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1 Introduction

THick Gaseous Electron Multipliers (THGEM) are building blocks of gaseous radiation detec-
tors [1]. Avalanche multiplication of radiation-deposited electrons occurs within 0.2–0.7 mm di-
ameter holes, drilled through 0.4–0.8 mm thick double-face copper-clad insulator plates; etched
rims (≤ 0.12 mm wide) around the holes reduce discharge probability. The rim is the main distinc-
tion from the “optimized GEM” [2] and the “LEM” [3] THGEM electrodes can be mass-produced
by standard printed-circuit board techniques (using photolithographic masks); as robust and me-
chanically self-supporting elements they are suitable for large-area applications. High charge gains
were demonstrated with single- and double-THGEM elements in a variety of gases [4], including
noble gases and their mixtures [5]. For a review and more complete bibliography on THGEM oper-
ation and properties (e.g. gain, energy and time resolutions, stability etc.), the reader is referred to
ref. [6]. Their operation in cryogenic conditions [7], including two-phase mode in Ar, was recently
demonstrated [8]. Potential applications are in large-volume detectors for rare events, large-area
UV-photon imaging detectors (e.g. coated with CsI photocathodes) for RICH [9–11], sensing el-
ements in digital calorimetry [12], moderate (sub-millimetres) resolution particle-tracking as well
as X-ray and neutron imaging detectors.

This work summarizes the results of recent investigations of THGEM detectors operated with
Ne and Ne/CH4 mixtures at atmospheric pressure. The reason for using Ne and its mixtures is their
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much lower operation potentials, compared with “traditional” Ar-mixtures. This is due to the rela-
tively higher value of the first Townsend coefficient in Ne, which characterizes the avalanche pro-
cess as a function of the electric field. Accordingly, the onset of charge multiplication by electron-
impact ionization in Ne takes place at lower electric fields compared to heavier noble gases.

The low operation voltage has some substantial advantages: it significantly reduces field emis-
sion due to mechanical-drilling defects and discharge probability induced by highly ionizing events;
it moderates the spark-energy (in case of a discharge), which is proportional to the square of the
voltage difference applied across the electron multiplier; it induces lower charging-up effects to the
insulator and, finally, it should permit reaching high-gain operation at high pressures, which could
be of interest in some applications.

Ne is being considered as filling gas in detectors for low radioactive background physics exper-
iments, mainly because it does not require expensive purification systems like Xenon for example.
In addition, Ne does not contain long-living radioactive isotopes, whose background signals in-
terfere with the signals from rare physics events. For example, high-pressure Ne gas (200 bar)
is being considered as target medium for dark matter detection and coherently scattered neutrino
studies [13]. Supercritical Ne phase is exploited for a TPC designed to detect low-energy solar neu-
trinos; it relies on the formation of slowly-drifting electron bubbles (10 cm/sec) towards a read-out
plane, undergoing low diffusion [14].

Large-volume Ne-filled detectors (including two-phase devices) with THGEM readout ele-
ments of charges or/and scintillation light, could be employed for the detection of rare physics
events. The electrodes could be made of low-radioactivity materials, e.g. CIRLEX (a poly-
imide) [15].

Though the properties of THGEMs with various gas-filling have been studied in great de-
tail (see [6] and references therein), Ne-filled THGEMs required further investigations. The main
points of concern being secondary effects, due to ions and to the energetic (15.5 eV) VUV ava-
lanche-induced photons; the relatively large electron diffusion, affecting their collection into the
THGEM holes and the low ionization threshold as a function of voltage, initiating avalanche mul-
tiplication out of the THGEM holes. The fact that the avalanche may no longer be confined within
the holes can trigger and enhance secondary effects, mediated by ions and photons; these affect the
achievable gain and other properties of the detector like energy-, time- and position- resolutions.
Indeed, in tests of resistive THGEMs [16] in Ne, secondary effects were observed at high gas gains.
The photon-induced secondary effects can be reduced by “quenching” the energetic photons, e.g.
with N2, CH4 and other molecular gases. Among Ne mixtures previously used in other detector
types are: Ne/dimethylether (DME) [17] and Ne/CF4 [18] and Ne/H2 [19].

In this work we studied the properties of THGEM operation in Ne and Ne-CH4 mixtures,
with soft X-rays and UV-photons; the latter were investigated using a CsI photocathode (PC) de-
posited on the first THGEM cathode surface. The properties investigated were: gain vs voltage,
maximum achievable gain, role of impurities, role of hole-geometry, electron transport in multi-
electrode THGEM assemblies, photoelectron extraction from the PC, energy resolution, long-term
gain-stability and imaging properties.
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Figure 1. Schematic drawing of the THGEM detector investigations set-up (RGA = residual gas analyzer for
monitoring the gas composition). The different gap dimensions are given as example and varied according
to the experiment.

2 Experimental setup and methodology

The basic setup for most studies is shown in figure 1. It consisted of two THGEM electrodes (man-
ufactured by “Print Electronics”, Israel) in cascade; they could be operated either in single-THGEM
or in double-THGEM mode. Electrodes of various geometrical configurations [4] (variable param-
eters are: thickness “t”, hole diameter “d”, hole spacing “a” and rim-size “h”), and with an active
area of 30× 30 or 100× 100 mm2, were investigated. The setup was mounted in a stainless steel
vacuum vessel, possibly equipped with two windows: a UV transparent window made of Suprasil
and a thin (25 micron thick) polymer foil for low energy X-rays transmission, both of 1 cm in di-
ameter. This permitted alternate investigations of a given detector setup with either UV photons
from a continuously emitting Ar(Hg) lamp or alternatively with soft X-rays, without opening the
vessel. The vessel was evacuated to 10−5–10−6 mbar with a turbo-molecular pump, prior to gas
introduction. The gas was flushing continuously through the vessels, in flow mode.

As presented and discussed in section 3.6, our investigations indicated that the electron av-
alanche processes in Ne and Ne mixtures (and consequently gain-curve shape, operation voltage
and maximum reachable effective gain), with no quenching admixtures, are extremely sensitive
to the amount of impurities present in the gas. Similar observations were made in Ar-operated
THGEMs [5]. The main sources of impurities are residual molecules within the vessel, contam-
inants present in the detector components and in the gas system (mainly moisture and hydrocar-
bons), air leaks etc. [19]. In general, it is well known that the gas-impurities exchange charge with
ionized Ne (see for example [20]) and may at their high concentration also absorb avalanche VUV
photons. For instance, N2 at some conditions may act as a wavelength shifter, from VUV-photons
produced by Ne disexcitation (wavelength ≥ 74 nm) to the visible range (300 to 450 nm) [21]. At
longer wave length photons can extract photoelectrons from the CsI photocathode or from other
metal-coated detector components, but with very low quantum efficiency.

At low concentration of impurities (< 10–50 Torr) however the gas become transparent for the
UV emission of the avalanches and only the charge exchange mechanism and the suppression of
the Ne excimer emission contribute to the quenching mechanism
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We observed that THGEMs operating in Ne, with some small N2 impurities (or admixture)
provide stable high-gain operation.

In gas-flow mode, the impurities content is gradually reduced and stabilized by continuous
flow. The stabilization time and residual contaminants level depend on the flow rate and on the
gas-system components and materials. In our systems, it was found that gas flushing for at least 24
hours, at a constant rate of 0.2–0.4 cc/m, stabilizes the impurity composition in Ne and Ne mixtures
within the detector vessel, reaching stationary operation conditions. In some setups the gas purity
could be monitored online with a residual gas analyzer (RGA); in stationary condition, the level of
contaminants was of the order of 0.5%–1% (therefore, note that, whenever we refer to Ne in the text
below, it is actually Ne + contaminants, at a level around 1%). In long-term measurements, care
was taken to monitor pressure and temperature; in this case the data were corrected for variations
of these parameters.

The measurements were carried out both in continuous mode (current-mode or DC mode,
recording currents from various electrodes, and in pulse-counting mode — measuring pulses with
charge-sensitive preamplifiers (ORTEC 124), followed by shaping amplifiers (ORTEC 572A) and
further recorded by multi-channel analyzers (Amptek MCA8000A). The high voltage was sup-
plied to individual THGEM electrodes through 15 MΩ serial resistors to limit possible discharge
currents. Current limits of 50 nA were usually set on the power supplies (CAEN, model N471A).

The photoelectron extraction efficiency (εEx), from a CsI PC deposited on top of the first
THGEM cathode surface, and the combined extraction and electron collection efficiency (εEx εColl)
into the THGEM holes (under THGEM-gain = 1) were measured in Ne, Ne/CH4 and Ar/CH4

mixtures by means of the set-up shown in figure 2. These experiments were carried out with
two 30× 30 mm2 cascaded THGEMs (FR4 material t = 0.8 mm, d = 0.5 mm, h = 0.1 mm and
a = 1 mm) placed 3 mm apart, between two stainless-steel (81% transparency) meshes; the mesh-
to-THGEM distances (drift gaps) were of 1 cm. Both multipliers were illuminated in turn by a
UV Ar(Hg) lamp through the corresponding Suprasil UV-windows; one of the two multipliers
(THGEMb in figure 2) was coated with a CsI photocathode layer (0.35 µm thick), while the other
one (THGEMa in figure 2) had a bare Cu surface. Besides measurements of photoelectron extrac-
tion efficiency, this procedure allowed for comparing photocurrents emitted from the CsI-coated
THGEM and the bare (Cu) THGEM; possible contribution from Ne scintillation (excimer radia-
tion) in high electric field could be investigated.

The photocurrents emitted from both THGEM top electrodes, were measured with picoamper-
meters as function of the applied fields in the drift gaps — the extraction fields. The photoelectron
extraction efficiency in gas was calculated in two steps: first we measured the photocurrent from
the top THGEM electrodes as a function of the applied voltage VDrift between the drift mesh and
the top electrode in vacuum (see the setup in figure 2a). Typically this current sharply increased
with the applied voltage and reached a clear plateau Ivac(V) = constant, at VDrift > 100 V. Then the
same measurements were repeated in gas, providing Igas (V). The extraction efficiency was defined
as εEx(VDrift) = Igas(VDrift)/Ivac (figure 2a).

The combined electron extraction and electron collection efficiency into the holes were derived
from the current measurements at the bottom of the THGEM, after focusing the photoelectrons into
the holes (figure 2b). In mixtures of Ne with CH4 this current increased with the voltage applied
across the THGEM (VTHGEM) reached a plateau current (ITHGEM) and started to rise sharply at
higher fields due to the onset of gas multiplication in the holes. The combined extraction and
electron-collection efficiency into the THGEM holes was defined as εEx · εColl = ITHGEM/Ivac.
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a)

b)

Figure 2. (a) Schematic drawing of the THGEM detectors set-up for extraction efficiency measurements.
(b) Schematic drawing of the THGEM detectors set-up for extraction combined with collection efficiency
measurements.

The imaging performance of a THGEM-based detector prototype was measured using the
experimental configuration shown in figure 3. The detector comprised of two 100× 100 mm2

THGEMs in cascade, coupled to a dedicated resistive anode read-out electrode [22], equipped with
processing electronics for 2D position encoding. The data acquisition hardware (DAQ) was based
on an 8-channel Time-to-Digital Converter card (RoentDek TDC8PC) while data acquisition and
analysis program were performed with RoentDek CoboldPC program package [23].

The imaging THGEM-based detector was located within a stainless steel vessel, having a
25 µm thick Mylar window, 20 cm in diameter. It was irradiated with continuous Bremsstrahlung
spectrum originating form 5–9 keV electrons hitting a Cu target. The X-rays conversion gap above
the first THGEM multiplier was kept at 10 mm; the transfer and induction gaps were 2 and 1 mm
wide, respectively. The detector was vacuum pumped (∼ 0.1 mbar) and then flushed with Ne or
Ne/5%CH4 at atmospheric pressure.
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Figure 3. The THGEM-based imaging detector set-up.

3 Results

3.1 Gain

Figure 4 depicts single-THGEM effective-gain curves in Ne, Ne/CH4 mixtures and Ar/5%CH4

at atmospheric pressure, obtained under the same experimental conditions (under gas-flow and
in continuous current mode). The measurements were performed with a THGEM electrode (t =
0.8 mm, d = 0.6 mm, a = 1 mm, h = 0.1 mm) equipped with a reflective CsI photocathode and
illuminated with UV light. Also in figure 4, the gain limits are indicated, which were obtained in
each condition while irradiating the same detector (of figure 1) with Cu 9 keV X-rays.

The highest (defined by the onset of discharges) effective-gain value, of a few times 106 with
single photoelectrons, was reached in Ne at about five-fold lower operation voltage compared to
Ar/5%CH4. The addition of a few percent of methane to the Ne reduced the corresponding first
Townsend coefficient of the gas mixture. Consequently, the effective-gain curve shifted towards
higher operation voltages with increasing methane fraction.

It is interesting to notice that in Ne and Ne/CH4 mixtures the maximum reachable gain with
X-rays irradiation (∼ 250 primary electrons) was only 4-fold lower compared to that with single-
photoelectrons, while in Ar/5%CH4 it was two orders of magnitude lower. The higher breakdown
limits with X-rays in Ne-mixtures can be attributed to the relatively lower charge avalanche density
in Ne-mixtures, due to a longer range of the photoelectron and higher electron diffusion, resulting in
primary charge spread and thus avalanche spread over a few holes; this could relax the constraint
imposed by the known Reather limit [24]. The effect is particularly prominent in the case of
Ne/23%CH4 and Ar/5%CH4, having almost identical gain curves but a 10-fold lower discharge
limit for X-rays in the latter.

The effective-gain curves obtained with two 100×100 mm2 THGEMs in cascade (t = 0.4 mm,
d = 0.5 mm, a = 1 mm and h = 0.1 mm), operating in various Ne-methane mixtures is depicted in
figure 5. The detector was irradiated with continuous Bremsstrahlung spectrum originating from ca.
9 keV electrons impinging on a Cu target. The maximum achievable effective gain monotonically
dropped and the operation voltages increased with increasing CH4 fraction. It is further noted
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Figure 4. Effective-gain curves obtained in the single-THGEM detector of figure 1, with single UV photons
(CsI photocathode; Edrift = 0) in Ne, Ne/CH4 mixtures and in Ar/CH4 (95:5). The maximum effective gain
reached in each gas, in the same detector, with 9 keV (Cu-Kα) X-rays is also shown (Edrift = 0.2 kV/cm).
THGEM geometry: t = 0.8 mm, d = 0.6 mm, a = 1 mm, h = 0.1 mm.

Figure 5. Effective-gain curves in the double-THGEM imaging detector of figure 3; data measured in Ne
and Ne-CH4 mixtures, in gas flow-mode, with 9 keV X-rays. THGEM geometry: t = 0.4 mm, d = 0.5 mm,
a = 1 mm, h = 0.1 mm.

that the maximal gain increases with the THGEM thickness; e.g. with ca. 9 keV X-rays in this
double THGEM it is typically only 5–10 higher than with a single, twice thicker, THGEM detector
(of figure 4).
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Figure 6. Effective-gain curves in Ne of single- and double-THGEM detectors, measured with single UV
photons and with soft X-rays. THGEM geometry: t = 0.4 mm, d = 0.5 mm, a = 1 mm and h = 0.1 mm.

Figure 6 compares the effective gains measured in single- and double-THGEM (both have the
same thickness t = 0.4 mm) in Ne gas (flow-mode), irradiated with UV light and with ca. 9 keV X-
rays. It is evident that a double-electrode cascade has close to 100-fold higher total gain, at almost
two-fold lower THGEM operating voltage, clearly demonstrating the advantage of a cascade con-
figuration. Similarly to figure 4, 10-fold lower maximal gains were reached with X-rays compared
with single-photoelectrons, in both single- and double-THGEM configurations (respective gains of
∼ 104 and 106).

In Ne and Ne-mixtures charge multiplication occurs already at very low fields, and therefore it
might take place also within the drift, transfer and induction gaps if these exceed a certain limit (fig-
ure 1). In particular, it might take place at the hole vicinity, within the dipole field extending outside
the hole into the gaps. Figure 7 shows the effective gain measured in a double-THGEM as function
of the transfer field between the two elements: the voltage difference across each multiplier was
kept at a value of 250 Volt (gain ∼ 102; figure 6). At high transfer fields (above the multiplica-
tion threshold of ∼ 0.4 kV/cm) the total detector’s effective gain (GTotal) may be expressed as the
product of:

GTotal = GTHGEMGTran (3.1)

where GTHGEM is due to the THGEM multiplication while GTran takes into account the parallel-
plate like multiplication occurring within the transfer gap.

Figure 8 presents the energy resolution of 5.9 keV X-rays, as function of the drift field, for
single-THGEM detectors operated in Ne and Ne-methane mixtures (2.5% and 5% of CH4) at an
effective gain of ∼ 104. Energy resolutions of ∼ 30% FWHM were measured in all gases, with
a single-THGEM (t = 0.8 mm, d = 0.5 mm, a = 1 mm, h = 0.1 mm), over a wide range of drift
fields; it indicates a good and constant overall collection efficiency of the ionization electrons into
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Figure 7. Effective-gain variation as function of the transfer field between two THGEMs, with their op-
eration potentials kept at 250 Volt and with EDrift = 0.2 kV/cm (Detector of figure 1). THGEM geometry:
t = 0.4 mm, d = 0.5 mm, a = 1 mm, h = 0.1 mm.

the THGEM holes. Slightly better energy resolutions (∼ 25% FWHM) were obtained with drift
field = 0. In this condition only the X-rays converted at the holes’ vicinity were detected; they
induced electron clouds that were most efficiently collected by the dipole field and thus resulted in
better energy resolution. The steep deterioration of the energy resolution, at 0.35 kV/cm for Ne and
0.7 kV/cm for Ne/2.5%CH4, is due to the onset of multiplication in the drift gap.

We may conclude that in order to maintain best performance when using Ne and Ne mixtures,
care should be taken in the choice of drift and transfer fields, such that the multiplication is not
occurring in the gaps.

3.2 Pulse-shape

Signal rise-time in Ne and Ne-CH4 mixtures (CH4 at 1.2%, 3% and 5% concentrations) was mea-
sured in double-THGEM configuration, irradiating the detector with ca. 9 keV Bremsstrahlung
X-rays. The detector signals were processed by a low-noise fast preamplifier (VV44, MPI Heidel-
berg) and a shaping amplifier (Ortec 570). Figure 9 shows pulses recorded in Ne and Ne/5%CH4

at a gain of ∼ 105; the respective rise-times were ∼ 70 ns and ∼ 30 ns. The decrease of rise-time
with increasing CH4 concentration in the mixture (figure 9c) is due to the increase in electron
drift velocity.

3.3 Long-term gain stability

Long-term gain stability is an important and relevant issue in multipliers based on insulating sub-
strates, or having insulator surfaces exposed to the high electric fields. It is well known [25] that
hole-type gas multiplication structures, made of holes etched or drilled in insulator materials, suffer
from initial gain variations after applying high voltage to the electrodes (charging-up effect). The
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Figure 8. Energy resolution of 5.9 keV X-rays, measured in a single-THGEM at an effective gain of ∼ 104,
as function of the drift field, in Ne and Ne/CH4 mixtures. THGEM geometry: t = 0.8 mm, d = 0.5 mm,
a = 1 mm, h = 0.2 mm.

Figure 9. Signals from the double-THGEM of figure 3 in Ne (a), and in Ne/CH4 (5%) (b), recorded with ca.
9 keV X-rays. The signal’s rise-time as function of CH4 percentage is shown in c).

gain stabilization-time depends on the polarization of the dielectric substrate and on the accumu-
lation of charges on the dielectric surfaces exposed to the avalanche processes. While the former
depends on the dielectric material (e.g. surface resistivity) and on the applied voltage, the latter
depends on the detector’s gain and on the counting rate per unit area.

Measurements of long-term gain stability are tedious and often not reproducible due to diffi-
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a)

b)

Figure 10. Gain stability under UV-photon irradiation of a single-THGEM coated with a CsI photocath-
ode, measured in a): Ne, Ne/5%CH4 and Ar/5%CH4 after 24 hours of gas flow prior to measurements; b)
Ne/5%CH4 after 24 hours of gas flow compared to measurements taken immediately after gas introduction.
Effective gain: ∼ 104; counting-rate of ∼ 104 photoelectrons per second and per mm2.

culties in precisely reproducing the experimental conditions: gas purity, impurities from gas pipe
system, substrate material, and content of moisture and residual chemicals in the substrates, all
affecting surface resistivity. An attempt to perform a systematic study of the gain stability was
carried out in a single-THGEM with a reflective CsI photocathode, irradiated with UV light; the
detector was operating in various gas mixtures, recording the total anode current evolution in time,
shown in figure 10. The measurements were performed with a fixed effective-gain value, of ∼ 104,
and a photoelectron flux of the order of 104 s−1mm−2. The gas was introduced into the vessel after
pumping to a vacuum of 10−5–10−6 mbar: the data were recorded after 24 hours of gas flow.

As shown in figure 10a, similar stabilization-times were reached in Ne and in Ne/CH4 (≈ 1–
2 hours); in Ar/CH4, due to the higher operation voltage, we observed an “overshoot” due to
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Figure 11. Maximum achievable effective gain versus radiation flux density (photoelectron flux) for a
single-THGEM (of figure 1) operating in Ne at atmospheric pressure.

the substrate’s polarization. Figure 10b shows that during ∼ 6 hours, a 4-fold gain variation was
recorded when the measurement started immediately after pumping and gas introduction; this com-
pares to a 2-fold increase if the measurements started after prolonged flow of gas prior to the mea-
surements. The difference is probably related to changes in the content of gas impurities during
this prolonged gas flow, which affect the surface resistivity of the THGEMs.

3.4 Maximum achievable gain versus irradiation rate in Ne

The relation between maximum achievable gain and the irradiation rate in micro-pattern gas de-
tector was reported and discussed in detail by several authors [26–28]. While at low rates, the
Reather condition (streamer mechanism) and ion/photon feedback loops may be the main causes
for breakdowns, at high irradiation rates breakdown may appear due to the “cathode excitation”.
The cathode excitation mechanism may be explained by a formation of temporal double ion layer
on conductive surfaces; it reduces the work function and may cause electrons’ emission in forms
of jets or bursts which may initiate discharges [29]. The probability for transition from propor-
tional mode to discharge, as a consequence of the Reather limit or cathode excitation mechanism,
strongly depends on the radiation flux density as well as on the composition of the gas-mixture.
As a general trend, in mixtures with smaller quencher content the avalanche spreads over larger
volumes; it results in reduced charge density, pushing the sparking-limit to higher irradiation flux.

The maximum achievable effective gain was measured as function of the irradiation rate of a
single -THGEM (30×30 mm2) detector with a reflective CsI photocathode (figure 1), for a range
of photoelectron flux density spanning from 10−2 up to 105 s−1mm−2. The detector was operating
in Ne at atmospheric pressure. As shown in figure 11, the maximum achievable effective gain
systematically drops as the irradiation rate increases.
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Figure 12. a) Single-THGEM gain curves in Ne at atmospheric pressure, measured with electrodes of dif-
ferent holes’ diameters. The arrows indicate maximum achievable effective gains. b) Gain-curves measured
in Ne with a CsI-coated THGEM and with bare-Cu THGEM at UV flux densities of around 250 s−1mm−2.
THGEM geometry: t = 0.4 mm, d = 0.3–1.2 mm, a = 1−2 mm and h = 0.12 mm.

Due to the large electron diffusion coefficient in pure Ne and the advantages of hole-type struc-
tures in moderating secondary effects, gains in excess of 104were reached even at photoelectron
flux density of 105 s−1mm−2.

Another phenomenon related to irradiation rate in avalanche detectors is the space-charge
effect, due to slowly-moving ions modifying the field at the anode vicinity and reducing the gain
at high rates. In micro-pattern electrodes the ion collection is generally accomplished within few
microseconds, thus space-charge effects are not apparent below rates of 100 kHz/mm2. It was
shown earlier [4] that the THGEM’s effective gain exhibits a flat response up to high radiation
rates, e.g. up to MHz/mm2 with single photoelectrons at gain of 104.

3.5 THGEM geometry and maximum achievable effective gain

Figure 12a depicts the effective-gain curves obtained with double-THGEMs of different hole di-
ameters; all the other geometrical parameters (thickness t = 0.4 mm, pitch a = 1 mm for d < 1 mm,
pitch a = 2 mm for d = 1.2 mm and rim size h = 0.1 mm) were kept constant. All data were
recorded under the same experimental conditions (vessel, gas filling and irradiation procedure).

These data show that for the similar reachable maximum voltages, the effective-gain values
increase with the holes’ diameter, diverging from the exponential line above gain-values of ∼ 104.
The divergence, indicating appearance of secondary avalanches, increases with increasing hole-
diameter, the latter also known to be related to increasing extension of the dipole field out of the
holes. We suppose that in Ne, due to the low multiplication threshold (e.g. figure 7), this also
involves the extension of the avalanche outside of the holes, because the sizeable electric field out
of the holes is sufficient for inducing multiplication in the gas region above and below the THGEM
electrode. In this case the avalanche is no longer confined inside the hole, and secondary effects
become important.

In order to find out whether the secondary effects are due to the presence of CsI PC and
its interaction with avalanche photons and ions, we carried out a comparative measurement, with
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Figure 13. a) depicts the electric field calculated on the hole’s axis for various voltage differences applied
across the THGEM while b) depicts the electric field strength along the hole’s axis for different hole’s
diameters.

CsI-coated THGEM and bare Cu THGEM, under otherwise similar conditions. The gain curves
measured in Ne with both THGEMs (both of identical geometry: t = 0.8 mm, d = 0.5 mm, a =
1 mm and h = 0.1 mm) are shown in figure 12b. Only ∼ 3 times higher gain was recorded with
the bare THGEM indicating that the presence of the CsI photocathode did not seriously affect the
maximum achievable gain in this THGEM geometry.

The electric field strength and direction within a THGEM cell were computed with Maxwell
3D electric field simulator [30], for typical ∆VTHGEM values of 300–500 V. Figure 13a depicts the
electric field strength calculated along the hole’s axis for various ∆VTHGEM values (t = 0.4 mm,
d = 0.5 mm, a = 1 mm, h = 0.1 mm); the figure shows the growing values of the field strength
extending out of the hole, with the applied voltage, namely the growing probability for secondary
effects in Ne. For example, electric field above the avalanche onset threshold, of 0.4 kV/cm, extends
out of the 0.5 mm diameter hole by about 0.4 mm, even with ∆VTHGEM ≈ 300 V (corresponding
gain ∼ 102); this in principle should have provoked secondary effects already at very low gain.
However, in practice the Ne in our system contained minute amount of impurities and therefore the
scintillation yield at low fields was quite low, [21], and photon-mediated secondary effects were
relevant and observable only at higher electric-field strengths (see deviation from an exponential
behavior in figure 12a).

Figure 13b depicts the electric field calculated along the hole axis at constant ∆VTHGEM ≈
300 V for various holes’ diameters. One observes better field confinement within smaller-diameter
holes — namely smaller avalanche extension and smaller probability for secondary effects, in con-
sistency with the data depicted in figure 12a. Nevertheless, small amount of photon-quenching
admixtures (e.g. CH4) strongly reduce photon-mediated secondary effects, even for large hole
diameters.

It was shown earlier [6, 25], with other gas fillings, that the maximum achievable effective gain
of THGEM-based detectors, depends on the size of the etched rim around its holes. In this work
we investigate this effect in Ne. Figure 14 depicts the maximum gain reached in a single-THGEM
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Figure 14. Maximum effective gain of a single-THGEM in Ne at 1 atm as function of the hole’s rim size.
THGEM parameters: t = 0.4 mm, d = 0.5 mm and a = 1 mm.

in Ne; it shows that even though the voltages in Ne are considerably lower than in other mixtures
studied in [6, 25], the rim size is very important for high achievable gain: electrodes with rim sizes
above 0.08 mm provided twenty-fold higher gains compared to holes with small rims (0.04 mm).
Indeed, electrodes manufactured with small holes’ rims may have higher probability for occasional
mechanical defects that would limit the multiplier’s performances. It is however worth recalling
that there is a trade-off, and better gain stabilities were reached in Ar/30%CO2 with very small
(microns) rims, though at low gains [4].

3.6 Gas purity and maximum achievable effective gain

Figure 15 shows effective-gain curves versus THGEM voltage, measured in a double-THGEM of
figure 1 (Parameters are: t = 0.4, d = 0.6, a = 1 and h = 0.1 mm), at 1 bar of Ne. The drift field
(Edrift) was set to 0.1 kV/cm, while both transfer (Etrans) and induction fields (Eind) were set at
0.5 kV/cm. Measurements started when flushing Ne into an air-filled vessel (e.g. high amount of
air) and lasted for about 20 hours; the impurities level are specified for N2, O2 and H2O. Note the
decrease in operation voltages with the decrease of these contaminants, and the∼ 30-fold reduction
in gain with the N2/O2/H2O content decreasing from 15%/3%/2% to 0.1%/0.001%/0.2%. It is
expected that the level of other impurities, e.g. Ar and hydrocarbons, varied accordingly.

The situation is different when a fix amount of one quencher was introduced, e.g. CH4 to Ne;
as shown in figure 16, the considerable changes in impurities level (e.g. N2-level variation from
12% down to 0.01%) did not significantly affect the maximum effective-gain value; the only effect
was the considerable decrease of the operation voltage with decreasing impurities level.

A recent set of measurements, not included in this work and yet to be carefully verified ,
indicate that purer Ne, with impurities or quenchers content of 0.01% has very low reachable gain.
We may conclude that some quenching is indispensable for the stable high-gain operation in Ne,
preferably provided by controlled admixture of N2 or CH4, at levels of a few percent. Similar effect
was observed in Ar, which also emits energetic photons (wavelength ∼ 130 nm).
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Figure 15. Gain curves in a double-THGEM detector, measured in a vessel containing residual air fraction,
and being continuously under Ne gas flow; the impurity percentage is indicated for N2, O2 and H2O. The
time span for the measurement was ∼ 20 hours.

Figure 16. Effective-gain in a double-THGEM detector operated with 1 atm. Ne/5%CH4, in a vessel con-
taining residual air fraction and being continuously under gas flow; the overall impurity percentage is repre-
sented by N2 percentage in Ne. The time span for the measurement was ∼ 20 hours.
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Figure 17. Calculated electric field strength on the top-surface of the THGEM along a line between two
neighboring holes (scheme on the right); the fields are calculated for different ∆VTHGEM values. Drift and
induction fields were 0 kV/cm. a) THGEM parameters: t = 0.4 mm, d = 0.5 mm, a = 1 mm and h = 0.1 mm;
b) THGEM parameters: t = 0.8 mm, d = 0.5 mm, a = 1 mm, h = 0.1 mm.

3.7 Photoelectron extraction and collection efficiency

One of the applications of CsI coated THGEM could be in RICH detectors, where efficient de-
tection of single photons is required over a large area. It requires high photoelectron extraction
efficiency from the photocathode surface (e.g. deposited on of the THGEM’s top surface) and their
efficient focusing into the THGEM holes (collection efficiency). It is well known that electron ex-
traction into gas is influenced by the electric-field strength on the photocathode surface, affecting
backscattering on the gas molecules (see some data in [31]).The collection efficiency depends on
the field strength and directions at the holes’ vicinity as well as on electron diffusion; both are
affected by the voltage difference across the THGEM (effective gain) and the gas composition.

Figures 17 depicts the electric field strength calculated with Maxwell simulation software [30],
on the cathode surface of 0.4 or 0.8 mm thick THGEM (hole diameter d = 0.5 mm, pitch a =
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Figure 18. Photoelectron extraction efficiency εEx(Vdrift) = Igas(Vdrift)/Ivac from the CsI photocathode (fig-
ure 2a), as function of the drift field; it was measured in parallel-plate mode (no voltage across the THGEM)
in Ne, Ne-CH4 mixtures and in Ar/5%CH4 at atmospheric pressure. The data were normalized to extraction
in vacuum.

1 mm and rim a = 0.1 mm) along a line interconnecting two neighboring holes (see photograph in
figure 17a). The calculation was made for different ∆VTHGEM values, assuming zero values for the
drift and induction fields (Edrift = 0 is an optimal value for electron collection, as shown in [4]). As
show in the graphs (figure 17a), even at very low voltages (300 Volt), the electric field strength at
the multiplier’s surface is above 0.6 kV/cm for a 0.4 mm thick THGEM and above 0.4 kV/cm for a
0.8 mm thick one; these are important for a good photoelectron extraction from the photocathode.
Measurements of extraction- and collection-efficiency were made in the setup shown in figure 2.

Figure 18 depicts the photoelectron extraction efficiency (εEx(Vdrift) = Igas(Vdrift)/Ivac) from
the CsI photocathode as function of the drift field, with no voltage across the THGEM, in Ne,
Ne-CH4 mixtures and Ar/CH4 (95:5), at atmospheric pressure, irradiated with a UV Ar(Hg) lamp
as shown in figure 2a. The extraction in gas was normalized to that in vacuum. For most of the
gases, the extraction efficiency showed a sharp rise (up to a field of ∼ 0.2 kV/cm) followed by a
monotonously growing plateau. In Ne, the extraction efficiency reached a value of the order of
50%, followed by a sharp rise, due to the onset of gas multiplication (e.g. see [32]). The highest
extraction efficiencies (∼ 75%) were measured in Ne-methane mixtures (5 and 23% CH4) and
similarly in Ar/5%CH4 at drift-field values above 0.8 kV/cm. The results obtained in this work are
in agreement with those presented in the literature [33].

A correct measurement of electron collection efficiency can be done only by the pulse-counting
method [4]. But with some small field in the THGEM holes, below multiplication, (gain = 1) the
collection efficiency may be evaluated from current measurements, from the relation: εEx · εColl =
ITHGEM/Ivac. Figure 19 shows the normalized THGEM current as function of the THGEM volt-
age for various Ne-mixtures, in which we assume that the plateau region of the curves represents
the current at gain = 1; the sharp rise of the curves reflects the onset of gas multiplication in the
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Figure 19. Combined photoelectron extraction- and collection-efficiency from a CsI photocathode into
THGEM holes εEx · εColl=ITHGEM/Ivac, measured in the setup of figure 2b. Data are shown vs ∆VTHGEM in
Ne and Ne-CH4 mixtures, at atmospheric pressure. The drift field was kept at 0 V/cm. THGEM parameters:
t = 0.8 mm, d = 0.5 mm, a = 1 mm and h = 0.1 mm.

THGEM. The measurements were carried out in the setup shown in figure 2b, in current mode.
Beyond the plateau at gain = 1 we suppose that the extraction and collection efficiencies are fur-
ther increasing, because εExincreases with the voltage (figure 18) and because εCollis expected to
increase with increasing dipole electric field. Thus one can consider the presented results as a lower
limit of the combined extraction and collection yield.

As shown in figure 19, the highest combined extraction and collection efficiencies (∼ 60%)
were measured in Ne-mixtures with 12.5 and 23% of CH4, but at the expense of higher operation
voltages. In Ne and with low CH4 concentrations e.g. 1 and 5%, the combined extraction and
collection efficiencies were below 25%. Measurements under gain conditions, in pulse-counting
mode, [4] are underway in Ne-mixtures.

3.8 Localization properties of a Ne-filled detector

The localization properties of a THGEM-based imaging detector (figure 3) were characterized
in Ne and Ne/5%CH4 at atmospheric pressure, in gas-flow mode. The homogeneity and noise
response of the imaging system were obtained from the analysis of an empty-field image, acquired
by uniformly irradiating the entire active area of the detector (100× 100 mm2) with ca. 9 keV
Bremsstrahlung X-rays at a flux rate of∼ 1 s−1mm−2. The voltages were set to obtain an operative
effective gain of the detector of ∼ 105.

The resulting digital image is presented as a grey-level (8-bit) image, shown in figure 20a.
The flat-field image shows some bright spots scattered randomly across the active area; they corre-
spond to areas with lower detection efficiency, most probably due to imperfections of the resistive
anode [22]. Beside these defects, the flat-field image appears to be homogeneous, reflecting a good
homogeneity of the effective gain over the entire detector’s area. Figure 20b depicts the digital
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a) b)

Figure 20. a) Grey-level flat-field image of the double-THGEM imaging detector of figure 3. b) Histogram
of the flat-field image depicted in figure a); the Gaussian fit of the histogram is shown (red line).

Figure 21. Mask image (a) of the THGEM imaging detector of figure 3, irradiated with 9 keV X-rays; the
1mm thick mask has 1 mm diameter holes. (b) A projection of the central region of the image.

histogram of the flat-field image obtained by the analysis of figure 20a, perfectly fitted by a Gaus-
sian. (Details of the analysis are given elsewhere [22]). With an average number of counts per
single pixel A = 174, and a standard deviation of σ = 16.5, the average gain spread is 9.5%. The
characteristic signal-to-noise ratio (SNR) of the imaging system is:

SNR = 20log10(A/σ) = 20.5 (3.2)

The response of the imaging system, expressed in terms of integral non-linearity (INL), was
evaluated from the analysis of a 1 mm thick brass-mask image, with 1 mm holes (see figure 21a).
Figure 21b depicts the projection along the x-axis of the central region of the image. These data
were fitted with seven Gaussian curves, in order to get the centroids of the holes; the obtained
centroids were compared to the real hole locations, from which the corresponding INL value was
calculated: the average INL value is less than 0.1% over the entire active area of the detector.
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Figure 22. Details of the hole-type structure appear in the flat field image when irradiating with low energy
X-rays (< 4 keV), where photoelectron ranges are of the order of 0.6 mm.

Though the detector was operating at high gain and with excellent stability, the imaging spatial
resolution obtained in Ne was only of 1.4 mm FWHM, which is about two-fold worse compared
to the one obtained in the same detector operated with Ar/5%CH4 [22]. The reason for this is the
relatively larger range of the photoelectron in Ne as compared to the one in Ar, as well as larger
electron diffusion coefficient. The K-shell photoelectron, emitted by a typically 9 keV photon in
Ne, has a practical range of about 2 mm, as compared to 0.6 mm in pure Ar [34]. The readout of
our detector measures center of charge-cloud. So, a longer range of the photoelectron, which is
emitted isotropically in all directions form the point of interaction of the X-rays photon, directly
affects the position resolution.

Moreover, the drift velocity in pure Ne is much lower than in Ar-mixtures, leading to large sig-
nal rise-times; the latter affects the position resolution in our encoding system based on delay-line
readout [22]. Ne with 5% CH4 admixture considerably reduced the pulse rise-time, from 75 down
to 30 ns (figure 9). Irradiating the detector with a continuous Bremsstrahlung X-rays spectrum at
electron energy of ca. 4 keV, under same experimental conditions, resulted in an intrinsic spatial
resolution of around 0.4 mm, far below the pitch of the THGEM holes (1 mm). As a result, as
depicted in figure 22, details of the hexagonal hole-type structure of the THGEM is emerging from
a grey-level flat-field image obtained at low X-rays energies (< 4 keV).

4 Conclusions and discussion

The present study included single and double THGEM detectors operated within stainless-steel
vessels, evacuated and then continuously flushed with gas. Under these conditions it was estimated
that residual air contaminants were present, at levels below 1%; their role in stabilizing the high
gain operation was confirmed. Under these conditions, large electron multiplication factors were
reached in atmospheric-pressure Ne and Ne-CH4 gas mixtures, in both single- and double-THGEM
detectors, at low operation voltages; the detectors operated in a stable way with a ten-fold higher
dynamic range (soft X-rays vs. single electrons) and better gain stability compared to Ar/5%CH4.
THGEM voltages of ∼ 500 and ∼ 400 Volt resulted in respective single-photoelectron effective
gains in the range of 105 and 107 with single- and double-THGEM (0.4 mm thick) multipliers.
0.8 mm thick single-THGEMs provided single-photoelectron effective gains of the order of 107
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in Ne and Ne-methane mixtures. It was shown that the avalanche extension out of the holes, of
increasing size with increasing hole diameter, induces secondary effects in Ne; we suppose these
are due to photon-feedback, as avalanche extension is accompanied by photons produced out of
the holes and possibly hitting the PC surface. An interesting observation was made, however, that
the secondary effects from a CsI photocathode was not considerably stronger compared to those
from a Cu cathode (see figure 12a). This may be explained either by the fact that CsI and Cu
have comparable QE values in the Ne far-UV (74–85 nm) emission wavelength, or by the actual
quenching of the Ne far-UV emission by gas impurities [33]; more experiments are needed to
clarify the photon spectrum and their role in Ne-based THGEM detectors; it is important to note
that the feedback is efficiently quenched with small admixtures of N2 or CH4.

Ion-induced secondary effects may also play a role in Ne based detectors: Ne ions have high
potential energy and could in principle induce secondary electron emission via Auger neutraliza-
tion process on the CsI PC. This process was estimated to have rather low efficiency, of about 1%
and therefore can be seen only at relatively high gains (above 103) [35]. As was mentioned in para-
graph 2, gas contaminant might be responsible for the suppression of such ion-induced feedback,
by charge exchange process. It is our general conclusion that impurities such as residual water and
other air-contaminants have a beneficial effect on the operation stability, total gain and the energy
resolution, although it is hard to control and optimize their content in the gas.

An interesting possibility to increase the gain and reduce the operation voltages of Ne-filled
THGEM detectors might be the use of Ne-H2 mixtures, known to have a Penning effect (e.g. with
0.1%-0.2% H2), as demonstrated with a 3-GEM detector at low temperatures and at high pres-
sure [19]. The larger dynamic range in Ne-mixtures, due to broader electron-avalanche spread
(probably resulting from a different Raether limit), could have important implications on the oper-
ation stability in applications like single-photon imaging (e.g. in RICH) or particle tracking — at
the presence of highly ionizing background.

Photoelectron extraction efficiency values in Ne-CH4 showed to be rather similar to those
in Ar-CH4 mixtures, of the order of 75% for realistic fields at the photocathode surface of ∼
1 kV/cm. Preliminary measurements of combined photoelectron extraction and collection efficien-
cies pointed out at “lower-limit” numbers (at THGEM gain = 1) ranging between 26% to 60%.
More complex rigorous investigations of electron collection under high gain, in pulse-counting
mode, are in course. We speculate that we may benefit from the fact that multiplication onset in
Ne and Ne-CH4 mixtures occurs at fields of the same order or lower than the field at the hole’s
vicinity. This may cause “pre-amplification” of the extracted photoelectrons on their way to the
holes — resulting in increased detection efficiencies of single photons. The same phenomenon was
previously found to be successful in enhancing single electron detection efficiency in GEMs [36].

In summary, Ne and Ne with some admixtures could be good candidates for THGEM-based
detectors in many applications. For example, such devices are being investigated for UV detec-
tion in RICH (by members of the CERN-RD51 collaboration) and for neutron imaging (Weiz-
mann/PTB/Milano). They have potential applications in detectors for rare events, including sens-
ing elements in noble-liquid detectors. For instance, successful THGEM operation at cryogenic
conditions was recently demonstrated [7, 8].
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