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A B S T R A C T

We present discharge probability studies performed with a single Thick Gas Electron Multiplier (THGEM)
irradiated with alpha particles in Ar-CO2 and Ne-CO2 mixtures. We observe a clear dependency of the discharge
stability on the noble gas and quencher content pointing to lighter gases being more stable against the
development of streamer discharges. A detailed comparison of the measurements with Geant4 simulations
allowed us to extract the critical charge value leading to the formation of a spark in a THGEM hole, which is
found to be within the range of (3 to 7) ×106 electrons, depending on the gas mixture.

Our experimental findings are compared to previous GEM results. We show that the discharge probability
of THGEMs exceeds the one measured with GEMs by orders of magnitude. This can be explained with simple
geometrical considerations, where primary ionization is collected by a lower number of holes available in a
THGEM structure, reaching higher primary charge densities and thus increasing the probability of a spark
occurrence. However, we show that the critical charge limits are similar for both amplification structures.
. Introduction

A Thick Gas Electron Multiplier (THGEM) [1,2] is a robust gaseous
onization detector. Its design is derived from a thinner GEM [3] struc-
ure, with its dimensions expanded by a factor of 5 to 20 , and shares the
ame working principle of avalanche multiplication within small holes.
he larger (sub-)millimeter structures make THGEMs more robust and

t allows for higher achievable gains than in GEMs, for a mitigation
f the damages caused by discharges, and for the construction of very
arge detector areas without mechanical support. The larger dimensions
ake THGEMs also easier to manufacture. The holes are produced

y mechanical drilling into a metal-clad insulator for which a variety
f PCB materials, like FR-4, Kevlar or Teflon, can be used [4]. Some
HGEM variants have the metal around the holes chemically etched,
hich creates metal-free rims surrounding the holes. Large rims with
width of (100 μm) allow for an order of magnitude higher gains,

hus improving stability against electrical discharges [4,5], at the cost
f long-term gain dependence on time and radiation rate [6]. The latter
s marginal when employing THGEMs with a small (≲20 μm) or no
im [6].

The breakdown voltage of a no-rim THGEM structure is given
y Paschen’s law and reaches ∼2200V for a 400 μm-thick structure

in air. Experience shows, however, that large-area THGEMs rarely
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reach this value due to irregular hole borders and defects related to
the production procedure [7]. Therefore, a dedicated post-production
treatment is necessary in order to smooth out the hole edges and
remove defects or other imperfections coming from the drilling of the
holes. An effective polishing and cleaning procedure has been proposed
in [7] and implemented successfully in the COMPASS RICH-1 upgrade
project [8,9].

It has been shown, that the breakdown voltage measured with
THGEMs in the air could indeed reach Paschen’s limits after the special
surface treatment [10]. The maximum absolute gain 𝐺max

abs which can
be achieved with such a structure shall therefore depend only on
the fundamental critical charge limits, following the well established
streamer theory of a spark discharge [11–14] and a simple relation

𝐺max
abs = 𝑄crit∕𝑞prim, (1)

where 𝑄crit is the critical charge at which the avalanche transforms
into a streamer and 𝑞prim is the primary charge (electrons) entering an
amplification structure (here a THGEM hole). The critical charge values
reported for various types of Micro Pattern Gaseous Detectors (MPGDs)
vary between 106 and 107 [15–17]. It should be noted, however, that
no universal 𝑄crit value can be associated with a given amplification
structure. The critical charge limit depends on the exact geometry of
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a structure, the value of 𝑞prim or the gas mixture [15–19]. For the
latter, in particular, a clear correlation between discharge probability
and ⟨𝑍⟩ of the gas is observed [15,18–20] pointing towards intrinsic
properties of the working gas (e.g. transport, amplification) on the
streamer development. It also suggests that the number of primary
charges entering an amplification structure (charge density) is the most
relevant parameter limiting the stability of an MPGD structure. This is
well in line with the measurements of the discharge rate dependency
on the particle inclination angle [21] or the longitudinal magnetic
field [22]. The charge density hypothesis has been also successfully
employed in the numerical models describing the discharge probability
measured with Micromegas and GEM detectors (incl. hybrid stacks,
employing both structures) fairly well [19,23,24].

In the following study, we investigate the intrinsic stability limits
of a single-THGEM detector upon irradiation with alpha particles.
The measurements are performed in Ar- and Ne-based mixtures with
different CO2 content to study the influence of the gas mixture on the
discharge probability and critical charge limits. The latter are obtained
by comparing the data to results obtained within a Geant4 simulation
ramework developed for our previous studies with GEMs [19]. The
easurements also provide a direct comparison between GEMs and
HGEMs and allow us to evaluate the influence of geometrical param-
ters, such as the hole size, the pitch, and the (TH)GEM thickness, on
he stability of a structure and the resulting 𝑄crit value.

. Experimental setup

.1. Detector

The experimental setup consists of a single THGEM mounted be-
ween a drift cathode and a readout plane. Fig. 1 shows a photo
f the THGEM structure used in the measurements and a schematic
icture of the setup. The 11.2 × 11.2 cm2 THGEM is produced by Eltos
.p.A. and is divided into three segments. Each segment measures 11.2×
.7 cm2 and is separated by a 600 μm gap from one another. A 4.6mm
iameter mounting hole is located in the centre of the middle segment.
ltogether this translates into a copper-coated area of 123.9 cm2. All

hree segments, on each side of the THGEM, are connected and act as
ingle, top and bottom, electrodes.

The THGEM structure follows the design parameters and produc-
ion procedure of the COMPASS RICH-1 Upgrade THGEMs [25]. The
HGEM is 470 μm thick including a 35 μm thick copper layer on each
ide. The diameter of the holes is 400 μm except for the holes along
he outer border of the active area, which have a diameter of 500 μm.
here is no rim around the holes and the pitch between the holes is
00 μm. After production, the THGEM undergoes a dedicated polishing
nd cleaning treatment in order to minimize the number of instabilities
aused by the imperfections developed in the production process.

Following the schematics shown in Fig. 1, the distance between
he THGEM and the readout plane (induction gap) is set to 2 mm
hroughout all measurements. The distance between the drift cathode
nd the THGEM (drift gap) is varied between 13.0mm and 58mm. The
orresponding distance between the source and the THGEM (𝑑source),
aking into account the 1.5mm-thick drift cathode PCB, is adjusted
etween 14.5mm and 59.5mm.

The detector is operated with a constant drift field (𝐸drif t), defined
y the potentials at the cathode and the THGEM top electrode, of
00Vcm−1. However, no field cage is employed to allow for flexibility
n choosing the drift gap size. The detector is operated with a grounded
HGEM bottom electrode and readout plane resulting in zero induction
ield 𝐸ind. A potential difference 𝛥VTHGEM across the THGEM is defined
y a potential applied to the top electrode. An additional 10MΩ pro-
ection resistor is connected in series between the top and the power
upply to limit the current flow in case of a discharge.

Discharge signals are induced on the readout plane connected to the
scilloscope, which records and counts waveforms. Currents induced
 a

2

Fig. 1. 𝑇 𝑜𝑝 ∶ Photo of the THGEM used in this study. Individual THGEM holes as
well as the central mounting hole and segment boundaries can be seen. 𝐵𝑜𝑡𝑡𝑜𝑚 ∶
Schematics of the detector setup. A single, segmented THGEM is mounted between
a drift electrode and a readout anode. The drift and THGEM electrodes are read out
by a picoamperemeter. The readout plane is connected to an oscilloscope.

Table 1
Properties of gas mixtures used in this study evaluated with Magboltz/Garfield at the
nominal electric field of 400Vcm−1 in the absence of a magnetic field [19,29].

Gas 𝑣drif t 𝐷L 𝐷T 𝑊i
[cmμs−1] [

√

cm] [
√

cm] [eV]

Ar-CO2 (70-30) 0.932 0.0138 0.0145 30.2
Ar-CO2 (90-10) 3.25 0.0244 0.0268 28.8
Ne-CO2 (90-10) 2.66 0.0219 0.0223 38.1

on the THGEM electrodes and the drift cathode are measured with
a multi-channel picoamperemeter (pA-meter) [26], with a 1 kHz sam-
pling frequency and a 1 Hz readout rate and are used to determine the
absolute gain of the THGEM (see more details in Section 2.4). The pA-
meter channels used to measure currents induced on THGEM electrodes
are equipped with 100 kΩ resistors connected in series with the input,
which can be neglected due to the large value of the protection resistor.
The THGEM, drift cathode, and readout plane are mounted inside a gas-
tight vessel, which is flushed with one of the three gas mixtures used
in the measurements, as discussed in the next section.

2.2. Gas mixtures

The different gas mixtures used in the measurements are Ar-CO2
(70-30), Ar-CO2 (90-10) and Ne-CO2 (90-10). The gas properties, elec-
tron drift velocity (𝑣d), longitudinal and transverse diffusion coeffi-
ients (𝐷L and 𝐷T, respectively), and effective ionization potentials
𝑊i) are calculated using Magboltz [27] and Garfield [28] and summa-
ized in Table 1. During all measurements the oxygen concentration is
ept below 25 ppm and absolute humidity below 200 ppmV H2O. Both
re constantly monitored with a dedicated sensor.
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Fig. 2. Specific energy loss of alpha particles emitted from a mixed source of 239Pu,
241Am and 244Cm, evaluated for different gas mixtures used in this study [32]. Dotted
lines correspond to different 𝑑source values used in this study.

2.3. Radioactive source

A mixed alpha source containing 239Pu, 241Am and 244Cm [30]
is placed on top of the cathode to irradiate the drift volume. The
source has an active area of ⌀7mm matching the ⌀7mm hole in the
1.5mm thick drift cathode PCB. The source emits alpha particles of
several energies and intensities, with their weighted mean of 5.15 MeV,
5.45 MeV and 5.80 MeV for 239Pu, 241Am and 244Cm, respectively. The
ource rate measured by the detector is (358 ±3) Hz. Fig. 2 shows the
pecific energy loss of the alpha particles as a function of their track
ength (𝐿track), evaluated in different gas mixtures using the Geant4
imulation framework [31]. The approximate value of the maximum
ange of an alpha particle from the source in a given gas mixture is
2 mm in Ar-CO2 (70-30), 48 mm in Ar-CO2 (90-10), and 70 mm in
e-CO2 (90-10).

.4. Absolute gain determination

.4.1. Definition
All measurements of the discharge probability are performed as a

unction of the absolute gain (𝐺abs) given by the ratio of the amplifi-
ation current measured at the bottom electrode of the THGEM (𝐼amp)
nd the primary ionization current. With 𝐸ind = 0 all electrons coming
rom the amplification region are collected at the bottom side of the
HGEM. Thus, the current induced at this electrode corresponds to the
otal amplification current.

The primary ionization current stems from the electrons created in
he drift volume by the radiation source and reaching the THGEM. It is
easured at the top THGEM electrode with the bottom electrode and

eadout plane grounded, 𝛥𝑉THGEM = 0, and 𝐸drif t = 400V cm−1. The
measured values range between 3 pA and 15 pA, depending on the drift
gap size.

2.4.2. Collection efficiency
For the absolute gain determination, a collection efficiency of 100%

is assumed for the primary electrons from the drift region entering
the THGEM holes. In order to validate this assumption, the electron
collection efficiency of the THGEM is measured as a function of a drift
field and is shown in Fig. 3.

The collection efficiency is evaluated by measuring 𝐼amp while keep-
ing 𝛥𝑉THGEM constant and normalizing to the maximum measured
𝐼amp value, where a collection efficiency of 100% can be reliably

assumed [33]. The plateau region spans for 𝐸drif t values between

3

Fig. 3. Collection efficiency of a THGEM evaluated as the amplification current
measured as a function of the drift field, normalized to its maximum value. The
measurement is performed with 3 mm drift gap for two 𝛥𝑉THGEM values.

∼300V cm−1 and ∼1000V cm−1. In this region, all electric field lines
from the cathode enter the THGEM holes. A drop for the lowest fields
can be associated with electron attachment to the residual traces of
water and oxygen present in the gas mixture (see Section 2.2). Also,
a slight gain dependency on the drift field is expected, as the latter
influences the field inside a hole. For higher 𝐸drif t values the collection
efficiency drops as more electric field lines originating from the drift
cathode end on the top electrode of the THGEM. Thus, in the first-
order approximation, a 100% collection efficiency of primary charges
can be considered at 𝐸drif t = 400V cm−1. This is in line with the well
established transparency measurements of GEMs [33,34].

2.4.3. Charging-up effects
In THGEMs the charge-up of dielectric material introduces a time-

dependent gain variation which can be split into a short-term and
a long-term component [6]. The measurement times in this study,
between several minutes and maximum three hours, are too short to
see an impact of the long-term part, related to the movement of charges
within the PCB fibreglass plates [6], which usually takes many hours
up to a full day. The short-term effects, taking place in the first minutes
of operation, are, on the other hand, caused by charges accumulating
on the insulator surface due to the lateral diffusion of the avalanche
charge. These charges create an electric field opposite to the external
field and thus reduce the gain [35,36]. This effect increases with the
thickness of the PCB material. Charge collection on the rims, resulting
in the long-term gain increase [35], is not considered as a no-rim
THGEM is used in the presented study (see Section 2.1). In addition,
experimental conditions unrelated to the THGEM, e.g. humidity or
impurities in the gas, may influence the stabilization time.

The short-term charging-up effects are taken into account in the
absolute gain measurements performed in this study. Since the time
necessary to reach equilibrium (𝑡eq) depends on the radiation intensity
and the total charge that passes through a THGEM hole, an inverse
proportionality to the detector gain can be observed [35]. The 𝑡eq values
measured with the THGEM used in this study reach ∼75min for the
owest gains 𝐺abs ≈ 10. However, already at a gain of 20, the 𝑡eq

drops to ∼25min. For absolute gains in the region of interest (𝐺abs >
00) the evaluation of gain and corresponding discharge probability
easurement starts always ∼20min after ramping up voltages to the

ppropriate 𝛥𝑉THGEM and 𝐸drif t values.
It was also observed that the primary current value, measured prior

o each measurement session (defined by the gas mixture and 𝑑source),
eaches its asymptotic value within 15 to 20min. The effect, related to

the initial charge-up of the insulating THGEM surfaces, is accounted for
by measuring the primary current value at least 20min after applying
the nominal drift field.
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Fig. 4. Absolute gain of the THGEM as a function of the potential difference 𝛥VTHGEM measured for each 𝑑source and all gas mixtures. The inset presents a zoom-in of one of those
curves and shows the non-exponential behaviour of the gain in the discharge region by example.
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Fig. 5. Amplification current measured at the bottom THGEM electrode. Two spikes
orrespond to spark occurrences. An averaging algorithm excludes red points from the
ean current value calculated for the gain estimate (see text for more details).

.4.4. Gain measurement
Fig. 4 shows the absolute gain as a function of 𝛥𝑉THGEM for different

gas mixtures and distances between the source and THGEM surface.
Gains obtained in Ne-CO2 (90-10) are the highest due to the larger
Townsend coefficients for neon- than argon-based mixtures. The scaling
of gain between two argon-based mixtures follows the amount of
quencher.

The gain is evaluated for each discharge probability measurement,
averaging the 𝐼amp over the full measurement time. For 𝛥𝑉THGEM above
the discharge onset, current spikes associated with sparks need to be
accounted for. Discharges in the THGEM lead to temporarily higher
currents on both electrodes which may introduce a bias towards higher
absolute gains. To exclude such bias, the averaging algorithm does
not include amplification current values measured during the spark-
associated current spike defined as a variance of ≥ 5 𝜎 over the 𝐼
amp t

4

oving mean value, where 𝜎 is the standard deviation of the latter. One
easurement point after a current spike is excluded from the average,

n addition. Fig. 5 shows an example of the amplification current
easurement together with two spikes identified and excluded from

he average. In order to make the gain evaluation feasible, the average
ischarge rates do not exceed 0.25 Hz throughout all measurements.

For moderate gain values an exponential dependency on the ap-
lied voltage is observed, as expected. However, a deviation from the
xponential behaviour for the highest gains can be noticed as shown
n the inset of Fig. 4. The onset of this deviation coincides with the
irst occurrence of discharges in a measurement. This could be possibly
xplained by a change in the electrostatic configuration of the charged
CB material, or a similar effect, which influences the electric field
onfiguration inside the holes. It should be noted, that the absolute
ain, influenced by the occurrence of first discharges, does not reach
he value expected from the extrapolation of the exponential function
itted in the undisturbed range even several minutes after a discharge.
his observation was confirmed with low discharge rate measurements,
here the time between subsequent discharges exceeded the character-

stic time 𝑡eq of charging-up effects. The influence of the spark-related
urrent spikes on the amplification current can also be ruled out as they
re excluded from the 𝐼amp measurement, as explained in the previous
aragraph. Thus, it is ensured that the 𝐺abs value measured in this
egion is the actual absolute gain value. Due to this behaviour, an
xtrapolation of the absolute gain is not possible and it is necessary
o measure the absolute gain for each point the discharge probability
s evaluated.

The maximum gain values shown in Fig. 4 correspond to the highest
ischarge probabilities measured in a given gas (see Fig. 7 and discus-
ion in Section 3). In particular, at 𝑑source = 39.5mm, the maximum
ain in Ar-CO2 (90-10) is lower than the corresponding value in Ar-
O2 (70-30) due to the observed inversion of the THGEM stability in
hese mixtures. For 𝑑source > 50mm the discharge probability in Ar-CO2
ixtures is not measured, due to the substantial drop of discharge rate,
herefore the corresponding gain curves are not shown.
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Fig. 6. A THGEM discharge signal induced on the readout anode.

2.5. Discharge probability measurement

A typical discharge signal is shown in Fig. 6. The discharge proba-
bility 𝑃dis is defined as the number of recorded discharge signals 𝑁dis
normalized to the total number of alpha particles emitted from the
alpha source towards the THGEM structure, given by the alpha particle
rate 𝑅𝛼 (see Section 2.3) and the measurement time 𝑡meas, following the
ratio

𝑃dis = 𝑁dis∕(𝑅𝛼 ⋅ 𝑡meas). (2)

All discharge signals are recorded by a high-performance oscillo-
scope able to record >1 kHz waveforms with 100% efficiency, which are
then counted and analysed to resolve possible ambiguities. Depending
on the gain settings, between a few and several hundred discharge
signals are recorded in a single discharge probability measurement.
Thus, the statistical uncertainty of the discharge probability, calculated
assuming spark occurrence undergoing a Poisson distribution, exceeds
3% for all measurements. With the maximum discharge rate of ∼0.25Hz
(see Section 2.4.4) the average time between discharges is considerably
longer than the system dead-time of ∼40ms needed to re-establish the
nominal 𝛥𝑉THGEM value in the THGEM after a spark. This time depends
on the capacitance of the THGEM structure and HV cables (∼0.8 nF),
and the 10MΩ protection resistor used in the setup (see Fig. 1). The
occurrence probability of a discharge within the detector dead-time,
given by the Poisson distribution, is therefore ≪1% for the highest
discharge rates. As the statistical uncertainties of discharge probability
measurements largely exceed this value, the latter can be considered
negligible in the evaluation of 𝑃dis.

3. Results

Fig. 7 shows the discharge probability measured as a function
of the absolute gain of an amplification structure at different 𝑑source
values. The results for the THGEM are presented with full points for
all gases used in this study. In addition, results obtained with a GEM
structure [19] are plotted with hollow points, for comparison. It should
be noted that GEM results in the Ar-CO2 (70-30) mixture are available
only for 𝑑source = 39.5 mm.

3.1. ⟨𝑍⟩ dependence

It can be clearly seen that the discharge probability strongly de-
pends on the gas mixture. The differences are especially pronounced
between argon and neon mixtures. For a given gain, the discharge

probability in Ar-CO2 (90-10) and Ar-CO2 (70-30) is several orders

5

of magnitude larger than in Ne-CO2 (90-10). It is clear that the cor-
responding potential difference in neon is lower than in argon-based
mixtures (see gain curves in Fig. 4) which may limit the effect of
spurious discharges developing around electrode defects and further in-
crease the difference between the discharge probability values obtained
in different gases. The occurrence of such imperfections, however, is
minimized by the dedicated polishing and cleaning procedure (see
Section 2.1). In addition, the discharge rate without the source is
measured in Ar-CO2 (90-10) at 𝛥VTHGEM = 1100V, corresponding to the
maximum potential difference applied to the THGEM structure in this
gas mixture. The background discharge rate is at the level of ∼4 mHz,
which is ∼1% of the discharge rate measured with the alpha source
at the corresponding settings. We therefore conclude that the effect of
spurious discharges at high potential values can be neglected.

The observed dependency can be explained by considering the basic
properties of the corresponding noble gas (see Table 1). The effective
ionization potential Wi is lower in argon-based mixtures than in neon,
thus the number of primary electrons liberated by an incident particle
is higher. In addition, as discussed in Section 2.2, the range of alpha
particles in the Ar-based mixtures is up to 40% shorter than in Ne-
CO2 (90-10). As a result, higher charge densities are obtained in argon,
therefore it is more likely to exceed the critical charge limits and
develop a streamer in this gas. The same ⟨𝑍⟩-dependency was observed
in studies with GEMs [19] indicated in Fig. 7 with hollow points.

3.2. 𝑑sourcedependence

The THGEM results provide further arguments towards the primary
charge density hypothesis being the driving factor for discharge for-
mation in GEM-like structures. The measured discharge probability
increases significantly with 𝑑source values close to the maximum range
of an alpha particle in a given gas mixture. At such distances it is more
likely that the Bragg peak produced by an alpha particle track is located
in close vicinity of a THGEM hole, depositing a large amount of energy,
which leads to high values of charge density. In addition, the discharge
probability drops abruptly for values of 𝑑source larger than the alpha
range, when no primary electrons are liberated within the THGEM
holes (or close to them). The charges, drifting towards the THGEM
plane, undergo diffusion which reduces charge densities at the hole
level thus reducing the discharge probability. This effect was already
shown in our studies with GEMs [19]. For THGEMs, with an order of
magnitude larger dimensions of the structure, the effect is expected to
play a less significant role. However, the upper limit of discharge proba-
bility measured in Ar-CO2 (90-10) at 𝑑source = 51.2mm at the gain of 160
to 190 (the range reflects gain variations during 16 h measurement) is 4
to 5 orders of magnitude lower than the corresponding value measured
at 𝑑source = 39.5mm in a similar gain range.

3.3. Quencher content dependence

An interesting observation can be made by looking at the results ob-
tained with Ar-based mixtures with different CO2 content. Even though
higher quencher content is usually associated with increased stability,
discharge probability values measured in Ar-CO2 (90-10) are lower
han in Ar-CO2 (70-30) until inversion at 𝑑source = 39.5mm. The same
rder of discharge curves at this distance is observed with GEMs [19],
owever, no comparison for lower distances can be made as no GEM
esults for Ar-CO2 (70-30) are available for other 𝑑source values. This
bservation could be again explained with primary charge densities and
arger values of the diffusion coefficient in the less quenched mixture
see Sections 2.2 and 2.3). As shown in Fig. 2, the average energy loss
f alpha particles in Ar-CO2 (90-10) exceeds values obtained in Ar-CO2
70-30) for track lengths larger than ∼40 mm, which corresponds to
he 𝑑 value at which the inversion is observed.
source
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Fig. 7. Discharge probability as a function of absolute gain measured for a THGEM (full points) and a GEM (hollow points, taken from [19]) for different 𝑑source values.
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3.4. Comparison between THGEM and GEM

The discharge probability values obtained with a THGEM substan-
tially exceed those measured at the same absolute gain with a GEM of
standard design [19]. The latter features a 50 μm thick polyimide foil
covered on both sides with 5 μm layers of copper, with 50 μm (70 μm)
inner (outer) hole diameter and a pitch of 140 μm.

For the same value of discharge probability measured in a given gas
mixture, the absolute gain value differs between GEMs and THGEMs
by a factor of 2 to 5. With 100% collection efficiency and almost
six times larger pitch between THGEM holes, it is clear that when
fewer holes are available more primary charges can be collected in a
single amplification cell. Thus, the number of primary charges entering
a THGEM hole is larger than the corresponding number for GEMs.
As primary charges are liberated along the straight alpha tracks, the
portion of primary charges entering each hole should approximately
scale with the hole pitch. This would explain the observed differences
between 𝐺max

abs obtained with both structures. With this argumentation,
following Eq. (1), it can be concluded that a similar value of critical
charge can be assumed for both structures.

The exact number of primary charges to be considered, however,
depends on the position of the alpha track relative to the holes and its
inclination. In order to study all possible geometrical effects and the
influence of the basic parameters of the used gas mixture, dedicated
Monte Carlo simulations are performed aiming at reproducing the
experimental data, as described in the following Section 4.

4. Simulation

4.1. Detector model

In order to study the energy deposition of the alpha particles in the
detector medium, a Geant4 (4.10.2.p02) [31] simulation is used. The
simulation framework is based on previous work on discharge studies
with GEMs, and is described in detail in [19].

In a realistic model of the detector geometry, the exact position
and energy deposit of each individual Geant hit is registered. The

number of primary ionization electrons is then obtained by dividing 𝑄

6

the energy deposit of each hit by the effective ionization energy. The
electrons drift towards the THGEM plane according to the gas transport
parameters listed in Table 1. Electrons located within a distance 𝑡int𝑣drif t
above the THGEM plane, with charge integration time 𝑡int being a free
parameter, are then sorted in the honeycomb-like grid of the THGEM
holes assuming 100% collection efficiency. In this way, distributions of
electrons collected inside individual THGEM holes, specific to the gas
mixture, 𝑑source, and 𝑡int , are obtained.

The total charge inside a hole is calculated by multiplying the
collected primary electrons by the absolute gain 𝐺abs value. The for-
mation process of the discharge and its dependence on the charge
density within the THGEM hole is not implemented in the simulation
framework. Instead, a fixed threshold of accumulated charges 𝑄crit
is introduced as a free parameter. A discharge is then defined as an
event in which this critical charge limit 𝑄crit is exceeded in one of
the THGEM holes. The final discharge probability is given by the
number of events in which this threshold is exceeded, normalized to the
total number of simulated alpha events. Only one discharge per event
may occur following the experimental conditions where, after a spark,
the potential across the THGEM holes breaks down and prevents the
creation of further discharges. To enable fitting to experimental data,
simulations are performed for a range of values for 𝐺abs, 𝑡int and 𝑄crit .

Due to the lack of drift field defining elements present in the
detector the electric field within the active volume is distorted, in
particular for larger 𝑑source values. Distortions of the drift field are
reflected in modifications of the drift velocity and would demand a
more sophisticated treatment of 𝑡int . However, following our previous
studies, for the integration time of interest the variations of the drift
field are well below 1%, and can be neglected [19,32].

Finite element calculations using Comsol® Multiphysics [37] specific
o the present THGEM setup show that additional field distortions are
ntroduced by the THGEM through the central mounting hole. The
rift field around it is distorted in a radius of 5mm, therefore charges
ntering this region do not contribute to the amplification and are
isregarded in the simulation.

.2. Comparison to experimental data

Simulated discharge curves, obtained for given parameter pairs (𝑡int ,
), are fitted to the experimental data by means of 𝜒2 function
crit
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Fig. 8. Discharge probability of a THGEM as a function of absolute Gain (points, same as in Fig. 7). Bands indicate the fit of the simulation to the measurement for each gas and
𝑑source. The width of the bands corresponds to the 1𝜎 uncertainty of the fit.
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Table 2
Values of the weighted mean of THGEM critical charge ⟨𝑄crit ⟩ extracted from the
ndividual model fits to experimental data. For comparison, 𝑄crit for corresponding

gases obtained for GEMs in [19].
Gas THGEM GEM

⟨𝑄crit ⟩ 𝑡int 𝑄crit 𝑡int
[×106 𝑒] [ns] [×106 𝑒] [ns]

Ne-CO2 (90-10) 7.1 ± 2.2 30 to 210 7.3 ± 0.9 20 to 90
Ar-CO2 (90-10) 4.3 ± 1.5 20 to 110 4.7 ± 0.6 15 to 50
Ar-CO2 (70-30) 2.5 ± 0.9 40 to 310 – –

minimization for each 𝑑source and gas mixture configuration. 𝑡int is
constrained to values between 2 and 350 ns, whereas 𝑄crit is varied
between 5 × 105 and 15 × 106. For 𝑄crit a step size of 5 × 105 is used,
while 𝑡int is varied in steps of 2 ns within the range of 2 to 200 ns, in
steps of 5 ns in the range of 200 to 300 ns and in steps of 10 ns in the
range of 300 to 350 ns. The amplification factor has been varied in steps
of 25 within the range of 25 to 1000 , in steps of 50 in the range of 1000
to 1500 , and in steps of 250 in the range of 1500 to 2000 . Simulation
fits to the experimental data are shown in Fig. 8. The model describes
the results fairly well.

The distribution of the primary electrons for a given gas is strongly
dependent on 𝑡int and 𝑑source. Thus 𝑄crit has to be extracted individually
for each 𝑑source value. From the summed 𝜒2 values the best parameter
air is extracted for each fit. As the distribution of primary charges
ollected within the THGEM structure is different for each 𝑑source and
as mixture, one cannot extract a single 𝑡int value describing all mea-
urements for a given gas. However, following the simulation steps
escribed in Section 4.1, it is meaningful to extract a single 𝑄crit value
ssociated to the probability of a discharge development in a given
as, independently of the distance 𝑑source. Therefore, the 𝑄crit values
btained for all fits, for a given gas mixture, are averaged using a
eighted mean method. Weights of 𝑄crit parameters are given by 𝑤 =
∕𝜒2 extracted from each fit. The results, including the range of the 𝑡int

alues from the individual fits, are summarized in Table 2.
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The standard deviation 𝑠𝑄crit
is calculated with an unbiased estima-

or of weighted sample variance [38]

2
𝑄crit

=
∑

𝑤𝑖
(
∑

𝑤𝑖
)2 −

∑
(

𝑤2
𝑖
)

∑

𝑤𝑖
(

𝑄crit,𝑖 − ⟨𝑄crit⟩
)2 , (3)

where 𝑖 indicates a fit for a given 𝑑source and ⟨𝑄crit⟩ is the resulting
weighted mean average of critical charge parameter obtained from all
fits, for a given gas mixture. Standard deviation values indicate the
spread of 𝑄crit,𝑖 extracted from individual fits. Although the ⟨𝑄crit⟩

uncertainties are relatively large, a clear gas dependence can be ob-
served, similar to the results obtained with GEMs1 [19], confirming the
hypothesis that no universal 𝑄crit value can be associated with a given
amplification structure.

The numerical 𝑄crit results for both amplification structures nicely
agree with each other, in spite of the geometrical differences. Both
measurements support the conclusion that the primary charge density,
arriving at the single amplification cell, is a key factor influencing the
stability of a (TH)GEM-like structure against a spark discharge.

The interpretation of the 𝑡int parameter fits is not straightforward.
Following the model description in Section 4.1 and [19], it defines
charge collection into the holes taking into account the primary charge
distribution and gas transport properties. It is, therefore 𝑑source-dependen
and cannot be interpreted purely as a development time of a discharge.
However, the order of magnitude of 10 to 100 ns resembles this of
treamer development in a GEM hole [39]. Thus, larger values of 𝑡int

extracted for THGEMs than for GEMs (see Table 2) may partially be
related to the thickness of the former.

5. Conclusions

We have performed systematic measurements of the discharge prob-
ability in a single THGEM structure irradiated with highly ionizing
alpha particles and compared them with geometrical model calcula-
tions. Both measurements and simulations are performed in the same

1 Note, the 𝑄crit values for GEMs were extracted in a two-step 𝜒2

minimization process.
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fashion and using the same tools as in our previous work on GEM
discharge stability [19]. This allows for a direct comparison of these
two structures.

The atomic number dependency was observed in both GEM and
THGEM studies pointing to Ne-based mixtures as less prone to elec-
trical discharges than the argon ones. In addition, it was shown that
increased quencher content does not necessarily improve detector sta-
bility against a spark discharge. Discharge probabilities measured in
Ar-CO2 (70-30) are, in most of cases, higher than in Ar-CO2 (90-10),
which can be explained by higher charge densities obtained in the
former. For distances between the radiation source and the THGEM
surface close to the maximum alpha range in Ar-CO2 (70-30), a drop
in discharge probability can be observed, causing an inversion of
discharge curves. In this case, the stability in Ar-CO2 (70-30) surpasses
the one in Ar-CO2 (90-10). Increasing the distance further to the values
exceeding the alpha range, the discharge probability drops by several
orders of magnitude, close to the background level, as even the high-
est primary charge densities obtained around the Bragg peak will be
reduced during the electron drift towards the amplification structure.

The THGEM, with its large dimensions, provides also a great op-
portunity to study whether the discharge probability scales with the
number of holes available for amplification. Indeed, it has been ob-
served that for the same value of discharge probability, the absolute
gain value differs between GEMs and THGEMs up to a factor of five
and it can be concluded that the number of primary charges entering
a THGEM hole is higher than for GEMs. This is not surprising, given
the almost six times larger pitch between THGEM holes. Simulation
results have been fitted to the experimental data and the value of
the 𝑄crit parameter has been extracted for all the gas mixtures used
in the measurement (see Table 2). They confirm the observation of
gas-dependency of the 𝑄crit value. Both measurements support the
conclusion that the primary charge density, arriving at the single
amplification cell, is a key factor influencing the stability of a GEM-
like structure against a spark discharge. Moreover, the results for both
amplification structures nicely agree with each other, in spite of the
geometrical differences and different electric field configurations inside
GEM and THGEM holes. The primary charge limits shall be therefore
considered per single holes and not normalized to the hole volume.
This would support the hypothesis that the effective volume of streamer
formation is similar in both cases, however, for a final conclusion
detailed simulations of streamer formation are necessary.

Given the results described above, one can also derive several
possible mitigation methods to be considered while designing any kind
of (TH)GEM-like structures:

• optimization of the (TH)GEM geometry by reducing the pitch
between holes; this needs to be balanced with the production
capabilities and quality of small-pitch GEMs;

• choice of the gas mixture: light gases preferable; care should be
taken while choosing the quencher content to optimize primary
charge density and electron transport properties;

• optimization of fields above the (TH)GEM structure: if allowed
by the measurement requirements, the minimum diffusion co-
efficient and maximum drift velocity regions shall be avoided.
Electron collection and extraction efficiencies shall be also con-
sidered as they directly influence the total number of charges
entering single (TH)GEM holes.

The outcome of these studies can be of particular interest for the
development of THGEM-based hadron blind and photon detectors,
operated at high gains, or cryogenic applications, such as dual-phase
liquid argon detectors, where resistance against discharges is of the
highest importance. Although the operational conditions may differ,
the stability limits of THGEM structures evaluated in this study can
serve as a reference for the optimization of such detectors. Stability
at higher gains can be studied with point-like radiation (e.g. X-rays)

and compared to the critical charge limits obtained with an alpha
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source. It should be noted, however, that other effects, such as sharp
electrode edges or defects, may influence detector stability at high
operational voltages. Measurements of critical charge dependence on
the gas mixture should also include quenchers other than CO2 as well as
the operation in pure noble gases. Detailed studies on the fundamental
stability limits of MPGD structures continue and their results will be
presented in the forthcoming publications.

Data availability

Data will be made available on request.
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