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We present a comprehensive study addressing pile-up effects in single photoelectron counting
with R-11265 Hamamatsu multi-anode photomultiplier tubes (MAPMTs) equipped with the
SPACIROC-3 ASIC. Extended dead time in the electronics causes saturation and quenching
of the counting rate, an effect we counter by inverting the pile-up plot once the double pulse
resolution is determined. Our work combines extensive numerical simulations with experimental
validations to quantify the statistical uncertainties associated with the corrected event rates. We
apply this methodology to the Mini-EUSO experiment onboard the International Space Station
where machine learning techniques are employed to extract pixel-by-pixel double pulse resolutions
from long-term photon count histograms. This integrated approach enables the accurate recovery
of true photon fluxes essential for studying ELVES, meteors and other transient phenomena de-
tected by Mini-EUSO.
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Statistical analysis and correction of the pile-up effect in extended dead-time electronics

1. Introduction and scientific context

Accurate photon counting is essential in astroparticle experiments employing multi-anode
photomultiplier tubes (MAPMTs) in single photoelectron mode, where event reconstruction relies
on precise photon rate measurements. However, the presence of electronic dead time in the readout
introduces pile-up: successive photons within short intervals lead to under-counting, impairing
detector linearity and reconstruction accuracy.

We present a correction framework combining numerical simulations, analytical modeling
from renewal theory, and experimental validation to recover true event fluxes from an observed
number of count. Applied to Mini-EUSO, a UV telescope on the International Space Station [1]
equipped with SPACIROC-3 ASICs [2], this method enables pixel-by-pixel estimation of effective
dead time and systematic pile-up correction. These results enhance event counting reliability for
current and future missions utilizing high-speed detectors.

2. Modeling and characterization of pile-up effects

This section presents a numerical and theoretical framework for modeling extended dead-time
effects, combining Monte Carlo simulations and renewal theory to characterize saturation behavior.
The model predictions are validated against experimental data under controlled increasing-rate
conditions on an MAPMT equipped with the SPACIROC-3 ASIC.

2.1 Numerical simulation and method for uncertainty estimation

To quantify the effect of pile-up on the mean counting rate and its fluctuations, we implemented
a numerical simulation that models stochastic photon arrivals and their registration by a detector
with finite double pulse resolution, 7. It provides a statistical mapping between the true event rate
p and the observed counts Ngouy Over an integration window of fixed duration, 7', enabling the
estimation of the variance of each variable, when the other is fixed.

Photon arrivals are modeled as a Poisson process of rate p over a time interval 7' (so-called
gate time unit or GTU, typically 2500 ns), with pile-up simulated by rejecting events within a dead
time 7 after each event. This mimics an extended dead-time behavior expected for SPACIROC-3
electronics. The simulation is executed over a wide range of values of the rate p (0-2000 ph/GTU),
and repeated for Ngry independent GTUs for each rate. For each GTU, i € [1, Ngry], we count
the number of effectively detected photons, Neount(; 0), at the current rate. This provides a count
distribution as shown on the left panel of Fig. 1 for three different values of 7. The color shows the
number of times a given number of photons (in ordinate) has been counted for a given photon rate
(in abscissa). The solid lines show the average counts, (N ount), as a function of p. As can be seen,
(Ncount) first increases almost linearly with p when the photon rate is low enough for the probability
of pile-up to be negligible. It then reaches a maximum at a value of p directly related to the dead
time 7 (see below), and finally decreases down to fewer and fewer counts, when the probability for
the interval between two consecutive events to be larger than 7 becomes smaller and smaller.

To estimate the uncertainties associated with Ncoun (at fixed p) and p (at fixed Neount), We
analyze the histograms obtained from the simulation by performing cuts of the pile-up plot along
vertical and horizontal lines. Examples of such cuts are shown on the right panel of Fig. 1. Simple
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Figure 1: Left: pile-up plot showing the number of occurrences (color code) of a given photon count
(in ordinate) as a function of the photon rate (in abscissa), for a three different values of the double pulse
resolution 7. The solid lines show the average (Ncount)(©), also known as the pile-up curve or saturation
curve. Right: example of histograms obtained from vertical (blue) and horizontal (red) cuts of a pile-up plot
corresponding to 7 = 10 ns and 7' = 2500 ns.

gaussian (or double gaussian) fits then give access to the averages and dispersions of the counts at
a given rate, (Ncount)(0) and oeount(0), as well as the average and dispersion of rates for a given
count, {p)(Ncount), and O-p(Ncount)-

2.2 Extended dead-time modeling within the renewal theory framework

The theoretical framework that allows to derive analytically (Ncount) (0), Ocount () {0) (Ncount)
and 0, (Ncount) in such a context is the so called renewal theory [3]. Within this framework, the
expected number of counts (Nount)(p) observed over a fixed time interval T for a constant dead
time 7 is given by [3, 4] :

(Neount) (0) = pTeipT- (D

The inversion of this expression (to infer p from Ncount) uses the Lambert W function implicitly
defined by z = we” = w = W(z):

(@)

T Neount
—T .

(0) Neoun) =~ W (—

Furthermore, the variance of the observed number of counts for a given event rate is found to
be lower than the variance of a Poissonian process with the same average, and can be expressed as
[4,5]:

Ucount(p)z = Neount (1 - 2pTe_pT) . 3)

Propagating the uncertainty on 7 (a parameter to be determined experimentally) as well as the
dispersion o¢oune for a given N.oune measured in one particular GTU, we obtained the associated
uncertainty on the true event rate p as:
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These analytical results allow us to correct for pile-up effects, not only to infer the most
probable event rate associated with a recorded number of counts, but also its uncertainty. It can be
used for any event counting set-up operating with some extended dead time 7. In the case when
different events are associated with different values of 7 (without correlation between them), the
same formula apply with 7 replaced by the statistical average of the different values.

2.3 Experimental characterization of the pile-up phenomenon in an MAPMT coupled with
a SPACIROC-3 ASIC

To validate the theoretical and numerical predictions, we conducted laboratory measurements
using a Multi-Anode Photomultiplier Tube (MAPMT) of type R-11265 from Hamamatsu, coupled to
a SPACIROC-3 ASIC in single photoelectron counting mode. This campaign aimed to characterize
the detector’s response under increasing light levels to observe the onset of pile-up, and confirm the
validity of the extended dead-time assumption.

2.3.1 Experimental set-up

The measurements were conducted using a “lightscan” procedure, where a continuous 404 nm
LED illuminates one pixel of an MAPMT inside a dark box (see [6] for details). The light intensity is
progressively increased across acquisition steps by adjusting the LED driving current and recorded
by a calibrated low gain photodiode (LGPD) connected to a powermeter. For each intensity, the
number of photons actually counted by the corresponding ASIC channel are recorded for each of a
total of 10,000 GTUs of 2500 ns.

This procedure allows us to explore the detector’s response from the linear regime into the
pile-up-dominated region, while providing counting statistic to extract (Ncount) (0) and oeount(0)-

2.3.2 Lightscan outputs and comparison with theory

The lightscan data was analyzed by converting the powermeter reading from the LGPD into
its corresponding expected photons per GTU previously referred to as p (see [7] for details). As
shown in Fig. 2, left panel, the evolution of the average number of counts (N¢oune) With p follows
the theoretical expectation (Eq. (1)) with very high precision. However, the dispersion in the Ncount
values at fixed p appears larger than expected for intermediate photon rates (around the maximum
of the pile-up curve), as seen on the right panel of Fig. 2, where the red line shows the oount
corresponding to the value of 7 inferred from the fit in the left panel. On this part of the curve, the
data also appear much noisier.
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Figure 2: Left : Fit of the experimental (Ncoun)(p) with eq.(1), multiplying p by a quantum efficiency
€quantum (10 convert electron into photoélectron), yielding 7 = 12.3 ns and €gyanum = 0.32. Right : comparison
of the experimental o¢ounc(p0) With its expected shape from eq.(3) for the fit parameters yielded by the fit
of the average. Both experimental data were obtained from a lightscan on a single channel of an MAPMT
connected to a SPACIROC3-ASIC working at a GTU of 2500 ns.

Upon closer inspection we identified that for high values of the light intensity, a few GTUs
exhibit anomalous count values randomly distributed among the 10,000 GTU sequence, with spikes
several sigmas away from the average. This may be related to disturbances in the ASIC baseline
and/or threshold level, possibly due to large current drain to supply the electron multiplication
process in the MAPMT. These outlier GTUs strongly distorts the calculated standard deviation
(cf. blue curve in Fig. 2). This effect will be investigate in a future work. In the present work,
we mitigated it at the analysis level by implementing a filtering procedure, applying a windowing
around each (Ncount)(p) of +30¢ount(p). GTUs falling outside this range were excluded from
the calculations. A wider window of 40 oun () Wwas also tested and led to very similar results,
indicating that the affected GTUs are not consistent with statistical fluctuations expected from the
pile-up model, but rather stem from systematic or electronic artifacts.

After the filtering, the experimental standard deviation aligns very closely with the theoretical
and simulated expectations for an extended dead time behavior as can be seen in Fig. 3, described
in the next section.

3. Results

The analytical modeling, numerical simulation, and experimental measurements described in
Sect. 2 can be compared through their respective estimation of ocount(0), as can be seen in Fig. 3.
The curves show excellent agreement across the full dynamic range. A deviation observed in the
experimental data above 1500ph/GTU is currently under investigation and may be linked to intrinsic
limitations of the ASIC.

This overall consistency confirms that the extended dead-time model can accurately describe
the SPACIROC-3 response. It also validates the renewal-theory formulation and confirms the Monte
Carlo simulation’s accuracy in reproducing the statistical behavior of the single photon counting
capability of the Mini-EUSO camera, establishing a solid foundation for its application to flight
data correction.
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Figure 3: Comparison of ooyt () obtained from renewal theory (blue line), Monte Carlo simulation (black
line), and a lightscan (red line). Both the simulated and theoretical curves assume the same fixed dead time
7 = 12.3 ns and a quantum efficiency of €gyanum = 0.32, both obtained from the fit of the experimental data.
All curves are drawn for a GTU of 2500 ns.

4. Pile-Up correction applied to Mini-EUSO flight data

We apply the developed pile-up correction framework to flight data from the Mini-EUSO
telescope. The objective is to extract the effective dead time 7 for each pixel by fitting features of
their count histograms with simulated ones. Once 7 is known, observed counts can be inverted
to recover the true photon flux, as explained above. This method is validated by the agreement
between theory, simulation, and experimental data established in Section 3.

4.1 Per-Pixel histogram analysis using supervised machine learning

The effective dead time 7 of each pixel is estimated by analyzing long-term photon count
histograms accumulated over several years. Pile-up-induced saturation feature — particularly the
tail shape and the position of secondary structures such as the secondary bump — are sensitive
indicators of the detector’s double pulse resolution. By comparing these features with a large
dataset of simulated histograms generated for known 7 values and uniform event rate distribution,
using our Monte Carlo model, we establish a correspondence between specific histogram signatures
and the underlying dead time (see Fig. 4).

Secondary bump Secondary bump KN - Data Points
mm Histogram for T = 7.0 ns | mm Histogram for T = 10.0 ns N Fit: 883.40/x, R? = 1.00
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Figure 4: Left and Center : simulated count histograms showing the index of the secondary bump for two
different 7 and a GTU of 2500 ns. Right : Fitted dead time values as a function of the secondary bump index
of the simulated histograms.

In the actual data registered by Mini-EUSO, the distribution of incoming photon rates is not
uniform. However, the large variety of light intensities seen by the different pixels near their
counting maximum allows to capture a similar behaviour, with a bump in the count histogram
reminiscent of that obtained in the simulations (Fig. 4).

To determine the value of 7 for any given pixel of Mini-EUSO, we thus need to estimate the
position of the secondary bump in its photon count histogram. Given the diversity of histogram
shapes for the 2304 pixels, conventional algorithmic approaches proved unreliable, motivating the
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use of supervised machine learning. A training set was manually labeled from 150 representative
pixels, and multiple models were tested. The best performance was achieved using Random Forest
and XGBoost regressors, both reaching a mean absolute error of approximately 8.5 counts after
hyperparameter optimization. Examples of bump position predictions are shown in Fig. 5 for two
different pixels.

MINI-EUSO's D1 histogram for pixel (32,32) MINI-EUSO's D1 histogram for pixel (38,3)
Time Resolution: 6.12 ns Time Resolution: 7.35 ns.
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Figure 5: Prediction of the secondary bump index by the Random Forest Regressor model for two Mini-
EUSO pixel’s count histograms. The histograms are build from the data of sessions 20 to 44 and corresponds
to the pixel (32,32) and (38,3) of the focal surface.

The procedure was applied to all 48 x 48 = 2304 pixels of the Mini-EUSO focal surface. For
each pixel, both machine learning models predicted the secondary bump index using 10 random
seeds. Consistency across seeds within a model, and agreement between the two models, served
as a validation criterion. Pixels exhibiting abnormal behavior — due to low efficiency or bit-shift
artifacts (previously identified in the Mini-EUSO data analysis) — were flagged for exclusion or
further inspection. Once the index is obtained, the corresponding dead time 7 is inferred via the
fitted calibration curve (see Fig. 4).

4.2 Results of Mini-EUSQO pile-up analysis

The results of the ML-based pile-up analysis are summarized in Figure 6, which shows the
averaged per-pixel values of 7 predicted by both the Random Forest and XGBoost models.

With pixel-wise estimates of 7 in hand, Eqs. (2) and (4) can be applied to recover the true photon
fluxes across the focal surface and their uncertainties. The uncertainty on the estimated 7, At, can
be estimated and injected in Eq. (4). This refined unpile-up approach enhances the precision of
flux reconstruction, supporting more accurate analysis of the Mini-EUSO data, including meteors,
transient luminous events, or any other type of events.

5. Conclusion and Outlook

We presented a comprehensive framework for modeling, simulating, and correcting pile-up
effects in event counting systems operating under extended dead time. Both this framework and
experimental measurements showed excellent agreement, validating the extended dead-time model
and enabling accurate event rate reconstruction even in high-rate regimes.

This framework was applied to Mini-EUSO data, where supervised learning techniques were
used to infer per-pixel dead times from long-term histograms. The resulting dead time map allows
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Frequency

Figure 6: Left: 48 x48 = 2304 pixel map of the predicted dead time 7 for the full Mini-EUSO focal surface,
averaged over both ML models. Right : Comparison of the distribution of predicted dead times across all
pixels for both models.

for refined pile-up corrections across the focal surface, improving flux recovery for transient events
such as ELVES and meteors.

This approach will be systematically applied to photodetectors in future JEM-EUSO missions,

including the balloon-borne PBR project, where both pre-flight and in-flight pile-up analyses will

be performed. More broadly, the framework is applicable to any counting system affected by dead

time, with relevance to instrumentation in astrophysics or other fields.
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