurement quantitatively. The implication for flux work is direct: without an in-situ measurement the
efficiency term in Eq. (14) is an assumption, and a 5% error in it propagates in full into the quoted intensity,
comparable to the entire systematic budget of a careful tracking measurement [17].
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Flux Measurements and Their Normalization

Converting counts into an intensity requires every factor identified above. With N coincidences recorded in
live time Tiive,

lo = Ne— Race®™ Tiive 1/ [ &tot Gn(B0) Tiive ] (14)

where &t 1S the product of the plane efficiencies, Gn is evaluated for the actual geometry and an assumed
exponent, and the accidental term is measured or computed from Eq. (10). If n is itself being measured, Gn
and n are determined iteratively. Tracking analyses use the same factorization, separating trigger, selection,
and data-acquisition efficiencies and inserting a simulated acceptance [17]. The statistical uncertainty is
1/7NG, s0 a 1% measurement needs about 10* coincidences, roughly 30 h at the 0.09 Hz computed in Section
9.1 for a compact pair — a useful reminder that for compact telescopes the statistical uncertainty often
remains the dominant term until exposures of many days are accumulated, after which the systematic terms
of Section 14 take over.

Three normalization errors recur in the compact-telescope literature. Dividing the coincidence rate by plane
area alone produces a quantity in cm~2 s~! that depends on the telescope geometry and is not the integral flux
of Eqg. (2); it is reported in this form in at least one recent study [20] and cannot be compared with 1o or J.
Comparing a measured rate with the “1 cm™ min™!” rule of thumb ignores both the momentum threshold to
which that figure refers and the cos"0 weighting of the acceptance. And quoting Io without the threshold
makes the result incomparable with published values that span (6.2-9.1) x 10 cm2 s™! sr™! largely because
their thresholds and sites differ [17],[18]. Table 5 collects measurements that do report the necessary
information.

Table 5. Reported vertical intensity and zenith-angle exponent, with the method used to obtain them. "Not
reported” indicates that the quantity does not appear in the cited source.

Exponent n Vertical intensity lo Threshold and | Method Source
site
~2 (reference) |70 m2s'sr! p > 1 GeV/c, sea | Reference values [21]
level
1.95+0.08 not reported E.>1GeV, 6 = | Geant4 simulation validated against | [61]
0-70° laboratory detector data
2.00 £ 0.04 (stat) |(7.007 £0.002 £0.526) |p = 0.11 GeV/c, |12-layer RPC tracking stack; fit [17]
+0.14 (syst) x103 ecm2s!tsr! 160 ma.s.l. weighted by simulated acceptance
1.90 + 0.06 (stat) |[101.2+1.8+55m2 |2268 ma.s.l., Stationary thick scintillator bar; [18]
+ 0.10 (syst) stsr! cut-off 8.2 GV | pulse-charge (track-length) method
with simulation
1.39+£0.01 not reported 276 ma.s.l., fit | QuarkNet counters (PMT); tilt scan, |[19]
for 6 < 75° direct fit of Eq. (1) to rates
1.44 £ 0.06 not reported (rate not reported Three-fold MPPC telescope; tilt [20]
normalized by plane scan in 10° steps, direct fit of Eq.
area only) Q)
not fitted not reported 266 ma.s.l. Desktop SiPM pair on a rotating [48]

frame; compared with the cos?0
expectation
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Angular Distribution and the Acceptance Bias
Measurement Approaches

Three methods are used. Tilt scans rotate a counting telescope and record the rate at a series of zenith angles:
two desktop units 52 mm apart were rotated at 266 m altitude with about 10 h per angle and compared with
the cos?0 expectation [48]; QuarkNet counters were stepped in about 15° increments with about 3.1 days per
step [19]; a three-fold MPPC telescope was stepped in 10° increments with 1 h per angle and a longer
vertical run [20]. Event-by-event tracking instead reconstructs 0 for each muon and fits the observed
distribution folded with a simulated acceptance [17]. A third approach exploits Eq. (6): in a thick stationary
bar the pulse charge measures track length and therefore inclination, so the angular distribution and the
vertical intensity can be extracted without moving the detector [18]. Reported exponents are compared in
Table 5.

11.2 Acceptance bias: a calculation performed for this review

The following calculation is the authors’ own and uses no experimental data. Equation (11) was integrated
numerically by two-dimensional quadrature over the direction tangents for two thin square planes of width a
separated by d, with both traversal senses accepted, an input intensity following Eq. (1) with ngue = 2, unit
efficiency, and no background. The resulting rates were normalized to the vertical and fitted with cos™6o
over 0—75° in 5° steps with equal weights, exactly as a tilt scan is usually analysed; the fitted exponent m is
the apparent exponent napp, to be distinguished from the input value nywe. Figure 7 shows the outcome. The
procedure is documented here so that it can be reproduced. The integration variables are the direction
tangents tx and ty of the arrival direction in the telescope frame, each running over +a/d, beyond which the
projected overlap area vanishes; the integrand is the overlap area of the two planes multiplied by cos*y dtx
dty, which accounts for the projection of the plane onto the arrival direction and for the solid-angle element,
and by the intensity of Eq. (1) evaluated at the zenith angle of that direction for the given tilt. Quadrature is
by the trapezoidal rule on an N x N grid with N = 401 for the fitted values and N = 301 for the curves of Fig.
7(b), and the fits are ordinary non-linear least squares with equal weights. Two checks were run. Grid
refinement changes the fitted exponent by less than 10~ between N = 101 and N = 801, so the values quoted
below are converged at the precision reported. In the thin-telescope limit the computed isotropic geometric
factor approaches the analytic upper bound A%/d? of Ref. [57] from below, reaching 0.993 of it at d/a = 10
and 0.998 at d/a = 20, which is the expected behaviour and serves as an independent validation of the
integrator.

The apparent exponent falls monotonically as the telescope becomes more compact: m = 1.99 at d/a = 10,
194 at 3, 1.86 at 2, 1.62 at 1, 1.28 at 0.5, and 0.93 at 0.2, against the input value of 2. The mechanism is
averaging: at each tilt the telescope accepts a range of zenith angles of half-width arctan(a/d), so the
measured curve is the true law convolved with the acceptance, which flattens it. The bias is not a small
correction for compact geometries; at d/a = 1, typical of desktop pairs, it removes about 0.4 from the
exponent.

Three properties of the bias matter for interpretation. It depends on the input exponent: at d/a = 1 the naive
fit returns 1.30, 1.62, and 1.92 for inputs of 1.5, 2.0, and 2.5, so it cannot be removed by a single additive
correction. It depends on the fit range, since the flattening grows with tilt angle; restricting the fit to small
angles reduces the bias at the cost of statistics. And it is fully recoverable: when the same model is forward
folded through Eq. (11) for the actual geometry and fitted to the same simulated rates, the input exponent is
recovered to four significant figures for every case tested (Fig. 7(d)). Forward folding, not post-hoc
correction, is therefore the appropriate analysis.

The limitations of the calculation should be stated. The planes are treated as thin, identical, perfectly aligned
rectangles with uniform efficiency; thickness, misalignment, and the position-dependent response of fibre-
coupled planes (Section 4.2) are not included, and each would modify the effective acceptance. The model is
therefore an idealization, and its numerical values apply to the square thin-plane case alone; they should not
be transferred to elongated bars, thick plates, unequal or misaligned planes, or fibre-coupled planes with
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non-uniform response without repeating the calculation for that geometry. Azimuthal effects, backgrounds,
and threshold effects are excluded by construction. The model therefore establishes the size and the sign of
the geometric contribution for a well-defined idealization; it does not reproduce the geometry of any
published experiment, and the values quoted here must not be used as corrections to the results of Refs. [19]
or [20], whose telescopes are elongated rather than square and whose analyses differ in fit range and
background treatment.

(a) Two-plane geometry (b) Folded response
half-angle arctan(a/d) 1.0 A —m= true cos®
i dfa=05
o 0.8 dla=1
= dia=2
T 061 da=5
/ d =]
=
5
5 3 Z
i 0.2
«—>
a
0.0 T T
0 30 60 90
Telescope tilt 0, (degrees)
(c) Acceptance bias (d) Forward-folding check
inputn =2 2.5 1 Q naive, d/a=0.5 ’,-‘
L i T - @ forward-folded, d/a=0.5 ’,»"
= g naive, d/a=1 ‘,/’
= 1.75 1 g forward-folded, d/a=1 Ptas
% % 2.0 4 --- inputvalue /’,-_”
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Fig. 7. Acceptance bias in tilt-scan measurements: a calculation performed by the authors for two thin
square planes with a true cos?0 intensity. (a) Geometry. (b) Normalized coincidence rate versus tilt for
several separation-to-width ratios; the dashed curve is the true intensity. (c) Apparent exponent from a direct
fit of Eqg. (1) over 0-75°, with the band marking exponents reported by counting telescopes, shown for scale
only because their geometries differ from this model. (d) Recovered exponent for three input values: the
direct fit is biased low, while forward folding through Eq. (11) recovers the input. Original numerical
calculation (Appendix A).

Separating Instrumental from Physical Effects

Four instrumental effects push a naively fitted exponent below the physical value: acceptance averaging, as
quantified above; the directional ambiguity of an untimed telescope, which must be distinguished from both
acceptance and physical flux: without time-of-flight information a two-plane telescope registers a
coincidence for a track crossing its axis in either sense, so near 6o = 90° its acceptance consists of two
opposing lobes that both view the near-horizontal sky, and the recorded rate corresponds to the sum of two
symmetric acceptance regions rather than to the intensity along one direction. Because the upward-going
muon flux at the surface is negligible, this reflects the directional acceptance of the instrument, which is
symmetric under reversal of the track direction when no time-of-flight information is available, rather than
any upward-going component of the physical flux; the choice of how to normalize the near-horizontal point
is therefore an analysis convention; one desktop measurement handled it by halving the horizontal point
[48]. Resolving the ambiguity event by event is a system-level timing requirement, well below the 3.3 ns
flight time across 1 m, rather than a demand on the sensor (Section 5.1); angle-independent backgrounds
from accidentals, ambient radioactivity, and the soft component, which add a constant term and which at
least one analysis absorbed into an empirical offset parameter [20]; and unmodelled overburden, whose
azimuthal asymmetry distorts the scan. Only one effect pushes the other way: a lower energy threshold
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steepens the true distribution [21]. It follows that instrumental effects can contribute significantly to
exponents well below 2 obtained from wide-acceptance counting telescopes, and that their contribution has
to be quantified for the specific detector before an atmospheric interpretation is adopted. How much of any
individual result is instrumental cannot be stated without repeating the calculation for that telescope's own
geometry, fit range and background model, which the published information does not always permit; what
can be said is that the geometric term alone has the right sign and a magnitude comparable to the
discrepancy. The agreement of acceptance-corrected measurements with n = 2 across very different
technologies [17],[18],[61] remains the stronger evidence about the physics.

Comparative Synthesis of Published Scintillator-Sipm Detectors

Tables 6 and 7 compare published systems, separating what they are built from and how they are operated
from what they report. Entries are taken only from the cited sources; “not reported” means the quantity does
not appear there, and no value has been inferred. Two things are immediately visible. First, construction
parameters are reported well: scintillator type, dimensions, photosensor, layer count, and readout coupling
are available for essentially every system, which makes design comparison possible. Second, operating and
result parameters are reported poorly and inconsistently. Of the eleven systems in Tables 6 and 7, the
threshold, the coincidence window and the timing performance each appear for two, a per-channel singles
rate for one, and a quantitative measurement result for five; a measured per-plane efficiency appears for one
system [45], and no entry states the geometric acceptance, the overburden above the detector or the
environmental conditions during the reported run. The summary rows of Tables 6 and 7 give the counts
column by column. The consequence is that the systems cannot be ranked on any single performance figure,
and this review deliberately does not attempt such a ranking.

Table 6. Construction parameters of published scintillator-SiPM muon detectors, with a PMT-based school-
network detector as a benchmark. "Not reported” means the quantity is not stated in the cited sources; no
values have been inferred. The final row counts, for each column, the systems for which the quantity is
reported.

System Scintillator | Photosensor |Layers/ Separation | Coupling Ref.

and planes

dimensions
CosmicWatch | Plastic tile, 5 |[One SiPM per | Two 52 mm in the |Direct [1].[48]
(v2) x5x1cm unit independent | reported

units angular scan

CosmicWatch | Plastic SiPM One or two not reported | Direct [2]
v3X scintillator, units

dimensions

not reported

Three-fold Bars, 25 x 2.5 | Hamamatsu Four bars, not reported  |=1 mm WLS |[20]

MPPC x 1.28 cm S10362-11,1 |three in the fibre

telescope mm? trigger

MU-RAY Triangular SiPM per strip | X-Y planes not reported | WLS fibre | [3],[50]
extruded (three in the 1
strips; planes m? prototype)
of 1 m? and 2
X 2 m?

SIRO Scintillator SIiPM per bar | Six layers Variable WLS fibre / |[5]
bars, six 1 m? grouped into direct, per
layers three X-Y bar
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planes
ScIDEP plates |PVT plates, |Hamamatsu Two plates, not reported |2 mm WLS |[38]
61 x61x2 |S14160 per orthogonal fibres at 1
cm fibre fibres in each cm pitch
ScIDEP pu36 Polystyrene | SiPM per bar | Four layers Top pair WLS fibre | [38]
bars, 36 per separated
layer from bottom
pair; value
not reported
Cosmic Muon | Two plastic Hamamatsu Two planes not reported | WLS fibre [62]
Explorer scintillator S13360-
panels, 70 x | 2050VE
70 mm
MuGrid-v2 Monolithic Hamamatsu Single plane; |[15cminthe |Kuraray Y- |[[45],[51]
plastic S13360-1350 |three planes in |efficiency test | 11(200) 1
scintillator, 30 | MPPC per the efficiency mm WLS
x 30 x1cm, |channel test fibres in a
segmented 3D-printed
into 27 light- light-guide
guide grid
channels
AMIGA Scintillation | SiPM front Three n.a. WLS fibre [4]
(buried) modules, 10 |end modules per
m? each detector, 2.3
m
underground
QuarkNet Scintillator PMT Four counters | User-set not reported |[46],[52]
(PMT counters,
benchmark) dimensions
not reported
Reporting 9o0f11 11 of 11 11 of 11 50f11 10 of 11 —
completeness

Table 7. Operating parameters and reported results for the systems of Table 6. The final row counts, for
each column, the systems for which the quantity is reported; the prevalence of "not reported” in the middle
columns is itself a finding of this review (Section 12). Geometric acceptance, overburden and environmental
conditions are reported by none of these systems and therefore have no column here.

System Fold Threshold | Window | Timing Singles | Reported Application
rate result
CosmicWatch |2 not not not not Angular scan | Education,
(v2) reported |reported |reported |reported | compared portable
with cos?0 measurements
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CosmicWatch | 1-2 not not not not not reported | Education,
v3X reported |reported |reported |reported outreach
Three-fold 3 3pe. 200 ns  [not 0.5-1.2 |0.152 Hz Angular
MPPC reported | kHz at 3 |vertical; n= |distribution
telescope p.e. 1.44 + 0.06
MU-RAY Multi-plane not not not not not reported | Volcano
tracking reported |reported |reported |reported muography
SiRO Track through |not not not not not reported | Muography;
three planes reported |reported |reported |reported laboratory and
salt mine
ScIDEP X=Y hit not not not not Open-sky Pyramid
plates pattern reported |reported |reported |reported | zenith muography
distribution
over =10
days
ScIDEP p36 |Hitineach of |not not not not not reported | Pyramid
four layers reported |reported |reported |reported muography
Cosmic Muon |2 not not not not not reported | Portable flux
Explorer reported |reported |reported |reported measurements,
outreach
MuGrid-v2 | 3-fold in the ~2.5p.c. |15ns TOFPET2 | not Layer Building
efficiency test; ASIC, 30 |reported |efficiencies | muography
single-plane ps TDC 86.12 +
reconstruction binning 0.09%, 90.83
in operation +0.11%,
87.72 £
0.08%;
spatial
resolution 9.2
mm
(centroid),
4.6 mm time-
weighted;
769 718
events in a 48
h open-sky
run
AMIGA Buried muon | not not not not not reported | Air-shower
(buried) counting reported |reported |reported |reported muon density
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QuarkNet 2-4, not not TDC=1 |not n=139+ School

(PMT programmable |reported |reported |ns reported | 0.01 froma | networks, flux

benchmark) tilt scan [19] |and shower
studies

Reporting 11 0f11 20f11 20f11 |2o0f11 lofl11 |50f11 11o0f11

completeness

What can be compared meaningfully are parameters that are physically equivalent across designs.
Photoelectron yield per minimum-ionizing particle is one, and it separates directly coupled tiles from fibre-
coupled planes; it is reported systematically only in dedicated counter studies [36]. Accidental-to-true ratio
at the stated window and singles rate is another, and where the necessary numbers are given it can be
recomputed from Eqgs. (9) and (10) [20]. Angular acceptance, expressed as the ratio d/a or as a solid angle, is
a third, and it is the parameter that Section 11 shows to be decisive for angular measurements; it can be
reconstructed from geometry for most systems. Absolute count rate, by contrast, is not comparable between
detectors of different acceptance, and neither is any “flux” normalized by area alone.

Four design conclusions follow from the comparison itself rather than from any single system. First,
coincidence fold tracks the singles rate at the operating threshold rather than the budget: detectors whose
channels run at kilohertz singles rates with windows of order 100 ns use three-fold logic or require a hit in
every layer [20],[38], whereas a nanosecond-scale window permits fewer planes for the same accidental rate
[45]. Second, readout coupling is dictated by area: direct tile—SiPM coupling is used at the 10*-10% cm?
scale [1],[2], while the systems larger than roughly 10° cm? in Table 6 predominantly use wavelength-
shifting fibres and accept the response non-uniformity that follows [3],[4],[5],[38],[45]. Third, among the
systems surveyed here it is channel count rather than area that sets the electronics: beyond a few tens of
channels, the surveyed systems use ASIC readout with per-channel discrimination and time stamping
[3].[45],[56]. Fourth, the better-characterized systems share one practice, in-situ efficiency measurement by
the three-plane method of Eq. (13) with the layer order exchanged, which yields per-layer efficiencies of 86—
91% for a monolithic segmented plane [45] and about 97% for an extruded-bar tracker [60]; a system
without such a measurement cannot support an efficiency-corrected flux. What the comparison cannot
support is a ranking: the operating parameters needed to compare performance are missing for most systems,
and a composite score would therefore encode reporting practice rather than detector quality.

Viewed across the classes of Table 4, the trade-off is consistent. Compact two-fold counters achieve high
rate per channel and low cost but give biased angular information unless forward folded. Three- and four-
fold stacks buy background suppression and in-situ efficiency measurement for a modest loss of rate. Fibre-
coupled segmented planes buy per-event direction and imaging capability at the cost of channel count,
response non-uniformity, and a much larger calibration burden [3],[5],[38]. The largest deployed systems
accept that burden because the science requires directional information, and they invest correspondingly in
front-end integration and monitoring [4].

Muography: How Detector Characteristics Set Imaging Performance

Muography is treated here only insofar as it is driven by the detector properties analysed above;
comprehensive surveys of the applications exist [8],[9],[10],[11]. In transmission muography the observable
is the ratio

T(0,0) =1(6,¢) / To(6,0) (15)

of the flux measured through the object to an open-sky reference in the same direction, from which the
opacity along that line of sight is inferred. Because both terms are measured with the same instrument,
acceptance and efficiency cancel to first order provided they are stable between the two exposures; what
does not cancel is drift. This reverses the priorities of Sections 9 and 10: absolute acceptance matters less

Page 949

www.rsisinternational.org


https://rsisinternational.org/journals/ijrsi
https://rsisinternational.org/journals/ijrsi
http://www.rsisinternational.org/

INTERNATIONAL JOURNAL OF RESEARCH AND SCIENTIFIC INNOVATION (1JRSI)
ISSN No. 2321-2705 | DOI: 10.51244/1JRSI [Volume XIII Issue X September 2026

than its reproducibility, and SiPM gain stability (Section 5.2) becomes a leading systematic. In scattering
tomography, where the observable is the deflection distribution of muons crossing the volume between two
trackers [31],[32],[63], angular resolution rather than absolute normalization is decisive, and the Coulomb
scattering of Eq. (5) sets the physical limit.

open-sky reference flux Ip(@, )

angular resolution - plane pitch
and separation (§9)

statistics « acceptance X time

(89, 810)

- -~

‘‘‘‘‘‘

systematics « efficiency drift,
accidentals, alignment (§8, §14)

I )

tracker

transmitted flux /(f,) — opacity map

Fig. 8. Transmission muography and the detector properties that limit it. The measured flux through the
object is compared with an open-sky reference in the same direction (Eqg. (15)); acceptance and efficiency
cancel to first order only if they are stable between exposures. Original schematic.

Table 8. Muography performance requirements and the detector characteristics that set them.

Imaging
requirement

Detector characteristic
that sets it

Consequence for design

Example systems

requirement of a hit in
every layer; accidental rate,
Egs. (9)-(10)

opacity paths, so fold and
window are imaging
parameters

Angular resolution Segmentation pitch and Segmented X-Y planes [3].[5].[38]
plane separation rather than plain counters;
separation traded against
acceptance
Statistics through high | Acceptance x exposure Large area and long [38],[64]
opacity time; spectrum tail above | campaigns; open-sky
the required energy reference of comparable
duration
Background rejection | Coincidence fold; Fake events mimic low- [20],[38]
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Stability between
exposures

SiPM gain and efficiency
drift; environmental
conditions

Acceptance cancels in Eq.
(15) only if stable;
compensation and logging
required

[2],[42],[43]

Field robustness and
power

Sensor technology and
front-end design

Low-voltage, low-power
SiPM readout replaced
PMTs in field instruments

[3],[41,[501,[54]

Scattering-mode
resolution

Position resolution of the
trackers; multiple

Sets the achievable material
discrimination

[31],[32],[60],[63]

scattering, Eq. (5)

The mapping from detector parameter to imaging performance is direct (Table 8). Angular resolution
follows from segmentation pitch and plane separation, which is why imaging systems are built as segmented
X-Y planes rather than as plain counters [3],[5],[38]. Statistics follow from acceptance times exposure:
because the useful flux through a large opacity is a small tail of the spectrum, area and time are the only
levers, and field campaigns run for weeks to months, with open-sky reference distributions measured over
comparable periods [38]. Background suppression matters more than in laboratory counting, because a small
fake rate mimics a low-opacity path; this is the argument for higher coincidence fold and for requiring hits in
every layer [38]. Finally, robustness and power dictate the technology in the field, which is the reason SiPM
readout displaced PMTs in volcano and borehole instruments [3],[50],[54].

The same considerations appear in adjacent applications with different weightings: archaeological and civil-
structure surveys emphasize portability and stability over long unattended runs [7],[65],[66],[67].[68];
geoscience and mining emphasize ruggedness and underground operation [5],[69]; nuclear-material and
cargo inspection emphasize position resolution and short measurement times, and use scintillator trackers
with dedicated spectrometry to add momentum information [60],[70]. In every case the limiting quantities
are those of Sections 8-10: acceptance, efficiency stability, and background.

14. CALIBRATION, UNCERTAINTY, AND REPRODUCIBILITY

A compact telescope has a small statistical uncertainty only after long exposures, so its systematic budget is
usually dominant. Table 9 lists the terms, their propagation path, and the mitigation established in the
literature. Three deserve emphasis because they are frequently omitted.

Acceptance is a model, not a measured quantity, and its uncertainty must be propagated. The thin-telescope
formula of Eq. (12) overestimates the geometric factor by about 60% at d/a = 1, 16% at d/a = 2 and 4% at
d/a = 4 (Section 9.1), so a compact telescope with d/a of order unity that uses Eq. (12) without recalculation
carries a normalization error of tens of percent, while the error becomes small once d = 4a. Efficiency is a
measurement that must be repeated: because it depends on threshold, bias, and temperature, an efficiency
determined once at commissioning does not describe a detector operated later at a different temperature, and
gain compensation reduces but does not eliminate the drift [42],[43]. Overburden is an unmeasured
absorber: it modifies both normalization and the angular distribution, and the only published treatment that
quantifies it does so by varying the modelled concrete thickness by 20% in simulation [17].

Table 9. Sources of uncertainty in scintillator-SiPM muon measurements, their propagation path, and
mitigation. Magnitudes are quoted only where a cited source reports them.

Source How it enters Treatment and reported Mitigation

Page 951

www.rsisinternational.org


https://rsisinternational.org/journals/ijrsi
https://rsisinternational.org/journals/ijrsi
http://www.rsisinternational.org/

INTERNATIONAL JOURNAL OF RESEARCH AND SCIENTIFIC INNOVATION (1JRSI)
ISSN No. 2321-2705 | DOI: 10.51244/1JRSI [Volume XIII Issue X September 2026

magnitude

Counting statistics

1/NN¢ on every rate

~30 h for 1% at 0.09 Hz
(authors' calculation, Section
10)

Longer exposure;
larger acceptance

Geometric
acceptance

Multiplies the rate in Egs.
(11), (14)

Eq. (12) overestimates the
geometric factor by ~60% at
d/a =1 (ratio 0.63) and by
~4% at d/a = 4 (authors'
calculation)

Numerical
integration or Monte
Carlo for the real
geometry
[571,[591,[71].[72]

Alignment and plane
thickness

Perturb Aet(®)

Rarely reported

Survey tolerance;
include thickness in
the acceptance
model

Plane efficiency

Multiplies the rate; depends
on threshold, bias, position

~97% per plane with 2.5 mm
hit resolution reported for
one tracker [60]

Measure by Eq. (13);
re-measure after any
change

Threshold definition

Sets efficiency and singles
rate

Reported in photoelectrons in
some studies [20], in
millivolts or not at all in
others

Quote in
photoelectrons from
the single-
photoelectron
spectrum [40]

SiPM temperature
drift

Gain shift moves the
spectrum across the
threshold

22% dark-pulse amplitude
change per 10 °C
uncompensated; 0.78%
compensated [43]

Bias compensation
[42]; temperature

logging [2]

Accidental
coincidences

Additive background, Egs.
(9)-(10)

6.6 x 10> Hz against 0.152
Hz for one three-fold
telescope [20]

Delayed-coincidence
measurement [41]

(14)

tracking analysis [17]

Correlated Not described by Egs. (9)- |Rarely quantified in Measure directly;

background (10) compact-telescope reports separate air-shower
events [46],[53]

Dead time Reduces live time in Eq. Explicitly included in one Record live time in

hardware

Atmospheric
pressure and
temperature

Percent-level rate
modulation

Characterized by dedicated
networks [29],[30]

Log and correct for
long runs
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Overburden Raises the effective Treated by varying the Model the building;
threshold; distorts the modelled concrete thickness |state it in reports
angular distribution by 20% [17]
Angular model in the | Gn depends on the assumed | Iterate, or forward fold Forward folding
acceptance n (Section 11.2) rather than post-hoc
correction

Open simulation chains make the acceptance term auditable: cosmic-ray generators, transport codes and
detector simulations are now combined to predict directional rates for a specific geometry and site, and are
increasingly published alongside the measurement [45],[59],[71],[72].

Reproducibility requires calibration procedures that are stated in enough detail to be repeated: the
photoelectron scale from the single-photoelectron dark spectrum [20],[40], the threshold in photoelectrons
rather than millivolts, the accidental rate by delayed coincidence [41], plane efficiency by Eq. (13), and the
acceptance by numerical integration or Monte Carlo with the geometry stated [59]. None of these is
expensive; their systematic absence, rather than their difficulty, is what limits comparability.

Critical Synthesis
What is established

Several results are supported by independent measurements with different technologies and are not currently
in dispute. The sea-level intensity scale and its dependence on threshold, altitude, and geomagnetic cut-off
are known to within the spread documented in compilations [17],[21],[23]. The angular distribution of few-
GeV muons is close to cos?0, and acceptance-corrected measurements with entirely different technologies
agree on this [17],[18],[61]. Plastic scintillator coupled to SiPMs provides ample signal for minimum-
ionizing muons, and a threshold of a few photoelectrons combined with two- or three-fold coincidence
reduces uncorrelated background to negligible levels [20],[36]. SIPM gain drift with temperature is
understood and correctable [13],[42],[43]. Fibre-coupled segmented planes scale to square metres and
support imaging [3],[4],[5],[38].

Where results disagree, and why

The disagreements are concentrated in derived quantities rather than in raw rates. Zenith exponents from
wide-acceptance counting telescopes lie well below those from acceptance-corrected measurements, and the
calculation performed for this review, which uses no experimental data, shows that for an idealized square-
plane geometry the geometric contribution alone has the right sign and a magnitude able to account for a
substantial fraction of the gap (Section 11.2); angle-independent background and the directional ambiguity
of untimed telescopes act in the same direction. Apportioning the gap for a specific experiment would
require its own geometry and analysis to be modelled. Absolute intensities differ between sites for physical
reasons — threshold, altitude, cut-off rigidity — that are quantified in the literature [17],[18], and between
instruments for instrumental reasons that usually are not: unstated acceptance models, unmeasured
efficiencies, and undocumented overburden. The distinction matters because it identifies which differences
carry information. A rate difference between two telescopes may be physical — altitude, geomagnetic cut-
off, overburden and energy threshold all change the true intensity — or instrumental, through acceptance,
efficiency, dead time and background; it cannot be assigned to either category unless those quantities are
reported, which is why Table 10 lists them as prerequisites for comparison. A difference in exponent
between a low-threshold and a high-threshold measurement made with the same geometry and analysis, by
contrast, is interpretable as physical.
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Comparisons that require additional information

Three comparisons are difficult to interpret from the information usually published and should be treated
with caution unless the additional quantities noted below are available. Count rates between telescopes of
different geometry, because acceptance is rarely given in a form that permits normalization. “Fluxes”
normalized by area alone, because they are geometry-dependent quantities with flux-like units [20]. And
exponents fitted to uncorrected tilt-scan data, whether compared with each other or with the canonical value,
because the acceptance bias is comparable to the reported uncertainties, which are usually statistical only:
the quoted 1.39 + 0.01 [19] carries a statistical error nearly forty times smaller than the bias identified here.

What can and cannot be compared

Table 10 separates the quantities that different groups can meaningfully compare from those that cannot be
compared as published, and states what would be required in each case. The pattern is systematic: quantities
defined at the detector level — count rates, area-normalized fluxes, thresholds in millivolts, exponents from
uncorrected fits — are instrument-specific, whereas quantities defined after acceptance and efficiency
correction, or expressed in intrinsic units such as photoelectrons, transfer between instruments.

Table 10. Quantities reported by compact muon telescopes: which can be compared directly between
instruments, and what information the remainder would require. Section references indicate where each
requirement is derived.

Reported quantity | Directly Reason Information required for
comparable? comparison

Coincidence count |No Depends on acceptance, Plane sizes, separation and

rate efficiency, threshold and site thickness; efficiency; threshold

in p.e.; altitude, cut-off and
overburden (Sections 9, 10)

Rate normalized by | No Retains the geometry Acceptance Gy and efficiency,

plane area only dependence; neither an intensity |i.e. Egs. (11) and (14) (Section
nor an integral flux 10)

Vertical intensity lo | Conditionally Physically dependent on Momentum or energy threshold,
threshold, altitude and altitude, cut-off rigidity,
geomagnetic cut-off acceptance method (Sections

2.1,10)

Integral flux J Conditionally Follows from lo and the angular | Angular model and exponent n

model through Eq. (2) assumed, together with the

threshold and site of the
underlying lo (Section 2.2)

Exponent n from an | No Acceptance bias is comparable |d/a, fit range and background
uncorrected tilt- to or larger than the quoted model; preferably a forward-
scan fit uncertainties folded refit (Section 11.2)
Exponent n from Conditionally Acceptance enters the fit Acceptance model and its
tracking or track- explicitly, but the result still validation, energy or momentum
length methods depends on threshold and site threshold, altitude, cut-off

rigidity and overburden
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(Sections 11.1, 14)

photoelectrons

response

Accidental Conditionally Recomputable from Egs. (9) and | Resolving time T with its

coincidence rate (10) only if the resolving-time | convention and per-channel
convention is stated, and singles rate at the operating
checkable by delayed threshold (Section 8)
coincidence

Discriminator Only when A voltage threshold depends on | Photoelectron scale from the

threshold quoted in gain, overvoltage and front-end | single-photoelectron spectrum,

overvoltage, temperature
(Sections 5, 14)

per minimum-
ionizing particle

impact position
stated

coupling and photosensor

Plane or trigger Conditionally Depends on threshold, impact | Measurement method (Eqg. (13)),

efficiency position and temperature threshold, temperature, position
dependence (Section 9.2)

Photoelectron yield | Yes, with the Intrinsic to the scintillator, Impact position, coupling

scheme, overvoltage (Section
4.1)

Spatial or angular
resolution

Partially

Definitions differ: intrinsic,
reconstructed, or effective after
tracking

Method of determination and
reference used (Sections 12, 13)

A Minimum Reporting Standard for Compact Scintillator-Sipm Muon Measurements

The requirements scattered through Sections 8 to 11 are collected here as a checklist, which is the principal
practical outcome of this review. A measurement that reports these items can be compared with others; one
that omits them generally cannot, whatever its internal precision.

« Geometry. Plane dimensions and thickness, separation, alignment tolerance, and the resulting ratio d/a
or acceptance solid angle.

« Scintillator and coupling. Material and wrapping, direct or wavelength-shifting-fibre coupling, and
photoelectron yield per minimum-ionizing particle with the impact position at which it was measured.

« Photodetector. SiPM type and active area, overvoltage, operating temperature, and the temperature-
compensation scheme if any.

« Trigger. Threshold in photoelectrons together with the calibration used to set it, coincidence fold,
resolving time T with its convention, and the measured time-difference distribution.

« Background. Per-channel singles rates at the operating threshold, the accidental rate measured by
delayed coincidence, and any correlated background identified.

« Efficiency. Per-plane values, the method used (Eq. (13) or equivalent), and any position or angle

dependence.

» Exposure. Live time, dead time, and the number of recorded coincidences.

« Site. Altitude, geomagnetic cut-off rigidity, and a description of the overburden above the detector.

« Environment. Logged temperature and pressure for runs longer than a day, with any correction applied.
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 Analysis. Acceptance model and how it was computed, angular model assumed, fit range, and whether
the model was forward folded through the acceptance (Section 11.2).

Research Gaps and Challenges

The gaps that follow from the preceding sections are less about device performance than about measurement
practice and scaling. There is no common reporting convention, and Tables 6 and 7 show how much this
costs: the field cannot presently assemble a coherent dataset from its own literature. The effective energy
threshold of a surface telescope is undefined in most reports, being set by an unmodelled building, which
makes threshold-dependent quantities such as the exponent ambiguous. Acceptance modelling is often
reduced to a closed-form expression outside its domain of validity. Long-term stability of SiPM telescopes
in uncontrolled environments is sparsely documented, with most characterizations spanning hours to weeks,
although stability over months is precisely what muography and environmental monitoring require.

Response uniformity of large fibre-coupled planes remains a calibration burden rather than a solved problem
[36],[38]. Directional discrimination between upward- and downward-going tracks is a system-level timing
requirement rather than a sensor one: the sensors already resolve well below a nanosecond [39], but the
flight time across 1 m is 3.3 ns and the achievable resolution is set by photoelectron statistics at threshold,
discriminator walk, cable matching and TDC binning, which remains demanding for low-cost chains even
though commercial timing ASICs now offer tens of picoseconds of binning [45],[56]. Finally, a substantial
fraction of the compact-telescope literature consists of preprints, educational reports and technical
documentation, whose data are rarely published in reusable form.

Future Directions

Several developments would address these gaps directly. On the sensor side, devices with lower dark count
rate and higher photon detection efficiency relax the threshold—efficiency trade of Section 8, and digital
SiPMs, which integrate cell-level discrimination and time stamping, can reduce dependence on parts of the
analogue timing chain that currently limit resolution [13],[73]. On the scintillator side, cheaper extruded
material and improved fibre coupling continue to lower the cost per square metre [35],[36]. On the
electronics side, FPGA-based triggering with per-channel time stamping makes majority logic, delayed-
coincidence background measurement, and environmental logging routine rather than optional [4],[38].
Distributed networks of inexpensive, environmentally logged units are the natural route to studying
atmospheric and long-term effects with compact hardware [2],[46],[53],[54].

Reconstruction is moving towards learned methods in muography [16], which raises the calibration bar
rather than lowering it, since such methods require well-characterized detector responses. The most valuable
near-term development, however, is mundane: openly published detector models and raw datasets, of the
kind already provided with at least one desktop design [49], would allow acceptance and threshold to be
recomputed consistently across groups and would convert the present collection of incomparable
measurements into a usable body of data.

CONCLUSIONS

Scintillator-SiPM muon telescopes are simple to build and difficult to compare. Their physics inputs are
well established: the sea-level intensity and its angular distribution are known within a spread set by
threshold, altitude, and geomagnetic cut-off, and the relevant scintillator and SiPM properties are
characterized in the device literature. What limits the field is the measurement chain between them. Dark
counts at the operating threshold determine whether two planes suffice or a third is required, and the
accidental rate follows steeply from window and fold. The thin-telescope formula overestimates the
geometric factor by about 60% when d = a, the exact value being 0.63 of the approximation, and by only
about 4% once d = 4a.

Fitting an uncorrected cosine-power law to tilt-scan rates lowers the apparent zenith exponent from 2 to
about 1.6 at d/a =1 and 1.3 at d/a = 0.5, as the calculation presented here shows, while forward folding the
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same model through the acceptance recovers the input exactly. Instrumental acceptance effects can therefore
contribute substantially to the published spread in zenith exponents; quantifying their contribution for an
individual experiment requires that experiment's geometry and analysis to be modelled. Numerical
acceptance modelling, measured plane efficiencies, delayed-coincidence background estimates, forward-
folded angular analysis, and reporting to the standard set out in Section 15.5, the principal practical outcome
of this review, would make compact-telescope results comparable, and would put the same instruments on a
sound footing for muography, where stability rather than absolute normalization is the limiting quantity.

APPENDIX A. PROVENANCE OF FIGURES

Table 11 states, for every figure, whether it is an original schematic, an analytical reconstruction from a
cited equation, or a numerical calculation performed by the authors, together with the parameters used. No
figure in this review reproduces digitized experimental data.

Table 11. Provenance of every figure: original schematics, analytical reconstructions from cited equations,
and calculations performed by the authors.

Figure | Classification Basis Parameters and sources

Fig. 1 |Original schematic | Concept diagram of Altitudes and energy losses as in Table 1
production and propagation [21]; not to scale

Fig. Analytical Eq. (3) cos =1, 0.5, 0.25; plotted only for E, >
2(a) reconstruction 100/cos 6 GeV [26],[27]

Fig. Analytical Eq. (1) n=1.39, 1.44, 1.90, 2.00 from Table 5
2(b) reconstruction [17],[18],[19],[20],[21]

Fig. 3 |Original schematic |Block diagram of the No quantitative content

detection chain

Fig. Original schematic | Microcell array and Eqg. (8) No quantitative content
4(a)
Fig. Schematic of Overvoltage dependences Arbitrary units; contains no measured data

4(b) qualitative trends | described in [13],[39],[40]

Fig. 5 |Original schematic | Architecture taxonomy of No quantitative content

Table 4
Fig. Conceptual Coincidence within +t Pulse shapes and times arbitrary [41]
6(a) illustration
Fig. Analytical Egs. (9), (10); reference line |R =0.1, 1, 10 kHz; n = 2—4; t = 1-1000 ns;
6(b), calculation from Eq. (11) reference line for 5 x 5 cm planesatd =5
(c) cm, lo=70m2s ! sr!, e=1; windows

marked from [17],[20]

Fig. 7 | Original numerical |Eq. (11) with Eqg. (1) by two- | Thin square planes; d/a = 0.2-10; input n =
calculation by the |dimensional quadrature; least- | 1.5, 2.0, 2.5; 60 = 0—75° in 5° steps, equal
authors squares fits of cos™0p and of | weights; both traversal senses accepted;
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the forward-folded model acceptance formalism after [57]
Fig. 8 |Original schematic | Transmission muography, Eq. | No quantitative content

(15)
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