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Abstract: We present a measurement of the secondary scintillation yield produced by two-layer
Thick Gas Electron Multipliers (M-THGEMs) in pure Tetrafluoromethane (CF4) gas and in Ar mixed
with 5% Xe in low-pressures down to 20 Torr. The detector was irradiated with 5.49 MeV alpha
particles from a low-rate 241-Am source. The secondary scintillation light generated during the gas
avalanche process was read out by a Hamamatsu photomultiplier tube (model R8520-406), sensitive to
a broad wavelength range (160–650 nm). The avalanche charge was collected on the bottom electrode
of M-THGEM and correlated to the scintillation light on an event-by-event basis. We observed that,
for both gas types, the value of the photon to electron production ratio (0.4 ph/el in CF4 and 0.1 ph/el
in Ar/5%Xe) increases with the thickness of the M-THGEM electrodes and varies significantly with
the pressure, being higher at lower values. The decrease in electroluminescence yield at higher
pressures is much more pronounced in the Ar/Xe mixture. In addition, because of a larger gas
avalanche volume, the electroluminescence light yield is larger in thicker M-THGEM structures.
Presented results are particularly useful for designing the next generation of Optical-readout Time
Projection Chambers (O-TPCs) operated at low-pressure CF4; applications include experimental
nuclear physics with rare isotope beams, dark matter detection with directional sensitivity and
observation of the Migdal effect in a low-pressure Optical TPC.
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1 Introduction

In the last few years, significant progress has been made in the field of particle detection using
gaseous scintillation counting [1]. Recent advances in the field are mainly due to the implementation
of novel sensitive photon detection technologies characterized by enhanced sensitivity, low noise,
wide dynamic range extended from the visible to extreme ultraviolet (EUV) range, fast frame-rate
capability and excellent granularity [2–4]. High energy resolution and excellent tracking capability
are the outstanding merits of the newly developed gaseous scintillation counting technique.

Micro-pattern gas detector structures, installed in a high scintillation-yield gas volume, have
been shown to generate a number of photons during the avalanche process [5–8]. Those photons
are the result of inelastic collisions between avalanche electrons and gas molecules and they can
be detected, for instance, with a charged-coupled device (CCD) camera for localization capability.
Modern gas avalanche detectors with optical readout (vacuum photomultipliers and CCD cameras)
are typically used in time projection chambers (TPCs) for rare event detection experiments, such as
direct dark matter searches and double beta decay experiments [1].

This work systematically investigates the secondary scintillation light emission properties of
Tetrafluoromethane (CF4) and Ar/5%Xe generated by novel two-layer M-THGEM structures [9].
The latter is characterized by a thick gas avalanche volume, several times larger than the electron
mean-free path at low pressure, which provides stable high-gain operation. High scintillation yield
is needed to guarantee optimal performance of optical readout, both in terms of energy resolution
and tracking capability.

The nature of the scintillating gas fillings exploited in this work is chosen based on two main
characteristics: a high maximum achievable gain at low pressure and a large scintillation yield. CF4

was considered as a filling gas medium because of its large visible light emission, which is easily
detectable with commercially available photon sensors. Ar and Xe are both excellent light emitters.
Small amounts of Xe would serve to shift the scintillation light of Ar to the characteristic emission
of Xe, which can be detected with CsI-based photocathodes.

A key objective of the present work is to develop optical readout TPCs that can be applied
to nuclear physics, including the study of nuclear reactions with rare isotope beams [10, 11] and
the measurement of cross sections crucial to stellar evolution theory [12]. Due to their compelling
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capabilities, the use of conventional TPCs with charge readout for low-energy nuclear studies has
grown to a remarkable extent over the last few years [10]. Implantation-decay experiments benefit
from the TPC´s low detection threshold and large detection efficiency for the measurement of charged
particles emitted in the decay of a radioactive isotope implanted inside the sensitive volume. If the
energy of the particle to detect is small, such as those emitted from resonances near the emission
threshold or heavy residues from a scattering interaction, TPCs are the reliable path to high-quality
measurements. Because of the larger granularity of optical sensors, such as CCD cameras with
respect to conventional charge readouts for TPCs, the use of scintillating low-pressure gas as a tracking
medium will lower the limits of detection when measuring low-energy heavy ions. Optical TPCs
may provide better angular resolution, lower detection threshold, and improved particle identification
capabilities. Rare nuclear decays [11] and reactions of astrophysical interest [12] are particularly
well suited to leverage low-pressure scintillating gases for the operation of M-THGEM detectors.

Finally, the implementation of the novel optical readout M-THGEM based structure may be
of particular interest in rare event searches where the detection mechanism is based on direct
imaging of keV-MeV recoil tracks. A higher sensitivity to a small-energy tracking capability
may open the way towards applications such as directional dark matter [13, 14], sub-GeV solar
neutrinos [15], solar axions [16], and Migdal effect measurements [17]. In particular, the Migdal
approach would significantly impact several experiments which expect to extend their limits to
lighter DM masses [18].

2 Material and method

The experimental setup used in this work to measure the properties of electron avalanche processes
and avalanche-induced photon emission is schematically illustrated in figure 1. All the detector system
components were installed in a light-tight, large-volume stainless-steel vessel, equipped with a dedi-
cated gas handling system. The latter supplies the gas filling (CF4 or Ar/5%Xe) to the detector vessel
at a pressure ranging from 100 to 20 Torr, with a regulated gas flow typically of 25–30 sccm. Before
any gas introduction, the vessel was evacuated down to a few μTorr with a turbo-molecular pump.

The M-THGEM was mounted on FR4 mechanical support using thin Teflon rods. The FR4
support had a circular, 7 cm in diameter aperture that allowed the avalanche light to be recorded
by a photomultiplier tube (Hamamatsu PMT model R8520-406) facing the bottom electrode of the
M-THGEM. A thin metal mesh was mounted 1.5 cm from the M-THGEM top surface, defining the
drift region. A constant reduced electric field of 12 Volt/cm/Torr was applied in the drift region by a
suitable voltage difference between the top M-THGEM surface and the mesh. The same reduced
electric field applied to the drift region was used for all the measurements presented in this work. The
bias voltage for all three M-THGEM electrodes and the PMT was supplied by a digital-controlled
high-voltage power supply (ISEG model EHS). The PMT’s voltage-divider circuit was designed
according to Hamamatsu specifications.

Two different two-layer M-THGEM structures have been investigated: (1) made of FR4,
(figure 2(a)) and characterized by a total thickness of 1.6 mm, 0.8 mm hole pitch, 0.4 mm hole
diameter, and 0.1 mm hole rim; (2) made of ceramic (figure 2(b)) with a total thickness of 1.1 mm,
0.8 mm hole pitch, 0.25 mm hole diameter, and 0.1 mm hole rim.
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Figure 1. Schematic drawing of the experimental setup (not to scale).

(a) (b)

Figure 2. Details of the FR4 M-THGEM (part a) and the ceramic one (part b).

The detector was irradiated by 5.49 MeV alpha particles emitted by a weak 241-Am source,
placed on top of the drift mesh. The alpha particles, emitted with a rate of about 500 Hz, crossing
the drift region release a number of ionization electrons (primaries) and an amount of primary
scintillation light proportional to the amount of energy lost in the gas. The ionization electrons
drift towards and are funnelled into M-THGEM holes, where they are subjected to gas avalanche
multiplication under the influence of a high electric field. This generates more scintillation light
(secondary scintillation). Because of the small amount of energy released in the low-pressure gas, and
because of the low optical transparency of the M-THGEMs (being about 45% for the FR4 structure
and about 18% for the ceramic one), the primary scintillation light detected by the PMT is negligible
compared to the secondary light produced during the avalanche process. While optical transparency
does not affect the performance of detection of light from gas avalanche multiplication, and although
it is not relevant to the measurements presented in this article, it should be noted that PMTs can
be placed on the drift grid side for future studies if detection of primary scintillation is critical.

The gas-avalanche electrons generated in the M-THGEM holes were collected on the M-THGEM
bottom electrode and then processed by a charge-sensitive preamplifier (Tennelec, Model 178) —

– 3 –



2
0
2
3
 
J
I
N
S
T
 
1
8
 
P
0
8
0
0
5

Figure 3. Example of a light-charge correlation map recorded in CF4 at 30 Torr. The projections of the
light-charge correlation map, corresponding to the light and charge ADC spectra, are also shown.

charge output. The same type of preamplifier was used to process the output of the PMT — light
output. The charge and light outputs were further processed and digitized using the FASTER-ADC
modular acquisition system [19]. The latter provides a digital shaper discriminator-peak and hold
function for simultaneous energy spectra measurements.

Figure 3 shows an example of the light-charge map density generated by recording around
120,000 events. For the data shown in the figure, the detector was filled with CF4 at 30 Torr and
a voltage difference of 500 V was applied to each of the two multiplication stages of the 1.6 mm
thick M-THGEM. The high density of events displayed along a narrow linear distribution in the map
underlines the significant correlation between avalanche light and charge. Due to poor collimation of
the 241-Am source placed above the drift region, a considerable fraction of alpha particles crossed
the drift area at wide angles, releasing a higher number of primary ionization electrons. In such
large-angle events, the avalanche light produced in the M-THGEM holes is partially screened by the
M-THGEM substrate, resulting in a loss of light-charge proportionality. As a result, the 5.49 MeV
alpha particle peak appears to extend over a large area of the low scintillation yield area. Moreover,
the peak in the light spectrum appears slightly asymmetric; however, this effect is negligible and did
not affect the scintillation yield calculation.

The figure also shows the projected X and Y coordinates, corresponding to the charge and light
spectrum, respectively. In the light and charge spectra, the 5.49 MeV alpha particle peaks have very
similar features; both are characterized by a width (RMS) of 9.37% and 9.6%, respectively.

The calibration of the ADC channels (henceforth denoted as Calcharge for the charge signals, and
Callight for the light output) was accomplished using a 10 pF test input on the preamplifier [20]. By
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injecting known voltages across the input capacitor, well-defined charge signals propagate through
the electronic chain. The calibration fit was obtained using several charge signals covering the entire
amplitude range of the analysed charge (M-THGEM) and light (PMT) spectra. The number of
primary ionization electrons released by the 5.49 MeV alpha particles in the 15 mm drift gap was
computed for different pressures and different gas fillings (CF4 and Ar/Xe mixture) using the SRIM
software package [21]. The average energy to produce an electron-ion pair, W, for 𝛼 particles (initial
energy ∼ 5.49 MeV) is 34.3 eV and 26.3 eV per ion pair in CF4 and Ar/5%Xe, respectively [22].
Once the calibration factors were established, the charge avalanche gain provided by the M-THGEM
was simply calculated as the product of the charge calibration factor and the centroid of the 5.49 MeV
peak, divided by the calculated number of primaries.

GAIN =
Avalanche electrons

Primaries
=

ADCcharge · Calcharge

Primaries
(2.1)

Finally, the light yield (number of avalanche photons/number of avalanche electrons) was calculated
using the following equation:

Y =
Avalanche Photons
Avalanche Electrons

=
ADClight · Callight

ADCcharge · Calcharge
· 4𝜋
Ω

· 1
GAINPMT · PDE

(2.2)

where

• ADClight and ADCcharge are the centroids of the alpha particle peaks in the recorded light and
charge spectra, respectively.

• Ω is a measure of the effective solid angle seen by the PMT. It was computed with a Monte
Carlo method taking into account different factors, including the size of the detector area
irradiated by the 241-Am source, the PMT photocathode area, and the distance between the
PMT photocathode and the M-THGEM electrode.

• the GAINPMT factor is the current gain of the PMT, which depends on the operational voltage
applied to the voltage-divider circuit. Based on the operational conditions, GAINPMT was
extracted from the Hamamatsu R8520 datasheet [23]. The voltage-divider circuit used to bias
the PMT was designed according to Hamamatsu specifications.

• PDE (photo-detection efficiency) is the anode sensitivity of the PMT and it was estimated by
convoluting the spectral response of the PMT (i.e., the photon detection efficiency as a function
of the photon wavelength — see Hamamatsu R8520 datasheet [23]) with the characteristic
scintillation emission spectrum of the filling gas [24, 25]. For the Ar/Xe mixture, we have
assumed that the light detected by the PMT was shifted to the characteristic xenon emission,
at 178 nm, for which the PMT has a PDE of 30%. Considering both UV and visible emission
components of CF4, the PMT PDE is estimated to be 14%.

Based on equation (2.2), the charge and light produced during the avalanche processes are measured
and used as inputs for the calculation to obtain the scintillation yield. The uncertainty in the
calculated scintillation yield (Y) is attributed several factors, including the error in the calibration
of the ADC spectrum used with light and charge electronics, the error in the assumed value of the
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photon-detection efficiency, and the error in the calculation of the solid angle detected by the PMT.
According to our estimation, the uncertainty in calculating Y is mainly due to errors in estimating
the solid angle Ω. As a matter of fact, the PMT sees a different solid angle depending on where
the avalanche occurs. The solid angle’s value is maximum when the avalanche occurs directly in
front of the PMT, and it diminishes when it is farther away. Our method of estimating the average
solid angle has been based on a Monte Carlo simulation: we generated a number of avalanches
at different locations on the M-THGEM surface using a uniform random number generator and
calculated the solid angle seen from the effective area of the PMT photocathode. We used a fixed
value for the distance between the PMT and the M-THGEM, and the nominal sensitive area of the
PMT provided by the Hamamatsu datasheet. However, this method does consider some minor effects
like the screening of the light by the M-THGEM hole when the avalanche is not centred with respect
to the PMT location, and the long track of the particle in the drift region, which causes multiple
avalanche points on the M-THGEM surface. As a result, we have estimated the uncertainty on Y
derived from the estimated solid angle to be around 25–30%. The errors in the ADC calibration and
the one derived from the estimated PDE are definitely smaller (several percent).

3 Results

Figure 4 illustrates the measured gas gains as a function of the reduced voltage difference (Volt/Torr)
symmetrically applied to each of the two multiplication stages of the 1.6 mm thick M-THGEM,
measured in CF4 (part a) and Ar/5%Xe (part b), at different pressures. In all measurements, the
maximum achievable gain was defined by the onset of discharges within the M-THGEM holes,
which are triggered when the Raether limit is reached — namely when the maximum amount of
charge accumulated in an avalanche (the sum of primary and secondary electrons) approaches
the 10−7–10−8 electron-ion pair regime [26]. The decrease in maximum achievable gain as the
pressure increases, as shown in figure 4, is caused by the larger number of primaries produced by
alpha particles in the drift region; a large number of primaries triggers a transition from a stable
proportional mode to discharges at lower gains. However, the total number of electrons at the highest
achievable gain approaches the value of 107 electrons for all investigated pressures. Note that the
amount of electroluminescence light is proportional to the total number of electrons occurring in the
gas avalanche process.

Figure 5 part (a) illustrates an example of comparison between the total number of avalanche
electrons and the total number of avalanche scintillation photons recorded in CF4 (part a) and
Ar/5%Xe (part b) at 20 Torr as a function of the voltage difference between the FR4 M-THGEM
electrodes. Each data point in the graph was extracted from the analysis of charge and light spectra
(see figure 3) recorded by the FASTER-ADC. The value of each data point was computed by
converting the centroid of the alpha particle peaks into a number of electrons or photons, using
the appropriate calibration factor. The scintillation yield for every data set is thus computed as
the light-to-charge ratio. As shown in figure 5 part (c), the scintillation yield measured at 20 Torr
approached a constant value of 0.4 photon/electron in CF4 and slightly above 0.1 photon/electron
in Ar/5%Xe. The charge-light correlations were quite strong for both gas mixtures, resulting in a
constant scintillation yield over the extensive range of voltage bias applied to the M-THGEM. That
means the scintillation yield does not depend on the avalanche size.
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(a) (b)

Figure 4. Absolute gain of a 1.6 mm M-THGEM measured in CF4 (part a) and in Ar/5%Xe (part b) at low
pressure. The detector was irradiated by 5.49 MeV alpha particles from a 241-Am source.

(a)

(b)

(c)

Figure 5. Part (a) and (b) show an example (20 Torr CF4) of comparison between avalanche charge (number
of electrons, in red graph) and avalanche light (number of photons, in the blue graph) as a function of the
voltage difference applied across each FR4 M-THGEM (1.6 mm thick) multiplication stage. Measurements
were performed in CF4 (part a) and in Ar/5%Xe (part b) at 20 Torr. Part (c) shows the calculated secondary
scintillation yield Y (photon/electron) as a function of the total number of avalanche charge computed for data
depicted in part (a) and (b).
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Figure 6. Scintillation yield measured in CF4 (black graph) and in Ar/5%Xe as a function of the pressure.

Similar measurements and analyses were done at 20, 30, 50 and 100 Torr in CF4 (figure 6,
black graph), and at 30 and 50 Torr in Ar/5%Xe (figure 6, red graph). The same charge/light trends
shown in figure 5, resulting in a constant scintillation light yield, were obtained in all the investigated
pressures and over a wide charge gains (up to the maximum achievable gain), for both scintillating
gases. As shown in figure 6, there is a systematic decrease in the scintillation yield as gas pressure
increases for both gas mixtures. However, while in CF4 the loss of scintillation yield is around
13% when the pressure rises from 20 to 100 Torr, in Ar/5%Xe the decrease is more pronounced,
corresponding to about 50% when the pressure increases from 20 to 50 Torr.

Finally, figure 7 compares the secondary scintillation yield measured in CF4 using two different
M-THGEM electrodes: a 1.6 mm thick FR4 electrode (blue graph) and a 1.1 mm thick ceramic
one (red graph). The longer avalanche volume of the thicker M-THGEM electrode enables larger
production of secondary scintillation light.
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Figure 7. Scintillation yield measured in CF4 at 20 Torr, produced in 1.6 mm thick FR4 M-THGEM (blue
graph) and in 1.1 mm ceramic one (red graph).
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This is very similar to the case of the proportional scintillation mode, in which the light yield
(defined as the number of secondary scintillation photons produced per drifting electron per unit
path length) is proportional to the gas gap in which the electroluminescence is emitted [27]. In
this case, light emission occurs when electrons produced during primary ionization are accelerated
by the applied field and collide with noble gas atoms or with impurity molecules without further
ionization, namely without charge multiplication.

4 Summary and conclusion

This work presents and discusses the results of systematic measurements of secondary scintillation
yield produced in M-THGEM structures. The latter was operated in CF4 and Ar/5%Xe at low
pressure (20–100 Torr), and was irradiated by 5.49 MeV alpha particles (241-Am source).

The correlation between light and charge signals that originated during the gas avalanche, on
an event-by-event basis, was investigated using a two-channel ADC. The M-THGEM achieved
total ionization of about 107 before the onset of a discharge, in all assessed conditions (gas type,
pressure, M-THGEM geometry). The highest number of scintillation photons per avalanche electron
was attained with the thicker (1.6 mm) M-THGEM at the lower gas pressure (20 Torr) for both
gas mixtures, being around 0.4 photon/electron in CF4 and 0.1 photon/electron in Ar/5%Xe. It
was observed that if the avalanche volume is larger (i.e., a thicker M-THGEM substrate), then the
production of secondary scintillation light is proportionally higher.

The M-THGEM architecture provides stable high-gain operation at low pressure and for different
gas mixtures. CF4 has generated a better secondary scintillation light yield than Ar/5%Xe. Further
investigation with a combination of Ar mixed with other secondary gases as a wavelength shifter will
be considered in future studies, including CF4 and CH4. It was observed that for both gas mixtures,
the scintillation yield decreases as the gas density increases. The variation of light yield with density
in Ar/5%Xe is significantly greater than the one measured in CF4.

Note that the processes and the nature of secondary scintillation light in CF4 are very different
from those that characterize Ar/Xe emission. Though the origin of the scintillation process in CF4

and the nature of the possible emitting states are not fully understood [28–30], it is believed that light
is mostly generated by the various excited states of the atomic fluorine F∗ and of the CF+∗

3 radical.
These two species, in turn originate from two-fragment dissociation via the following process [30]:

e + CF4 → CF∗∗
4 → CF+∗

3 + F∗ (4.1)

The formation of radiating metastable fragments described above competes with other non-radiative
single-electron impact mechanisms. The decay pathway, characteristic relaxation times, and the rel-
ative cross-section lead to the progress of the various excited electronic states of CF4 molecules [28].
These also include a rearrangement of the energy distribution of the excited states by molecular colli-
sions — this latter factor depends on the gas density, and we may speculate that this is the major cause
of the small drop in the scintillation yield in CF4 at higher gas number densities (i.e. gas pressure).

In Ar/Xe mixtures, the characteristic emission of the heavier Xe component (at 178 nm)
dominates the Ar continuum (at 127 nm), even when it is present only in traces — see figure 9 in
ref. [1] and also [31, 32]. The spectra of a mixture containing just a few percent Xe are similar
to the spectra of pure Xe. In this case, the light emission is a two-step process: electron-induced
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Ar ionization/excitation, followed by atomic collisions that lead to the energy transfer from the
Ar to the Xe atom, and the formation of the Xe excited states. The excitation transfer can occur
from the Ar∗2 dimers or atomic precursor states (Ar*, Ar+). The final emission originates from the
sequential formation of excited dimers Xe∗2 favored through three-body collisions. Those emissions
are centred at 147 nm (first continuum) and 172 nm (second continuum). The first and second
continuum correspond to the VUV radiative decay of the vibrational (Xe∗2)𝜐 excited and (Xe∗2)𝜐=0

relaxed excimer states, respectively [32–34]. However, only above 300 Torr the second continuum is
dominant, and the secondary scintillation presents only a narrow peak centred at 172 nm. In the
pressure range investigated in this work (20–100 Torr), a significant component is still emitted in the
first continuum, for which our optical detector system (the Hamamatsu PMT) is blind.

Similarly to the CF4 case, in the Ar/Xe mixture the efficiency of the transfer process depends on
several factors: the lifetime of the excitation states of the Ar and Ar∗2 dimers (single, triplet); the
presence of resonance states in which the energy coincides with that of the emission of the donor gas;
the partial pressure of the Xe, and the density of the gas (pressure) that affect the mean free paths, and
thus the frequency of the atomic/molecular collisions. As the pressure increases, more non-radiative
transitions will occur, diminishing the net energy available for scintillation light. Impurities may
also be responsible for quenching the characteristic Xe emission. All these phenomena contribute to
the significant drop in scintillation light as pressure rises.

The M-THGEM geometries investigated in this work have been proven to achieve stable high
gains in low-pressure (up to 100 Torr) scintillating gas mixtures (specifically CF4 and Ar/5%Xe).
As a result of the large avalanche charge gain and the large avalanche volume in the M-THGEM, it
has been demonstrated that it is possible to produce high scintillation light for low-energy detection
limits and accurate tracking capabilities. This opens the way to the implementation of M-THGEM
based optical readout for low-pressure TPCs applied to nuclear physics with rare isotope beams,
dark matter detection with directional sensitivity and the observation of the Migdal effect.
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